UNIVERSITY OF STRATHCLYDE
Department of Physics

Organic Lasers and Nanostructured

Organic Films for Hybrid Integration

by

Johannes Hermann Ludwig Herrnsdorf

University of

Strathclyde

Glasgow

A thesis presented in fulfilment of the
requirements for the degree of
Doctor of Philosophy

November 2012


http://www.strath.ac.uk/
http://www.phys.strath.ac.uk/
mailto:johannes.herrnsdorf@strath.ac.uk

Declaration of Authorship

This thesis is the result of the author’s original research. It has been composed by the
author and has not been previously submitted for examination which has led to the

award of a degree.

The copyright of this thesis belongs to the author under the terms of the United King-
dom Copyright Acts as qualified by University of Strathclyde Regulation 3.50. Due
acknowledgement must always be made of the use of any material contained in, or de-

rived from, this thesis.

Signed:

Date:




Frontispiece

Random laser action in an organic semi-

conductor film under stripe excitation.

Fan-shaped emission from a hybrid or-
ganic/inorganic photonic crystal light

emitting diode.

&

A mechanically flexible blue-emitting
distributed feedback laser under ultra-

violet illumination.

Micrograph of a micro-light-emitting

diode array for pumping of organic

lasers.



Abstract

Light emitting polymers (LEPs) are a promising category of organic materials for pho-
tonic applications owing to their potential for simple fabrication and availability of
materials emitting across the whole visible spectrum. LEPs are already exploited com-
mercially in the case organic light emitting diodes and their interesting properties for

colour conversion and as laser gain material are under investigation.

To keep the LEPs’ benefit of simple and low-cost fabrication, integration onto inorganic
semiconductor devices such as in particular gallium nitride light emitting diodes (LEDs)
is an important research topic. In this thesis, developments towards integration of or-
ganic devices onto micro-pixellated flip-chip LEDs are presented. This particular format
may be beneficial for applications such as displays, various sensing schemes and data
transmission owing to spatio-temporal control, high modulation bandwidths and poten-

tial for simple integration with complementary metal oxide semiconductor electronics.

The properties of LEP films as optical gain medium were assessed on smooth and cor-
rugated substrates. In the former case, random laser action (RL) was observed which
is attributed to the high optical gain delivered by these materials. Arguments are pre-
sented suggesting that RL may be very common in high gain media. In the latter case,
mechanically flexible distributed feedback lasers were fabricated in a very simple way

and their properties including operational lifetime were characterised.

Nano-patterned LEP films for colour conversion of LED light exhibited strong modi-
fication of the LEP emission due to the photonic crystal (PhC) effect of the periodic
pattern. PhCs allow tailoring of the emission properties by appropriate design of the
nano-pattern and they can be created relatively easy in organic films. Furthermore, the
modulation bandwidth of an organic PhC film excited by micro-LEDs was measured to
be 168 MHz and was mainly limited by the inorganic LED. This underpins the potential

of LEPs for communications applications.

The suitability of micro-LEDs in flip-chip format as pump source for organic semiconduc-
tor lasers was investigated. For this purpose, stripe-shaped arrays of micro-LEDs were
developed that were employed for the demonstration of the first micro-LED pumped

polymer laser.
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Chapter 1

Hybrid Organic/Inorganic Light

Sources

Throughout human history there has been a great desire to control light which has had
a dramatic impact on the way we live. At the time of writing this thesis, a major change
in lighting technology is taking place. Driven by the need for versatile and energy-
efficient light sources, incandescent light generation that has been used for centuries
is increasingly being replaced by luminescent and phosphorescent light emitters. This
does not just mean a simple change in the mechanism of light generation, but also an
astonishing degree of control on the emitted light’s properties is gained, including colour
and directionality but also rather subtle aspects such as polarisation and coherence. As
a consequence, today’s state-of-the-art light sources are not only suitable for lighting,
but may serve a range of applications including data transmission, displays, optical
manipulation, medical diagnosis, biological and chemical sensing, just to mention those
most relevant for the particular work presented in this thesis. The development of
new devices is proceeding rapidly and offers a rich working ground for scientists and

engineers.

In particular, an area of great attention is that of Gallium Nitride based light emitting
diodes (LEDs). Nitride semiconductors offer LEDs at wavelengths from near ultra violet
(UV) to yellow/amber. However, GaN devices suffer from a problem referred to as
efficiency droop: the internal quantum efficiency (IQE) of these LEDs can be very high
(e.g. IQE of 70 % has been reported at room temperature [1]) at a certain optimum
current, but drops drastically if operated below or above [2]. There is also a strong
wavelength dependence of the LED efficiency. In general, the most efficient GaN LEDs
operate in the blue near 450 nm. Green/yellow devices have a lower peak quantum

efficiency (typically a third of that of blue LEDs fabricated in the same way [3]) and
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FIGURE 1.1: External quantum efficiencies (EQE) of inorganic high power (>1 W)

visible LEDs showing the lack of efficient inorganic LEDs in the green spectral region.

This graph is a recreation of figure 2 in reference [6] using data from references [6-9].
The dashed lines are a guide to the eye.

suffer from a more pronounced droop [4]. As a result, green LEDs available for the
work here deliver about a fifth of the output power of similar blue LEDs under typical
operating conditions [5]. The reasons for the droop are not fully understood and this is

a much-debated research topic of nitride semiconductor science [2].

The relatively poor efficiency of green/yellow GaN LEDs and the fact that phosphide
based LEDs are only efficient in the red mean that there is a spectral gap (illustrated
in figure 1.1) — the so-called “green gap” — for which no high performance inorganic
LEDs are available. Such a spectral gap does not exist for organic chromophores. Light
emitting polymers (LEPs) have been shown to allow high photoluminescence quantum
yields (PLQY, 80 % and higher are not uncommon) from near UV to near infrared
(IR), covering more than the entire visible spectrum. Electroluminescent polymeric
devices are possible and organic LEDs (OLEDs) are already used commercially, e.g. in
mobile phone displays. However, low carrier mobility and the typically phosphorescent
nature of OLED emission (see sections 2.1 and 2.1.1 below) limit their usefulness for
certain purposes, in particular if a fast response is required. Therefore, the green/yellow
spectral gap may suitably be accessed with hybrid organic/inorganic devices, where
efficient blue GaN LEDs are equipped with a colour converting organic overlayer. A
particular benefit of this approach is that the overlayer can be structured by very simple
means, such as nano imprint lithography (NIL), that do not require a clean room facility.
These structures can for example be cavities or photonic crystals (PhC) that modify the
emission. Table 1.1 gives an overview how the different LED types compare to each

other.
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Inorganic Hybrid Organic
Established technol-
Established technol- ogy
ogy Simple fabrica- . .
. . tion/processing Simple fabrica-
High electrolumines- tion/processing

cent efficiency
Fast optical data
transmission

Efficiency strongly
wavelength-
dependent

Whole visible wave-
length range effi-
ciently accessible

Fast optical data
transmission

Photodegradation is-

Whole visible wave-
length  range effi-
ciently accessible

Photodegradation is-
sues

sues X Present  technology
probably mnot suited
for data transmission

X Hard to nanopattern

TABLE 1.1: Overview of various benefits and drawbacks of purely organic, inorganic
and hybrid devices.

The hybrid organic/inorganic approach has also been promising in the field of organic
solid state lasers (OSLs). Up to now it has not been possible to operate an organic
laser by current injection, due to a combination of reasons explained in section 2.3. All
OSLs so far have been optically pumped, often using bulky, expensive and difficult-to-
maintain solid state or gas lasers. More compact pump sources have recently been used
as well (c.f. section 2.2.1.5) including in particular GaN laser diodes [10-15] and LEDs
[16]. This latter class of hybrid organic/inorganic device is currently a very promising
approach to circumvent the difficulties encountered with electrical injection and may be

an important step towards commercialisation of OSLs.

1.1 Outline of this Thesis

The main goal of the work presented in this thesis is to develop hybrid GaN/organic
polymer devices using micro-pixellated arrays of LEDs as the inorganic part. The rest
of this chapter describes the motivation for this specific format. Chapter 2 explains the
physics of LEPs and gives a literature review on OSL performance. In chapter 3 the
material properties (including random laser action) of the specific gain media available
for this work are discussed and chapter 4 presents mechanically flexible OSLs made
from these materials. Hybrid devices are presented in chapters 5 and 6. Chapter 5
reports a PhC LED where the PhC structure is in the organic overlayer. Work towards
a micro-LED pumped OSL is presented in chapter 6. Concluding remarks can be found

in chapter 7.
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FIGURE 1.2: Cross-sectional schematic of a GaN flip-chip LED.

1.2 Micro-pixellated Gallium Nitride Light Emitting Diodes

For a great variety of purposes (e.g. displays, optical neuro-stimulation, optical trapping)
it is beneficial or even mandatory to have spatio-temporal control of the excitation light.
One way to achieve this is via a pattern-programmable array of sub-millimetre sized
LEDs [17, 18]. When the LEDs are in the sub-100 pm size regime, they are typically
referred to as “micro-LEDs”. Micro-LEDs in top-emitting format can be connected in
a matrix-addressable fashion allowing functional micro-displays [17]. However, in this
case, complex two-dimensional patterns require rapid scanning through the rows of the

array, i.e. not all LEDs are turned on at the same time.

True pattern programmability can be achieved if the LED array is in so-called “flip-
chip” format, i.e. the LED light is emitted through a sapphire window on which the
LED structure was grown [18]. A schematic of a GaN LED in flip-chip format is given
in figure 1.2. Current spreading across the active area is achieved by having the p-metal
contact extending across the entire LED mesa. In comparison to the top-emitting format,
uniform current spreading is achieved more easily and in particular without employing
indium tin oxide. Furthermore, the p-metal contact also acts as a back-reflector for the
LED emission. An important benefit of flip-chip LED arrays is that they can be bump-
bonded to a CMOS (complementary metal oxide semiconductor) control circuit, thus
providing a highly compact and versatile device in chip format [18-20]. A micrograph
demonstrating pattern generation by CMOS-controlled flip-chip micro-LEDs is shown
in figure 1.3.

1.2.1 Lab-on-a-chip devices for Biosensing and Chemosensing

In the life sciences, there exists an abundance of measurement techniques that use flu-
orescent tags [21]. Particular types of cells, proteins or DNA sequences, for example,
can be probed using selective tags [21, 22]. Optical techniques have advanced to a stage
that allows the study of processes within living subjects [23] and can even be used to
stimulate or inhibit certain processes [24]. There is also potential for widespread use of

fluorescence-based techniques in the diagnosis of diseases and for this particular purpose
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FIGURE 1.3: a) Output pattern from a CMOS-controlled micro-LED array and b)
Software interface used to control the device.

it is very important to move away from bulky and expensive systems that were used
for the pioneering work in the area [25], making the technology affordable and usable
for any hospital or even general practitioners. Pattern-programmable LED-arrays can
form the basis of a simple device that allows quick analysis of specimens. Due to the
chip-format of flip-chip bonded LED-arrays, such devices can be very compact, low cost
and easy to maintain in comparison to traditional excitation sources such as solid state
lasers or gas-discharge lamps [5, 25]. A possible implementation would be to have mi-
crofluidic channels or wells aligned with the array, allowing selective probing of a single
channel/well by switching on the LED underneath. Since it is possible to generate pi-
cosecond pulses with GaN micro-LEDs [20], there is the possibility to not only detect an
on/off fluorescence signal but also record the fluorescence lifetime [26, 27]. In both cases
(CW and pulsed excitation), the detector can be embedded on the same CMOS chip
that controls the LED array, using suitable CMOS technology such as single photon
avalanche detectors (SPADs) [27]. A vision for such a compact lab-on-a-chip system
is shown in figure 1.4. Initial work towards integration of micro-fluidic systems onto
micro-LED arrays was done by A. Zarowna-Dabrowska [5]. Colour converters can be
used to match the absorption of fluorescent tags. In particular, individual LEDs in an
array can be overcoated with different colour converters enabling simple fabrication of a
device capable of probing numerous tags at once. Suitable nanostructures in the colour
converting layer, or organic lasers, can add the benefit of directional emission and narrow

spectral linewidth of the excitation light as compared to the underlying flip-chip LED.

One area of rapid development is the optical monitoring and stimulation of neural ac-
tivity. For this purpose, compact array-format devices are particularly interesting [28]
and proof-of-concept results using a matrix-addressable micro-LED arrays have been
published [29]. In general, for applications such as neuro-stimulation that require the

light source to be in contact with soft tissue, it may be desirable to have a mechanically
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flexible optical device that can conform to an uneven specimen surface. Exciting recent
work by Rogers et al. [30, 31] has shown that GaN and other micro-LEDs can indeed be
fabricated in such flexible format. Generally though, flexible photonics remains a key

domain of functional organic materials.

A sensing scheme that is particularly suited for the hybrid organic/inorganic approach
is explosive detection using fluorescent polymers. The vast majority of explosive de-
vices emit vapours containing trinitrotoluene (TNT), 2,4-dinitrotoluene (DNT) and
dinitrobenzene (DNB) molecules. These nitroaromatic compounds are strongly electron-
negative and if they enter the polymer matrix of a LEP they will induce a non-radiative
relaxation pathway, thus quenching the LEP emission [32-34]. In general, very low quan-
tities of TNT, DNT or DNB are required to see a measurable effect. High sensitivity
is obtained if the LEP is photo-pumped above laser threshold [34, 35] (see figure 1.5b),
but also below threshold reductions in luminescence intensity and fluorescence lifetime
are pronounced enough for usage in practical devices [32, 36]. A compact system for
DNB detection based on fluorescence of a micro-LED pumped LEP and CMOS-SPADs
has been demonstrated [36] (see figure 1.5a for a photo of the setup).

While this section has focussed on sensing techniques, it is worth noting that the forces
generated by optical fields can be exploited to manipulate particles and cells. The
intensity of LEDs is too low for conventional optical tweezers but when the specimen
is placed in a so-called photo-conductive cell (see references [5, 37, 38] for details), the
change in electric field pattern and the fluid motions triggered by illumination with
LED light lead to trapping of micron-sized particles at the illuminated spot. Such
opto-electronic tweezing has been demonstrated using green-emitting GaN micro-LEDs
[5, 38].
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FIGURE 1.5: Ilustration of chemosensing using LEPs: a) Photographic image of a

compact explosive detection system utilising a CMOS-controlled micro-LED pumped

LEP film and CMOS SPAD detectors [36]. b) Impact of TNT exposure on the power

transfer characteristics of an OSL based on an LEP that is used in this thesis (see

section 3.1.2). The data is taken from [35] and was here fitted with the soft threshold
model (4.2) from section 4.1.2.1 for better clarity.

1.2.2 Micro-LEDs for Visible Light Communications

In communications the amount of data transmission and demand for bandwidth keep
increasing steadily at exponential rates. Traditional technologies such as radio-frequency
wireless connections and electrical wired networks are already exploited close to their
physical limits. Also, they may be impractical or unfavourable for certain applications,
e.g. due to risk of sparking when metallic network cables are installed alongside mains
cables, an issue that is not present in the case of optical fibres. It is therefore attractive

to study the usage of optical frequency carriers for data transmission.

Long-range data transmission is already dominated by infra-red (IR) technology and
IR-Vertical Cavity Surface Emitting Lasers (VCSELS) are increasingly used for optical
interconnects in high performance computers. However, IR-based short- to mid-range
communications is problematic due to factors like cost of components, relatively poor
mechanical stress tolerance of silica optical fibres, requirement for high-precision align-
ment and eye-safety concerns. For example, in cars, aeroplanes or private houses it
is arguably more practical to use polymer optical fibre (POF) for wired data transfer,
taking advantage of its low weight, low cost and ease of installation. Due to strong at-
tenuation of IR wavelengths it is favourable to operate POF in the visible spectral range.
In particular, the attenuation minimum of conventional PMMA fibre is at a wavelength

of approximately 530 nm [39].

There is also interest in future replacement of, or complementary technology to, radio-
frequency wireless communications. Current research is investigating the feasibility of
THz [40, 41], IR [42, 43] and visible [44] frequency free-space optical communications.

THz radiation does not scatter as much as other wavelengths on dust particles and
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FIGURE 1.6: a) Transmission of LED light through POF, with applications in, for
example, vehicles, aeroplanes and buildings. b) Vision for free-space VLC using LED
room lighting.

droplets [41]. Owing to the rapid development of THz technology driven by other appli-
cations such as remote sensing, compact sources and detectors are available [40]. On the
downside, it is challenging to install efficient non-line-of-sight links and THz radiation
can be strongly absorbed by water.

Wireless IR optical links were in fact the first demonstration of optical indoor free-space
communications [42]. An important drawback of IR wireless is that the detectors are
sensitive to room light which causes the room lighting to be a strong source of noise [45].
A key idea of visible light free-space communications is to use the room-lighting itself
for data transmission [44]. If incandescent light bulbs are replaced by LEDs this is
readily feasible because GaN (micro-)LEDs can be modulated at high speed [46, 47].
A major challenge might be the uplink from the client that is receiving data from the
room lighting. The most likely candidate so far is to provide the uplink by traditional
radio frequency wireless transmission, i.e. the visible data transmission will be installed
complementary to traditional technology. Other ideas include the use of modulated
retro-reflectors. Table 1.2 gives a brief comparison of THz, IR and visible themes for
short- to mid-range communications. Free-space VLC and transmission of LED light

through POF are illustrated in figure 1.6.

1.2.3 Other Applications

If asked for a synonym for “micro-LED array” one would probably describe it as a micro-
display. It is only natural to see these devices as an addition to display technology.
Arrays with a pitch of a few tens of microns allow a significantly higher pixel density
compared to established technology and the compact nature of CMOS-controlled LED
arrays makes them suitable for portable head-up displays [48]. Since one display is made

from a single wafer, it is by default monochromatic. Sophisticated epitaxial structures
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TABLE 1.2: Overview of various benefits and drawbacks of possible future wireless or
cabled short range data transmission schemes.

with green/amber quantum wells (QW) as main emitters and wider bandgap QWs as so
called “electron reservoir layers” [49] allow limited colour control via the current density
[50], but as of yet a true red green blue (RGB) micro-display can only be achieved
using colour converting overlayers [51]. Due to incomplete absorption of pump light and
saturation of the colour converter, the CIE (Commission internationale de ’éclairage)
coordinates of each pixel will in general depend on the wavelength of the inorganic LED
and the drive current. Good colour fidelity can be achieved by overcoating UV LEDs

with suitable organic emitters [52].

Finally, T would like to mention the suitability of blue/UV micro-LEDs for maskless
lithography where the the LED light is imaged through a de-magnification system onto
photoresist, allowing for sub-micron spatial resolution [53]. Colour converting overlayers
will probably not be of much use for this purpose but it is an important application of

micro-LEDs in general.

1.3 Hybrid Devices Based on Micro-LEDs

Colour conversion of blue or UV LED light is already done industrially. The vast major-
ity of available white-light LEDs consists of blue (or UV) LEDs with a phosphorescent
overlayer (typically Yttrium Aluminum Garnet — YAG — with a grain size comparable to
the diameter of micro-LEDs). This approach yields simple device structure, longevity
of the whole device and is perfectly suitable for current applications such as torches.
However, when LEDs are to be used in a broader range of applications, the current

technology has important limitations such as poor colour rendering or unsuitable colour
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temperature. Furthermore, the long radiative lifetime of phosphors is a serious problem
for any application needing fast switching. With some phosphor based white LEDs, it
is actually possible to recognise the phosphor afterglow upon switch-off by eye. Hence,

there is general interest in research on suitable colour converters for future LEDs.

1.3.1 Solution Processible Materials

The most widespread phosphor for white LEDs, YAG, is an inorganic polycrystalline
material. While this has some benefits such as a good resistance against photo-chemical
degradation, it means that a great number of processing techniques that can be used with
organic materials are simply not available. These include spin-coating, ink-jet printing,
dip-pen nanolithography (DPN) and nano-imprint lithography. With such techniques,
it is possible to create micro- and nanostructured layers in a simple manner without
the need for high-level clean room facilities or ultra-high vacuum systems. To enable
usability of these methods, one needs luminescent chromophores that can be diluted in a
solvent or a curable monomer solution. After processing, the created features will consist
of either pure chromophores in the former case or a chromophore-doped polymer-matrix
in the latter case. It is one of the great strengths of organic chemistry that solubility
can be controlled by attaching functional chemical groups to the chromophore, which
is typically possible without significant impact on the luminescence properties of the

chromophores.

Having simple micro- and nanopatterning techniques available allows one in particular
to take advantage of the micro-LED geometry. Ink-jet printing, for example, enables

individual overcoating of adjacent pixels at tens of microns pitch [51].

1.3.1.1 Organic Semiconductors

Only six years after the first demonstration of a laser [54], laser operation from organic
molecules was reported [55]. These early devices were based on small fluorescent dye
molecules that needed to be suspended in a solution or polymer matrix because their
luminescence would quench if individual dye molecules come in close proximity to each
other. Dye solutions were the basis of a successful branch of optically pumped lasers that
were widely used until the 1990s. Their main advantage was the broad gain bandwidth
allowing broad spectral tuning and ultra-short pulse generation. However, due to the
liquid-state of the gain material they were complicated and maintenance-intensive and
are nowadays largely edged out by solid state laser technology. In the late 1980s and
early 1990s, progress in organic synthesis brought up a new class of polymers that have

similar optical, but different chemical and electrical properties, compared to dyes [56].
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FIGURE 1.7: Mechanically flexible devices incorporating green- and blue-emitting or-
ganic semiconductor films under UV-illumination.

These so called “conjugated”, “semiconducting” or “light-emitting” polymers (LEP)
are highly luminescent in solid state films and have semiconducting charge transport
characteristics. Their physics and performance will be reviewed in detail in chapter 2.
Since LEPs are solution-processible and allow in principle mechanically flexible devices,
there is great interest in exploiting their properties for usage in OSLs, OLEDs, organic
photodiodes, organic solar cells and organic transistors. LEPs are a prime candidate for
colour conversion in future LEDs and therefore they play a central role in this thesis.
Photographs of LEP based devices are shown in figure 1.7, demonstrating in particular

the potential for mechanically flexible and highly compact devices.

1.3.1.2 Colloidal Quantum Dots

An interesting type of inorganic chromophore is that of semiconductor nanocrystals. If
certain metal-organic precursors of II-VI or ITI-V semiconductors are brought to chem-
ical reaction within a solvent (under the addition of heat), the resulting semiconductor
crystals are just a few nm in size [57]. The mean size and size distribution of these so-
called colloidal quantum dots (CQDs) can in be controlled by the synthesis parameters
such as the temperature and reaction time [57], enabling control of the luminescence
wavelength. It is possible to overcoat the CQDs with a different material leading to
“core-shell” CQDs [57] (see illustration in figure 1.8). A very interesting property of
CQDs is that organic molecules can be attached to their surface. These will normally
be functional groups to allow solubility in a specific target solvent and to determine the
inter-particle separation in a close-packed film [57]. As a result, CQDs are solution-
processible inorganic chromophores, see figure 1.8. CQDs have high PLQYs and are
therefore attractive for colour conversion applications. Their suitability for VLC was

studied and they were found to yield a bandwidth of 25 MHz which is an order of
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FIGURE 1.8: a) Hllustration of a CdSe/ZnS core-shell CQD. b) CQDs in solution, dot

size increasing from left to right. ¢) Self-written colour converting overlayers utilising

CQDs in an epoxy matrix on top of UV-emitting GaN micro-stripe LEDs [61]. Image
courtesy for a) and b): Evident Technologies, inc. http://www.evidenttech.com/.

magnitude better than LEDs using conventional phosphors [58] and similar to the best
OLED based results [59]. Furthermore, CQD lasers have been demonstrated [60].

1.3.2 Prospects for Hybrid Micro-LEDs

As already pointed out there exists an abundance of patterning techniques for solution-
processible materials, most of which are suitable to exploit the pattern-programmability
of micro-LED arrays. Whether this format is competitive or not depends on how hybrid
devices compare to their purely organic or inorganic rivals in terms of optical power /flu-
ence, overall efficiency, ease and cost of fabrication, ease and cost of operation, opera-
tional lifetime and specific optical and electrical properties (e.g. wavelength, linewidth,
modulation response). Due to the broad range of potential applications it is promising

and important to explore the options that are available.

1.4 Summary

CMOS-controlled GaN-based micro-LED arrays are a platform technology with wide-
spread applications. They may find use in lab-on-a-chip devices for biology, medicine
and chemistry, displays, maskless lithography systems and communications technology.
This thesis explores how structured organic colour-converting overlayers can enhance
the functionality of such systems. It is proposed that the hybrid organic/inorganic ap-
proach allows efficient access to the green/yellow spectral gap of inorganic LEDs, takes
advantage of the simple fabrication methods of polymeric materials and may serve, for
some applications, as an alternative to the yet-unsolved problem of creating an organic

laser diode.
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Chapter 2

Organic Gain Media

2.1 Conjugated Organic Molecules

An important stimulus for the current interest in polymeric media for electronic and
optical applications was the advance in synthesis of materials that share an effect usually
referred to as “m-conjugation”. In these materials, chains of carbon atoms are connected
by alternating single- and double-bonds. As illustrated in figure 2.1, the electrons in the
hybridised m-orbitals are delocalised along the chain, leading to a semiconductor-like
electronic band-structure. In contrast to inorganic semiconductors, the delocalisation is
efficient only within individual molecules (a few nm in length) which have much more
conformational freedom than a neat crystal, but is less efficient between molecules. As
an immediate result, the electronic energy bands of a semiconducting organic film are
much narrower than those of inorganic semiconductors but transitions are broadened by

conformational changes of the molecules such as vibrational modes along the bonds.

2.1.1 Fluorescence and Phosphorescence

A conjugated molecule in the electronic ground state will have all bonding m-orbitals
filled by two electrons. Due to the Pauli exclusion principle, the spin states of two
electrons in one of these orbitals have to be in singlet configuration. The first excited
state may be thought of as having one electron from the highest binding orbital (often
referred to as HOMO, highest occupied molecular orbital) raised to the lowest anti-
bonding orbital (LUMO, lowest unoccupied molecular orbital). In this case both spin-
singlet and triplet configurations are possible yielding two species of excited state. The
HOMO and LUMO wave functions can in principle be calculated numerically. However,

in the case of large and complex molecules such as the polymeric materials used in this
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FIGURE 2.1: Schematic illustrating the delocalisation of the m-electrons in a chain of
alternating single- and double-bonds between carbon atoms.

thesis this sort of calculation requires immense computational effort and often needs

empirical input to choose good starting values for the numerical procedure.

Figure 2.2 illustrates the energies of the ground state and the two lowest excited states
as a function of molecular conformation. Since the transition from the triplet state
T1 to the ground state SO is spin-forbidden, pump light will excite molecules in effect
exclusively into the singlet (excited) state S1. Molecules in the singlet state may re-
lax directly into the ground state or cross at a rate kgp into the triplet state (that
typically has a lower energy than S1). Both singlet state and triplet state may decay
to the ground state either radiatively or non-radiatively. The quantum yield of each
transition depends on the material and can be as high as 80 % or more. Since the
triplet state decay is spin-forbidden, its lifetime 77 is very long (typically microseconds
to milliseconds) compared to the singlet state lifetime 7g (typically at the order of one
nanosecond). The two types of luminescence can thus be distinguished by their life-
time. Luminescence originating from singlet state to ground state transitions is called
“fluorescence” and luminescence originating from triplet state to ground state transi-
tions is called “phosphorescence”. Historically, the terms were initially used to refer to
luminescence with different lifetimes but their physical origin was not then known. It
was in the 1930’s that A. Jablonski associated them with two types of excited states
depicted in a diagram similar to figure 2.2 [1] and during the 1940’s it became widely

accepted that these two states are in fact spin singlet and triplet configurations [2]. In
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FIGURE 2.2: Jablonksi diagram illustrating the energy levels and transitions relevant

for the most organic light emitters. The diagram includes a simplified scheme of tran-

sition cross sections, og,0g,o0r, that is used in section 2.1.5. A reduced Jablonski

diagram that illustrates the vibrational features of the spectra in more detail is given
in figure 2.7.

principle, both fluorescence and phosphorescence can occur in the same material and
the phosphorescence spectrum will then be redshifted compared to the fluorescence [3].
In most cases however, one of the processes will be so dominant that we can classify a

material as either fluorescent or phosphorescent.

Organic lasers are exclusively made from fluorescent molecules because they have a large
stimulated emission cross section and in the case of pulsed pumping they offer a time
window of very low excited state absorption (see section 2.1.5 below). Organic LEDs
(OLEDs) can be made from either fluorescent or phosphorescent chromophores and in

fact the current trend in the OLED industry is in favour of phosphorescent OLEDs.

2.1.2 Types of Organic Gain Media

The field of organic chemistry is vast and so is the number of different light emitters
incorporating organics. One typically differentiates between dyes, molecular solids (of-
ten referred to as “small-molecule organic semiconductors”), conjugated polymers and
oligomers. Each of them is introduced in more detail below. The term “organic semi-
conductor” can refer to any of these material classes, with the exception of dyes. If we
speak of a “light emitting polymer” (LEP) then this usually refers to either conjugated

polymers or oligomers. Each of the above are purely organic light emitters. There are
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Ficure 2.3: Some popular dyes: a) 4-(dicyanomethylene)-2-methyl-6-(4-

dimethylaminostyryl)-4H-pyran ~ (DCM), b)  4-(dicyanomethylene)-2-methyl-6-

(julolidin-4-yl-vinyl)-4H-pyran (DCM2), c¢) perylene, d) Rhodamine 6G (R6G),
e) Coumarin 47, f) pyrromethane (PM).

also types of inorganic light emitters that utilise organics such as colloidal quantum dots

(CQDs) with organic ligaments and rare-earth doped organics.

2.1.2.1 Dyes

The first laser demonstration using an organic gain medium was based on a material
class referred to as dyes [4]. Dyes are very small conjugated molecules (conjugation
extends over ~10 carbon atoms). However, if individual dye molecules are brought in
close proximity to each other, then this will induce efficient non-radiative relaxation
pathways that diminish luminescence [5]. Therefore, dye molecules need to be either
diluted in a solvent or embedded in a polymer matrix. Dye-doped polymers are in fact
very commonly used for organic solid state lasers (OSLs). Some of the most common

laser dyes are shown in figure 2.3.

2.1.2.2 Molecular Solids

There are “small” conjugated molecules that can be fabricated into neat solid films with-
out inducing non-radiative relaxation pathways. Instead, carriers can efficiently move
from one molecule to its neighbours, thus providing inter-molecule delocalisation and
charge transport [6]. Important examples of molecular solids are anthracene and alu-
minum tris(quinolate) which are shown in figure 2.4. Molecular solids are often doped
with dyes yielding luminescent films with high quantum yields. Light is absorbed by the
molecular solid matrix and the energy is efficiently transferred to the dye molecules via

Forster resonant energy transfer (FRET, a near-field dipole-dipole interaction process)
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a)

FIGURE 2.4: Two important molecular solids: ) anthracene and b) aluminum
tris(quinolate) (Alg3).

[7, 8]. Their most important drawback is that they are not solution processible and
therefore many interesting device fabrication techniques (in particular various printing
and imprinting technologies) that can be applied to conjugated polymers are not avail-
able [5].

2.1.2.3 Conjugated Polymers

The prototype of all conjugated polymers is polyacetylene and in fact its structure was
already shown above in figure 2.1 to explain the phenomenon of w-conjugation. Poly-
acetylene was studied from the 1970’s onwards [9]. However its electronic properties
are very susceptible to disorder along the molecule chain and therefore creating films
with good semiconducting properties is very difficult [6]. Breakthrough results were
obtained in the mid 1980’s to early 1990’s when advances in synthesis allowed conju-
gated polymers with more complex repeat units incorporating benzene, thiophene or
similar ring structures that stabilise molecular conformation [6]. A selection of the most
common building blocks in these modern conjugated polymers is shown in figure 2.5.
These monomers can be functionalised with various side groups that allow design of the
solubility properties of the molecules. Typically, each molecule consists of a few tens
of repeat units each of which is of similar size to a typical dye molecule. Therefore
intra-chain delocalisation plays an important role in charge transport. In addition, the
relatively weak inter-molecule delocalisation (similar to molecular solids) still exists and

therefore charge transport properties can compete with molecular solids.

2.1.2.4 Conjugated Oligomers

This class of material is actually very similar to conjugated polymers. The same building
blocks are used and the optical and electronic properties follow the same rules. The key
difference in oligomers as opposed to polymers is that an oligomer film will consist
of practically monodisperse molecules that all have exactly the same number (usually

small, < 10) of repeat units. Oligomers are a very recent addition to semiconducting
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FIGURE 2.5: Common building blocks of LEPs: a) (poly) para phenylene (PPP), b)
(poly) para phenylene vinylene (PPV), ¢) (poly) fluorene (PFO, in copolymers fluorene
units are typically abbreviated as F), d) (poly) ethylene dioxythiophene ((PEDOT),

e) benzothiadiazole (BT) and f) (poly) thiophene (PT). Compare figure 3.3 for the
structure and spectral properties of a PPV derivative used for the work presented here.

polymers and an exciting research topic. They may offer enhanced spectral overlap
of optical transitions between individual molecules and potential for controllability of
electronic and optical properties via conjugation length, introduction of single monomers

of a different species and self-organisation.

Usually, polymers are long, one-dimensional thread-like chains and oligomers can simply
be the same but with a well defined number of repeat units. It is though also possible
to create more complex structures from the monomers. For example highly branched
structures (so called “dendrimers”), star shaped molecules and structures incorporating
spiro-linked cyclopentadiene groups have seen considerable interest. Normally, these
complex molecules are oligomeric. Some examples are shown in figure 2.6. How the
structure influences the electronic and optical properties of these materials is a current

research topic [10].

2.1.2.5 Inorganic Emitters utilising Organics

At this point it should be pointed out that there are photoluminescent materials which
are solution processible but are not based on conjugation. These are inorganic nanocrys-
tals with functional organic surface groups (“ligaments”) or organic molecules incorpo-
rating rare-earth atoms as their luminescent centres. While devices based on these
materials are fabricated by the same methods as OSLs or OLEDs, their photophysics is
very different from organic emitters and therefore they shall not be further discussed in

this chapter but are considered in section 3.1.3.



Chapter 2. Organic Gain Media 25

FIGURE 2.6: Examples of oligomers with complex structures: a) star-shaped oligoflu-

orene benzene, b) spiro-bifluorene, ¢) bisfluorene-cored dendrimer. Compare figure 3.2

for the structure and spectral properties of an oligofluorene used for the work presented
here.

2.1.3 Vibronic Structure of LEP Spectra

It was discussed in the above sections what conjugated molecules are, which varieties
of them exist and what the underlying principles of their luminescence are. Here, more
detailed spectral features of luminescence and absorption will be explained. Figure 2.7
shows a reduced Jablonski diagram that only includes transitions in between the SO and
S1 states. The z-axis is the “conformation coordinate” () which is basically a measure
of the overlap of electron wave functions. () is not exactly a spatial coordinate but
represents the combined effect of displacement along each of the molecule’s chemical
bonds. Each of the two states, SO and S1, has a potential well at a certain value of
Q, leading to several discrete vibrational states within this well. These vibronic modes
are simply numbered from 0 onwards i.e. the vibronic states are |m,) where n specifies
the electronic state (e.g. S0, S1, T1,...) and m = 0,1,2,.... The overall quantum
mechanical state of the molecule can then be described as the product of electronic
and vibronic states |n, m,) = |n)|m,). It is important to note that the location of the
conformational potential minimum is different for the SO and S1 state with a separation
AQ [6]. This has two significant consequences. First of all, it means that relaxation of the

electronic state will always be accompanied by a structural relaxation of the molecule.
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FIGURE 2.7: Simplified Jablonski diagram (compare also figure 2.2) and idealised
fluorescence/absorption spectra illustrating optical transitions in between the SO and
S1 electronic states. The z-axis in the Jablonski diagram is the conformation coordinate
@ and the spectra illustrate the Stokes shift S(AQ). In real organic media, the emission
and absorption spectra will normally not be as symmetric as illustrated here and at
high photon energies additional absorption features from higher excited states will be
present. Compare figures 3.2 and 3.3 for experimental spectra of real LEPs.

Therefore, the emission wavelength will be redshifted compared to the absorption by an
amount S(AQ), the so called “Stokes shift”. The Stokes shift is indicated in the idealised
spectrum in figure 2.7. Typically, it is at the order of 50 meV (compare section 3.1 for
fluorescence and absorption spectra of the materials used in this work), though LEPs
with extraordinarily large Stokes shifts of several 100 meV exist [11, 12]. The second
important consequence of AQ # 0 is that due to this offset, the vibronic substates of
S0 and S1 are no longer orthogonal to each other, i.e. (0s1]|0s0) # 0, (0Os1|ls0) # O,
(0s1|250) # 0 etc. As a result, the |S1,0g1) state can not only relax into the |S0,0g0)
state, but also into S0, 1g¢), |S0,2s0), -... For AQ = 0 these latter transitions would
be quantum mechanically forbidden. The importance of this aspect becomes clear when
noting that the lowest OSL thresholds are typically obtained at a laser wavelength
corresponding to the |[S1,051) — [S0, 1g¢) transition. A more detailed discussion on the

significance of AQ can be found in a recent review by A. Heeger [6].

A convenient and commonly used notation is to label the [S1,051) — |50, 0g¢) transition
as “0-0”, the |S1,051) — | S0, 150) transition as “0-1” etc. This notation is used in figure
2.7. In practice, the labelling of spectral features is done on a purely phenomenological
basis. There is no rule on how the labelling is associated with the specific bonds along
which the vibration occurs and it can happen that distinct vibronic transitions are close
enough and broadened to such a degree that they end up pooled under a single label
[13].
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2.1.4 Photodegradation

It is well known that illumination of matter with light can trigger chemical reactions. The
groups that studied the fundamental mechanisms of fluorescence and phosphorescence in
the 1940s realised at the same time that these mechanisms are also responsible for photo-
induced chemical reactions in dyes [14]. Of particular importance is the photo-induced
oxidation of organic light emitters which causes bleaching of the light emission. The
details of photodegradation has been studied in PFO, where it was found that oxygen
atoms ketone-bind to the alkyl side chains or even replace them [15, 16], see figure 2.8.
Similar types of reactions were found in photo-degradation studies on MEH-PPV [17].
The oxidised PFO molecules, typically referred to as fluorenones, have reduced pump
absorption, lower PLQY, reduced intensity at the first (blue) vibronic transitions and
increased intensity at higher (green) vibronic modes [15]. As a result, LEPs based on
fluorene units will appear greenish after photo-oxidation, an effect clearly visible in figure
2.8. In general, it is understood that in LEPs the strong electron-negativity of oxygen
distorts electron de-localisation and induces non-radiative relaxation mechanisms [16],
particularly if the binding of the oxygen atom to the molecule is ketonic. Since photo-
oxidation is simply an alternative relaxation pathway for the excited S1 state, bleaching
of organic light emitters will always occur under the presence of oxygen. There are a

number of options to suppress this effect:
1. Operate the device in vacuum or inert (e.g. nitrogen) atmosphere.

2. Embed the chromophores in a protective polymer matrix.

3. Attach functional side-groups to the chromophore that prevent oxygen molecules

from coming close to the LEP backbone.

4. Use an inorganic (e.g. glass) layer as oxygen-barrier.

To date, the last option appears to be the most practical and powerful method, see also
section 2.2.2 below for photo-stability investigations on OSLs. In fact, commercially
available OLEDs currently employ encapsulation based on inorganic oxygen-barriers.
However, this type of encapsulation disables mechanical flexibility and therefore alter-

native techniques remain an interesting research topic.

2.1.5 Gain Dynamics in Organic Gain Media

So far, organic lasers are operated using pulsed optical pumping. This is due to the build-

up of triplet-state excitons in the organic molecules that prevent population inversion
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FIGURE 2.8: Photo-oxidation of fluorene units. The picture shows a degraded sample
of oligofluorene truxene und UV-illumination with characteristic green emission from
the photo-bleached pump spot.

and cause additional losses under continuous wave (CW) pumping. See section 2.2.3
below for a discussion of current research towards CW OSLs. This section provides a
rate equation analysis of various pumping conditions to provide an understanding of how
different pump pulse durations and pulse shapes affect the achievable optical gain and
in particular the threshold. It also aims to clarify whether laser thresholds should be
measured in terms of fluence (energy per pulse per unit area, [uJ/cm?]) or peak intensity
[W/cm?].

2.1.5.1 Relevant Parameters

Obviously, very important parameters are the timescales: the singlet and triplet state
lifetimes, 7g and 77, the intersystem crossing rate, ksy = 1/7s7, and the pump pulse
duration 7p,s.. The singlet lifetime is typically of the order of 1 ns, 77 is significantly
longer, at least a microsecond and up to milliseconds. The exact value is probably
irrelevant. Intersystem crossing rates have only been measured for a selected number of
materials (e.g. R6G [18] and PFO [19]), but it seems reasonable to assume 797 ~ 10-7s.
The pump pulse duration is one of the key parameters examined here and may consist

of asymmetric rise and fall times T,jse + Trau = Tpulse-

The model has been simplified such that the only other parameters are the pump peak
intensity ymaqz and the absorption cross sections of the ground-, singlet- and triplet-states

at the laser line, respectively og, og, or.
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2.1.5.2 Details of the Model

The calculation follows a rate equation model by Weber and Bass [18] and an illustration

of the transitions considered in this model can be found in figure 2.2:

dNs 1
&S - N )N,
dt TS s+ R(t)No
dN 1
—L = ——Nr+ksrNs
dt¢ T
dN 1 1
TO = —R(t)No+ (— — ksr)Ng + —Np
t TS T

Where Ny g1 are respectively the ground, singlet and triplet state populations and R(t)
is the time dependent pump rate. By normalising ng+ng+n7 = 1 we obtain a reduced

set of rate equations:

d 1
nso_ ( + R(t)> ns — R(t)nr + R() (2.1)
dt TS
dnyp 1
DTtk 2.2
T TTnT+ STNS (2:2)

ng,nr € [0,1]

It should be pointed out, that equations (2.1) and (2.2) are only useful to determine the
small-signal gain go (and therefore the threshold). Above threshold, stimulated emission
will occur on a picosecond timescale [13]. Assuming a simple set of three cross sections
00,05,0r as mentioned above, we can calculate an approximation of the small signal
gain:

go = (2ng + np — 1)og — npop — ngog (2.3)
Here, g is the optical cross section of the fluorescent transition between SO and S1, and
og,o0r account for excited state absorption into higher lying states. In fact, equation

(2.3) is a simplification of an expression used by Weber and Bass [18] where also the

same three cross-sections were used but including a wavelength-dependent extension.

2.1.5.3 Results

Rate equations (2.1) and (2.2) were solved numerically for sech? shaped pump pulses
(Tpuise is treated as FWHM, hence the factor 1.76):

R(t) = Rupas - sech? (1.76 ! ) (2.4)

Tpulse
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FIGURE 2.9: Time dependent pump pulse and optical gain for pulses with fixed rise
time and peak intensity but different fall times at threshold. Parameters are 7¢ =

Lrsr = 10,70 = 1000, 7yise = 10,05 = 0,07 = 0.2,09 = 0.1. The fall times are
Trau = 10,100, 1000.

or in case of asymmetrical pulses:

R = R sech? 0.88% , <0 25)
t _ . rise 25
") sech? 0.88-L-) , t>0

The populations found this way are then fed into equation (2.3). The values for the
different cross sections oq g7 are currently arbitrary guess-values that are roughly aligned
with those published for R6G [18].

As a first illustration of how the gain in organics evolves, figure 2.9 shows the temporal
evolution of the pump rate and gain by asymmetrical pump pulses according to equation
(2.5) in a regime of relatively long rise time (longer than the singlet state lifetime) and
even longer fall times. The peak intensity and rise time has been kept constant but the
fall time and thus the pump fluence was changed. It can be seen that for all of the pump
pulses the gain just about reaches transparency, i.e. all pulses are at threshold. Hence
we conclude that in this regime, a consistent measure for threshold is the peak intensity

while the threshold fluence will vary strongly.

To investigate further the influence of the rise time, we record the maximum gain ob-
tained during the pulse and plot it as a function of the rise time. This is done in figure
2.10. It can be seen that for fall times longer than 7g7 it is only the rise time that gov-

erns the gain and not the overall pulse duration. In this case of long fall time the peak
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FIGURE 2.10: Maximum gain as a function of rise time at constant pump peak intensity
and various fall times. Parameters are R, = 0.115,7¢ = 1,70 = 1000, Tpjse =
10,06 = 0,070 =0.2,09 = 0.1.

intensity is the most important figure of merit for the threshold condition, in particular

when the rise time is at the order of or shorter than 7g.

On the other hand, we expect a priori that for very short pulses the pump fluence is the
relevant parameter. Hence, with increasing pulse duration there has to be be a transition
regime until we are in a regime as above where the peak intensity is more relevant. This
transition is studied with symmetrical pulses. Figure 2.11 shows the maximum gain
achieved depending on the pump pulse duration. In the top graph, the pump fluence
was fixed to a value just above the lowest threshold (in terms of fluence). We see that
above 0.01 - 7¢ the maximum gain drops off with increasing pulse duration but it is
constant below. Hence, for very short pulses the maximum gain (for a given fluence)
and therefore also the threshold fluence are the same irrespective of pump pulse duration.
The bottom graph in figure 2.11 is similar but for fixed pump peak intensity. We see
that the gain and thus the threshold depends strongly on the pump pulse duration. For
pulses longer than 0.01-7g both threshold values, threshold fluence and threshold peak
intensity, depend on the pump pulse duration and fair comparisons can be very difficult.
Note that for the longest pulses in this graph it is effectively the rise time only that

governs how much gain is obtained.

2.1.5.4 Summary

In general, neither the fluence nor the peak intensity are good measures of threshold by
themselves. Both values should always be provided (or at least the pump pulse duration

should be specified) in order to allow fair comparison and even then the exact pulse
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FIGURE 2.11: Top: maximum optical gain depending on the pulse duration for a fixed

pulse fluence (Riaz - Tpuise = 0.12). Bottom: maximum optical gain depending on the

pulse duration for a fixed peak intensity (R4, = 0.13). Parameters are 7¢ = 1,7r =
1000, 7,55 = 10,095 = 0,07 = 0.2,09 = 0.1.

shape may have a significant influence. In particular, the following regimes have been
identified:

1. Short pulse
Tpulse about two (or more) orders of magnitude smaller than 7g:
In this case the threshold fluence is the relevant measure and is independent of the

pulse duration. The threshold peak intensity is irrelevant.

2. Short rise time, long fall time
Asymmetrical pulse with long fall time, 7y, > 757, and 7. at the order of or
shorter than 7g:
In this case the peak intensity is a good and consistent measure for threshold.

Overall pulse duration and threshold pump fluence are irrelevant.

3. a) Medium rise time, long fall time
Tfall > TST; Trise > TS, Trise < TST:
In this case the peak intensity is a good measure for threshold but depends
strongly on the rise time (the shorter, the better). Overall pulse duration and

threshold pump fluence are irrelevant.
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b) Long rise time (fall time irrelevant)
Fixed rise time at the order of 77 or longer:
In this case the peak intensity is a good measure for threshold but depends
strongly on the rise time (the shorter the better). Fall time, overall pulse

duration and threshold pump fluence are irrelevant.

4. Medium rise and fall times
Tpulse > 0.01 - 7g but neither 7,;5c > 797 nor 74y > 797!
This is the somewhat unfortunate regime, where neither the threshold fluence nor
the threshold peak intensity are really consistent measures in any way. Comparison
of results - different pump lasers or even different materials pumped by the same
laser - are notoriously problematic and only order-of-magnitude differences can

clearly be classed as meaningful.

Only regimes 1 and 2 allow precise and straight forward comparisons of experiments
using different materials and/or different pump sources. However, for practical reasons
- in particular availability of suitable pump sources - most reported experiments were

done in regime 4.

Implications for LED pumping: The optical pulses emitted by LEDs that are
driven by a laser diode driver are asymmetrical. The rise time depends on the LED
itself and the driver electronics. Typical values are 7,5 &~ 10 — 15 ns. The rise time
appears to stay fixed, independent of the peak current delivered by the driver. However,
the fall time changes dramatically with drive current. Values from 10 ns just above turn
on up to more than 50 ns at several kA /cm? have been observed. However, this is no
reason for concern. It is only the rise time and the peak intensity that matter. This can
be seen in figure 2.9 which in fact represents a typical LED-pumping scenario. It should
in practice be aimed to have as short rise times as possible without compromising the

peak intensity.

2.2 Organic Solid State Lasers

Organic solid state lasers (OSL) ! were first demonstrated in the early 1970s in dis-
tributed feedback (DFB) [20] and distributed Bragg resonator (DBR) [21] formats, using
dye-doped transparent host polymers as gain material. It was not until the mid-1990s

that improvements in material processing and the materials themselves led to renewed

Tt should be noted that from the point of view of this thesis (with emphasis on optical excitation)
organic semiconductor lasers in particular and organic solid state lasers in general are not distinguished,
i.e. the acronym “OSL” can refer to either.
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interest in the field and, by 1996, groups working in the field of organic LEDs reported
laser emission from films of m-conjugated polymers [22] for the first time. Since then,
OSLs were fabricated in various different formats, the most common one being DFB
lasers. These can be one-dimensional [20, 23-126], two-dimensional [23, 25-28, 127-143]
or circular [144-146] gratings (or more generally: photonic crystals) that are created
within a planar waveguide film of active material. As opposed to hard-coding the grat-
ing into the film, another popular method is to impose the grating by interference of
the pump laser beam with itself thus obtaining periodic gain modulation in the film
[119, 147-156], achievable for example in a Lloyd-mirror-arrangement. The above DFB-
resonators rely on in-plane feedback in the active layer. It is also possible to create a
vertical cavity DFB layout, where (in contrast to conventional vertical cavity surface
emitting lasers) the active medium is not sandwiched in between Bragg mirrors but one
of the two alternating layers in the Bragg grating is actually made from the gain material
[157-159]. A special type of DFB lasers are liquid-crystal lasers, where a transparent
polymer is doped with dyes and liquid crystals (LCs) [160-174]. Optical feedback is
provided by the periodic structure formed by the self-organisation of the liquid crystal
molecules. At the moment, however, their interesting properties seem hampered by high
thresholds of typically several mJ/cm?. The various types of DFB laser resonators are

illustrated in figure 2.12.

Of course, resonator types other than DFB structures are feasible as well. OSLs have
been realised in the format of traditional cavities (rod + two mirrors) [175-183], a
variation of this with only one mirror and utilising a high quality polished facet of the
rod as outcoupler [184-194], vertical cavity surface emitting lasers (VCSELs) [7, 22, 195
200], the vertical external cavity surface emitting organic laser (VECSOL) [201], DBR
lasers [12, 21, 23, 24, 127, 202], slab waveguides with feedback by reflection from end-
facets [7, 203-208], doped optical fibres [209-211], Shoshan cavities (using a grating for
colour-tuning and out-coupling) [193, 212-214], whispering gallery mode (WGM) lasers
[23, 215-226] and random lasers [12, 198, 227-246]. Schematics of all these cavity types

are shown in figure 2.13.

2.2.1 Distributed Feedback Lasers

In this section, the performance characteristics of organic DFB lasers reported in the
literature will be compared. The restriction to DFB lasers, only, is justified by the
fact that other laser types have significantly higher thresholds (compare section 2.2.1.3
below) and thus are currently not as relevant from the point of view of integration onto
micro-LEDs.
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a)

FIGURE 2.12: Various types of DFB lasers: a) one-dimensional grating, b) two-
dimensional grating, ¢) circular DFB resonator, d) vertically stacked DFB structure,
e) DFB by pump beam interference, f) liquid crystal laser.

A DFB laser is defined as a laser device with a periodic structure within the amplifying
medium such that the laser output characteristics are dominated by resonant scattering
at the (wavelength-scale) periodic features. In the simplest case this can be achieved by
a slab waveguide made from the active medium with a one-dimensional grating pattern
of the effective refractive index. The effective refractive index pattern is often achieved
by a variation of active film thickness, see figure 2.12a, but can also be obtained by
spatial variation of the actual refractive index. A one-dimensional DFB-grating is said
to be of “n'® order” if the laser vacuum wavelength A and the grating period A are
related by [5]:

2(nefp)A = nA (2.6)

where (nefr) is the spatially averaged in-plane effective refractive index of the patterned
slab waveguide. In the case of organics, typical values are (n.rs) =~ 1.5 — 1.6. Compare

section 4.1.3 for values of devices fabricated during this work. If equation (2.6) is fulfilled
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FIGURE 2.13: Resonator geometries used for organic lasers: a) classic cavity, b) vari-

ation using the polished end facet of the rod as out-coupler, ¢) VECSOL, d) Shoshan

cavity, e) VCSEL, f) DBR laser, g) slab waveguide with high-quality end-facets, h)
doped fibre, i) WGM laser, j) random laser.
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FIGURE 2.14: Tllustration of first, second and third order DFB gratings.

then Bragg scattering of nt" order prohibits propagation of light in the waveguide in
a perpendicular direction to the grating, i.e. it causes a photonic stop band. This
mechanism provides the feedback necessary for laser operation. Bragg scattering of
order < m may couple the laser light out of the plane of the waveguide if the angle of

emission # (measured with respect to the surface normal) fulfils the following condition:

% <1_ ?;iiii) —m,  m=123,... (2.7)

Equation (2.7) immediately implies that that there is no surface emission from first order
gratings and second order gratings have a solution for § = 0, i.e. laser light is emitted

perpendicularly to the surface. An illustration can be found in figure 2.14.

The vast majority of organic DFB lasers use either 1% or 2"¢ order gratings. In the
first case, devices are edge-emitting and 1%! order Bragg scattering provides strong feed-
back. In the case of a 2"¢ order DFB laser, feedback due to 2"? order Bragg scattering
is relatively weak compared to the out-coupling normal to the device surface. Second
order DFB lasers are very commonly used because the larger feature size enables easier
fabrication than first order gratings and the surface emitting property is convenient for
characterisation and applications. Owing to the high optical gain of organics, the rela-
tively weak second order feedback does not deteriorate the device performance unduly.
However, it is interesting to note that the lowest OSL thresholds so far (see section

2.2.1.3 below) [77] were obtained by a combination of first and second order structures.

2.2.1.1 Wavelength

An important feature of organic gain media is their broad gain bandwidth of up to
~300 meV, which is available from chromophores throughout the entire visible spectrum.
This fact is illustrated in figure 2.15 which gives an overview of the wavelengths at which
organic lasers operate and shows the reported tuning ranges. The shortest and longest
wavelength are 361.9 nm from spiro-terphenyl chromophores [62] and 930 nm from IR-
140 dye [74], respectively. Normally, OSLs are pumped at a wavelength equal to or
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FIGURE 2.15: Summary of reported organic DFB wavelengths and tuning ranges.

shorter than the first main absorption peak. Pumping with a wavelength longer than
the laser wavelength by multiphoton absorption is also possible [142], but requires high

pump intensities.

A number of publications demonstrate the impressive wavelength tuning ranges of or-
ganics which can be greater than 50 nm [52, 58, 90, 104, 107, 118, 126, 133, 161, 167].
Several of them [52, 90, 107, 126, 161, 167] are based DCM dye, which allows tuning
across up to 115.3 nm (0.34 eV) [52] which is to the author’s knowledge the largest tuning
range reported for an organic emitter in a DFB resonator. Other papers report 75 nm
(0.21 eV) tuning range for red-emitting fluorene-copolymers [133], 60 nm (0.25 eV) for
thianthrene substituted distyrylbenzene [58], 58 nm (0.2 V) for PM567 [118] and 51 nm
(0.32 eV) for oligofluorene truxene [104]. Bearing in mind that it is probably more rel-
evant to look at tuning ranges in terms of photon energy, there are also outstanding
near-UV results of 31.9 nm (0.28 eV) for spiro-terphenyl [62] and 45 nm (0.33 eV) for
sexiphenyl based oligomers [66].

2.2.1.2 Threshold

Thresholds are typically recorded as either threshold pump fluences (Fjj, measured in
pJ/em?) or as threshold pump intensities (I, measured in kW /cm?). It was pointed
out above in section 2.1.5 that in most cases neither value is meaningful on its own.
Thus both values are plotted against each other in figure 2.16. They are also plotted
individually against the pump pulse duration in figure 2.17. Interestingly, the lowest
thresholds in terms of both fluence and intensity were obtained with few-nanosecond

pump pulses. From figure 2.16 it can be seen that looking at threshold fluences and



Chapter 2. Organic Gain Media 39

1010
= publications by other groups .
e |OP results
5 R % 4 xx
=10 o I
o ’ % £ 2 3
§ »* % * : x’ix ?
~ x x% 0 - x* x®
wa¥s xﬁa" i
100 | o xxx"‘ o | ™
PR 100 W/cm?
xx&
-3 »®
10 . : :
10 10° 10° 10°
;LJ/cm2

FIGURE 2.16: Summary of reported organic DFB laser thresholds. Results obtained

at the Institute of Photonics during the course of this work are highlighted [29, 30]. For

reference, the typical regime of micro-LED performance in pulsed operation is indicated,

see also chapter 6. The grey lines indicate constant pump pulse durations. Compare
also figure 6.18.
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FIGURE 2.17: Summary of reported DFB thresholds in terms of threshold fluence (left)
and threshold peak intensity (right) as a function of pulse duration.

intensities each on their own, GaN micro-LEDs can deliver the required fluence/intensity
values. However when looking at the two in combination, there is no good overlap
between micro-LED pulses (developed so far) and reported threshold values. This is
probably due to two reasons. First of all, sources such as in particular GaN laser
diodes (LDs) that are attractive despite having long pump pulses have only recently
become available and were only used in a limited number of publications (see section
2.2.1.5). The majority of reports use nano-second pulsed solid-state or gas lasers that
have different optical pulse durations and shapes than LDs or LEDs. Furthermore, as
explained in section 2.1.5, LEDs operate in a regime where the optical pulse rise time is

crucial. So far no optimisation for this aspect has been reported except for flashlamp-

pumped dye-lasers.
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2.2.1.3 Outstandingly low thresholds

Five devices with threshold below 100 W/cm? have been reported [50, 71, 77, 84, 93].
The chromophores that allowed these results are DCM, fluorene-based copolymers and
pyrenes. The lowest threshold to my knowledge is 36 nJ/cm? (3.6 W /cm?) obtained with
a fluorene-copolymer and a mixed order grating [77]. There are also further reports of
thresholds below 250 W /cm? [23, 40, 85, 91]. In principle, therefore, there is prospect
for all of these to be pumped by LEDs.

Reported thresholds for other cavity-types are significantly higher than all the above
reports. Probably the most outstanding result in terms of W /cm? is a micro-cone laser
tested with two different pump sources yielding thresholds of 3.5 jJ /cm? (> 700 W /cm?)
and 16 pJ/cm? (800 W/cm?), respectively [224]. There is also a report of a ring laser
(coated silica fibre) with 0.2 pJ/cm? (2 kW /ecm?) though this is in terms of absorbed
pump energy only [216]. There are several more reports of non-DFB OSLs that have
thresholds in the range 1 — 10 pJ/cm? and 1 — 10 kW /cm? [7, 203] (faceted slab waveg-
uide), [23, 127, 202] (DBR).

2.2.1.4 Pump spot geometry

Circular, slightly elliptical and stripe-shaped pump spots have been used to pump or-
ganic DFB lasers within a wide range of pump spot sizes, the smallest being 4 pum
diameter [106] and the largest 3 mm x 2.5 cm [127]. An overview of reported pump
spot geometries in terms of area and ellipticity (ratio of long to short axis) is given in
figure 2.18. The lowest reported thresholds were obtained with roughly symmetrical

2 area which corresponds to a circle of 250 ym diameter.

pump spots of 5 x 107* c¢cm
However these are only very few data points within the bulk of OSL reports and no
dedicated optimisation of the pump spot geometry was reported. Overall, there is no
clear trend in the literature as to how the pump spot geometry influences the threshold.
A systematical study of pump spot geometries for DFB lasers was done by Y. Wang
[247] as part of a joint research project with the author and will briefly be discussed in
section 6.3.1. In short, a stripe of a few 100 ym width and several mm length gave the

best results.

2.2.1.5 Pump sources

Typical pump sources for OSLs are frequency-doubled or -tripled Nd:YAG lasers (532 nm
or 355 nm, respectively), nitrogen lasers (337 nm), frequency doubled Ti:sapphire lasers

(400 nm) and optical parametric oscillators (variable wavelength). Less common are
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FI1GURE 2.18: Pump spot geometries used to pump organic DFB lasers in terms of
pump spot area and ellipticity. For reference, the top z-axis indicates the diameter of
a circular pump spot with given area.

dye lasers (wavelength depending on the dye and resonator) and frequency doubled
ruby lasers (347.15 nm). There has been a move towards more compact sources, the first
being a diode-pumped passively Q-switched Nd:YAG microlaser (355 nm) demonstrated
in 2001 [37]. Nd:YVOy4 microchip lasers (532 nm or 355 nm) have now been employed
so many times [25, 49, 79, 80, 98, 104, 130, 134, 139] that they may be regarded as
a standard technique. Inorganic semiconductor sources have been used in a few cases,
namely GaN laser diodes at 405 nm [72, 122, 140, 158] or 445 nm [143] and broad-area
GaN LEDs (450 nm) [85]. An organic DBR-laser [202], an organic VCSEL [197] and a

micro-cone laser [224] have been pumped with GaN laser diodes as well.

2.2.2 Stability

In section 2.1.4, it was pointed out that upon excitation with pump light, organic chro-
mophores are prone to degradation due to photo-induced oxidation which ultimately
limits the useful lifetime of the device. Here, we use two figures of merit to charac-
terise device lifetime, which are the total pump dosage Fye, (measured in J/cm?) that
the sample has been exposed to during its lifetime and the ratio of this value to the
threshold fluence, Fyeq/Fyy,. Since different specifications of the lifetime were used in the
literature (1/2,1/e,10%-lifetime, or unspecified), these numbers allow only an order-of-
magnitude comparison. Investigations by Richardson et al. [26, 139] and Sakhno et al.
[118] indicate that the degradation dosage Fy., does not have a strong dependency on

the pump fluence and repetition rate.
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FIGURE 2.19: Overview of the useful operational lifetime that has been reported for
OSLs in the literature. Results presented in this thesis in section 4.1.4 are highlighted
in red.

A summary of reported lifetime data of organic DFB lasers is given in tables 2.1, 2.2, 2.3,
2.4 and 2.5 and also illustrated in figure 2.19. Both figures of merit vary over a huge range
of values. The degradation energy dosage (which also serves as an indicator of how stable
the device will be to any UV illumination, e.g. sunlight) varies in between 18 mJ/cm?
for pyrenes [93] and more than 1 MJ/cm? in case of an encapsulated PPV derivative
[139]. The Fyeq/Fip value spans six orders of magnitude, 103 —108. It is also noteworthy
that so far only very few lasers using organic semiconductors (as opposed to dye doped
inert materials) have been investigated for their lifetime. Currently, the most efficient
encapsulation techniques involve layers of inorganic materials. Such encapsulation is
successfully used in OLEDs to a standard suitable for commercial application. However,
these devices do not have the mechanical flexibility of all-organic devices. In section 4.1.4
of chapter 4 we demonstrate an all-organic encapsulation that enhances the degradation
dosage Fy.y by a factor 5. Recently it was demonstrated that in a suitable polymer
matrix dye molecules can undergo a diffusive motion and thus an OSL employing such

material can partly recover from degradation similar to dye-solution lasers [125].

A substantial number of operational lifetime experiments mostly on dye-doped poly-
mers used different resonator geometries than DFB. Tables 2.6 and 2.6 summarise those
that specify both figures of merit, Fy, and Fyeq/F;,. There are numerous further
investigations that report only one or none of these two values [175, 176, 178, 181, 184~
188, 188, 190-194, 211, 213, 214, 217, 218]. An outstanding result among these was
obtained from a PM567-doped rod with a single mirror for feedback (geometry b) in
figure 2.13), having a degradation fluence of Fy., = 10.8 kJ/ cm? yielding 60000 pulses

operation at 180 mJ/cm? pump fluence, however no threshold was measured [185].
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2.2.3 Towards CW Organic Laser Operation

Only two years after the first organic dye-laser [4], it was recognised that dye molecules
can only deliver gain for a short period of time (of the order of nanoseconds) and for
the laser to work at all it was necessary to use pump pulses with a short rise time [248].
This is a result of the triplet state build-up that was already looked at in section 2.1.5.
When pumping a dye or LEP with a CW pump source, then the singlet and triplet
populations are clamped:
sl 2T 5 0.01) (2.8)
nTicw 7T
Equation (2.8) is the steady-state solution of the rate equations (2.1) and (2.2). Noting
that ng+np < 1, equation (2.3) gives us an upper limit for the gain that can be obtained
by CW pumping?:

1 1 TST

< ———0g9pg———07 =~ ——09— O 2.9
go,cw > 1+TT/7—ST 0 1+TST/TT T TsT LT - 0 T ( )

Since 797 is significantly smaller than 7, gain could only be achieved if op is several
orders of magnitude smaller than op. Some simplifications made here, e.g. ignoring
the Stokes shift, make the situation look worse than it really is. However, the general
result holds true that in order to obtain CW gain, o has to be very small compared
to the stimulated emission cross section. In dyes this is simply not the case and CW
or mode-locked dye-lasers were normally operated by circulating a liquid dye solution
to circumvent this problem. CW operation has also been obtained using a solid state
organic film on a rotating disk, though it is difficult to obtain low-noise laser output due

to inhomogenities in the film [249, 250].

In organic semiconductors the same fundamental problem exists though some LEPs
have a good spectral separation between triplet state absorption and laser wavelength
so that the ratio o7 /o is much smaller than in most organic chromophores [117]. Zhang
and Forrest [122] recently claimed that introducing a triplet quenching mechanism (that
reduces 77) can be sufficient to allow CW operation. They back up their claims by
experimental verification that stimulated emission can occur over a duration of a few
tens of micro-seconds which is orders of magnitudes longer than previously reported and

possibly only limited by material degradation. It is not clear whether true CW operation

2Strictly speaking, the upper boundary is:

—oo0 , or>oo(l+27s/7r)

go,cw < 1
4o,CW,mazx 5 else

where go,cw,ma= is the value given by equation (2.9). The first case, however, represents a scenario of
strong triplet absorption where any CW pumping will only increase the losses and the lowest loss (i.e.
highest “gain”, mathematically) will be found when the pump is switched off.
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FIGURE 2.20: Modelling of quasi-CW pumping: a) Ratio of singlet and triplet pop-

ulations after some relaxation time. b) Optical gain for two different triplet state

absorptions or at the laser line. The z-axis is the time in units of the singlet state

lifetime 7g starting with the first incident pulse. Parameters were: R,,q. = 3, Tp = Tg,

Ts7 = 1075, 77 = 100075 and the separation between two consecutive pump pulses was
Trep = 10075.

can be achieved this way but the results are encouraging. A similar experiment (declared
as “CW pumping”) using very long pump pulses was reported earlier by Yamashita et al.
[251] though their measurements lack the crucial time-resolved recording of the organic

laser emission and therefore it is unkown for how long gain was really present.

As opposed to true CW operation, it is also feasible to strive for quasi-CW lasers that
operate in pulsed mode but at very high repetition rates. OSL operation at 5 MHz
repetition rate has indeed been reported [76] and was later attributed to the low triplet
state absorption of the material that was used for this experiment [117]. The rate
equation model from section 2.1.5 can give some insight into this. Figure 2.20 shows
numerical solutions of equations (2.1), (2.2) and (2.3) under a scenario of high repetition
rate pumping. First of all, we see from figure 2.20a that, even after numerous pump
pulses, the peak singlet population of ng peqr/nr ~ 0.45 is still considerably larger than
the CW value ng/nr|~y, = 0.01. The importance of having low triplet absorption is
visible in figure 2.20b. If the triplet absorption cross section is of the same order of
magnitude as the stimulated emission cross section, then gain can only be provided for
the first few pulses. However if the triplet state absorption is one order of magnitude
lower then positive gain is reached for all pulses. It is important to note here that even

in the latter case, true CW operation is not possible.

Various schemes for CW organic lasers are illustrated in figure 2.21.
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FIGURE 2.21: Schemes for CW operation in organic lasers: a) liquid dye-solution jet

passing through the cavity, b) rotating disk with solid state organic film, ¢) Quasi-CW

pumping at high repetition rate, d) triplet quenching using sophisticated material-
compositions.

2.3 Electroluminescent Devices

In 1965, about a year before the first demonstration of organic dye lasers, it was recog-
nised that certain organic molecules can be electroluminescent [252]. However, the poor
carrier mobility in these early attempts required voltages of several 100 V to several kV
and it took until 1987 and 1990, respectively, that OLEDs based on molecular solids
[253] and conjugated polymers [254] could be driven with voltages on the order of 10 V.
To date, OLEDs have matured to commercially available products. During the 1990’s,
the same materials that were used in OLEDs were successfully used as gain materials
[22, 127], sparking great excitement about the possibility of an electrically pumped or-
ganic laser diode which culminated in the infamous Schon-affair at Bell Laboratories
when a report of an organic laser diode had to be retracted [255, 256]. During the
efforts undertaken since, it has become clear that an organic laser diode is an enormous
challenge due to the reasons given below in this section. Interest still exists and recent
advances include laser action from a complete OLED structure under optical excitation
[110] and OLEDs with partially coherent output [257, 258]. The latter results were
vividly debated and in conclusion these devices cannot satisfactorily be claimed to be

laser diodes [259].

2.3.1 Challenges of Achieving an Organic Laser Diode

First of all, any electrical injection laser suffers from noticeably increased intra-cavity

losses as compared to similar optically pumped devices. This is due to the usually
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metallic electrical contacts which absorb the laser light and cause the threshold carrier
density to be higher than for a structure without electrodes. Recent results of laser
operation from optically pumped organic field effect transistor (OFET) [99] OLED [110]
structures (including metallic contacts) prove that this issue can be overcome in the case
of organics. In fact, in the case of the OFET only a modest increase in threshold from
4.1 pJ Jem? to 4.6 puJ /em? (100 fs pump pulses) was caused by the metallic electrodes [99].
There are however a number of further challenges intrinsic to the particular electronic

properties of current organic gain media.

Due to the relatively weak inter-molecule delocalisation, charge carriers in organics have
a low mobility of less than 0.1 cm?/Vs [6] (which compares to more than 100 cm?/Vs in
group-III nitride semiconductors [260]). Therefore it is generally difficult to drive suffi-
ciently high currents through the film to reach threshold carrier density. Furthermore,
low carrier mobility causes a slow response to changes in the drive voltage. Electrolu-
minescence response times of a few s are considered fast for an OLED [261] and the
fastest OLED rise times to my knowledge reported so far are on the order of 40 ns [262]
which is longer than the few-nanosecond regime favoured for OSL operation. Hence,
organic laser diodes suffer from the same problem of triplet state absorption as CW

organic lasers.

Not only will triplet excitons accumulate over time in an electrically driven device but,
contrary to optical pumping, electrical injection will create a significant triplet popula-
tion right from the start. A priori, one would expect that three out of four electron-hole
pairs that where injected electrically will form a triplet exciton. Experimentally, spin-
dependent formation rates were observed in some polymeric materials and the fraction of
electrically generated singlets can be enhanced to over 50% [263], but still triplet absorp-
tion remains an important issue even if nanosecond current pulses could be achieved. Due
to the large number of generated triplet excitons, phosphorescent emitters are favourably

used in current OLEDs.

Current injection into organic films also generates polarons, i.e. charged states of LEP

molecules. These polarons will absorb light at the laser wavelength.

Finally, given that due to the above reasons a much higher carrier density is needed
compared to optical pumping, higher order recombination effects such as exciton-exciton

annihilation may play a role as well.
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2.4 Conclusion

Conjugated polymers can be tailored to deliver fluorescence and broad gain-bandwidth
throughout the visible spectrum. Delocalisation of m-electrons along the polymer back-
bone enables semiconductor-like charge transport and highly efficient photo- and electro-
luminescence. The nature of their electronic states, in particular the existence of two
types of excited states, singlet and triplet, has significant impact on their optical prop-
erties. To date, organic lasers are optically pumped using pulsed excitation sources.
CW operation is inhibited by the build-up of triplet-state population and its associated
excited state absorption at the laser wavelength. Schemes towards CW and quasi-CW

operation exist, but a true CW organic solid state laser has not yet been achieved.

Attempts on micro-LED pumped lasers will therefore concentrate on short pulsed exci-
tation. Crucial factors in LED-pumping experiments will be the LED peak power and
the rise-time of the pulse. OSLs with thresholds below 100 W/cm?, obtained in DFB
format with few-nanosecond pulses, are possible though the vast majority of reported
OSLs exceeds this value by orders of magnitude. Ideally, the rise time should be as short
as the singlet state lifetime, i.e. roughly one nanosecond. This can probably not easily be
achieved without compromising the peak power (compare section 6.2) and therefore in
practice the rise time should be kept as short as possible. The most promising resonator

layout for achieving low thresholds appears to be the DFB laser.

While efficient OLEDs have been a great success, it has not yet been possible to electri-
cally pump an organic laser. Given the enormous challenges associated with this goal,
LED-pumping may be an attractive alternative. The main competitors to LEDs as

pump sources are GaN laser diodes and solid state micro-chip lasers.

A fundamental problem of organic light emitters is their susceptibility to photo-oxidation.
Driven by the OLED industry, effective encapsulation schemes exist, however only in
non-flexible format. Photo-stability of organic devices particularly in mechanically flex-

ible format remains an interesting research area.
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Chapter 3

Material Properties

The previous chapter gave a general introduction to light emitting polymers (LEPSs),
their basic physics and their performance as optical gain media. Here, detailed properties
of the specific materials used during this work are presented. This chapter consists of two
major parts. Section 3.1 lists the various materials and illustrates their basic properties.
The second part, consisting of sections 3.2 and 3.3, concentrates on optical gain and
in particular random laser action (RL). Section 3.2 gives a general introduction to the
topic and summarises experimental results. A priori, RL was not expected from many
of the samples discussed here. However, the data and analysis presented in this chapter
indicate that RL can be seen as a material property of high optical gain media. A
theoretical analysis of the RL phenomenon which is included here in section 3.3 has

been published in the IEEE Journal of Quantum Electronics [1].

3.1 Materials used in this Work

Three types of solution-processible chromophores were used in this study: A blue-
emitting star-shaped oligomer, a green-emitting conjugated polymer and inorganic col-
loidal quantum dots (CQDs). Toluene was used as solvent for solution processing of
organic films unless specified otherwise. Other possibilities exist, the most important of
which are illustrated in figure 3.1. Generally, a higher boiling point of the solvent will
result in better uniformity of solution-cast films [2]. Furthermore, some optically passive
organic media were utilised for the creation of functional structures. These are briefly

presented in section 3.1.4.

74



Chapter 3. Material Properties 75

a) b) C c) d e
Cl
O ek

FIGURE 3.1: Solvents for processing of LEPs: a) toluene, b) chlorobenzene, c¢) o-
dichlorobenzene, d) chloroform and e) dichloromethane (DCM).
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FIGURE 3.2: Absorption, PL (in toluene solution) and chemical structure of oligoflu-
orene truxene. The absorption and emission curves shown here were taken from T3
hexyl.

3.1.1 Blue-emitting Oligofluorene Truxenes

As pointed out in section 2.1.2.4, oligomers are a material class offering a high degree of
controllability of the molecular properties. In particular, fluorene-based oligomers have
seen considerable interested in the past couple of years. Fluorenes are an important and
popular platform for studying fundamental physics of organic semiconductors because
they can be synthesised at a high degree of purity [3] and monodisperse oligofluorene-
boronic acid chains can be synthesised by repetitive Suzuki-coupling [4], allowing for a
wealth of possible fluorene-based structures. It is possible to attach such oligofluorene
chains in a star-shaped geometry to a suitable core molecule. This core can simply be
a benzene ring (figure 2.6a in the previous chapter). In our case, the oligofluorenes are

attached to a truxene core.

The chemical structure, photoluminescence (PL) and absorption spectra of the truxene
materials are shown in figure 3.2. For this work, materials with either three (T3) or four
(T4) fluorene units per arm were available. The side groups Rj of the fluorene units can
be either hexyl or octyl chains which determine the solubility properties. All measure-
ments presented in this thesis were done on hexyl materials unless specified otherwise.
The spectra plotted in figure 3.2 were taken from T3 hexyl, although differences in be-
tween T3/T4 with hexyl/octyl side chains are only a few nanometres in the wavelengths

of the vibronic peaks and are usually overridden by other experimental factors such as
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FIGURE 3.3: Absorption, PL (in toluene solution) and chemical structure of BBEHP-
PPV.

the surrounding solvent /polymer matrix or self absorption of waveguided emission. See

also [4] for a rigorous study of truxene oligofluorenes with different arm length.

3.1.2 Green-emitting Poly-phenylene-vinylene

While the oligofluorene truxenes represent a novel material class, they are not ideally
suitable for LED-pumping at high intensity. This is because their absorption peaks in
the near UV at around 375 nm and therefore can only be excited by UV LEDs that are
not capable of delivering the same output powers as highly efficient blue LEDs (c.f. figure
1.1). A promising material with low laser threshold and an absorption peak in the blue is
the green emitting polymer Poly[2,5-bis(2’,5’-bis(2”-ethylhexyloxy)phenyl)-p-phenylene-
vinylene] (BBEHP-PPV). Its chemical structure, absorption and luminescence spectra
are shown in figure 3.3. BBEHP-PPV is soluble in toluene, chloroform and chloroben-
zene, all of which were used for spin-coating of this material onto suitable substrates.
Originally, this molecule was synthesised by Swager’s group at the Massachusetts Insti-
tute of Technology for the particular purpose of chemosensing of explosives, as described

in the introduction (section 1.2.1) [5].

In contrast to the oligofluorene molecules, the synthesis product here is a highly multidis-
perse mixture of molecules, not all of which have favourable optical properties. Purified
material batches can be extracted from the synthesis product using solvents. In a first
step, low molecular weight (MW) material (~25000 u — where 1 u is the atomic mass unit
— giving poor film quality when spin-coating) is extracted with methanol and acetone.
Then, high MW material (several 100000 u) is extracted in one or several extraction steps
with dichloromethane (DCM) [6]. In this chapter, several material batches of BBEHP-
PPV are compared. They are denoted by a leading “AKzyz”, specifying the synthesis
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FIGURE 3.4: Time resolved fluorescence of BBEHP-PPV at 530 nm demonstrating the
necessity for double-exponential fitting.

batch, and a trailing “DCMn” which specifies the extraction step. The main difference
between the batches is the dispersity of polymer chain length. Batch AK391DCM2
has the highest monodispersity, followed by AK391DCM1. Batches AK350DCM and
AK408DCM have roughly the same degree of dispersity and are slightly more polydis-
perse than AK391DCMI1 (see also table 3.2 below). While all material batches have a
similar photoluminescence quantum yield of around 80 % [7], they do behave differently
when operating above threshold for optical gain. These differences are discussed below
in section 3.2.3.2 and have also been confirmed by our project partners at the University
of St. Andrews [7, 8.

3.1.2.1 Radiative Lifetime

The luminescence dynamics of BBEHP-PPV (AK350DCM) films on glass were studied
with a streak camera'. The data was fitted by single or double exponential decay
functions as described in appendix A.5. As can be seen in figure 3.4, a double-exponential
fit yields much better results than assuming a single exponential decay. The two lifetime
components are about 71 =~ 0.43 ns, 7o = 0.16 ns and the ratio of the two amplitudes
does not depend on the emission wavelength. The overall fluorescence lifetime of 0.4 ns

is slightly shorter than that of 0.6 ns reported by Rose et al. [5].

3.1.3 Cadmium Selenide Colloidal Quantum Dots

A highly interesting achievement of inorganic semiconductor crystal fabrication is the

possibility to create nanometre-sized structures in which charge carriers are confined

!The University of Southampton is acknowledged for enabling us to use their streak camera equip-
ment.



Chapter 3. Material Properties 78

due to changes of the (conduction- and/or valence-) band-edge along the boundary of
the structure. Due to the small feature size, the discrete nature of quantum-confined
states along the direction of confinement dominates the physical properties. Quantum
confinement can be achieved along one (“quantum well”, QW), two (“nanowire”, NW)
or three (“quantum dot”, QD) directions. QWs are a widespread technology in optical
semiconductor devices such as LEDs or laser diodes. The GaN LEDs used in chapters 5
and 6 utilise QWs. NWs and their close relative, the quantum point contact are studied
extensively for their electrical properties. From a photonics point of view, NWs are often
used as host for QDs. QDs have a discrete set of energy states similar to atomic states
and can therefore be viewed as artificial atoms, the properties of which can be designed
by choice of material and geometry. Therefore, QDs are the subject of great attention

in the optical community.

3.1.3.1 Synthesis

QDs can be created by a wealth of epitaxial (thin-film deposition) procedures, but
nanometre-sized semiconductor crystals can also be synthesised chemically by injecting
suitable metalorganic precursors into an organic reaction agent (usually trioctylphos-
phine oxide, TOPO) at a certain temperature around 300°C under vigorous stirring
[9, 10]. This is illustrated in figure 3.5. Initially, nucleation will relax the oversaturated
mixture within less than a minute. The size distribution of these initial semiconductor
nuclei is largely determined by how evenly the onset of nucleation occurs within the
reaction vessel [10]. Once the concentration of metalorganics has dropped below the nu-
cleation threshold, the existing nuclei will grow more slowly on a time-scale of minutes
to hours, allowing good control of the nanocrystal size which is typically in the diameter
range 1-10 nm, corresponding to several hundred to a few thousand atoms [9, 10]. It is
possible to resume growth on the surface of existing nuclei but with different precursors,
allowing for the creation of core-shell structures with a (wider-bandgap) outer layer.
These core-shell CQDs have improved properties due to reduced effects of surface states
[10-12]. After growth, the TOPO molecules are attached to the surface of the CQDs as
so-called ligands. Ligands can be exchanged allowing one to tailor solubility properties

as well as CQD spacing in close-packed films [10].

3.1.3.2 Optical Properties

Due to the conduction- and valence band offsets in CdSe/ZnS CQDs there exists a dis-
crete set of bound states within the CdSe core for both electrons and holes as illustrated

in figure 3.6a. A fairly good understanding of the nature of these states can be obtained
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FIGURE 3.5: Schematic illustrating the synthesis of CQDs. The right hand side illus-
trates a CdSe/ZnS core-shell CQD with TOPO-ligands.

in the Bloch-picture (i.e. the wavefunction is the product of a carrier- and an envelope-
function, where the carrier has the same periodicity as the semiconductor crystal) with
spherical confinement.

The Bloch carrier functions for the conduction band in CdSe are s-type orbitals and
therefore the spin-degenerate bound conduction band states can be labelled by the en-
velope function radial quantum number n, and angular momentum L. [13].

Valence band states are more complicated, because their carrier functions are p-type
orbitals, and therefore sixfold degenerate (including spin), and the confinement leads
to band-mixing due to interaction of carrier- and envelope angular momenta. If Jj is
the total carrier function angular momentum (including spin), then conserved quan-
tum numbers are the total angular momentum Fj, := J, + L;, (L}, being the envelope
function angular momentum) and the envelope function radial quantum number ny,.
Furthermore, exactly two spherical harmonics of the envelope function are mixed in
each state, namely Ly = . and L, = £ + 2, £ = s,p,d, ... [13].

Commonly, bound exciton states in CQDs are hence labelled as n¢L. — npZr, [13].
This scheme, illustrated in figure 3.6, is sufficient to understand the absorption and

luminescence features of CQDs.

Excited CQDs quickly relax into the 1S, — 153/, state which gives rise to a single
Gaussian luminescence peak. This luminescence peak is redshifted compared to the
LS. — 153/, absorption feature (see figure 3.6c). Contrary to organics, this Stokes-
shift is not associated with a structural configuration change of the emitter. It is most
pronounced for small CQDs and disappears in the bulk-limit [15]. To understand it, we
have to extend the above scheme by the spin configuration of the exciton. In fact, the
lowest lying substate of 1S, — 1S3/ (which is mainly contributing to the luminescence)
is a spin triplet state and therefore has a negligible absorption cross section (sometimes
it is referred to as “dark exciton”) whereas the 1S, — 155/, absorption feature is due to

the singlet state which has a slightly higher energy [15].
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FIGURE 3.6: a) Illustration of bound electron and hole states in CdSe/ZnS core-shell
quantum dots. b) Excitonic energy states of a CQD including illustration of the origin of
the Stokes shift S. ¢) Room-temperature absorption and emission spectra of CdSe/ZnS
core-shell CQDs in an epoxy matrix (more data including other sizes of dots can be
found in [14]). The Stokes shift S is highlighted and approximate positions of dominant
higher-lying excitonic transitions according to [13] are indicated.

For our research, CdSe/ZnS core-shell CQDs from Evident Technologies were used with

PL peak wavelengths at 522, 564, 596 and 617 nm, respectively.

The radiation dynamics of yellow (564 nm) CQDs have been studied with a streak
camera and double-exponential fitting as described in appendix A.5 was used to analyse
the data. As can be seen in figure 3.7a), two lifetime components have to be taken into
account with decay times 7 = 7.2 ns and 75 = 1.8 ns. The amplitudes of each lifetime
component are plotted in figure 3.7b). Apparently the short lifetime component is only
important at the blue end of the QD emission. A possible explanation is energy transfer

from smaller dots to larger dots.

3.1.4 Inert Materials

The usage of transparent polymer materials in conjunction with organic light emitters
has a long-standing tradition. Dyes need to be spatially separated in order to prevent
emission quenching and this can be achieved by embedding them in either a molecular
solid or in a chemically inert transparent polymer matrix. The first OSLs reported were
in this latter format [16, 17] and to date there is a continuous flow of publications based
on this technology. Also, photocurable polymers can be used to create structures by
various lithographic methods - e.g. UV-embossing - and inert host matrices or overlayers

may reduce effects of photodegradation. For example, an effective encapsulation of an
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FicUrRe 3.7: Time resolved CQD luminescence of CQDs with PL peak at 564 nm:
a) Traces at two different wavelengths show that at the red end of the CQD emission
spectrum, a single exponential decay may be suitable, but at shorter wavelengths a
shorter lifetime component is clearly visible. b) Amplitudes of the two lifetime compo-
nents as a function of wavelength. Note that the absolute values for the amplitudes are
meaningless because the time origin of the fit was left arbitrary.

OSL was achieved by glass plates sealed with an epoxy [18]. A selection of polymers
used in this context is illustrated in figure 3.8. PMMA and SUS8 are popular host
matrices for dyes and CQDs, and PMMA is the foremost organic material for optical
waveguiding. PSS doped with conjugated polymers is commonly used in OLEDs (in
particular PEDOT:PSS for p-type contacts) and has been employed for OSLs as well.

During this PhD, our work concentrated largely on CHDV and CHDG which both
offer high transmittance in the near UV [19-21] and therefore do not absorb much of the
pump light. A transmission spectrum of CHDYV is shown in the next chapter in figure 4.2.
Polymerisation is initiated with a photo-acid generator (PAG), in our case 4-octyloxy
diphenyliodonium hexafluoroantimonite. This is a salt consisting of a negatively charged
SbFy ion and a positively charged iodonium ion. The latter is attached to conjugated
phenyl groups enabling efficient UV light absorption. Upon photon absorption, complex
processes occur usually in interaction with surrounding solvents/matrices (RH group
in figure 3.8) though most importantly they result in release of the SbFy ion, along
with a proton, which in turn breaks up and connects the double bonds/rings of vinyl

ether/epoxy ether functional groups [19].
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FIGURE 3.8: Some chemically inert polymer matrices used in conjunction with

LEPs and CQDs: polymethyl methacrylate (PMMA), polystyrene sulfonate (PSS),

1,4-cyclohexanedimethanol diglycidyl ether (CHDG), 1,4-cyclohexyldimethanol divinyl

ether (CHDV) and SU8-photoresist. Also shown is a photo-acid generator (PAG) used
to initiate polymerisation.
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3.2 Observation of Random Laser Action in Stripe Exci-

tation

Before building a laser cavity from an organic material, it is customary to first assess
the material’s properties by photo-pumping a neat, unstructured film, usually in stripe-
geometry. A good indication for the suitability of the material for laser applications is
the observation of amplified spontaneous emission (ASE) in such experiments. ASE is
characterised by a “threshold” in the power-transfer function and a modest spectral line-
narrowing (to a typical ASE linewidth of 4-10 nm in the case of organic semiconductors)
above this threshold. Intriguingly, we did not observe normal, spectrally smooth ASE in
any organic neat film fabricated during the course of this work, but instead the observed
characteristics are those of a random laser (RL). This section describes the observed
RL properties in detail, and below in section 3.3 a simple theoretical model is presented

that may explain why RL appears to be so common in high-gain organics.

In this thesis, we will concentrate on RL in neat films where any scatterers were un-
intentional. However, it can be easier to gain a physical understanding of the relevant
processes if the shape, size and optical properties of the scatterers are known. There-
fore, deliberately adding scatterers into an LEP film is a fruitful method for fundamental
studies. Our work on RL in LEPs doped with glass nano-particles has been published
[22] and the interested reader can find a detailed discussion in Yujie Chen’s PhD thesis
[23].

3.2.1 What is Random Lasing and Why is it Important?

The common understanding of what a laser is, is greatly dominated by those devices
that have demonstrated practical applications. Upon hearing the word “laser”, one
normally assumes a three- or four-level optical gain medium in an engineered optical
cavity, with the latter dominating most of the properties of the laser output. Hence,
the acronym “light amplification by stimulated emission of radiation” does not cover
all aspects that are usually associated with laser devices. One typically expects 1t and
274 order coherent narrow-linewidth emission in a well-defined beam and very often
a definite polarisation state of the laser output. Furthermore, lasers are expected to
need a population inversion in between ground- and excited state energy levels and a
clear pump threshold is expected in the power transfer function. This limited view has
naturally led to a number of (what are regarded as) peculiarities such as lasers without
inversion [24], thresholdless lasers [25] and mirrorless lasers [26]. One such peculiarity
is the random laser. It lacks some of the above mentioned properties and therefore is

subject to divergent views from laser scientists.
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PL ASE RL Conventional Laser
Linewidth 400 meV 30 meV 0.5 meV <1 meV
(highly multimode)
1°% order coherent normally not partially yes (partially) yes
2% order coherent no normally not yes yes
Emission profile usually usually usually divergent usually a beam
divergent divergent
Pump threshold no yes yes yes
Polarisation usually none may or may not may or may not often polarised
be polarised be polarised
Stable, geometrically no no yes yes
defined resonances

TABLE 3.1: Comparison of key properties of PL, ASE, RL and conventional lasers.

In the case of organic emitters, four emission regimes are of particular importance: PL,
ASE, RL and conventional laser action. Table 3.1 gives an overview on how these types of
emission typically behave. The use of qualifying words such as “usually” or “normally”
indicates that there are barely any hard and fast rules. A photonic crystal structure,
for example, can have quite a strong impact on the PL properties, an aspect that is
exploited in chapter 5. It can be seen from the table that RL is a form of emission that
is generally fairly similar to ASE but has some properties, in particular second order
coherence and narrow-linewidth spectral spikes, that would normally only be associated

with regular lasers.

3.2.1.1 Coherence

In general, coherence is the property of a radiation field at two or more different points
in space or time to interfere with each other. A coherence effect is said to be of n'"
order if 2n components of the field are required to see the effect (while coherence could
in principle be defined for an odd number of field components [27], this has so far not

seen any practical relevance). The n'" order coherence function is measured as:

(T By @it 7) T By (st 4+ 73) )

[T /B (&t + 7)[2)

9"(&, i, §(0)) = (3.1)

where E(Z,t) is an m-complex valued field (normally m = 1 or m = 3), (¥, t) is a point in
space-time, j(i) denotes the field component and (-) denotes ensemble averaging (though
in practice often time-averaging is used).

If the Ej; are classical fields, i.e. complex-valued functions of x and ¢, then a field whose

component jo at point xy fluctuates randomly around a constant value will obey the
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F1GURE 3.9: Illustration of important experiments to determine first and second order
coherence. a) Young double-slit experiment, b) Hanbury-Brown and Twiss setup.

following relations:

19" (2 = 20,7 = 70,5 = jo)| > 1 (3.2a)

\g(”)(mi =20, =70,J = jo)| > |g(”)(xi = x, various 7;,J = jo)| (3.2b)

The first relation can be proven for any finite ensemble by complete induction and the
second relation is a consequence of the Cauchy-Schwartz inequality. More generally
though, the F; are quantum mechanical operators and relations (3.2) may be broken for

systems that cannot be described by classical fields.

For n = 1 a simple interpretation is possible: light is fully coherent if ¢(Y) = 1. In
reality, there is normally a time-scale 7., the coherence time, for which |7i|, |m2| < 7. =
gW(Z,Z, 11, m7) ~ 1. In this case of temporal coherence, g(!) reflects the monochro-
maticity of the light. The narrower the linewidth of the light source, the longer the
coherence time. The prototype experiment to probe for first order coherence is the

Young double-slit setup, see figure 3.9.

Second order coherence ¢ is in practice normally measured as temporal intensity

correlation between two separate photodetectors:

¢®(r) = (B* (T, t)B* (T2, t + 1) E(T1, ) E(T2,t + 7)) _ (I(Z1,)](T2,t + 7))
VIE@L )2 B(d2,t +7)[%)? (I(Z1, 1)) (I(Z2,t + 7))
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Where 771, Z2 are the positions of the two detectors. Interpretation is not straightforward
here. For example, ¢(?(0) can be 0 and for chaotic light ¢ (c0) # 0. For an ideal
laser, g (7) is constant, whereas for PL and ASE normally ¢ (0) > ¢® (7 > 0) (so-
called “photon-bunching”, see figure 3.9 for illustration). If we speak of “second order
coherence” then this refers to the suppression of photon bunching. RL emission has
been shown to be second-order coherent [28]. The prototype experiment to determine

second order coherence is the Hanbury-Brown and Twiss setup (figure 3.9).

3.2.1.2 Spectral Features

Among the unique characteristics of random lasers, the easiest to observe is the spiky
spectrum composed of very narrow-linewidth peaks. Not every random laser shows
these spectral features and it was recently discovered that there is a phase transition
from spiky to non-spiky spectra depending on the pump geometry [29]. When pumping
organic films in a narrow stripe, we consistently observe highly multimode laser emission
consisting of narrow linewidth (< 1 meV) peaks. These peaks are not regularly spaced
as is normally the case for regular structures such as Fabry-Perot or whispering gallery

mode cavities.

3.2.1.3 Motivation

RL was first reported and discussed by Lethokov et al. [30, 31] in the mid 1960s in an
exploration of the limits of classical laser layouts. Interest was limited, though, until
prominent enhancement of stimulated emission and unexpected spectral features were
reported from polycrystalline semiconductors [32] and particle-doped dye-based gain
materials [33] in the 1990s. It was soon found that the area is rich in fundamental physics
including localisation of light [34], complex interference phenomena [35-37] and phase
transitions [29]. Numerous experimental observations of RL were reported including
some from samples, particularly organic semiconductor films, where any scatterers were
entirely unintentional [38]. RL can thus be seen as a material property and this is
the point of view this thesis takes on the subject. Obtaining a deep understanding
of the material’s gain properties will always be beneficial towards developing practical
devices and therefore the RL behaviour of organic films deserves study. The findings and
theoretical discussion in the remainder of this section suggest that RL may commonly
be observed in organic semiconductors as a consequence of their high optical gain, even
if there are only few and weak scatterers. Of course, it is also interesting to investigate
if disorder effects can be exploited directly towards an application. Suggestions include

unique tagging using the RL spectrum as an optical fingerprint [33] and sensing by
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FI1GURE 3.10: Photographic image and schematic of the setup used for optical pumping
of organic RLs and distributed feedback (DFB) lasers.

change of RL mode pattern due to molecules docking to the surface of the RL device
[37].

3.2.2 Experimental Setup

The pump source for stripe-excitation experiments was a flashlamp-pumped frequency-
tripled Q-switched Nd:YAG laser, emitting linearly polarised 5 ns optical pulses at
355 nm with 1-15 Hz repetition rate. Control of the pump pulse energy over a wide
range (6 nJ-3 mJ) was achieved by a quarter-wavelength plate followed by a polariser
and a neutral density filter wheel. The setup is shown in figure 3.10. A dichroic mirror
was used to filter any remaining green (frequency-doubled, 532 nm) components out of
the laser emission. More details on the control of the pump pulse energy are given in

appendix A.4.

Various combinations of cylindrical or spherical lenses were used to shape the pump spot
according to the specific experiment. The pump spot sizes were determined by knife-
edge measurements as described in the appendix, A.3 and A.4.5. All measurements
presented in this chapter were done with a stripe of 3 mm length and ~300 pm width

unless specified otherwise.
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FIGURE 3.11: Schematic top view of a stripe excitation experiment on an organic thin
film, illustrating the notation for the different possible polarisation states, TE, TM and
T™'.

The pump light is linearly polarised and different directions of pump polarisation were
investigated. Polarisation of the ASE/RL emission was examined as well. Figure 3.11
serves to clarify the notation of the different polarisation states in the case of stripe

excitation of an unstructured LEP film.

Emission from the polymer film was collected with a silica optical fibre (50 pum core)
which in turn was connected to a CCD spectrometer. The spectrometer had several

channels with, respectively, 2.4 nm, 0.4 nm and 0.13 nm resolution.

3.2.3 Random Laser Action in Neat Organic Films

This section presents experimental observations on neat films of oligofluorene-truxenes
and BBEHP-PPV that were spin-coated at 1500 RPM (truxene materials) and 2000
RPM (BBEHP-PPV) from toluene solution (20 mg/ml) onto glass substrates, yielding
uniform films of ~100 nm thickness. A BBEHP-PPYV film spun from chloroform solution
and chlorobenzene solution (the latter was done by Y. Wang et al. [8]) showed similar
RL behaviour as well. The glass substrates were cleaned in an ultrasonic bath with

acetone and methanol (in that order) and afterwards rinsed with deionised water.
Under stripe-excitation, some common properties have been observed in all cases:
e With sufficiently high resolution (better than 0.5 nm) spectrometers, RL modes
are typically resolved.
— RL spike positions are temporally stable (see figure 3.12).

e The RL emission from the edge of the stripe is clearly directional. This can be

seen in figure 3.13.
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FIGURE 3.12: Single-pulse RL spectra from a BBEHP-PPV film (AK391DCM1)
pumped in stripe-geometry at 62 puJ/cm?, 12.4 kW /cm?, 15x threshold.

F1GURE 3.13: Photographic image of RL from a BBEHP-PPV film under stripe ex-
citation. On top of the film, a piece of paper is used to screen the emission, showing
pronounced directionality.

The following sections point out differences observed in the RL behaviour of different

materials and material batches. These are particularly pronounced in the polarisation

characteristics.
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FIGURE 3.14: High (0.13 nm) resolution spectra resolving RL modes from T3 octyl at
580 pJ/cm? (116 kW /cm?).

3.2.3.1 Oligofluorene-Truxenes

RL behaviour as described above has been observed from T3 hexyl, T4 hexyl and T3
octyl with typical RL thresholds around 40 pJ/cm? (8 kW/cm?). The only obvious
difference between these materials was the better photostability of hexyl-truxenes. Po-

larisation characteristics of the RL from truxenes are as follows:

e ASE/RL emission is strongly TE polarised.
— This is independent of the pump polarisation.

e The power transfer function does not depend strongly on the pump polarisation.

Typical RL spectra are plotted in figure 3.14. The polarisation of RL emission and
threshold measurements depending on the pump polarisation are given in figure 3.15.
A high degree of polarisation is observed and may be an indicator that the T3/T4

molecules are aligned with the oligofluorene arms in-plane.

3.2.3.2 BBEHP-PPV

RL has been observed in all batches of BBEHP-PPV except for those that did not show
gain at all (i.e. the low molecular weight material extracted by acetone). Some data for
illustration is shown in figure 3.16. The data presented here is from films spun onto glass
substrates, but we point out that RL has also been observed from BBEHP-PPV spun
onto an (unpatterned) CHDV film on an acetate substrate and free standing membranes
of BBEHP-PPV-doped CHDV. Observed polarisation characteristics are as follows:

e ASE/RL emission may be TE-polarised to some extent with a typical intensity
ratio of TE and TM emission of 2:1.
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FIGURE 3.15: Left: low (2.4 nm) resolution spectrum (RL modes not resolved) demon-
strating strong TE polarisation of T3 hexyl RL emission, Right: threshold measure-
ments of T3 hexyl ASE/RL with different pump polarisations.

e ASE/RL emission intensity may depend strongly on pump polarisation.

— How much this is the case varies between material batches. The strongest

impact of pump polarisation was found for AK391DCM2.
— It is not clear if there is a difference in threshold.

— The pump polarisation only affects the emission properties above threshold.

Below threshold, the luminescence was unpolarised which is consistent with the polymer
chains being disordered. Partial polarisation of the RL emission can be explained by a
better spatial overlap of the TEy mode with the gain region in comparison to the TM

modes.

ASE/RL thresholds for the different BBEHP-PPV batches pumped in the above con-
ditions vary from 4 pJ/cm?, 0.8 kW /cm? to 20 pJ/cm?, 4 kW /cm?. Interestingly, the
batch with the lowest degree of polydispersity of polymer chain length, AK391DCM2
which has a polydispersity index (PDI) of 2.1, is not the one giving the lowest thresh-
old. An overview of the properties of the various BBEHP-PPV batches including laser
threshold under various conditions is given in table 3.2. There may be a correlation of
threshold with both, molecular weight (MW) and PDI, and the DFB laser thresholds in

particular suggest that a low PDI is not beneficial for device performance.

A possible explanation can be Forster resonant energy transfer (FRET) between molecules.
In a polydisperse mixture of polymer chains, pump light will be absorbed by all types of
molecules but excited shorter chains may efficiently transfer energy to longer chains via
FRET rather than radiate. The observed reduction in threshold can then be attributed
to reduced self-absorption due to the short-chain molecules having a slightly blue-shifted

absorption compared to long-chain molecules.
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FIGURE 3.16: Top: RL spectra of different BBEHP-PPV batches, Insets: threshold
measurements at different pump polarisations. bottom: polarisation of RL emission
from BBEHP-PPV
Batch MW  PDI threshold® threshold® threshold® thresholdd

[u] [W/em?]  [kW/ecm?] [W/cm?]  [kW/cm?]
AK342, non-purified | 583000 10.6 120 302
AK408DCM 543000 6.8 93 277
AK350DCM 455000 5.0 102 270
AK391DCM1 341000 4.6 253 1.6 167 0.8
AK391DCM2 205000 2.1 20 216 4

2 DFB laser on silica grating, 4 ns pump pulses at 450 nm, circular pump spot

P DFB laser on CHDV grating, 5 ns pump pulses at 355 nm, stripe-shaped pump spot
¢ ASE/RL on silica substrate, 4 ns pump pulses at 450 nm
4 ASE/RL on silica substrate, 5 ns pump pulses at 355 nm

TABLE 3.2: Properties of different BBEHP-PPV batches. The data in columns ® and
¢ was obtained by Y. Wang [7].
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This picture is also consistent with the observed response to pump polarisation. In a
mono-disperse mixture of polymer chains, FRET will occur at a reduced rate compared
a poly-disperse mixture, i.e. a large fraction of the molecules that contribute to gain
are those that have absorbed a pump-photon. Since polarised pump photons preferably
excite polymer chains that are aligned in a particular direction, an increase in thresh-
old/laser efficiency is expected if the pump polarisation is parallel to the propagation
direction of the laser light (i.e. TM’). This matches the observation on AK391DCM?2
shown in figure 3.16. On the other hand, in case of a polydisperse material much of the
absorbed TM’ pump energy can efficiently be transferred via FRET to molecules that
are aligned well for emission into the laser mode. This can be an explanation for the in-
sensitivity of the AK391DMC1 material to the pump polarisation. Further investigation
will be needed to clarify the roles of MW and FRET processes for the laser threshold.

3.2.3.3 Photo-Degradation

All experiments were carried out in ambient atmosphere which means that the films
were subject to photo-oxidation. In some cases the temporal evolution of RL emission
over a large number of pump pulses was recorded. Figure 3.17 shows data obtained
from BBEHP-PPV. During degradation, the emission intensity drops rapidly in the first
phase to then assume a steady exponential decrease. The degradation dosage is Fy., =
20.7 J/em?, Fueq/Fin = 5 x 10% in total and Fyey = 1.17 J/cm?, Fueq/Fip = 2.8 x 105 for
the fast component only. RL modes appear to be at fixed spectral positions throughout
the process, though their relative intensity changes due to a redshift of the overall
emission. Very sudden changes from one RL mode pattern to another may be observed.
In the case presented here some new RL modes suddenly appeared/vanished after about
65000 pulses while others are visible before the sudden transition and continue to lase

throughout. This transition occurred without any trace in the overall emission intensity.

In neat truxene (T3 hexyl and T3 octyl) films, no redshift of the emission was ob-
served and the overall emission intensity decrease has been observed to be exponential
throughout the entire observation period of 18000 pulses. The degradation dosages
are Fgeg = 7 J/cm?, Fieg/Fip, = 1.75 x 10° for T3 hexyl and Fieg = 4.6 J/cm?,
Fieg/Fin, = 4.6 x 10* for T3 octyl. Figure 3.18 shows the spectral evolution of T3
octyl RL emission during degradation. Again, the RL modes remain at stable spectral

positions.

Given the rarity of reports of OSL lifetimes with organic semiconductors as gain medium
(see figure 2.19) it is hard to make a fair comparison with other OSLs. However we can

note that unencapsulated OSLs have not been reported to have Fy.,/Fy, values above



Chapter 3. Material Properties

94

wavelength [nm]

0 2 4 6 8
number of pulses x10*
1
e data
g - - - o< exp(-N/160000)
© 0.75 ]
>
S [Re
E VY
E‘ 0.5 > ~~__°
g ® e, .";q..:'.:. K
8 et
£ 1/e T,
° .... .
(]
0 2 4 6 8 10

number of pulses

x 10

4

wavelength [nm]

normalized

normalized spectra

2 4 6 8
number of pulses x10*
1 T
: — before
0.8 ‘!III == after
AUk |=
0.6 !
P\
0.4 fj w N
O "
iy !
0.2 i‘\‘l "‘i"‘
e /"\f‘ "H'rv»
825 530 535 540 545
A [nm]

FIGURE 3.17: Top left: spectral evolution of RL emission from BBEHP-PPV (batch

AK391DCM1) as a function of incident pump pulses at 260 uJ/cm?, 63x thresh-

old,15 Hz repetition rate. Top right: the same data but with each spectrum normalised.

Bottom left: evolution of the overall RL intensity. Bottom right: comparison of RL
spectra from this film before and after degradation by 85500 pulses.
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F1GURE 3.18: Spectral evolution of T3 octyl RL as a function of the number of incident
pump pulses at 300 uJ/cm?, 10 Hz repetition rate.
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10% and there is only one report ([18], using a very small pump spot of only 20 pm
diameter) of an unencapsulated OSL with Fy, larger than 10 J/ cm?.

3.2.4 Random Laser Action in CQDs

Optical gain in CQDs was first achieved in 2002 [39]. It was then noticed, that the gain
was redshifted compared to the photoluminescence. This is related to two aspects, the
first being higher self absorption at shorter wavelengths. More importantly, however,
gain requires such a high density of excited CQDs, that at the time when transparency is
reached a significant number of them are in a biexcitonic state which in turn is slightly
redshifted compared to single excitons [40]. Due to the need of such a high exciton
density, gain thresholds for CQD lasers are generally high. More recently, structural
design modifications such as formation of a type II semiconductor junction (i.e. the
holes are not confined to the core) in between core and shell have been undertaken to

reduce the gain threshold [41].

During this work, CQDs were drop-coated onto glass substrates that were prepared by
scratching grooves with a diamond pen. This procedure was used because the grooves
aided agglomeration of CQDs which on a smooth substrate would only form poor quality
films that were not suitable for optical waveguiding and amplification. From these CQD-
filled grooves, RL emission was consistently observed with the RL peak being slightly
redshifted compared to the photoluminescence peak [42]. Figure 3.19 shows RL spectra
from CdSe/ZnS CQDs with a PL peak wavelength at 596 nm. In this case RL emission
centred around 606 nm was observed above a threshold around 25 mJ/cm? (5 MW /cm?)
when exciting with a 0.05x3 mm? stripe along one of the grooves. It can clearly be
seen that, similar to the LEP-results above, the RL peaks remain at stable spectral
positions. RL centred at 630 nm has also been seen from CQDs with a PL peak at
617 nm. However CQDs with PL wavelengths of 564 nm or shorter suffered mechanical

damage before reaching gain.

Follow-up work on the above results in collaboration with Nanyang Technological Uni-

versity is summarised in appendix C.

3.3 A Simple Theory of Random laser Action in Stripe

Excitation

Photo-excitation of a luminescent film by a stripe-shaped pump spot is a widely applied

method for characterisation of the film’s optical properties. A very popular experiment
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FIGURE 3.19: Left: RL spectra from CdSe/ZnS CQDs for a number of successive

pump pulses at 53 mJ/cm?, compare also figure 3.12 for a similar experiment on an

LEP. Right: low (2.4 nm) resolution (RL modes not resolved) spectra of CQD emission

around threshold showing the emergence of the RL emission with increasing pump
energy.

is the variable stripe length (VSL) method which was first proposed by Shaklee and
Leheny [43] in 1971 as a simple way to measure the optical gain for light waveguided
along the stripe. To a first approximation, the intensity emitted from the edge of the
stripe follows an exponential law as a function of stripe length, thus allowing quick
evaluation of the modal gain. The VSL technique was mainly applied to inorganic
semiconductor crystals of high quality and optimised analysis methods were developed
[44]. Yet some shortcomings of the strongly simplified initial approach were encountered
and researchers have investigated the influence of gain saturation [45-48], pump light
diffraction [46], coupling into the detector [46] and carrier depletion [49]. In recent
years, VSL measurements have been employed in the rapidly evolving field of organic
solid state gain media [47, 48, 50-54]. In contrast to their inorganic counterparts with
high crystalline order, these solution-processed active films have exhibited a striking
feature: they may show random laser action when excited in stripe geometry [5, 38, 55,
56]. The previous experimental section underlines that RL can commonly be seen in
truxene-oligofluorene and BBEHP-PPV films. At first glance, this seems to be a further
complication to the applicability of VSL-type analysis because of mode competition and
alteration of propagation paths due to scattering. Whilst a quantitative analysis may
indeed be problematic, we find however that the VSL approach gives valuable insight

into the fundamental principles underlying the formation of RL.

Up to now, theoretical understanding of the RL phenomenon is mostly based on diffusive
models [31, 57-62] or finite difference time domain calculations of the full electric and
magnetic fields [35, 63, 64]. The former approach yields an analytic handle, though
it is limited to systems with a large number of scatterers within the excited volume.

The latter approach has been successful in modelling random laser effects in media
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with just a few scatterers [35] but is computationally very demanding. We show that
the restriction to stripe geometry allows a simple ansatz that has potential to study
concepts underlying the occurrence of RL in weakly scattering media. In particular,
localised lossy or reflective perturbations are examined and it is found that they lead to
spatial and/or spectral redistribution of intensity along the stripe. Our results indicate
that RL may be a common material property in high gain media and may only require

slight disorder.

3.3.1 VSL Model under Inclusion of Gain Saturation

An important aspect of many laser devices is the saturation of gain, i.e. the rate of
emission into an optical mode (which is proportional to the number of excited molecules)
will be quenched due to stimulated emission into other optical modes. Given a strong
intensity signal I, the stimulated emission rate I';. and the spontaneous emission rate

I'sp are both quenched according to [65]:

Yol
Ty = — 100 3.4
1+ 1/Tym (34a)
Fs 0
Iy, = —2 4b
P 1 + I/Isat (3 )

where I, is the saturation intensity, o corresponds to the unsaturated optical gain and
I'sp 0 is proportional to the spontaneous emission rate per excited molecule. If we excite
the gain medium with a narrow stripe of length [ (in the z-direction, see figure 3.20)
then the change of intensity /. in positive z direction will be given by the emission rates

(similar to equations (3.4)) into the corresponding optical mode(s):

dr, nYy

= 3.5a
dZ sp 1 + Itot/Isat ( )
dl_,

_=o I <Y5’ - 1) (3.5b)

dz 1+ Lot/ Isat

Here I, is the sum of all signals giving rise to quenching by stimulated emission and a

number of convenient parameters are introduced:

Y, = R,/R;, pump parameter
R, pump rate
Ry, threshold pump rate, at which transparency is reached
n spontaneous emission rate at transparency

« waveguide losses when unpumped (3.6)
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FIGURE 3.20: Schematic of a typical stripe excitation experiment on organic gain
media. Typical active layer thicknesses are 100-400 nm, stripe widths 10-500 pm and
stripe lengths 1-10 mm.

The maximum intensity that can be supported by the gain medium is Itot maz = 1. Sat(Yp—
1). We speak of a “high gain” medium if this intensity is reached along the stripe and

of a “low gain” medium if the intensity stays significantly below this value.

In the narrow stripe geometry there are two intensity contributions, I_, evolving in the
positive and I evolving in the negative z-direction. From equations (3.5) we thus get

a set of two coupled differential equations:

dr, nYp Yp

- I 1 .
dZ 1+(I<—+I*>)/I5at ta <1+(IH+IH)/Isat ) (3 73')
dl_ nYp Y )

. —a-I 1 3.7b
dz 1+ I+ 1)L <1 Y (I + 1)/ Lm (3:7)

Boundary conditions in a real experiment are I_,(0) = 0, I._(l) = 0 (assuming the stripe
position is from 0 to ). At this point, we do not consider the temporal evolution of the
system. This is justified by the fact that propagation times along mm long stripes are
on the order of a few ps while the time of positive gain in a typical nanosecond pump
experiment will be limited by slower processes such as pump pulse duration, radiative
lifetime and singlet-triplet crossing rate, all of which usually exceed several 100 ps [3, 66].

For the sake of simplicity we assume uniform pumping, Y,(z) =Y.

Equations (3.7) can be integrated numerically using a standard ordinary differential
equation solver. The boundary conditions can be fulfilled by integrating from 0 to I
with I_,(0) = 0 and I_(0) = I, where I is optimised (using the Matlab™ fzero
routine, in our case) such that after integration we obtain I._(I) = 0. In the numerical

results presented in the sections below, the stripe length has been normalised to [ = 1.

3.3.1.1 Propagation in a Saturated Environment

In high gain media such as organics, the emission will saturate along a propagation
length of a few mm. We therefore have to examine how the opposing signals affect each

other. In the limit of an infinitely long stripe, one might a priori expect the two signals
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FIGURE 3.21: Numerical solution of equations (3.7) in an intermediate (left, n =
0.2,a =5,Y, =10, I, = 1) and high (right, n = 0.2, = 20,Y,, = 10, I, = 1) gain

medium.

to be of identical intensity, given by the saturation behaviour of the gain medium. This

di, _ dI— _ .
dz = dz =0:

is indeed the only steady state solution of (3.7) for which

I—»,steady = L—,steady

Y,—1 n (Y, —1)2
=7 p Y, P )
| T T \/m[wt AT

— I (3.8)

However, there are also other, quasi-steady, solutions with a very strong signal in the
positive (or negative, respectively) z-direction, close to the maximum allowed by satu-

ration:

Al e 3.9b

Over length scales | where nl < Isqt(Y), — 1) these are small changes compared to I_.,
i.e. the situation is quasi-steady over such a length. Numerical solutions of equations
(3.7) shown in figure 3.21 demonstrate that in high gain media the quasi-steady state
(3.9) exists in considerable portions of the stripe. Furthermore even in intermediate gain
media (i.e. an intensity of Isq:(Y), — 1) is not quite reached) the local field is dominated
by only one signal for most of the stripe. This indicates that in the presence of gain-
saturation the quasi-steady scenario (3.9) is the physical solution rather than having

two signals of equal strength as in equation (3.8).
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3.3.1.2 Influence of Disorder

A key point of our work is to include inhomogenities in the film structure. In particular,
we look at three types of defects:

e Inhomogeneous additional losses, e.g. due to scatterers

e A ‘vacancy’, i.e. a non-emissive region

e A localised reflection
Real random scattering will probably have contributions of all these effects. In section
3.3.2.1 we will examine the effect of these defects if they have a wavelength dependence.

Additional losses are modelled by adding a constant loss, agqq, Within a certain region

21 < z< 29!
dl_, dl_,
T = di — aaddI_> (3103)
z 21<2<29 2 |neat film
dl_ dl_
— = + agal — (3.10b)
dz 21<2<29 dz neat film

In case of a vacancy, the derivative is replaced by constant waveguiding losses:

dl_.
= — gl (3.11a)
dZ z21<z<z2
dl_
—_— = gl (3.11Db)
dZ z1<z<z2
Qg > 0

Finally, reflections are modeled by a localised region where the counter-propagating

modes are reflected into each other:

dl_, dl_,
dz 21<2<22 dz neat film

dI_ dl_

i _ Y= +RI_ — RL, (3.12b)
dz 21<2<29 dz neat film

Numerical solutions of systems with perturbations according to equations (3.10), (3.11)
and (3.12) are plotted in figure 3.22. The gain material properties are the same as in
the unperturbed system shown in figure 3.21. Parameter values for each simulation are
indicated in each figure. Note that the values chosen for additional losses and reflectivity

(qda = 1, R = 0.5) are small compared to the waveguide losses a and the unsaturated
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FIGURE 3.22: Numerical solution of equations (3.7) with various types of disorder. As

in figure 3.21, the left hand figures show an intermediate gain medium (n = 0.2, =

5,Y, =10, Is4; = 1) and the right hand figures show a high gain medium (n =0.2,a =

20,Y, = 10,155 = 1). The parameters for the distortions are given in each plot.

Figures a) show the effect of a localised loss according to equations (3.10), figures b)

a non-emissive region (equations (3.11)) and figures c) a reflective region (equations
(3.12)).
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FIGURE 3.23: Assuming a reflective perturbation according to equation (3.12), the
position where I = I_, is plotted as a function of a. Parameters are n = 0.2,Y, =
10, I 4t = 1, Rp.o5<2<0.35 = 0.5, as in figure 3.22c.

gain (Y, —1)c, i.e. they represent a case of weak scattering. Also the range for reflections
and vacancies, z; = 0.25, z0 = 0.35, is small compared to the overall stripe length. In
general, we note that these types of disorder may alter the intensity distribution along
the stripe and the position with I. = I_, shifts away from the center of the stripe.
This is in particular the case for reflection (figure 3.22c) but to a lesser extent also for
a non-emissive region (figure 3.22b). Localised losses appear to only have an effect of
intensity reduction but seem not to significantly alter the spatial coverage of the left and

right traveling signals (figure 3.22a).

Taking a close look at figure 3.22c, we see that in the case of a reflective perturbation
the position where the two signals, I._ and I_.,, have the same magnitude is not the same
for an intermediate and a high gain medium. The full dependence of this position on «
is plotted in figure 3.23. We see that for low gain media it is roughly at the middle of
the stripe while for high gain media it shifts towards the position of the perturbation.
The conclusion is that, in high gain media, one is much more likely to encounter spatial

redistribution of the emission due to disorder effects than in low gain media.

3.3.2 Spectral Effects

The VSL method was employed to obtain gain spectra [51] which means that the wave-
length dependence of the parameters enter as a further complication. One well under-
stood effect encountered in this case is spectral narrowing in amplifying media, which
was extensively discussed by Casperson and Yariv [67]. Here we extend the model to

gain understanding of the influence of distortions.
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In order to make a useful analysis, we have to aquire some knowledge about the proper-
ties of the gain medium. Spectral tuning experiments with distributed feedback cavities
have demonstrated that organic semiconductors can have gain bandwidths of ~300 meV
[53]. Such a broad gain is possible due to the homogeneous splitting of the luminescence
into several vibronic transitions, i.e. an excited molecule may relax radiatively into a
number of vibronic excitations of the electronic ground state. Amplified spontaneous
emission (ASE) or RL typically occurs with a much narrower linewidth of ~30 meV.
Table 3.3 gives an overview of different luminescence broadening mechanisms in organic
semiconductors (the notes a-f indicate how the width of each contribution was esti-
mated). For reference, the typical spacing between major vibronic features of a polymer
film is 100-150 meV, each of which has a width of 75-150 meV at room temperature.
The gain bandwidth is narrower than the spectral width over which the vibronic tran-
sitions spread because of self-absorption at the first vibronic transition [66]. It can be
seen from table 3.3 that for either narrow (< 10 meV) or wide (> 100 meV) spectral
ranges, homogeneous mechanisms are dominant, while ranges of a few 10 meV will be
dominated by inhomogeneous mechanisms. The effect of having different contributions
will be looked at below in section 3.3.2.2 on the basis of experimental data. Here, we
ignore inhomogeneous broadening effects and describe spectral quenching effects in a

homogeneous fashion, i.e. equations (3.4) become:

I
PSE(W) = 0 ’YO(W) (W) (313&)
1+ fO dw’ Itot(w’)/fsat(w’)
Fs o(w)
s = L 3.13b
P = T A Ly Lot (@) (3.13b)
where the frequency w relates to the wavelength A via the dispersion relation w = %
In this case, equations (3.7) have to be replaced by:
A @)Yw) Y, (w)
ar_ n(w)Y,(w) Y, (w)
— =——"1 " I (z, —1 .14

[e'e] I% / IH , !/
x = [ ) L)
0 Lsat(W')

Equations (3.14) raise the following concerns about the recording of gain spectra:

e There are four continuous parameters n(w), a(w), Y,(w), Ist(w). Some simplifi-
cation can be achieved by experimentally measuring the losses a(w) and also by
taking advantage of the fact that due to the Einstein relation between sponta-
neous and stimulated emission, the spectral lineshapes of n(w) and I54¢(w) should

be inverse proportional to each other [65].
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Mechanism Type Typical width [meV]
(ensemble of vibronic transitions) | homogeneous (400) 2
conjugation length variation inhomogeneous 5P)
ambient temperature inhomogeneous 30-80 ©
lifetime broadening homogeneous 0.6 9D
intermolecule energy transfer inhomogeneous 30 ©
intrinsic linewidth of homogeneous 13D
vibronic transitions

a) Dominant in all spectra, also observed from isolated MelPPP polymer chains
at 5 K [68]. Put in brackets because it is an effect of splitting into spaced
transitions rather than classical broadening. The 400 meV “line-width”
refers to the spectral region across which these transitions are typically
spread.

b) Comparison of spectra of an isolated MelPPP polymer chain and an ensem-
ble at 5 K [68].

©) Comparison of polyfluorene spectra at 5 K and 300 K [69] and systematic
study of temperature dependent broadening in various PPV derivatives [70].
Heating by the pump is not considered.

4) Theoretical value for 1 ns lifetime.

°) Suggested from detailed dynamics investigations on PPV and PPPV [71].

f) Obtained from isolated MelPPP polymer chain spectrum at 5 K [68].

TABLE 3.3: Luminescence broadening mechanisms in organic semiconductor
films. The tablenotes indicate how each contribution was assessed.

e The pump parameter will be different for various wavelengths. In particular, it

can no longer be determined by a simple threshold measurement.

e A continuous set of differential equations has to be solved, which is likely to be a

time-consuming task with little prospect for useful results.

For these reasons it will be very difficult to extract accurate gain spectra from VSL type

measurements in the presence of gain saturation.

It is, though, possible to learn a general concept from equations (3.14). In organic
semiconductor thin films, the ASE/RL emission is typically confined to a wavelength
range of 4-7 nm. Within these boundaries it is reasonable to assume constant parameters,
nw) ~n, a(w) ~ a, Yy(w) =Y, Lgi(w) =~ g Further, we take advantage of
the observation that the counter-propagating modes are spatially separated. Thus we
simplify to an expression where only spectral components travelling in one direction

contribute to saturation:

d/ nYy

(2,) *
- & W)= )
dz 1+ [)7 dw' I(z,0") [ Tsat

1+ fooo dw’ I(z,0")/Lsat

t+a-I(z,w) < - 1) (3.15)
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Now assume that at some point, zg, one wavelength component is dominant:

wo+0

Iy := / do' I(W') .=y / do' I(W') =t ©rest (3.16)
wo—0 rest

Such an imbalance of the wavelength components could be caused by the randomness

of the spontaneous emission seed or interference effects at random scatterers. We have

then:
dIO,rest ~ T]}/ZD

dz TEER 1 + IO/Isat

Y,
- —r 1 3.17
+ « 0,rest (1 + IO/Isat > ( )

From equations (3.16) and (3.17) it follows (assuming that Iy does not exceed the max-

imum sustainable value, i.e. Iy < Isq:(Y, — 1)) that:

dIO dIrest
dz > dz

(3.18)

which means that the imbalance will only get stronger. We believe that this is the
mechanism that causes the spiky nature of RL spectra from organic thin films. It is
interesting to note that the above argument does not rely on strong optical confinement
within systems that could be described as random cavities, which is in good agreement
with reports observing that random lasing can occur even in weakly scattering systems
[35, 36, 72]. The assumed spectral imbalance can be triggered by Fabry-Perot [35] or Mie
[73] type resonances at scatterers of micron or sub-micron size, but also by interference
effects in an ensemble of randomly distributed weak scatterers each of which does not

have pronounced resonances [36].

3.3.2.1 Spectral Quenching due to Disorder

Even though it appears very difficult to solve the continuous set of equations (3.14), we
can still qualitatively study spectral quenching effects with a reduced set of equations.
Let us assume there are only two spectral components, w; and we. Equations (3.14) can

then be rewritten as:

— Y, Y,
djﬁim 1+ Zf/lsat toIou) (Hfi/ft - 1> (3:19)
dIEin) T 1+ Zf/fm o lo(en) (Hf?l/u - 1) (3:194)

Tior = IH(wl) + Iﬂ(wl) + IH((UQ) + Iﬂ(wg)
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Boundary conditions are:

I, (w1,2=0)=1.(w2,2=0)=0
I _(wi,z=1)=1_(w2,2=1)=0

For simplicity, we have assumed here that the two wavelength components are sufficiently
close to each other that threshold, losses and spontaneous emission rates are the same
for both components. Inhomogenities are modelled according to equations (3.10), (3.11)

and (3.12) in section 3.3.1.2, just that the parameters may depend on the wavelength.

Qgdd — CQadd(W1), Qadd(w2)
Qg — awg(wl)vaw9(w2)

R — R(wp),R(w2)

Figure 3.24 shows numerical solutions of perturbed two-wavelength systems (it is the
two-wavelength equivalent of figure 3.22 in section 3.3.1.2). Parameter values are in-
dicated in the figures, using the same material properties as in previous sections and
comparable values for the perturbations as those used in section 3.3.1.2. Again, qgqq
and R are chosen small compared to waveguiding losses and unsaturated gain, i.e. they
represent weak scattering. While a vacancy with wavelength-dependent waveguiding
losses does not appear to alter the relative signal strength noticably (figure 3.24b), we
clearly see spectral quenching due to either wavelength-dependent localised losses (figure
3.24a) or wavelength-dependent localised reflections (figure 3.24c). We summarise our

observations:

e (Weak) localised losses do not alter the spatial distribution of the emission signif-

icantly but, they can lead to suppression of certain wavelengths.

e Non-emissive regions may slightly alter the spatial distribution of emission, but do

not appear to have a significant impact on the spectrum.

e (Weak) localised reflections may have strong impact on the spatial and spectral

properties of the emission, particularly in high gain media.

The effects considered above are centred around the idea that the spikyness of RL spectra
is governed by inhomogenities and is not a result of the randomness of the spontaneous
emission seed. This idea is justified by the fact that RL spectra from a solid target do
not change significantly for a large number of successive pulses. Corresponding data
from a BBEHP-PPV film was shown above in figure 3.12. It can be seen from this
figure that the spectral positions of the individual RL spikes do do not change at all
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FIGURE 3.24: Numerical solution of equations (3.19) with various types of disorder.
As in figures 3.21 and 3.22, the left hand figures show an intermediate gain medium
(n=102,=5,Y, =10, I, = 1) and the right hand figures show a high gain medium
(n =02, =20,Y, = 10,14 = 1). The parameters for the distortions are given in
each plot. Figures a) show the effect of a localised loss according to equations (3.10),
figures b) a non-emissive region (equations (3.11)) and figures c) a reflective region
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from pulse to pulse and their intensities fluctuate around a fixed value. This proves that
events which are random for each pulse (such as noise of the spontaneous emission) are

not responsible for the observed behaviour.

3.3.2.2 Spectral Quenching in Real Organic Media

We have seen in section 3.3.2 that in conjugated polymers both homogeneous and in-
homogeneous broadening mechanisms exist. In particular, for spectral ranges below
10 meV homogeneous broadening is dominant and we expect spectral quenching in
stripe excitation due to perturbations as discussed above. An indication that this is
indeed the case is obtained by looking at the first order self-correlation of a random

laser spectrum:
(I(hw) - I(hw + k- dw))

VAII(hw)P) ([ (hw + 1~ 0w)[?)

where I(hw) is the experimentally recorded spectral intensity and (-) denotes averaging

v(h - dw) = (3.20)

over w. Figure 3.25 shows a typical RL spectrum and its self correlation of BBEHP-
PPV in stripe excitation (experimental details are described in section 3.2.2). The self
correlation drops very rapidly initially to a local anti-correlation at & - dw ~ 5 meV.
Above ~9 meV the self correlation drops off at a normal rate as would be expected for
a smooth ASE peak. A spectrum consisting of entirely randomly positioned spikes at
high density would more closely resemble the correlation function of a smooth peak.
The observation of a 5-meV-anti-correlation is in good agreement with the expectation
to see spectral quenching due to homogeneous broadening. The random laser spikes still
spread over several 10 meV, owing to the inhomogeneous broadening at work over such
a range. Spikes with a spectral separation of ~10-80 meV are not strongly correlated to

each other because they are not linked by a homogeneous mechanism.

3.3.3 Implications for Experimental Analysis

We have seen that the left and right travelling signals are spatially separated when
saturation effects occur. One can therefore expect that VSL data will fit reasonably to

an ansatz that only considers one signal:

df nYp Yy
= i T -1 21
& 141/ Ly @ (1 1/ Low ) (3.21)

Equation (3.21) has been used before [45-48] and it has been shown that it can explain
‘soft threshold’ behaviour [74], i.e. a gradual rather than a sharp threshold transition

due to coupling of spontaneous emission into the laser mode which has been observed
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FIGURE 3.25: Self correlation of a random laser spectrum obtained in stripe geometry

(31 pJ/em?, 6 kW /cm?, 3x threshold). The spectrum itself is shown in the inset and

has a spectral resolution of 0.5 meV. The typical line-width of individual random laser

spikes is not resolved. The dashed line represents the theoretical self-correlation of a

smooth Gaussian ASE peak with 30 meV width on top of a flat photoluminescence
background.

in organic distributed feedback lasers, see section 4.1.2.1 below for more details. Exper-
imental data indeed fits very well with equation (3.21) as is shown in figure 3.26, con-
firming this assumption. The data has been taken from BBEHP-PPV (AK391DCM?2)

film which was prepared and characterised as described in sections 3.2.2 and 3.2.3.2.

Despite good fitting of the individual curves, the parameters 7, o, I, seem to vary con-
siderably with the pump level Y}, (figure 3.27), even when ignoring the last data point.
A fit of the overall data with 7, a, I, forced to be independent of Y}, did not lead to
a satisfying fit result. We also have to point out that equation (3.21) assumes that the
signal evolves along the full length of the stripe, though figure 3.21 shows that it is
significantly less than that, leading to a general systematic error in the parameters ob-
tained. Therefore, the same data was also fitted with the more accurate set of equations
(3.7), yielding similar order of magnitude values for the fit parameters as in figure 3.27
but also considerable variations. This indicates that the exact values found by those fits
are not trustworthy. In the light of the above discussion, it may be an effect of disorder
but other effects such as ground state bleaching could be held responsible as well. To
accomodate for such effects, further parameters would need to be introduced. Given
that equation (3.21) already reproduces experimental data fairly well, the use of addi-
tional parameters should be backed up by independent measurements. In combination
with the concerns of other researchers [46, 49], it has to be concluded that in high gain
media the VSL technique should only be used for order-of-magnitude estimation of the

material parameters.
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FIGURE 3.26: Fit of experimental data at different pump levels Y, = 2.95, 4.28, 6.05,
7.89, 8.86 with equation (3.21). The arrow indicates the evolution of the VSL curve

intensity [counts]

2x105 _
+ data
— fit
1.5}
1.
0.5
0_ i i i
0 0.05 0.1 015 0.2 0.25

stripe length [cm]

0.3

with increasing pump level. The threshold was 6.5 puJ/cm?, 1.3 kW /cm?.

£

x10—
T 4000 4 €
(c Y o
o ~e 2] o) @
@ 3000 S o ’ ’ ‘E
] Q. ’ 2 35
3 ~ ! o © L) o
2000 N -0 = Y= =
§. (] g g,n
= 1000 0 [ °
15 50
— o\ f—
5 a o- © |4 §
= 10 S © , =
3 S~ e - o 30 |_|°
~Q a 7’ o))
5 . 20
4 10° 0.12
) ® Y e
g ! < 01 E
Y} (3]
o] ~ <
o 35 ! e ® loos=
- G <o Y- A M
_3 - o 9' 0.06
3
2 4 6 8 10 2 4 6 8 10
Y Y
P P

FIGURE 3.27: Parameters from the fits shown in figure 3.26. For reference, the right
hand side plots show the spontaneous emission rate I's, = Y}, the unsaturated optical
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3.4 Conclusion

The properties of blue-emitting oligofluorene-truxenes, green-emitting BBEHP-PPV and
CdSe/ZnS CQDs (various wavelengths) were discussed. Under stripe excitation with a
pulsed (5 ns) 355 nm pump we observe RL from all of these materials (deposited onto
glass substrates) above typical thresholds of 40 1J/cm? (8 kW /cm?), 4-20 puJ/cm? (0.8
4 kW/cm?) and 25 mJ/cm? (5 MW /cm?), respectively. RL centre wavelengths were
435 nm, 535 nm and 606-630 nm, respectively. Due to photo-oxidation of the organic
chromophores, the RL intensity from the LEPs faded with degradation dosages of the

order of a few J/cm?, yielding approximately 10° useful pulses.

To our understanding, the consistent occurence of RL in the stripe-excitation experi-
ments described in this chapter is related to the high gain delivered by the gain media
leading to gain saturation along the pump stripe. This understanding is based on a set
of equations, (3.14) with, or (3.7) without, paying respect to wavelength dependence,
which describes the counter-propagating signals under the inclusion of gain saturation.
It has been shown that in high gain media (where the intensity reaches the maximum
value allowed by saturation) left and right travelling signals along the stripe are spatially
separated. The influence of inhomogenities has been studied. It was found that small
reflective perturbations result in significant spectral and spatial redistribution of the
emission and localised losses can cause spectral quenching. Local non-emissive regions
may lead to a slight alteration of the spatial distribution but seem not to have a strong
spectral effect. Spectral quenching due to perturbations is expected to occur over spec-
tral ranges where homogeneous broadening mechanisms dominate. The experimental
observation of a 5-meV-anti-correlation in a polymer random laser spectrum supports
this idea. We think that such effects can explain the RL behaviour of high gain media
in stripe excitation. In particular, our arguments suggest that RL may be a common
material property of such media. The described VSL approach could be a relatively

simple ansatz to gain insight into some fundamental aspects of random laser action.

Furthermore, our results suggest that gain spectra cannot practically be extracted from
VSL type measurements if there is gain saturation. In general, VSL analysis of exper-
imental data should be treated with caution and rather as a rough estimate. For this

latter purpose, data may be fitted with equation (3.21).

Among the materials discussed in this chapter, BBEHP-PPV is the most promising
candidate as gain material for LED-pumped lasers, because of its low ASE/RL threshold
and because its absorption is well suited for highly efficient 450 nm GaN LEDs.
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Chapter 4

Flexible Distributed Feedback

Lasers

In recent years, much effort has been put into the development of solid-state organic
light emitters. In particular, the success of organic light emitting diodes combined with
advances in polymeric waveguides has been accompanied by increased interest in organic
semiconductor lasers (OSL). Such devices have a number of benefits compared to their
inorganic counterparts, including simplified production methods and the avoidance of
highly toxic materials [1]. Another attractive property of organics is their compatibility
with a large range of different materials thus allowing for example the usage of mechan-
ically flexible substrates [2-6]. A thorough review of OSLs was provided in chapter 2.
To put the content of this chapter into context more clearly, the most relevant findings

are reiterated in the remainder of this introduction.

One of the key challenges in the development of these lasers is their susceptibility to
photo-induced oxidation which limits their useful lifetime. To date, the majority of
organic film laser demonstrations required the laser structure to be pumped in vacuum
or in a protective inert gas atmosphere [7]. For example the first flexible OSL reported
[2] was characterised in vacuum. In general, only limited information on quantitative
analysis of OSL degradation, both in vacuum and aerobic operating conditions, has
been published (see figure 2.19). One possible approach to address the issue of photo-
degradation is to create a multilayer structure where the active medium is enclosed in
between layers of a transparent polymer that serves as an oxygen and water barrier.
Encouraging results by Richardson et al. 7, 8] on red-emitting MEH-PPV are based on

such an encapsulation technique including inorganic layers.
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A commonly used resonator layout for organic thin-film lasers is based on distributed
feedback (DFB), where the optical feedback and out-coupling are provided by Bragg re-
flections of different order, from a grating within the film [1]. In section 2.2.1 it was shown
that DFB resonators are the most promising candidates for LED-pumped OSLs due to
their low threshold. DFB gratings are typically custom made by electron beam lithog-
raphy, two-beam interference or deep-ultraviolet photo-lithography. These methods can
be quite complicated and expensive thus counteracting organic semiconductors’ impor-
tant potential for low-cost production. In order to simplify matters, soft-lithographic
imprint methods to replicate a master grating have been developed [9-11]. The approach
presented below is based on soft lithography using commercially available holographic
reflective gratings as a master. Commercially available gratings have been used before
by Song, Wenger and Friend [12] for the fabrication of unencapsulated devices on glass
substrates. DFB resonators are particularly suitable for building flexible lasers and a
number of reports on such devices have been published. However, all reported flexible
devices, with the exception of the LPPP-based work by Scherf et al. [2, 4], are based on
dye-doped polymers with thresholds ranging from 16 pJ/cm? [5] to 800 pJ/cm? [6].

In the first section, the fabrication and optical characterisation (including photo-stability)
of blue-emitting devices is shown, followed by two sections on green-emitting devices and
investigations on the pump geometry and polarisation. The key findings presented in

this chapter have been published in Optics Express [13].

4.1 Blue-emitting Truxene Lasers

The lasers described in this section are based on T3 hexyl oligofluorene-truxenes which
were introduced in section 3.1.1. These materials were shown to have a high photolumi-
nescence quantum yield and to form low-loss film onto a hard substrate when deposited
from solution [14, 15]. Consequently, low threshold for optical gain and laser oscillation
as reported for such non-flexible devices [15, 16]. However, no data on the operating life-
time was given. This section describes mechanically flexible lasers that use encapsulated
T3 nanochromophores as the active region and operate at deep-blue wavelengths from
425 to 442 nm. Furthermore, it is shown that even without encapsulation the truxenes

have better photo-stability properties than other star-shaped molecules.

4.1.1 Fabrication

An important feature of the lasers presented here is their simple production. The grat-

ing structure is copied from the master grating into a UV-transparent polymer that is
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obtained by photo-curing 1,4-cyclohexyldimethanol divinyl ether (CHDV) with added
photo-acid generator (PAG, see figure 3.8 for chemical structures of CHDV and PAG).
As PAG we use 4-octyloxy diphenyliodonium hexafluoroantimonite which is dissolved
in the CHDV at a weight ratio of 0.2 %. The solution is then mixed in an ultrasonic
bath for at least 5 min and degassed. It is in principle possible to incorporate the T3
molecules directly into the CHDV matrix, resulting in a nanocomposite that is capable
of providing optical gain [17] though this chapter will focus on stacked structures where
the undoped CHDV grating is overcoated by a layer of pure T3. A schematic of the

structure is shown in figures 4.1a and 4.1b.
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FIGURE 4.1: On the left, schematics of the device structure are shown: a) unencap-

sulated and b) encapsulated by an optical adhesive (OA). On the right side is ¢) an

AFM image of the reproduced grating and at the bottom d) a plot of the surface profile
perpendicular to the grating.

After preparation, the PAG/CHDV solution is drop-coated onto the substrate. As a
substrate we use commercially available acetate sheets of 0.1 mm thickness, made for

ink-jet printed transparencies.

The substrate with the film on it is pressed onto the master grating. We use a com-
mercially available holographic reflection grating with 3600 lines/mm, i.e. a period of
278 nm. The grating surface is a polymer overcoated with aluminum. The photoresist is
cured by flooding with UV light at an exposure dose of 30.5 J/cm? through the substrate
while in contact with the master grating. Finally, the grating structure is peeled off from
the master. An approximate area of 1 cm? with a high quality grating can be obtained

by this method, which is suitable to produce several devices at a time. Analysis by AFM
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(a scan profile is shown in figures 4.1c and 4.1d) reveals that the resulting grating has
an average modulation depth of 21 nm in a scanned area of 3.7 x 3.7 um?. The thickness
of the CHDV layer has been measured with a caliper and a value of 30 um was found.

The refractive index of this material is ncgpy = 1.472 (Sigma-Aldrich, Inc.).

The T3 molecules are spin-coated from 20 mg/ml toluene solution onto the grating
at a spinning speed of 2700 to 3200 RPM, resulting in films of different thickness
(100 nm - 150 nm) which impacts the laser emission wavelength as discussed below
in section 4.1.3. Further overcoating with optical adhesives provides protection of the
chromophores against oxygen and moisture. We present devices that are encapsulated
with Norland optical adhesive (NOA) 88 by drop-coating a 1 mm thick top layer of
refractive index nyoa = 1.56 (Norland Products, Inc.). The transmission spectra of
acetate and CHDV are shown in figure 4.2 and PL and absorption spectra of the chro-
mophores were shown in the previous chapter in figure 3.2. Detailed analysis of the
truxene PL and absorption has been done by Kanibolotsky et al. [14] and the refractive

index of the active material is np3 = 1.77 [16].
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FIGURE 4.2: Transmission spectra of an 0.1 mm thick acetate sheet and an 11 pm
thick film of CHDV (taken from [18]).

4.1.2 Optical Characterisation

The organic DFB lasers were optically pumped with 355 nm wavelength pulses (5 ns
pulse duration) at 10 Hz repetition rate, as described in section 3.2.2. A full width half
maximum (FWHM) of 2.9 mm across the beam has been measured at 6 cm and 40 cm
distance from the attenuator wheel (see figure 4.3), i.e. the beam divergence is negligible
within the length scales used in the setup. The samples were placed at a 45° angle with

respect to the beam axis resulting in an elliptical pump spot of 2.9 mm x 4.1 mm
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FWHM. Energy densities given in the text and figures are peak values assuming a
Gaussian shaped beam cross section. The vertical emission from the sample surface was
monitored by a 50-pm-core optical fibre which was connected to a CCD-spectrometer
with a maximum spectral resolution of 0.13 nm. The detection angle is controllably
variable, which enables mapping of the beam profile with an angular resolution of 0.45°
(7.8 mrad). During measurements, the samples are exposed to normal ambient air at
room temperature. No vacuum or inert gases are used to protect the active material.
A schematic of the setup is shown in figure 4.3 and a more detailed description was
given earlier in section 3.2.2. It is possible to focus the pump spot using a 75 mm
spherical lens. In this case, an upper boundary of the pump area of 0.0014 cm? has been
measured (area with intensity higher than half the peak value) by monitoring the pump

spot luminescence with a CCD camera (see appendix A.3.1 for issues with this method).

optical fiber to spectrometer

A/2 waveplate
polarizer ) flip top mirror
dichroic mirrorl S / i

i \y_;:.,EU/G::::fD
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' .~ pump laser aperture

e powermeter
attenuator wheel

FIGURE 4.3: Schematic of the setup for optical characterisation. See also figure 3.10
in section 3.2.2.

Upon appropriate pulsed UV excitation, laser action is observed with a soft threshold
behaviour that is discussed in the next section. Above threshold, a fan-shaped beam is

visible which is the typical mode profile of one-dimensional DFB grating lasers.

4.1.2.1 Threshold crossing

When pumping close to threshold for optical gain, we observe a gradual steepening of the
laser emission intensity from the initial photo-luminescence (PL) slope towards the final
laser slope, rather than a well defined sharp threshold. Theoretical work by Stéphan
[19] and Boucher et al. [20, 21] suggests that such a soft threshold can be expected to
be fairly typical for microresonator lasers in general and DFB lasers in particular. The
origin of this behaviour is the significant contribution of ASE and hence unsaturated

gain when close to threshold.

It is possible to understand soft threshold behaviour as a property of ASE using a

variation of the variable stripe length equation that includes saturation, as has been
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discussed before by Pert [22], Dal Negro et al. [23] and Costela et al. [24, 25]:

dIASE CLFp ( Fp/Fth )
= + bl — 1 4.1
Az 1+ Lase/La P \1+ Lusp/La (41)

where F}, is the pump fluence, x € [0, 1] is the position along an optical path normalised to
the path length, F}; is the pump threshold for optical gain, Iy, the saturation intensity,
a the spontaneous emission rate and b the scattering and absorption losses. Note that
in the previous chapter (section 3.3) a similar ansatz was used to investigate random
laser action. Equation (4.1) can be integrated numerically from z = 0,145£(0) = 0
to x = 1. Tt is assumed that I4gg(1) is directly proportional to the detected intensity.
This model has four parameters, Fyp,, Isq, @ and b, that have to be optimised when fitting
experimental data. Boucher and Féron [21] suggested that a three-parameter model may

be suitable for microresonators:

Il _ IsatﬁFp/Fth
aser 1 + Ilaser/Isat - Fp/Fth

(4.2)

The dimensionless parameter x basically accounts for the coupling of spontaneous emis-
sion into the laser mode. Here again, it is the contribution of unsaturated stimulated

emission that is responsible for the softness of the threshold.
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FIGURE 4.4: Threshold measurement of an unencapsulated device fitted with equation

(4.1) (fit 1) and (4.2) (fit 2). The curves given by the two models are not distinguishable
at the scale of this plot. Fitting parameters are given in table 4.1.

Fit Fyy, Lot a b K
(1 x cm™2] [counts] [counts/
(1 x cm™?)]
fit 1 21.69 1.655 x 10% 540 20.3 -
fit 2 21.67 1.653 x 10% - - 346 x 1072

TABLE 4.1: Fitting parameters used in figure 4.4.
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For fitting experimental data, the saturation intensity I, is treated as a linear parameter
and solved for by linear regression while the other parameters are optimised using the
fminsearch function from Matlab (details on this function can be found in the Matlab
documentation [26] and a description of the Matlab functions for soft threshold fitting is
given in appendix A.2). Both models fit experimental measurements quite well as shown
in figure 4.4. In the example given in figure 4.4, the two models agree with each other
extremely closely, both in curve shape and in the values for threshold and saturation
intensity (table 4.1). More generally we observe that both models rarely deviate from
each other by more than 10 %. In conclusion the three-parameter model, Equation (4.2),
should be preferred for fitting microresonator thresholds because it has one numerical
variable less, needs significantly less computation time and yields similar results to the

ASE based model.
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F1GURE 4.5: Laser spectrum fitted by Gaussian decomposition. The unencapsulated

sample has been pumped with the unfocussed (2.9 mm diameter) beam and satellite

peaks are visible. The dominant peak has a linewidth of 0.25 nm full width half maxi-
mum. Inset: Threshold measurement fitted with equation (4.2).

The power transfer function of the lasers was extracted from the spectra at different
pump fluences. In figure 4.5 we see that a typical laser spectrum consists of a dominant
peak and a couple of smaller satellite peaks. The individual laser emission peaks have
a spectral width of 0.25 nm or less. If we integrate the intensity over the spectral range
of the dominant peak, we get the slope measurement shown in the inset of figure 4.5.
For the best sample, a threshold pump fluence of 14.4 pJ/cm? (2.7 kW /cm?) has been
found by fitting model (4.2) with the spontaneous emission coupling coefficient being
k = 0.13. This value is just below the ASE threshold of a neat truxene film on a
hard silica substrate (16 pJ/cm?,4 kW /cm?) but higher than the lowest truxene DFB
laser threshold on a corrugated silica substrate (2.7 uJ/cm?,270 W /cm?) measured by
Tsiminis et al. [15]. Both of these earlier reported values were achieved using protection

of the sample by vacuum. The higher threshold in our devices can be explained by
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slightly lower grating quality and poorer confinement of the transverse optical mode to
the active layer because of reduced refractive index contrast between the layers. An
early laser demonstration with a different type of star-shaped oligomers by Xia et al.
[27] revealed an even lower threshold of 0.16 — 0.28 ;J /cm? (38 — 65 W /cm?) though we
will show in section 4.1.4 that the pyrene-cored molecules in that report are less stable

than truxene-cored oligofluorenes.

A sample encapsulated by drop-coating had a higher threshold of 63 1J /cm? (12.2 kW /cm?).
The main factors contributing to the increase of threshold are believed to be a lensing
effect due to the curvature of the of the encapsulation surface, reduced overlap of the
transverse optical mode with the active layer and pump absorption in the optical adhe-

sive.

Precise measurements of the threshold of high-quality devices pumped with the focussed
(< 0.0014 cm?) pump spot were not possible because limits of the setup were reached,
especially in terms of detector sensitivity. It is clear however, that the lowest threshold
pump energies in this configuration are slightly below 30 nJ (> 21 pJ/cm? 4 kW /cm?).
This indicates that for pump spot sizes ranging from 0.0014 cm? to 0.093 cm? (1:1.4
elliptical pump spot shape) the threshold pump fluence may not vary strongly.

4.1.3 Properties of the laser beam

Above threshold, a fan-shaped laser beam was observed on a white screen placed parallel
to the surface of the sample. Photographic images of the operating sample and the laser
beam are shown in figures 4.6a and 4.6b, respectively. Figure 4.6¢c shows a photo of
the sample under illumination from a UV lamp. The set of graphics in figure 4.7 shows
polarisation-resolved spectral maps across the beam waist. In these measurements, the
effect of the grating yields an X-shaped structure. The wavelength of the crossing
point of this structure is the position of the stop band [28]. Laser oscillation occurs
at that wavelength if the material is able to provide optical gain. The position of the
stop-band can be controlled by the spin-coating parameters thus allowing tuning of the
laser wavelength between 425 nm and 442 nm, corresponding to an in-plane effective
refractive index in between n.yy = 1.529 and n.yy = 1.590. In general, an increase of
the spinning speed will blue-shift the stop-band, because the film thickness and thus the
effective refractive index decrease. The effective refractive index can also be estimated
from the waveguide materials’ refractive indices given in section 4.1.1 by solving the
boundary conditions of the fundamental TEy mode at the top and bottom surfaces of
the active layer for a given layer thickness. The above values are consistent with the

thickness of the T3 layer ranging from 100 nm to 150 nm. Encapsulation with NOA
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88 raised the effective index to 1.592 (442.5 nm laser wavelength of the encapsulated
device, corresponding to a 110 nm thick T3 layer) which is higher than the index of the

cladding material. Optical confinement is therefore still provided in this configuration.

Sample

75" lnln\ lens

FIGURE 4.6: a) Photo of the operating sample, pumped with a focussed pump spot. b)

Image of the beam profile that is visible on the screen. The spectral maps in figure 4.7

are recorded from left to right across the waist of the fan-shaped beam. ¢) Photography

of a laser demonstrating mechanical flexibility. UV illumination is used to show the
devices fluorescence.

The spectral maps plotted in figure 4.7a show that the output has a low angular diver-
gence of 1° (17.5 mrad) and is TE polarised, i.e. the electric field is polarised parallel to
the grating. This is consistent with the laser operating in the TEy mode. In some cases,
an unpolarised isotropic ASE background is observed. It is likely that in these cases the
ASE originates from regions of poor grating quality that lie within the large area of the
unfocussed pump spot. When the pump beam is focussed by a spherical 75-mm lens, we
observe that satellite peaks in the spectrum are reduced and the angular beam diver-
gence is improved to (or below) the resolution of our setup of 0.45° (7.8 mrad) as can be
seen in figure 4.7b. This effect is probably due to reduced influence of inhomogenities

in the sample structure.

4.1.4 Operational Lifetime

A crucial aspect of organic solid-state light emitters is their susceptibility to photo-
induced oxidation which ultimately limits the device lifetime. The ASE intensity of an
unencapsulated T3 layer that is directly exposed to air follows an exponential decrease
with the number of absorbed pump pulses as shown in figure 4.8 for a film of T3 on

silica pumped at 0.5 mJ/cm?

. During the 1/e lifetime, the sample was exposed to a
total pump energy of Fyeq = 7 J/ cm?. This is substantially better than the result by
Xia et al. [27] on pyrene-cored oligomers which is Fye, = 176 mJ/cm? within the time

during which the laser output decreased to half the initial value.
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FIGURE 4.7: Spectral map across the laser beam. a) Pumped with the unfocussed

2.9 mm diameter beam at 4x threshold. A polariser has been used to distinguish

the electrical field components polarised parallel (TE) and perpendicular (TM) to the

grating. b) The same sample pumped with a focussed pump spot (< 0.0014 cm?) at
5.5x threshold. Only a TE polarised signal has been detected.

Possible figures of merit for the characterisation and comparison of laser operational
lifetimes are the already-introduced degradation energy dosage, Fyeq, that the sample
has been exposed to during its lifetime and the ratio of this degradation dosage to the
threshold pump fluence Fyeq/Fy. In case of the pyrenes this value is Fyey/Fip, = 6.4 X
10°—1.1x10°. To our knowledge, only two flexible laser reports include measurements of
the lifetime: for Alq3:DCM based lasers Fyeqy = 1.6 — 16 J/cm? and Fieg/Fen, = 105 —106
were found [5], although it was not specified how the lifetime was determined, and
a recent experiment on Coumarin540-doped NOASS [6] revealed a degradation energy
dosage of only Fjey = 0.8 J/em? at Fyey/Fyp, = 1.14 x 103, where the lifetime was defined
as the time during which the laser output decayed to 10% of its initial value. The best
performance for non-flexible devices so far has been reported by Richardson et al. [8]
where the MEH-PPV laser structure was sandwiched between two glass plates that were
glued together by NOA68. Within the lifetime during which the laser output dropped
to half the initial intensity, a degradation energy dosage of 1.27 MJ/cm? was achieved
with a high threshold of 8 mJ/cm? and thus Faeg/Fyn = 1.6 x 108.
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4.1.4.1 Lifetime of truxene lasers

Unencapsulated lasers had a 1/e degradation dosage of 11.5 £ 5.8 J/cm? (Fyeq/Fyp, =
(8.0 = 4.0) x 10°) which is slightly higher than that of T3 on silica. The large variance
is possibly related to partial incorporation of the T3 molecules into the CHDV matrix.
A sample encapsulated by drop-coated optical adhesive yielded Fyeq = 53 J/ cm? and
Feg/Fyp = 8.4 10°. This indicates that encapsulation by optical adhesives can indeed
enhance device lifetime. The lifetime measurements that yielded these results are plot-
ted in figure 4.8 for comparison. The pump fluence was kept constant at 0.5 mJ/cm?
per pulse for all samples, though investigations by Richardson et al. [7, 8] on MEH-
PPV suggest that the degradation dosage remains the same for various pump levels.
Remarkably, there is an initial phase where the laser output is stable and at some point
the intensity suddenly starts to drop exponentially. The reason for this behaviour is
currently under investigation. During the degradation process, a redshift of the laser
emission wavelength by about 1.5 nm is observed. A degradation-induced wavelength
shift of DFB laser emission has been reported before for MEH-PPV based devices [8]
and was attributed to a change in refractive index of the active layer, though in that

case a blue-shift was observed.
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FIGURE 4.8: The operational lifetime of the devices is examined by monitoring the
laser intensity as a function of the total pump dosage the samples have been exposed
to.

4.1.5 Laser Arrays

The fabrication process described in section 4.1.1 can be altered in order to produce
arrays of separated mesas with a grating structure, each of which works as an individual
laser. The fabrication process is illustrated in figure 4.9a). In fact, only one additional
step is needed here, which is defining the mesa edges on the master grating with a pho-
toresist (PR) mask. Instead of CHDV, NOAG5 is used as transparent polymer because it

has better flexibility and less issues of sticking to the master grating during the peel-off
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process. However, the refractive index contrast to the LEP is poorer (nyoaes = 1.53)
and it has stronger absorption of UV and violet light than CHDV. Photographic images
of the mesas with gratings in the NOAG5 film are shown in figure 4.9b). The master
grating used here was defined by electron beam lithography, had a period of 276 nm
and a modulation depth of 50 nm. T3 was used as gain material for the demonstration
of laser operation above a threshold of 70 pu.J/cm? (14 kW /cm?) when pumping with a
370 pum diameter pump spot [29]. This approach enables closely spaced but physically
separated DFB lasers that can be individually addressed. Furthermore, it allows studies

of size- and shape-effects of the mesa on the laser properties.

ol N

Master Silica grating

Flexible substrate
Flexible polymer

Master Silica grating

Flexible polymer
Flexible substrate

FIGURE 4.9: OSL array: a) Schematic of the fabrication of separated DFB mesas. b)
Photograph of the grating array in a transparent polymer film.

4.2 Green-emitting BBEHP-PPV Lasers

Flexible DFB laser structures have been fabricated by the same method, but with
BBEHP-PPV (AK391DCM1) as the gain material. In this case the master grating
with 340 nm period and 50 nm modulation depth was created by electron beam lithog-
raphy. Green laser emission with a wavelength of about 535 nm was observed above a
threshold of 11.7 u.J/cm? (2.34 kW /cm?) using the 3 x 4.5 mm? pump spot. A degra-
dation dosage of 1.35 J/cm? (Fyeq/Fy = 1.15 x 10°) was measured when pumping at
47.9 pJ/em? (4.1 x Fyy).

The photonic crystal properties that these devices show below threshold have been

studied as well. Results are discussed in detail in chapter 5.
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4.2.1 Pump Polarisation and Geometry

Since the laser emission is linearly polarised, it may be expected that the pump polarisa-
tion as well as the pump spot geometry have an impact on the laser threshold. For that
purpose, BBEHP-PPV based lasers were excited with a 0.3 x 3 mm? pump stripe and
the linearly polarised UV light from the pump frequency-tripled Nd:YAG laser could be
rotated by a A/2-waveplate. Figure 4.10 illustrates the possible stripe alignment and

polarisation.
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FIGURE 4.10: Schematic illustrating the notation of pump geometry (|| and L) and
pump polarisation (TE and TM’) when pumping one-dimensional DFB lasers in a stripe

geometry.
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FIGURE 4.11: DFB laser transfer functions using the different pump configurations
illustrated in figure 4.10.

Results are shown in figure 4.11. It can generally be seen, that pumping in the 1 geom-
etry has a lower threshold than pumping in || direction. This can readily be explained
by the fact that the laser mode propagates in L-direction and thus is supplied with
gain over a longer propagation length when pumped in | geometry. Also, gain-guiding
may help optical confinement to the laser mode. This latter aspect is supported by the
observation that laser thresholds are slightly lower when pumped 0.3 mm broad stripe
than when pumped with the 3 x 4.5 mm? pump spot. For example, the BBEHP-PPV
laser presented above in section 4.2 that had a threshold of 11.7 p.J/cm? in the latter
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geometry, had a lower threshold of 7.9 uJ/cm? (1.58 kW /cm?) when pumped with a

stripe.

In terms of pump polarisation, it can be seen from figure 4.11 that both threshold and
slope efficiency are superior when the pump is TE-polarised compared to the TM’ case.
The interpretation is that linearly polarised pump light preferentially excites molecules
that are aligned in a certain direction such that their dipole moment is parallel to the
pump electric field vector. These molecules will give a stronger contribution to the gain
of the laser mode if this dipole moment is also parallel to the laser mode polarisation.

This is the case for TE pumping but not for TM’ pumping.

4.3 Red-emitting Colloidal Quantum Dot DFB Lasers

Grating patterned flexible substrates fabricated in a similar way as described in section
4.1.1 have been overcoated with a neat colloidal quantum dot (CQD) film by drop-
coating, similar to the random laser experiments mentioned in section 3.2.4. The grating
period was 740 nm and provided 4" order distributed feedback for the TE-polarised
laser emission at wavelengths from 610 nm to 638 nm, depending on the size of the dots
used. A typical spectrum and power transfer function are shown in figure 4.12. Several
spectral modes are visible, which is probably a result of film non-uniformity. The best
performing devices had a laser threshold near 4 mJ/cm? (800 kW /cm?). During the first
10000 pump pulses at 6 mJ/cm? degradation was observed and attributed to damage to
the ligands, but after this initial performance reduction the laser output remained stable
and no further degradation was observed until the measurement was interrupted after
30000 pulses. This gives a lower limit for the degradation dosage of Fye, > 180 J/ cm?,
Feg/Fip, > 4.5 x 10* [30]. Collaborative work on CQD DFB lasers with Nanyang

Technological University is undertaken and initial results are given in appendix C.

4.4 Conclusion

The promising category of organic lasers based on monodisperse star-shaped oligofluo-
renes has been assessed in mechanically flexible and encapsulated format. As a further
feature of the work, the distributed feedback structures in these lasers were obtained by
soft lithographic templating from a commercially available master grating. It has been
shown that the fabrication process can easily be modified so that an array of separated
DFB lasers can be produced. Encapsulation increases the 1/e degradation energy dosage
in ambient from 11.5 J/cm? to Faeg =53 J/ cm?. Measured relative to the threshold of

the encapsulated device, this latter value corresponds to Fyey/Fy, = 8.4 X 105.
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FIGURE 4.12: a) Power transfer function and b) optical spectrum of a red-emitting
DFB laser employing CdSe/ZnS core-shell CQDs as gain medium.

Similar devices based on BBEHP-PPV were examined as well, yielding thresholds of
Fy, = 11.7 pJ /em? and degradation characteristics of 1.35 J/cm?, Fieg/Fip, = 1.15% 10°.

In this case it was found that stripe-excitation perpendicular to the grating grooves

with a TE-polarised pump was beneficial for the power transfer characteristics and in

particular the pump threshold of the device.

CQDs were used as well as gain medium for DFB lasers. Despite good photo-stability,

they are, at this stage, not as promising candidates for LED-pumped lasers as the organic

compounds because of high, 4 mJ/cm?, thresholds when pumped with 5 ns pulses.



References

(10]

(11]

I.D.W. Samuel and G.A. Turnbull. Organic Semiconductor Lasers. Chem. Rev., 107:1272-1295,
2007.

Christian Kallinger, Martin Hilmer, Andreas Haugeneder, Martin Perner, Wolfgang Spirkl, Uli
Lemmer, Jochen Feldmann, Ullrich Scherf, Klaus Miillen, Andreas Gombert, and Volker Wittwer.
A Flexible Conjugated Polymer Laser. Adv. Mat., 10(12):920-923, 1998.

M. Berggren, A. Dodabalapur, R. E. Slusher A. Timko, and O. Nalamasu. Organic solid-state
lasers with imprinted gratings on plastic substrates. Appl. Phys. Lett., 72(4):410-411, 1998.

S. Riechel, C. Kallinger, U. Lemmer, J. Feldmann, A. Gombert, V. Wittwer, and U. Scherf. A
nearly diffraction limited surface emitting conjugated polymer laser utilizing a two-dimensional
photonic band structure. Appl. Phys. Lett., 77(15):2310-2312, 2000.

S. Riechel, U. Lemmer, J. Feldmann, S. Berleb, A. G. Miickl, W. Briitting, A. Gombert, and
V. Wittwer. Very compact tunable solid-state laser utilizing a thin-film organic semiconductor.
Opt. Lett., 26(9):593-595, 2001.

M. Lu, B.T. Cunningham, S.-J. Park, and J.G. Eden. Vertically emitting, dye-doped polymer laser
in the green (A ~ 536 nm) with a second order distributed feedback grating fabricated by replica
molding. Opt. Commun., 281:3159-3162, 2008.

Scott Richardson. The Fabrication and Lithography of Conjugated Polymer Distributed Feedback
Lasers and Development of their Applications. PhD thesis, University of St. Andrews, School of
Physics and Astronomy, 2007.

S. Richardson, O. P. M. Gaudin, G. A. Turnbull, and I. D. W. Samuel. Improved operational
lifetime of semiconducting polymer lasers by encapsulation. Appl. Phys. Lett., 91:261104, 2007.

Dario Pisignano, Luana Persano, Paolo Visconti, Roberto Cingolani, Giuseppe Gigli, Giovanna
Barbarella, and Laura Favaretto. Oligomer-based organic distributed feedback lasers by room-
temperature nanoimprint lithography. Appl. Phys. Lett., 83(13):2545-2547, 2003.

Justin R. Lawrence, Graham A. Turnbull, and Ifor D. W. Samuel. Polymer laser fabricated by a
simple micromolding process. Appl. Phys. Lett., 82(23):4023-4025, 2003.

Musubu Ichikawa, Yuji Tanaka, Naotoshi Suganuma, Toshiki Koyama, and Yoshio Taniguchi. Low-
Threshold Photopumped Distributed Feedback Plastic Laser Made by Replica Molding. Jpn. J.
Appl. Phys., 42(9A):5590-5593, 2003.

132



Chapter 4. Flexible Distributed Feedback Lasers 133

(12]

(13]

(14]

(16]

(17]

(19]

20]

(24]

Myoung Hoon Song, Bernard Wenger, and Richard H. Friend. Tuning the wavelength of lasing
emission in organic semiconducting laser by the orientation of liquid crystalline conjugated polymer.
J. Appl. Phys., 104:033107, 2008.

J. Herrnsdorf, B. Guilhabert, Y. Chen, A. L. Kanibolotsky, A. R. Mackintosh, R. A. Pethrick,
P. J. Skabara, E. Gu, N. Laurand, and M. D. Dawson. Flexible blue-emitting encapsulated organic
semiconductor DFB laser. Opt. Express, 18(25):25535-25545, 2010.

Alexander L. Kanibolotsky, Rory Berridge, Peter J. Skabara, Igor F. Perepichka, Donald
D. C. Bradley, and Mattijs Koeberg. Synthesis and Properties of Monodisperse Oligofluorene-
Functionalized Truxenes: Highly Fluorescent Star-Shaped Architectures. J. Am. Chem. Soc., 126:
13695-13702, 2004.

Georgios Tsiminis, Yue Wang, Paul E. Shaw, Alexander L. Kanibolotsky, Igor F. Perepichka, Mar-
tin D. Dawson, Peter J. Skabara, Graham A. Turnbull, and Ifor D.W. Samuel. Low-threshold
organic laser based on an oligofluorene truxene with low optical losses. Appl. Phys. Lett., 94:
243304, 2009.

Yue Wang, Georgios Tsiminis, Ying Yang, Arvydas Ruseckas, Alexander L. Kanibolotsky, Igor F.
Perepichka, Peter J. Skabara, Graham A. Turnbull, and Ifor D.W. Samuel. Broadly tunable deep
blue laser based on a star-shaped oligofluorene truxene. Synth. Met., 160:1397-1400, 2010.

Benoit Guilhabert, Nicolas Laurand, Johannes Herrnsdorf, Yujie Chen, Allan R. Mackintosh,
Alexander L. Kanibolotsky, Erdan Gu, Peter J. Skabara, R. A. Pethrick, and Martin D. Dawson.
Amplified spontaneous emission in free-standing membranes incorporating star-shaped monodis-

perse m-conjugated truxene oligomers. J. Opt., 12:035503, 2010.

Alexander J. C. Kuehne, David Elfstrom, Allan R. Mackintosh, Alexander L. Kanibolotsky, Benoit
Guilhabert, Erdan Gu, Igor F. Perepichka, Peter J. Skabara, Martin D. Dawson, and Richard A.
Pethrick. Direct Laser Writing of Nanosized Oligofluorene Truxenes in UV-Transparent Photoresist
Microstructures. Adv. Mat., 21:781-785, 2009.

G.M. Stéphan. Semiclassical study of the laser transition. Phys. Rev. A, 55(2):1371-1384, 1997.

Y. Boucher, A.G. Deryagin, V.I. Kuchinskii, and G.S. Sokolovskii. Near-threshold spectral and
modal characteristics of a curved-grating quantum-well distributed-feedback laser. Nanotechnology,
14:615-618, 2003.

Y.G. Boucher and P. Féron. Generalized transfer function: A simple model applied to active

single-mode microring resonators. Opt. Commun., 282:3940-3947, 2009.

G.J. Pert. Output characteristics of amplified-stimulated-emission lasers. J. Opt. Soc. Am. B, 11
(8):1425-1435, 1994.

L. Dal Negro, P. Bettotti, M. Cazzanelli, D. Pacifici, and L. Pavesi. Applicability conditions and
experimental analysis of the variable stripe length method for gain measurements. Opt. Commun.,
229:337-348, 2004.

A. Costela, O. Garcia, L. Cerdén, I. Garcia-Moreno, and R. Sastre. Amplified spontaneous emission
and optical gain measurements from pyrromethene 567 - doped polymer waveguides and quasi-
waveguides. Opt. Ezpress, 16(10):7023-7036, 2008.



Chapter 4. Flexible Distributed Feedback Lasers 134

(25]

(28]

30]

A. Costela, O. Garcia, L. Cerdan, I. Garcia-Moreno, and R. Sastre. Amplified spontaneous emission
and optical gain measurements from pyrromethene 567 - doped polymer waveguides and quasi-
waveguides: erratum. Opt. Ezxpress, 16(10):7587, 2008.

Matlab Documentation. The Mathworks. Available online at http://www.mathworks.com/.

Ruidong Xia, Wen-Yong Lai, Peter A. Levermore, Wei Huang, and Donal D. C. Bradley. Low-
Threshold Distributed-Feedback Lasers Based on Pyrene-Cored Starburst Molecules with 1,3,6,8-
Attached Oligo(9,9-Dialkylfluorene) Arms. Adv. Funct. Mat., 19:2844-2850, 2009.

G. A. Turnbull, P. Andrew, M. J. Jory, W. L. Barnes, and I. D. W. Samuel. Relationship between
photonic band structure and emission characteristics of a polymer distributed feedback laser. Phys.
Rev. B, 64:125122, 2001.

B. Guilhabert, N. Laurand, J. Herrnsdorf, Y. Chen, A. L. Kanibolotsky, C. Orofino, P. J. Skabara,
and M. D. Dawson. Mechanically Flexible Organic Semiconductor Laser Array. IEEE Photon. J.,
4(3):684-690, 2012.

Yujie Chen, Benoit Guilhabert, Johannes Herrnsdorf, Yanfeng Zhang, Allan R. Mackintosh,
Richard A. Pethrick, Erdan Gu, Nicolas Laurand, and Martin D. Dawson. Flexible distributed-
feedback colloidal quantum dot laser. Appl. Phys. Lett., 99:241103, 2011.



Chapter 5

Hybrid Organic/Inorganic
Photonic Crystal LED

One of the many recent advances in light-emitting diode (LED) technology is the devel-
opment of photonic crystal (PhC) LEDs [1]. In these devices, the active layer interacts
with a periodic refractive index pattern whose photonic bandstructure modifies the emis-
sion properties [1]. Most of the PhC LED research to date is dedicated to enhancement
of the light extraction efficiency in monolithic structures, usually involving hard mate-
rials such as III-V semiconductors, including GaN-based alloys. It is important to note,
however, that PhCs allow control of the spatial, spectral and polarisation properties of
the emission. For example, in the case of GaN PhC LEDs, confinement of the emission
to a narrow beam [2] and polarised output [3] have been reported. Directional, spec-
trally narrow and/or polarised emission is beneficial for some applications, e.g. visible
light communications (VLC), or sources for imaging or spectroscopy. In the case of VLC
for example, highly directional green light is optimal for coupling into polymer optical
fibres (POF) [4, 5]. Typically, the PhC is created by etching the PhC pattern into the
LED structure. The etch mask can be defined by electron-beam lithography, nanoim-
print lithography, two-beam interference or self-assembly [1]. Modification of emission
by PhCs has also been observed in organic films [6], as well as colloidal quantum dot
(CQD) doped films [7], and organic PhC LEDs have been demonstrated [8, 9]. Enhanced
colour conversion efficiency has been reported for a GaN PhC LED where the etch-holes
of the PhC structure were filled with CQDs [10].

Here, we take the above investigations further, by reporting hybrid GaN /organic polymer
LEDs where the PhC is not etched into the inorganic part of the device but implemented
in a light-emitting polymer overlayer. These hybrid devices permit soft lithographic
methods to be utilised in defining the PhC structure, thus simplifying and de-coupling
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FIGURE 5.1: Photographic images of the device. Left: bare 405 nm LED, middle and
right: with organic PhC overlayer.
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FIGURE 5.2: Left: Schematic of the device structure. Right: Photographic image of a
PhC LED in front of a white screen on which fan-shaped emission is visible.

the LED and PhC fabrication processes. Importantly, however, they also permit effi-
cient colour-conversion of high performance blue LED emission into the so-called “green
(spectral) gap” (c.f. figure 1.1), facilitate control of the emission pattern and polarisa-
tion and retain the fast modulation characteristics [11] suitable for such applications as
VLC. This latter aspect exploits the short radiative lifetimes of light emitting polymers,
typically on the order of 1 ns, which is 5-10x shorter than CQDs and several orders of
magnitude shorter than phosphorescent emitters often used for organic LEDs and con-
ventional colour converters. Electrically driven organic devices additionally suffer from
low carrier mobilities [12] and therefore the hybrid approach may be favourable for any

application that requires fast modulation or switching.

The hybrid PhC LED work reported here has been published in Applied Physics Letters
[13].

5.1 Device Fabrication

As organic colour-converter we use BBEHP-PPV, which absorbs light efficiently with
wavelengths below 470 nm and is therefore suitable for integration onto highly effi-
cient blue-emitting GaN LEDs. Details of this material are described above in section
3.1.2. A particular benefit of this material regarding the suitability for VLC is its short,

0.62 ns, radiative lifetime [14] which is key for fast data transmission (see also section
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FIGURE 5.3: a) AFM of the imprinted grating in CHDV. b) Photographic image of
the imprinted grating. The grating area is visible due to diffration of the room light.

3.1.2.1). The active material is spin-coated from a 20 mg/ml solution in toluene at 1500
2750 RPM onto a structured film of CHDV on a flexible acetate substrate. The PhC
structure in the CHDV film was created by a simple soft-lithography method that has
been described in the previous chapter, section 4.1.1. As master for the soft-lithography
step we use a one-dimensional grating in silica with a pitch of 340 nm and 50 nm modula-
tion depth which was defined by electron-beam lithography. The result is a second-order
grating for the green BBEHP-PPV emission, meaning that Bragg scattering of the first
order will couple light out vertically while Bragg scattering of second order will cause
an in-plane photonic stop-band (see figure 2.14 for illustration). The organic film was
then mechanically contacted onto the polished upper sapphire window of flip-chip GaN
LEDs emitting at 405 nm or 450 nm with diameters in the range 30 — 500 um (see [11]
for VLC characteristics). A schematic of the whole device is given in figure 5.2, which
shows the layout of the multi-layer structure. Photographic images of hybrid PhC LEDs
are shown in figure 5.1. Note that after overcoating with BBEHP-PPV the grating is
not visible by eye or in photographic images. Before the overcoating step, the grating
area can be recognized by diffraction of the room light as can be seen in figure 5.3b.
Good quality of the imprinted gratings in the CHDV film was confirmed by atomic force
microscopy (AFM). An example of an AFM scan of the grating in the CHDV film is
shown in figure 5.3 alongside a photographic image showing a high quality grating with

an area of 5 mm X 5 mm.

5.2 Characterisation

5.2.1 Photonic Crystal Effect

Spectra were recorded with an optical fibre (50 pm core diameter) connected to a CCD-

spectrometer. The fibre tip could be placed at well-defined angles with respect to the
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FIGURE 5.4: a) Angle resolved spectral intensity map of a device based on a GaN micro-

LED emitting at 405 nm. In the inset, the profile of the overall of colour-converted

(wavelength >490 nm) emission intensity is plotted. b) Map of the wavelength- and

angle- dependent enhancement of the converted light from a device based on a micro-

LED emitting at 450 nm. The inset demonstrates TE polarisation of the emission from
this device.

sample surface, thus allowing one to map out the angular dependence of the emission
spectrum. Figure 5.4a shows the angle resolved spectral intensity of such a PhC LED.
The PhC effect yields a prominent X-shaped feature in this plot. This PhC-enhanced
emission gives rise to directional colour-converted emission with a divergence of only 7°
in air, appearing as a fan-shaped beam when screening the emission pattern. In figure
5.4b, the emission intensity enhancement is plotted. This enhancement is defined as
the ratio of the spectral intensity from a device with patterned film compared to an
identical one without a PhC pattern. In the direction vertical to the sample surface a
7x enhancement of the emission at 535 nm was found. Furthermore, the PhC coupled

emission is TE-polarised, i.e. the electric field is aligned parallel to the grating.

5.2.2 Conversion Efficiency

The overall conversion efficiency (ratio of colour-converted light intensity to bare GaN
LED intensity) was measured with an integrating sphere in 27-configuration (see section
6.2.2.2) and results are shown in figure 5.5a. A value of about 20 % was achieved which
is similar to the one reported for a CQD based device relying on non-radiative energy
transfer [10]. For an unpatterned but otherwise identical film, the conversion efficiency
was 15 %, proving a clear enhancement of the conversion efficiency due to the PhC
pattern confirming earlier reports [6]. Similar enhancement of polymer emission was also
seen when butt-coupling into POF. Polymer spectra from a device based on a 405 nm
LED butt-coupled to PMMA fibre (1 mm core diameter) are shown in figure 5.6a and

the enhancement is clearly visible. At a drive current of 10 mA, the transmitted polymer
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image of a polymer film under UV illumination showing bleached spots that were ex-

posed to intense LED light. ¢) Temporal decrease of the modulation amplitude of a

hybrid device due to photo-degradation. Here, the organic film was in contact with

the sapphire window of a 34 um diameter pixel modulated at 200 Mb/s at an average
current of 10 mA.
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FIGURE 5.6: a) Spectra (0.4 nm resolution) of polymer emission from patterned and

unpatterned films transmitted through 10 m of PMMA step-index fibre. The fibre was

in direct contact with the organic film. b) Spectra (20 nm resolution) of PhC LED

emission transmitted through PMMA fibres of different length. There was a separation
of 2.2 cm between the fibre tip and organic film.

emission power was 4 pW. If comparing LED and LEP emission intensities transmitted
through POF of different length (figure 5.6b) there is a general trend that the 405 nm
LED emission is attenuated more strongly than the 530 nm LEP emission. This is due
to the LEP emission being at the attenuation minimum of PMMA fibre. However, for
fibre lengths ranging from 1-10 m the effect was not sufficiently pronounced to clearly

distinguish it from coupling effects at the fibre ends.

Photobleaching occured during the measurement and the drop in conversion efficiency
above 15 mA may be an effect of photodegradation rather than chromophore saturation.
Using a device based on a 450 nm LED, the polymer emission degraded with a half time

of 6 min at a 10 mA current (data shown in figure 5.5¢) leading to bleached spots
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FIGURE 5.7: Schematic of the setup for measurement of temperature effects on the
PhC emission

on the organic film as shown in figure 5.5b. It should be possible to employ similar

encapsulation as developed for organic LEDs to overcome this issue.

5.2.3 Temperature Stability

Temperature effects on the PhC-coupled organic emission were studied, by attaching
organic films with thermal grease to a temperature-controlled brass mount. The organic
film was excited by LED light that was focussed by a lens and the vertical emission spec-
trum was monitored with an optical fibre as illustrated in figure 5.7. Figure 5.8a shows
that the grating coupled emission peak blue-shifts reversibly at a rate of 0.15 nm/K.
This means that the effect of grating period increase by thermal expansion is overrid-
den by a reduction of the in-plane effective refractive index. Assuming that thermal
expansion is negligible, we find effective refractive indices of n.sf(15°C) = 1.549 and
neff(80°C) = 1.519. We also observe reversible temperature-induced reduction of the
pump absorption and overall polymer emission intensity which is in agreement with
earlier reports [15-17] and is probably due to reduction of effective conjugation length
[17]. The corresponding data is shown in figure 5.8b. The decrease in emission intensity
was measured directly whereas the reduced absorption manifests in an increase of pump
light intensity scattered by the thermal grease (i.e. this light passed through the sample
without being absorbed). Furthermore, both intensities returned to their orginal values
after cooling down, showing that the effect is indeed reversible. Blue-shift and reduction
of absorption will cause a decrease of the refractive index of the active material at the

design wavelength which leads to the observed shift of the PhC stop-band.
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FIGURE 5.8: a) Temperature dependence of the photonic stopband wavelength of the

PhC. b) Intensities of the LED pump light (430-470 nm) scattered by the thermal grease

underneath the organic substrate and the organic photoluminescence (530-600 nm) as

a function of temperature. The wavelength boundaries were chosen to avoid effects of
spectral overlap.

5.2.3.1 Temperature Dependence of the Refractive Index

The refractive index of conjugated polymers at their emission wavelength is strongly
influenced by the dominant 0-0 absorption peak, which in case of BBEHP-PPYV is located
at 430 nm. To get a simplified picture, we model this peak as a Lorentzian resonance in

the complex susceptibility, x = x' + ix":

A(T)

D) =~ T+ (AT 2P

Note that the strength A of the transition, its centre frequency wg and its linewidth
A will depend on the temperature T. We will ignore the temperature dependence of
the linewidth A(T) = A. Due to the Kramers-Kronig relations, the real part of the
susceptibility is:

A (w-wo(D)?+ (A/2)2

As a consequence, the refractive index will have a maximum at a slightly longer wave-
length than the resonance and then drop back at a rate of 1/(w — wp). Due to the
large Stokes shift in organic semiconductors they emit at a wavelength where the refrac-
tive index is already dropping with increasing wavelength. Above in figure 5.8b and in

references [15-17] it is shown that:

T, >T) = A(Tg) < A(Tl)
wO(TQ) > wo(Tl)
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temperature Ty > T7.

For the refractive index at a given PhC stopband frequency, wppc, this has two conse-

quences:

1. The magnitude of both, ¥’ and x” at temperature T is lower than at temperature
ial

2. The refractive index drops as

1 < 1
WPKC, fized—wo(T2) wphe, fized—wo(T1)

— L and note that in particular we have
wphrc—wo(T2)

Both mean that at a fixed frequency, wpic, fized, the refractive index is n(wpnc, fized, T2) <
n(wpne, fized, 11).  Therefore, the PhC stopband is forced to blue-shift, wppc(T2) >
wppe(Th). This is schematically illustrated in figure 5.9.

For analysis of the effective refractive index, we model the system as a slab waveguide

where the effective refractive index is given by:
Neff = Neore COS O

For the TEg waveguided mode, the angle # is found by solving;:

Amdncore . tan ¢1 + tan ¢q
tan [ ————sin 6 =
0 1 — tan ¢ tan ¢o

2
tang; = \/1 = Maup/ Miore _ 1

sin2 0

2 2
tan ¢2 _ \/1 - nsup/ncore _1

sin2 6
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Photodiode

FIGURE 5.10: Photographic plan view image of the setup used for modulation band-
width measurements of LED-pumped organics.

where d is the thickness of the active layer, )\g is the vacuum wavelength and ncore, Nsup,
nsup are the refractive indices of the active film, substrate (CHDV, ng,, = 1.472 [18]) and
superstrate (air, ng,, = 1). Assuming that at 15°C we have ncore(15°C) = 1.7 [14], yields
an active film thickness of d = 147 nm. Assuming a fixed film thickness, the required
refractive index at 80°C to get an effective refractive index of n.s¢(80°C) = 1.519 is then
Neore(80°C) = 1.584. This means that the refractive index of BBEHP-PPV changes with

temperature at a rate of —1.8 x 1073 K1

5.2.4 Suitability for Data Transmission

The frequency response of the LED-pumped PhC was measured by a network analyser
whose output was used to modulate the LED current via a bias-tee. The network
analyser’s input was connected to a fast photodiode [11] that picked up the colour-
converted optical signal. A short-pass filter in between LED and organic structure was
used to remove any green emission of the LED. Furthermore a long-pass filter in between
PhC and detector was used to ensure that only the polymer emission was detected. An
image of the setup is shown in figure 5.10. At an LED current of 1.26 kA /cm? (70 mA)
an optical —3 dB bandwidth of 168 MHz was measured which compares very well to
155 MHz for green inorganic resonant cavity LEDs [5]. Due to the short radiative
lifetime of the polymer, this value is mainly limited by the GaN LED bandwidth which
under these conditions is 204 MHz. Bandwidths for several LED currents are plotted
in figure 5.11 and the corresponding eye diagrams suggest that data transmission at

several hundred Mb/s is feasible. Data transmission demonstrations of unencapsulated
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devices were not possible due to the short operational lifetime of only several minutes.
In the current non-flexible format, efficient encapsulation can be achieved on the basis

of inorganic oxygen barriers.

5.3 Conclusion

In summary, we have demonstrated modification of the colour-converted light of a hy-
brid organic/inorganic LED by a nano-pattern in the organic layer. The devices sustain
temperatures up to 80°C without suffering damage and tuning of the emission char-
acteristics by temperature control is possible. This versatile technology could meet a
range of demands in terms of wavelength across the visible spectrum, divergence and
polarisation of the emission. An application area of particular interest is VL.C, for which
hybrid organic/inorganic PhC LEDs offer favourable properties such as high modulation

bandwidth and directional emission in the green spectral region.
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Chapter 6

Micro-LED Pumped Organic

Laser

Organic semiconductors are a highly promising category of gain media for visible wave-
length lasers, due to their potential for simple and low cost device fabrication. However,
most work to date was based on solid-state or gas lasers as pump sources, which counter-
acts some of the benefits of organics. Therefore simpler and more compact pump sources
have been investigated, as was reviewed in section 2.2.1.5. In particular, gallium nitride
based laser diodes (LDs) [1, 2] and light emitting diodes (LEDs) [3, 4] are a promising

category of pump sources for organic semiconductor lasers (OSLs) in practical scenarios.

This chapter explores the “early stage” feasibility of micron-scale flip-chip GaN LEDs as
pump sources for OSLs. Micro-LEDs in this format allow bump-bonding to sophisticated
complementary metal oxide semiconductor (CMOS) control electronics which in turn
enable a broad range of functionality such as electronic control of the pump spot shape,
or on-chip detection schemes which can enable feedback mechanisms or ultra-compact
sensing devices. A more detailed vision of possible applications for CMOS-controlled

micro-LEDs is given above in chapter 1.

For OSL pumping, it is important that the pump source can deliver nanosecond pulses
(see sections 2.1.5 and 2.2.3) and the main focus of this chapter is on the assessment of
micro-LED performance in pulsed operation. Developments made during the course of
this work enabled demonstration of micro-LED pumped OSLs which are briefly presented

in section 6.3.
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FIGURE 6.1: Plan view micrographs of micro-LED arrays for OSL pumping. Left:
circular pixels with 30 ym diameter and 35 pum pitch and right: square pixels with
30 um edge length at a 33 pm pitch.

6.1 Micro-LED Arrays for Laser Pumping

Commercially available LEDs are normally fabricated in broad-area format, being roughly

2 emissive area. When comparing to the pump

square-shaped with the order of 1 mm
spot geometries used for OSLs which were reviewed in section 2.2.1.4, we see that this is

in general suitable, though smaller pump spots and stripe geometries were used as well.

Individual micro-LEDs are (by definition) no larger than 100x100 pm? and typically
smaller than that. This is not only smaller than the preferred pump spot dimensions
(see sections 2.2.1.4 and 6.3.1) but as will be shown below in this section there is also a
problem of divergence of LED light while propagating through the sapphire window in
flip-chip format. Therefore, multiple micro-LEDs have to be arranged in array-format
allowing one to shape the pump spot to the desired dimensions. Early devices for this
purpose used clusters of circular pixels of 30 ym diameter at a 35 um pitch. In order
to enhance the fill factor from 0.58 to 0.83, later devices used square pixels of 30 um
edge length at 33 pm pitch. In the remainder of this chapter these two formats will be
referred to as “circular pixels” and “square pixels”, respectively. Pixel size and spacing
were chosen to allow reliable fabrication of high-quality devices limited by the precision of
mask-alignment during photolithographic fabrication steps. Both geometries are shown
in figure 6.1. Normally, the LED chip is glued onto the backside of a drilled hole in
a printed circuit board (PCB) and wire bonds from the LED chip to the metal tracks
on the PCB allow contacting. A schematic (including optional heat sinking) is shown

further below in figure 6.15.
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6.1.1 Epitaxial Structure

The micro-LEDs were fabricated from commercially available wafers grown on patterned
sapphire substrates (PSS). On the PSS, a ~3.4 um thick buffer layer of undoped GaN
is grown, followed by 2.6 pm of n-GaN. On top of the n-GaN, an InGaN/GaN multi
quantum well structure (typically 11 quantum wells) is grown. The final epitaxial layer
is 190 nm of p-GaN. Micro-LED mesas about 1 um high (with a side-wall angle of about
40°) are created by etching. The p-GaN backplane is then overcoated with a current
spreading layer of NiAu alloy. Typical PSS thicknesses are around 350 pm and can be
as thick as 430 pm. It is possible to thin the sapphire layer down to 150 um without

having to change the micro-LED fabrication process.

6.1.2 Actual Pump Spot Dimensions

The micro-LED arrays used for OSL pumping were in flip-chip format, i.e. they emit
through the sapphire substrate on which the epitaxial structure was grown. Typical PSS
thicknesses of 350 pum are considerably larger than the diameter of individual micro-
LEDs and therefore the divergence of LED emission upon propagation through the PSS
is important. To study this, a Monte-Carlo ray-tracing model was employed, the details
of which are described in appendix B. Ab-initio calculations of the full LED structure
are computationally expensive, and quantitatively trustworthy results require simple
and well-controlled conditions [5, 6]. To obtain reliable results in the complex situation
of a micro-LED array, only the propagation through the sapphire was modelled based

on three simplifying assumptions:

1. Since the n-GaN and GaN buffer layers are relatively thin, it was assumed that
the spatial emission profile at the GaN /sapphire interface is identical to the mesa-

profile of the micro-LED array.
2. Each point at the GaN /sapphire interface has the same angular emission profile.

3. Multiple reflections between the sapphire/air and sapphire/GaN surfaces can be
neglected. To properly account even for one back-reflection would be very time-

consuming owing to the patterned nature of the GaN /sapphire interface.

Below in section 6.2.2.1 it will be shown that the far-field LED emission profile is roughly
Lambertian. On the basis of the above assumptions it is possible to recreate from Fresnel
equations the angular emission profile within the sapphire for all emission within the
acceptance cone. Then, a large number of point emitters at the GaN /sapphire interface

are positioned randomly within the emissive area. They all have the same angular
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FIGURE 6.2: Calculated intensity of LED light as it diverges while propagating through
the sapphire window of flip-chip micro-LED arrays (square pixels). Only emission
within the escape cone has been accounted for.

emission profile and the propagation of their emission is traced, yielding the desired

spatial emission profile at the sapphire/air surface.

Figure 6.2 shows calculated intensity cross sections through the sapphire along the short
axis of micro-LEDs arranged in stripe-format. It is clearly visible how, particularly in the
case of thin stripes, the LED emission diverges strongly before reaching the sapphire/air
surface. The available pump spots after passing through the sapphire/air interface are
plotted in figure 6.3. From both figures it becomes clear that (in the case of square pixels)
one needs at least 12 pixel wide stripes to fully mitigate the effects of divergence through
350 pum of sapphire and 8 pixels in the case of 150 pum thick sapphire. A summary of
calculated stripe widths is given in table 6.1. Calculated pump spot dimensions in the
case of other micro-LED array geometries are included in table 6.2 and further below in
table 6.5.
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FiGURE 6.3: Calculated intensity profiles at the sapphire surface of stripe-shaped
micro-LED clusters (square pixels).

array | stripe width  sapphire thickness stripe width
(active region) (sapphire surface)
pm pm pm
2xn 66 350 350
4xn 132 350 344
8xn 264 350 365
12xn 396 350 420
2Xn 66 150 150
4xn 132 150 168
8xn 264 150 267
12xn 396 150 400

TABLE 6.1: Calculated stripe widths of stripe-shaped micro-LED arrays consisting of
square pixels.

array | active area pump spot size pump spot area
cm? pm cm?
8x8 | 5.8x107% 367 1.06 x 1073
16x16 | 2.3 x 1073 514 2.6 x 1073
30x30 | 8.1 x 1073 982 9.6 x 1073

TABLE 6.2: Dimensions of square pixel arrays including calculated pump spot area at
the sapphire surface assuming a 350 pm thick sapphire substrate.
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FIGURE 6.4: Derivative of the recorded intensity of knife-edge measurements of the

pump spot on the sapphire surface of micro-LEDs with 350 um thick sapphire. Theo-

retically predicted pump spot diameters are 367 um (8x8 array) and 514 pum (16x16
array).

In order to confirm the numerical results, the pump spot width at the sapphire surface
was assessed with a knife-edge measurement. For this purpose, a metal step-edge on
a glass cover-slide was brought in contact with the sapphire surface and moved across
a lit up micro-LED array. The derivative of the recorded intensity I,.. then yields the
intensity cross section of the pump spot, see also appendix A.3. Results are shown in

figure 6.4 and good agreement with the ray-tracing model was found.

6.2 Pulsed Performance of Micro-LEDs

In chapter 2, it was explained how important nanosecond-pulsed excitation is in order to
achieve laser action from an organic medium. In this section it is examined how closely

these requirements can currently be matched using micro-LEDs.

6.2.1 Pulsed Operation

The results presented in this chapter are obtained by operating the micro-LEDs with
a LD driver. A simplified schematic of the LD driver circuit is shown in figure 6.5.
As long as the switch (a metal oxide semiconductor field effect transistor, MOSFET)
is open and a positive voltage is applied to the high voltage input, a capacitor will be
charged through an on-board diode. Upon closing of the switch, this capacitor will
discharge through the LED giving rise to a short current pulse. As will be shown below,
pulses obtained this way are several 10s of nanoseconds long. Sub-nanosecond pulses
were demonstrated by MOSFET-switching of a constant supply voltage [7] but at much
lower peak power. Up to now, using an LD driver yielded the highest peak power from

LEDs. An optional inductor can be installed in parallel to the LED in order to reduce
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FIGURE 6.5: Schematic of the driver circuit used for pulsed driving of micro-LEDs.

unwanted current oscillations. In this setup, the pulse duration, pulse shape and peak
power generally depend on the voltage supplied to the high voltage input, the capacitance
that is discharged, the inductance in parallel to the LED, the switching characteristics
of the MOSFET, the electrical characteristics of the LED and the external quantum
efficiency (EQE) of the LED.

Three drivers, Directed Energy PCO-7110-120-15, PCO-7110-40-4 and PCO-7110-100-
7 were used to operate micro-LEDs. The 120-15 driver delivered the highest pulse
energies in ~50 ns optical pulses. The 40-4 driver can deliver 30 ns short pulses, however
typically at lower peak intensities than the 120-15 driver. The 100-7 driver is capable
of delivering comparable peak intensities as the 120-15 driver in ~35 ns optical pulses.
A typical optical pulse from micro-LEDs obtained using such drivers is shown in figure
6.6. Normally, the pulses are asymmetric with a relatively short rise time and a much
longer fall time. According to the gain dynamics modelling in section 2.1.5, these pulses
are in a regime where the determining factors for laser threshold condition are the rise
time and the peak intensity. Typical rise times are 6-9 ns (40-4 and 100-7 drivers)
and 10-15 ns (120-15 driver) and appear to be independent of the peak current density,
whereas the fall time tends to increase with increasing current. Optical pulse durations
were measured by a photo-multiplier tube (PMT) or a fast photodiode connected to
an oscilloscope with 500 MHz bandwidth. Electrical pulses were measured with an

oscilloscope current probe.

6.2.2 Measurement of Total Output Power

In contrast to conventional lasers, many light sources and in particular LEDs have a
very broad angular spread of emission. Due to this, it is very difficult to record all the
emitted light with a powermeter. Methods have to be developed that for a given power
detection scheme estimate how the recorded power relates to the total emitted power. In

the lighting industry, there are two widely accepted methods for this. These are either
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FIGURE 6.6: Typical temporal shape of a micro-LED optical pulse recorded with a
PMT when driven by the 120-15 driver.

using a photo-goniometer to determine the angular emission pattern or an integrating
sphere which ensures that light emitted at any angle has the same probability of reaching

the detector.

6.2.2.1 Photo-Goniometer

Let I(0) be the emission pattern of a (micro-) LED where 6 is the emission angle with
respect to the surface normal. It is assumed that the emission is invariant upon rotation
of the sample around the surface normal, i.e. full knowledge of the emission pattern is
gained by measuring I(f) within a single plane. This hypothesis has been verified for a
few of the devices discussed here. For example, the data plotted below in figure 6.9 was
taken in two planes orthogonal to each other. For this work a photo-goniometer was
available that allowed measuring I(0) with a precision of 1°. Examples of micro-LED
emission patterns thus recorded are plotted in figure 6.8. In general, emission patterns
were reasonably close to a Lambertian emission profile (I(0) o cos(f)) though typically
slightly broader. The examples in figure 6.8 represent extreme cases of broad and narrow
angular spread of micro-LED emission. It was also verified that the emission patterns in
continuous wave (CW, tens of A/cm?) and pulsed (a few kA /cm? peak current density)

operation are identical, as is shown in figure 6.9.

The pulsed energy output is measured with a detector that is placed at a distance d
from the LED. The detection area has diameter D and typically is situated in a recess of
depth r, see figure 6.7 for illustration. Only light within a cone of 8 < ¢ will be detected,
where ¢ is given by:

sin(¥) = D (6.1)
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detector head

FIGURE 6.7: Illustration of detection geometry.
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FIGURE 6.8: Polar plots of normalised emission patterns of two LED-arrays in compar-
ison to a Lambertian emission profile. One of the devices was glued to a PCB whereas
the other was bump-bonded to a diamond backplane as described in section 6.2.3.1.
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FIGURE 6.9: Comparison of LED emission pattern when operated in CW and pulsed
mode.
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emission pattern D r4+d c Cexp
fmm]  [mm)]

Lambertian 10 3 1.36
Lambertian 10 ) 2

LED with diamond backplane | 10 5 1.8
Lambertian 10 80 256

LED with diamond backplane | 10 80 220 185
PCB bonded LED 10 80 375 324

TABLE 6.3: Calibration factors calculated from the emission profiles shown in figure
6.8 according to equation (6.3). Experimental values c.,;, were measured using a pow-
ermeter with cosine corrector as described in section 6.2.2.3.

We want to determine the calibration factor ¢ that relates the total emitted pulse energy

to the detected pulse energy:

Erep =: ¢ Egetector (62)
This calibration factor is given by:

o 72,0 |sin(9)] - 1(6)
17, d0|sin(6)| - 1(6)

(6.3)

In the case of a Lambertian profile (I() o cos(f)) the integrals can be evaluated ana-

lytically:
e D? + 4(r +d)?
- Dz

For arbitrary (experimental) I(), equation (6.3) has to be evaluated numerically. It

c=1/sin?(9) (6.4)

was found that due to the |sin(@)| factor in the integral the resolution of 1° was insuffi-
cient for simply applying the trapezoidal rule. Good results were achieved by using the
Matlab™ quad routine and interpolating I(6) linearly in between measured points. A
short description of Matlab functions that were written for this task is provided in the

appendix A.6. Values obtained for typical configurations are listed in table 6.3.

6.2.2.2 Integrating Sphere

An alternative method for total power measurements is to prevent any direct line-of-sight
detection of the emitted light, but to force the light to proceed via multiple diffusive
reflections towards the detector such that photons emitted at any angle have the same
probability of hitting the detector. This is normally achieved by a sphere, the inside of
which is coated with a spectrally neutral diffusive layer. The direct line of sight between
detector and source is blocked by a baffle which is coated as well. Integrating spheres

can be set up either in so called “27” or “47” configuration depending on whether all
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FI1GURE 6.10: Hlustration of 27 and 47 integrating spheres.

emission or only emission into the top hemisphere is considered. These configurations
are illustrated in figure 6.10. Generally, integrating sphere measurements suffer from
systematic errors caused by any deviations from the ideal sphere geometry, i.e. in
particular due to the baffle, sphere entrances, wiring, the source itself and the detector.
These errors are smaller the larger the sphere diameter is in relation to the distortions.
For industrial purposes, a minimum sphere diameter of 25 cm is recommended [8].
However, the larger the sphere, the smaller will be the fraction of light that reaches
the detector. Hence, there is a trade-off in between accuracy and sensitivity which is in

particular important in the case of micro-LEDs.

6.2.2.3 Close-Proximity Measurements

A quick and convenient method of measuring the output power of an LED is to just put
the LED in as close proximity to the detector as possible. While this method allows
simple and quick comparison between different LEDs, it has to be kept in mind that the
absolute values obtained this way cannot be considered to be exact and only allow an

order-of-magnitude estimation. Concerns with close-proximity measurements are:

1

Reduced detector response at high angle of incidence

Electrical noise pickup by the detector, in particular in pulsed mode

Multiple reflections between detector and emitter surface

Depending on device and detector geometry there may be a non-negligible sepa-

ration between detector and device

'In the case of a silicon-based energy meter a flat response was found for angles of incidence < 40°
but at higher angles the response dropped significantly.
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Some of these effects can be reduced significantly if a cosine corrector is mounted onto
the detector. In sections 6.2.3 and 6.3, some pulsed measurements were done by first
placing an energy meter at some distance d to the device and measuring pulsed output
and then measuring the calibration factor with the aid of a cosine-corrector equipped
power meter. With this powermeter the CW emission was measured both, in close
proximity and at the same distance as the energy meter. The ratio of the two readings
was taken as the calibration factor. Table 6.3 contains calibration factors obtained this

way which are slightly lower than those predicted by photogoniometer measurements.

6.2.2.4 Comparison of Different Methods

In general, pulsed performance can either be measured using an energy meter at low
repetition rates (tens of Hz) or a powermeter at high repetition rate (several kHz). When
keeping all other experimental details (in particular the separation between LED and
detector) the same, good agreement of power-meter and energy-meter measurements
was observed for the same high voltage input to the LD driver. Also, the various mea-
surement methods discussed above gave reproducible results when the same method was
applied repeatedly under the same conditions. Different methods for estimating the over-
all emission of LEDs were compared on the basis of a commercial LED (Luxeon Rebel)
at 450 nm and 1.3 x 1.3 mm? active area, driven by a Directed Energy PCO-7110-120-15
LD driver (no inductor was used), delivering 50 ns optical pulses at 200 V high voltage
input and 54 ns at 260 V. The results obtained by various methods are summarised
in table 6.4. Unfortunately, no good agreement is observed at all. An immediate con-
clusion is that (close-proximity) measurements with the detector closer than a few cm
from the sample cannot be trusted unless a cosine corrector is used. Even when ignoring
close-proximity data, deviations by a factor up to 1.75 are observed, the reason for which
could not be determined. It should be pointed out that the integrating sphere available
for this work does not meet recommendations by national institutes for standards and
close proximity measurements with a cosine corrector are not a recommended method

either.

6.2.3 Results

Conventionally, LEDs are driven by a direct current (DC) source and important charac-
teristics of device performance are the electric current as a function of voltage applied
to the LED (“I-V curve”) and the optical power (or luminance) as a function of in-
jected current (“L-I curve”). Analogously, in pulsed operation the optical pulse energy

and peak intensity are measured as a function of the peak electrical current which in
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method!| d +r calibration factor peak intensity? peak intensity>
[cm)] [W/cm?] [W/cm?|

PG 0.3 1.32 284 2974

CpP 0 - 355 3714

CE 7.5 155 381 436

CE 0.3 1.9 407 4264

IS - 855 496 564

PG 7.5 239 589 673

cC 7.5 271 668 763

Ccce 7.5 271 870 960

1 CC = calibrated by CW close-proximity measurement with cosine
corrector
CE = calibrated by pulsed close-proximity measurement without
cosine corrector
CP = close-proximity measurement with powermeter at high repe-
tition rate without cosine corrector
IS = integrating sphere with 9 cm diameter
PG = calibrated by photogoniometer measurement

2 At 200 V high voltage supply to the LD driver

3 At 260 V high voltage supply to the LD driver

4 The energy meter saturated and the peak power was assessed by
the PMT signal

> Measured using a pulsed 405 nm LD

6 This measurement was done by Yue Wang (University of St. An-
drews) using different, though equivalent equipment

TABLE 6.4: Comparison of different pulsed power measurement
methods on the basis of a commercial 450 nm broad area LED.

turn depends on the high voltage supplied to the LD driver. Representative data of a

micro-LED array in pulsed mode is shown in figure 6.11.

In DC operation it was found that single micro-LED pixels of a few tens of um diameter
can sustain much higher current densities than broad area LEDs with a few hundred pm
diameter, which was attributed to the improved thermal properties of small pixels [9]. A
similar effect is observed in pulsed operation. Table 6.5 lists measured performances of
a large variety of array sizes from 1x1 to 15x15 based on circular pixels. If normalised
to the active area, it can be seen that the 1x1 and 2xn arrays typically outperform
larger clusters by a factor 2—4. However this does not take into account the divergence
of the emission through the sapphire window of flip-chip devices as discussed above in
section 6.1.2. In fact, the highest fluences at the sapphire/air interface which are actually

available for laser pumping were obtained with the largest arrays tested.

To mitigate the effects of divergence through the sapphire the fill factor was increased
by moving from circular to square pixels (see section 6.1) and some devices used a

thinned sapphire substrate of only 150 um thickness. However, reliable and repeatable
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FIGURE 6.11: a) Pulse I-V curve, b) pulsed L-I characteristics and ¢) optical and

electrical pulse durations of a 12x30 array of square pixels emitting at 450 nm driven

by an LD driver. Graphs to the left are for driving with a PCO-7110-40-4 driver and

results with a PCO-7110-120-15 are shown on the right. In both cases, a 10 uH inductor

was put in parallel to the LED array. The optical fluences and intensities in graphs b)
are on the sapphire surface, assuming a sapphire thickness of 350 pm.
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array | active area pumpspot size pumpspot area® power density
cm? um cm? W/cm? ® W/cm? ©
1x1 | 7.1x10°6 379 1.13 x 1073 3924 2.45d
2x2 | 2.8x107° 393 1.21 x 1073 1954 7.44
2x3 | 4.2x 107 393 x 396 1.56 x 1073 3524 9.64
2x6 | 85x 1076 375 x 384 1.44 x 1073 3534 20.84
2x12 | 1.7 x 1074 354 x 435 1.54 x 1073 2244 24.74
2x18 | 2.54 x 1074 330 x 612 2.02 x 1073 2724 34.34
3x3 | 6.4x107° 391 1.2 x 1073 2654 13.7d
4x4 | 1.13 x107% 388 1.18 x 1073 2674 25.64
5x5 | 1.77 x 10~* 381 1.14 x 1073 2544 39.44
5x5 | 1.77 x 1074 381 1.14 x 1073 3114 48.24
6x6 | 2.54 x 1074 370 1.08 x 1073 1844 43.64
8x8 | 4.5x107* 378 1.12 x 1073 1754 70.44
15%x15 | 1.59 x 1073 487 2.37 x 1073 624 41.74
15x15 | 1.59 x 1073 487 2.37 x 1073 237° 159¢
15%x15 | 1.59 x 1073 487 2.37 x 1073 152¢ 102¢
15%x15 | 1.59 x 1073 487 2.37 x 1073 96° 64°

& on sapphire surface, 350 pum thick sapphire

b with respect to active area

¢ at sapphire surface

d close-proximity measurement at 2 kHz repetition rate with powermeter
¢ calibrated by CW close-proximity measurement with cosine corrector

TABLE 6.5: Summary pulsed performance of micro-LED arrays based on
circular pixels emitting at 450 nm.

peak intensities beyond 150 W/cm? to in excess of 200 W/cm? were only possible by
improved quality of the commercially available wafers from which the micro-LEDs are
fabricated. A number of arrays emitting at 450 nm achieved peak intensities ranging
from 180-290 W/cm? obtained with either the 120-15 or the 100-7 driver and the best
performing arrays were capable of delivering up to 345 W/cm?. The best performance
of an LED array emitting at 405 nm was 123 W/cm? in a 55 ns optical pulse driven by
the 120-15 driver.

6.2.3.1 Device Damage in Pulsed Operation

When driving an LED with a DC voltage the light intensity will peak at a certain current
and stagnate or even drop if the current is further increased. This roll-over is normally
reversible if the current was never pushed significantly beyond the roll-over point. In
pulsed operation however, no such roll-over was observed and LEDs were damaged
irreversibly in a very sudden manner. In a few cases, damage occured at the wire bond
pads resulting in detachment of the wire from the pad. It is believed that connecting two

or three wires to each pad reduces the risk of this happening. The most common type of
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FIGURE 6.12: Left: Pulsed L-I curve of an 8x8 array of 450 nm square LEDs, showing
a characteristic kink due to typical pulsed damage. The device had a strong leakage
current in CW after the measurement see figure 6.13. Right: Pulse energy and peak
current density monitored over a huge number of successive pulses under the same
driving conditions (2x18 array of circular 405 nm LEDs, PCO-7110-40-4 driver with
72 V high voltage input, 0.47 pH inductor yielding 19 ns electrical pulses at 20 Hz
repetition rate). The device was shorted after the measurement when operating CW.

damage however is the sudden occurence of a current leak. In pulsed L-I curves, such an
event manifests in a sudden drop of pulse energy as is visible in figure 6.12. Once such
damage has occured, pulsed device performance remains significantly inferior than prior
to the event and a strong leakage current is observed in DC operation. The latter aspect
is visible in DC I-V and L-I curves plotted in figure 6.13. It was also observed that no
well-defined damage threshold exists. Damage may occur after a large number of pulses
has already been applied at constant driving conditions. An experiment where a micro-
LED array was driven in pulsed mode under constant conditions for a large number of
successive pulses is shown in figure 6.12. Gradual shifts of the recorded pulse energy are
fairly small but a series of discontinuous jumps is observed leading to variation of the
recorded pulse energy by a factor of two. During the whole measurement, the electrical
pulse width remained constant and the peak current density varied by not more than
10 %. Interestingly, the peak current density and the pulse energy are anti-correllated,
i.e. at times when a relatively large pulse energy was recorded, the peak current density
was slightly lower than at other times. This may be an effect of current leaks that cause

a slightly higher peak current but a significantly reduced optical output.

It is known that in the regime of high current densities LEDs tend to suffer from an
effect called “current crowding” [10], i.e. the electric current is not spread uniformly
across the LED area. Micrographs shown in figure 6.14 show that LED arrays which
light up uniformly in DC operation show significant current crowding towards the n-
contact when driven in pulsed mode at a few kA /cm? peak current density. Figure 6.14
also shows a micrograph of a damaged LED-array where the damaged area can clearly

be associated with the area of highest current density. It has to be noted though that in
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F1cURE 6.13: CW I-V and L-I characteristics of 450 nm LED arrays before and after
pulsed operation at a few kA /cm?2. All but the 30x30 array suffered from a sudden loss
of pulse energy during pulsed operation as shown in figure 6.12.

F1GURE 6.14: Left: Optical micro-graph of a micro-LED array under CW driving

(<10 A/cm?). Middle: The same stripe under pulsed pumping (2 kA /ecm? peak current

in 55 ns pulses). Right: Optical micrograph of micro-LED arrays that were damaged
during pulsed operation.

most cases the damaged region cannot be clearly identified under a microscope. Effects
of current crowing can be reduced by optimised layout of contacts and the use of different

materials than NiAu as current spreading layer is under investigation.

It is likely that the occurence of damage to the devices in pulsed operation is related to
heating by the high electric current flowing through the device. Therefore, two schemes

for improved thermal characteristics were examined. Some devices were bump bonded
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FIGURE 6.15: Schematic and photographic image of a micro-LED array with heat sink.
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FIGURE 6.16: DC (left) and pulsed (right) performance of heat sinked micro-LED
arrays in comparison to devices without heat sink.

to a diamond-backplane with metal tracks on it. The diamond-chip served as a heat
spreader and was mounted in a ceramic package. Alternatively, a wire-bonded LED-chip
was thermally contacted to a heat sink with electrically insulating thermal grease. The
latter device is shown in figure 6.15. Performances of both types of devices in comparison
to devices without heat sink are shown in figure 6.16. While the DC characteristics are
significantly improved allowing up to double the optical output, no impact on pulsed

performance was seen.

6.3 Micro-LED pumped OSL

Micro-LED pumped organic lasers have been achieved in a collaborative effort between
the Universities of Strathclyde and St. Andrews as part of the HYPIX project (Hybrid
organic semiconductor/gallium nitride/CMOS smart pixel arrays). This chapter so far
focussed on the performance of micro-LEDs as pump sources. In this final section,
successful laser pumping is demonstrated and the key properties of the successful devices
are briefly described. A detailed discussion of the various lasers can be found in Y.
Wang’s PhD thesis [4].
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FIGURE 6.17: Schematics of BBEHP-PPV based DFB laser structures that yielded
low pump thresholds suitable for LED pumping. a) Second order DFB laser on silica,
b) mixed order NIL grating DFB laser.

6.3.1 DFB Laser Structures

In chapter 4 OSLs were presented that demonstrate the outstanding potential of organics
for easy fabrication of mechanically flexible lasers. However, these devices have too high
a threshold for pumping with LEDs. In order to lower laser thresholds, hard substrates
are used, providing a route to improved structural quality and refractive index contrast
between active layer and substrate. Furthermore, more sophisticated types of DFB
patterns can help to reduce laser threshold as well. In particular, two types of BBEHP-
PPV based DFB lasers were studied for possible micro-LED pumping. The first structure
is a normal second order grating (compare also figure 2.14) patterned directly into silica.
Alternatively, a mixed order grating with 15 or 30 periods of second order in the centre
enclosed by first order gratings was created by nanoimprint lithography (NIL). Both

structures are illustrated in figure 6.17.

Laser properties were assessed initially by pumping with an optical parametric oscillator
(OPO) delivering 4 ns pulses at 450 nm wavelength. Here, only the most relevant findings
for LED-pumping are included and the interested reader is referred to Y. Wang’s PhD
thesis for more details [4]. Both laser geometries allowed reliable fabrication of OSLs
with threshold peak intensities at or below 100 W/cm? which is in fact competitive to
the most outstanding results reported in literature, compare also section 2.2.1.3. An
overview of these achievements in relation to previous results is provided in figure 6.18.
Here, “HYPIX” refers to the results from the collaborative programme that funded this
work (http://hypix.photonics.ac.uk). A major achievement of this programme was to
demonstrate low threshold OSL reproducibility. In case of the second order grating, the
influence of the pump geometry was studied. Above in section 4.2.1 it was shown that
stripe-excitation perpendicularly to the grating grooves is beneficial for second order
DFB laser characteristics. In the case of the devices studied here a threshold reduction
by an order of magnitude could be achieved as is shown in figure 6.19. To date, the
lowest threshold of a BBEHP-PPV laser is 30 W/cm? (0.12 pJ /cm?) from a second order
DFB laser (figure 6.17a) pumped by a 4 mm long and 404 pm wide stripe.


http://hypix.photonics.ac.uk
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FIGURE 6.18: Thresholds of BBEHP-PPV lasers in the configurations shown in figure
6.17 which were achieved by our project partners in St. Andrews [4]. Similar to figure
2.16 typical micro-LED performance is indicated and values reported in literature are

included for comparison.
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FIGURE 6.19: Pump thresholds of a¢) ASE/RL from a neat film and of b) a second
order DFB laser on silica as a function of stripe length when pumped by a stripe of
404 pm width.

6.3.2 LED-Pumping

Given that OPO pumped BBEHP-PPV lasers regularly had thresholds at or below
100 W/cm? one might a priori expect that these lasers could possibly be pumped with
micro-LED arrays even if their maximum (repeatable) pulsed intensity does not, so
far, exceed 150 W/cm?. However, it was already explained in section 2.1.5 that LED-
pumping happens in a regime where the pulse duration and in particular the pulse rise
time have a significant impact on the threshold. Therefore, the threshold peak intensity
of LED-pumped lasers (~45 ns pump pulse) is typically 3-4 times higher than the in case
of OPO-pumping. Examples for illustration are given in table 6.6. Successful pumping
of BBEHP-PPV mixed order DFB lasers (figure 6.17b) has, however, been achieved
in three cases above pump thresholds of 250, 175 and 300 W/cm?. One example of
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Grating OPO-threshold LED-threshold
(W /em?] [W /om?)
2" order 122 538
mixed order? 62 197
mixed orderP 96 252

8 30 second order periods
b 15 second order periods

TABLE 6.6: Comparison of BBEHP-PPV

laser thresholds when pumped by an OPO

(4 ns pulses) or a broad-area LED (45 ns

pulses). See figure 6.17 for schematics of the
device structures.
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FIGURE 6.20: a) Power transfer function of a mixed order BBEHP-PPV DFB laser

emitting at 537.3 nm pumped by a micro-LED array (8x90 square pixels). For reference,

the power transfer function of the photoluminescence with a wavelength different from

the laser line is included as well. b) Spectral evolution of the laser emission with
increasing pump power.
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these is given in figure 6.20. In all three cases, the micro-LED array was driven by a
PCO-7110-100-7 driver.

6.4 Conclusion

Micro-LED arrays in flip-chip format for pulsed pumping of OSLs have been developed.
In order to reach threshold intensity, the micro-LEDs are driven in a nanosecond pulsed
regime by a LD driver close to the limit of their capability. Under these conditions
sudden irreversible damage may occur without warning. The damage mechanism is
likely related to current crowding and could not be mitigated by heat-sinking. There-
fore, crucial factors for demonstration of micro-LED pumped lasers were LED-efficiency,
optimisation of LED-geometry and the capability of the LD driver to deliver powerful
pulses with a short rise time. In particular, arrays of square-shaped 30x30 pym LEDs
at 33 pm pitch yielding a high fill-factor were driven simultaneously. These arrays were
stripe-shaped with a few hundred pm width and a few mm length according to opti-
mal threshold condition of DFB lasers and mitigation of LED light divergence while
propagating through the sapphire layer. Blue-emitting devices in the above described
stripe-geometry were capable of pumping BBEHP-PPV based mixed-order DFB lasers
above thresholds on the order of 200 W/cm?. This is an exciting preliminary demon-

stration, opening the way to direct CMOS driving of OSLs in future work.
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Chapter 7

The Future of Hybrid
Organic/Inorganic

Optoelectronics

Research in the field of organic and inorganic semiconductor devices covers a broad
range of topics. Activities range from fundamental material physics studies such as the
random laser action discussed in chapter 3, through device engineering (e.g. lasers in
chapter 4 and 6 or light emitting diodes in chapters 5 and 6) to the development of fully
functional systems for certain applications (e.g. explosive sensing [1] and visible light
communications systems [2]). This thesis has explored light emitting polymer (LEP)
films for integration onto GaN light emitting diodes (LEDs) to enable colour conversion
and laser operation. Achievements include a better understanding of the physics of
LEP emission under intense stripe-excitation (chapter 3), development of mechanically
flexible lasers employing very simple fabrication methods (chapter 4), observation of
photonic crystal effects in the colour converted emission of a hybrid device (chapter 5),
again employing very simple fabrication, and the first micro-LED pumped organic laser

(chapter 6).

This chapter ventures a glimpse into the near future based on the most recent develop-
ments. Here, the focus is entirely on light emitting devices, though it should be kept in
mind that a hybrid approach can also yield benefits for the opposite process in hybrid
photodetectors and photovoltaics [3].

171
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main repeat unit  irregularly incorporated spacer groups

F1cURE 7.1: Examples of fluorene-based co-polymers yielding very low laser thresholds
[6, 7].

7.1 Solution Processible Gain-Materials

Being synthesised chemically, solution-processible chromophores offer in general an over-
whelming range of possibilities for design of the chemical structure. Starting from the
first PPV-based lasers in the 1990s there has been a continuous improvement of the
available materials. Key challenges in the process are development of synthesis proce-
dures with reasonably high yields (typically 90 % per synthesis step are desired) and
decision-making on the actual design targets as prediction of material properties, on the

basis of the chemical structure only, is extremely difficult.

The latter aspect is currently tackled by refining computational models on the basis
of model compounds with well-controlled properties such as the oligo-fluorene truxenes
[4, 5]. However, current methods do not yet have the maturity to significantly aid
the design of new materials. As of now, design targets are chosen empirically. This
section gives an overview of current trends with particular focus on the suitability for

LED-pumping.

7.1.1 Light Emitting Polymers

OSLs with record low thresholds below 100 W /cm? in nano-second pulses have predom-
inantly used fluorene-based systems and in particular co-polymers [6, 7] some of which
are shown in figure 7.1. These materials are blue-emitting and therefore not ideally
suited for pumping with GaN LEDs whose peak external quantum efficiency is itself
in the blue (figure 1.1). However, conjugated molecules with co-polymeric structures
are in the focus of current synthetic ambitions [8] and it is likely that a low-threshold
material of this type with efficient absorption in the blue wavelength region will emerge

eventually.

It has been suggested that an important aspect of these co-polymers is the stabilisa-
tion of molecular conformation if the co-polymeric groups are chosen carefully [6]. A

different approach to improve structural properties is to attach oligomeric compounds
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FiGURE 7.2: Chemical structure of an envisaged star-shaped truxene-cored oligo-
phenylene-vinylene which could provide a route to combine the reliability and high film
quality of truxene-cored oligomers with the LED-pumping capability of BBEHP-PPV.

to a stabilising core. Examples of this are the oligo-fluorene truxenes, which have been
investigated for their properties as laser gain medium in chapter 4, and similar molecules
are also currently of great interest [5, 9]. The truxene materials were found to give high
quality films with very low optical losses (2.3 cm™!, about half of what is typical for
organic semiconductors) [10] and very low thresholds of 160 nJ/cm? (38 W/cm?) were

found in the case of pyrene-cored materials [9].

Given that BBEHP-PPV neither has copolymeric spacer-groups nor a core that could
stabilise the structure, it is quite remarkable that sufficiently low thresholds for micro-
LED pumping were achieved with this material. Therefore, interesting synthesis targets
may be more complex structures based on the BBEHP-PPV repeat unit. An example

of this is the truxene-cored oligomer system envisaged in figure 7.2.

7.1.2 Colloidal Nanocrystals

In this work some fundamental studies on laser action from CdSe/ZnS colloidal quantum
dots (CQDs) have also been undertaken. Random laser behaviour was observed and is
probably related to high optical gain delivered by the material. Also, a CQD DFB laser
fabricated by very simple methods was realised. However, the high pump thresholds of
several mJ/cm? are prohibitive for using simple pump sources such as LEDs. A fun-
damental reason for these high thresholds is the requirement for a significant biexciton

population because the absorption for generation of a second exciton cancels the gain by
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FIGURE 7.3: Examples of core-shell CQDs employing type-II semiconductor junctions
leading to spatial separation of electron and hole wave functions [11, 12].

stimulated emission from the single excitons. Structures employing type-II semiconduc-
tor junctions between core and shell lead to spatial separation of electron and hole wave
functions as illustrated in figure 7.3. The resulting giant exciton-exciton repulsion leads
to blue-shift of the absorption for generation of a second exciton thus enabling single
exciton gain [11]. Currently, amplified spontaneous emission thresholds are still on the
order of 1 mJ/cm? but since the fundamental barrier of the biexciton requirement is

overcome there is potential for further threshold reduction.

7.2 LED-Pumped Lasers

An important outcome of the work presented here is the first micro-LED pumped or-
ganic laser described in section 6.3. In general, BBEHP-PPV based lasers can now
routinely be pumped with commercial LEDs using “thin-GaN” technology, delivering
up to 1 kW/cm? in 45 ns pulses [13, 14]. Therefore, GaN LED and LD pumping of
OSLs is a very promising candidate for possible commercialisation of OSL technology.
The previous section gave a vision of how the organic part in these devices could develop.

Here, the focus will be on the inorganic LEDs.

7.2.1 LED Performance

Currently the best flip-chip micro-LED performance in pulsed operation is about a
third of that of the best commercially available broad area LEDs. This may partly be
caused by the sapphire window creating an additional interface that the light has to pass
through. The sapphire substrate can in principle be removed by laser lift-off which may

increase extraction efficiency and allow pumping with narrower stripes (compare section
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6.1.2) potentially reducing the overall current needed. On the other hand, laser lift-off

may cause complications for the integration process onto CMOS control electronics.

The limiting factors of LEDs in pulsed performance apart from extraction efficiency are
not yet fully understood. A dominant mode of failure is the sudden occurence of current
leaks, see section 6.2.3.1. These seem not to be caused by accumulative heating. Given
that these defects have been observed more often in micro-LEDs than in commercial
broad area LEDs, one could examine if there is an effect of the micro-LED side-walls. A
proposed set of micro-LED structures for systematic analysis of side-wall effects is given
in figure 7.4. These can be characterised in DC and pulsed operation giving insight to
how these two operation modes are influenced by the side-walls. A photolithography

mask for these devices has already been created.

7.2.2 CMOS-controlled LEDs

An important benefit of micro-LEDs in general is their potential for integration onto a
highly functional CMOS backplane. In that case, optical pulses are created by switching
of metal oxide semiconductor field effect transistors (MOSFETSs) of a supply voltage
rather than by a capacitor discharge. These MOSFETSs therefore have to sustain the
currents needed to drive micro-LED pixels at several kA /cm?. Furthermore, the CMOS
chip should ideally be designed to drive stripe-shaped micro-LED arrays with high fill
factor according to section 6.1 simultaneously. A schematic of a CMOS chip layout
designed with these considerations in mind is shown in figure 7.5 [15]. At the time of

writing, these devices are being fabricated.

7.3 Mechanically Flexible Devices

An interesting aspect of the lasers discussed in chapter 4 is their mechanical flexibility.
This property allows for example conformation to uneven and/or non-rigid surfaces
such as soft tissue. Flexible photonics remain an important topic of current research
in particular towards biological applications. Current challenges in the field include
improvement of device longevity and compatibility of inorganic excitation sources with

the flexible format.

7.3.1 Operational Lifetime

Dubbed as “plastic-lasers”, concerns about the rapid degradation of OSL performance

over time are sometimes answered by the fact that these very compact devices have the
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5 x 5: 30 wm pixel size, 33 pm pitch, 3 pm spacing
cluster size 162 um x 162um, 85.7 % fill factor
average distance to sidewall: 5 um
(sidewalls)?/active area = 400

4 x 4: 37.5 pm pixel size, 41.5 pm pitch, 4 pm spacing
cluster size 162 um x 162um, 85.7 % fill factor
average distance to sidewall: 6.25 um
(sidewalls)?/active area = 256

3 x 3: 50 pum pixel size, 56 pm pitch, 6 pm spacing
cluster size 162 um x 162um, 85.7 % fill factor
average distance to sidewall: 8.3 um
(sidewalls)?/active area = 144

2 x 2: 75 pm pixel size, 87 pum pitch, 12 pm spacing
cluster size 162 um x 162um, 85.7 % fill factor
average distance to sidewall: 12.5 um
(sidewalls)?/active area = 64

square frame: 162 pm, inner square 62 pum
cluster size 162 ym x 162um, 85.4 % fill factor
average distance to sidewall: 8.3 um
(sidewalls)?/active area = 35.7

FIGURE 7.4: Proposed design of a series of micro-LEDs for systematic study of side-

wall effects. Each device occupies the same area and has the same fill factor and are

therefore expected to have similar thermal properties. However, the total length of

sidewalls (given as ratio to the active area) is different for each design. For reference,

the average distance of an arbitrary point within the active region to the next side-wall
is given as well.

potential to be produced at very low-cost and can be regarded as disposable. While
this may be acceptable for some applications such as chemo-sensing, it may prove very
impractical in others such as data transmission. Looking back at figure 2.19 it becomes
apparent that organic semiconductors have not been investigated systematically for their
durability in most cases. Part of the reason may be that since the commercialisation of
organic LEDs, highly efficient encapsulation of the active layer is in principle available
once there is sufficient commercial interest. However, as pointed out earlier existing
schemes are not possible in mechanically flexible format. In chapter 4, polymeric over-

layers were used to enhance OSL lifetime. These results can only be seen as an initial
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5.5mm

NI 5 1 100 pm
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FIGURE 7.5: CMOS electronics designed for pulsed driving a 10x40 LED array at

100 pm pitch. In each pixel, most of the area is occupied by MOSFETSs in order to

maximise the pulse energy they can deliver. Only the small area in the bottom right
of the pixel is used for pixel addressing logics. [15]

step and rigorous systematic studies may be required to understand how device longevity
can be achieved. In fact, a comparative study of devices in the same format as those in

chapter 4 but with different material compositions has been started [16].

7.3.2 Micro-LEDs for Flexible Photonics

It was briefly mentioned in the introduction chapter 1 that flexible photonics is no longer
exclusive to organic materials but has also been created using GaN-LEDs, see figure 7.6.
Typically, these were in micro-LED format [17, 18] and normally make use of inert
organic materials as substrates. Overcoating/printing of (possibly patterned) colour-
converting layers onto these devices using solution-processible materials will preserve
the key aspect of mechanical flexibility but can open up additional functionality such as
flexible multi-colour displays. In comparison to the alternative all-organic approach the
hybrid device would benefit from the electronic properties of inorganic semiconductors
and degradation issues of the LEP are less severe because no highly reactive charge
states are generated. The possibility of creating the photonic crystal LEDs described in
chapter 5 in fully flexible format is planned to be explored.
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FIGURE 7.6: Mechanically flexible GaN LED a) unbent and b) bent. [19]

7.4 Towards Applications

LEP based devices can now be fabricated with a reliability that allows research focus to
shift from fundamental device physics towards application-oriented engineering. In some
areas such as sensing, fairly mature systems have been demonstrated already whereas
other fields, e.g. communications, are still in the early stages with some important

proof-of-concept demonstrations still to be done.

7.4.1 Sensing Devices

A prominent example of a sensing device based on the hybrid organic/inorganic approach
is the explosive detection device that was already discussed in the introduction 1.2.1 [1].
Another field that has evolved fairly recently is the use of organic lasers or photonic
crystal films as refractive index sensors [20, 21]. In fact, the DFB lasers presented in
chapter 4 have been examined for their suitability as refractive index sensors [22] and
A.-M. Haughey et al. are currently developing these lasers towards biosensors that allow

detection of certain proteins.

7.4.2 Communications

An exciting vision of a device for short-range optical communications is a CMOS-
controlled micro-LED array allowing highly parallel multiple input/multiple output
(MIMO) data transfer, possibly making use of organic overlayers for colour conversion.
Up to now, individual aspects of development towards this goal have been realised. These
are in particular high speed modulation of micro-LEDs [23], data transfer via CMOS
controlled micro-LEDs [2], micro-LED based dual-channel operation [24] and high mod-

ulation bandwidth of colour-converted LEP-emission (included here in chapter 5). Also,
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chapter 5 contains preliminary results of coupling PhC modified emission into polymer
fibre (POF), indicating an enhancement of transmitted intensity. Important future steps
will be demonstration of data transmission via colour-converted light through free-space
and POF. Bringing all these elements together to form a highly capable communications

device will be an exciting challenge.

7.5 Summary

Hybrid device performance will continue to improve as a result of ongoing synthetic
efforts and the increasing standard of available inorganic LEDs. An important, yet
unsolved, challenge is the improvement of operational lifetime of mechanically flexible
organic devices. With the availability of flexible inorganic devices, it will be interesting to
see whether all-organic, hybrid or inorganic devices will prevail in this field. Nanosecond
pulsed operation of LEDs will be further examined to gain a better understanding of the
physics relevant for organic laser pumping and visible light data transmission. Overall,
the technology has reached a level of maturity that fully functional sensing and visible

light communications systems will be a reality soon.
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Appendix A

Matlab Functions

During the course of this work, a number of Matlab functions were created to facilitate
workflow. All of them are equipped with a brief description of usage that can be ac-
cessed by typing help <function name> on the Matlab command line. This appendix
highlights a selection of these functions, explains their usage and how they relate to the

work presented in the main text.

A.1 Peak Decomposition

The Matlab function peakdecomposition is a tool to decompose (e.g.) a spectrum into
a superposition of 1 to 6 peaks. This is particularly useful to accurately determine the
properties of a single peak on top of a broad luminescence background which can for
example be found in the emission of PhC LEDs. If you have this function in your path
and type help peakdecomposition on the Matlab console you will see the following

output:
[x0, fwhm, ymax, peaktype, linbg] = peakdecomposition(x, y, n)
decompose a spectrum into up to 6 peaks
input arguments:

X, y: experimentally obtained spectrum

n: number of peaks, has to be in between 1 and 6

output arguments:
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x0: [n x 1] vector of peak positions

fwhm: [n x 1] vector of peak full width half maxima

ymax: [n x 1] vector of peak heights

peaktype: n vertically concatenated strings specifying the peak shapes
linbg: [1 x 2] vector of polynomial coefficients specifying the linear

background (to be used with polyval)

Since the numerics need some guidance by the user, the function uses a graphical user
interface (GUI).

A.1.1 Fitting Equation

The function that the experimental data is fitted to is the sum of n peaks of selected
peak shape and a linear background. This function is shown in equation (A.1) while the
possible peak shapes are defined in equation (A.2). There is an independent function,
peakclc.m, that does the actual peak shape calculation (peakclc.m has to be in the

Matlab search path for functions for peakdecomposition.m to work).

| o n
y(@) = y(@; Fo, A, fmaz, @, 8) 1= Pil; 0,6 Dby Ymazs) + - 2 + 3 (A.1)
i=1
Ymaz * €XP <—410g(2) (ngo)?) , gaussian
. ._ (A/2)? .
P(x;20, A, Ymaz) = 8 Ymaz * e LA , lorentzian (A.2)

1 r—x0

Ymaz - Sech? (2asech <ﬁ> . T) , sech?

Here xz,y is the experimentally obtained spectrum, xg is the peak position, A the full
width half maximum (FWHM), ymq. the peak height and «, 3 define the linear back-
ground. Due to technical reasons the notation in the actual Matlab code is slightly
different. A comparison of the notation here and the notation in the code is given table
Al

The goal of the fit is to minimise the residual function:

m

. . 2
(@0, & Finaas . 8) = S (45— (@570, A, Gnaw 0, 9)) (A3)

j=1

where m is the number of data points (z;|y;) and y(x;; Zo, A, Trnaws O, B) is defined by

equation (A.1). We use the built-in Matlab function fminsearch to minimise £ (type
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variable Matlab name
peak position g x0
full width half maximum A fwhm
peak height Ymaz ymax
(e.g. wavelength) x X
spectral intensity Y y
number of peaks n n
background slope o linbg(1)
background offset I5] linbg(2)
peak shape denoted by subscript ¢ | peaktype(i,:)

TABLE A.1: Overview of the variables

doc fminsearch on the Matlab console for further information). Since fminsearch
often gets caught on local minima or fails to converge it is advisable to first set a big
part of the parameters by hand and subsequently add them to the fit the closer one gets

to the best solution.

A.1.2 Manual

The features of the GUI are illustrated on the example of a truxene T3 photolumines-

cence spectrum which will be fitted with four peaks:

>> [x0, fwhm, ymax, peaktype, linbg] =

peakdecomposition(wavelength, spectrum, 4)

This command opens a figure window with a plot of the spectrum shown in figure A.1.
One is asked to select two points by mouse clicks to define the spectral range for our fit

(only the x values of the selection are important).

In the next step, a similar plot of the cropped spectrum is shown and one has to define
the rough positions (this time both, z and y value of the selection are important) by

mouse clicks.

Once this is done, the GUI shown in figure A.2 will be opened. On the left hand
side there are two plots, one visualising the fit and the other plotting the residuals
€ =y — y(x; Ty, ﬁ,gj’max,a,ﬁ). On the top right hand side there is a number of Ul
controls that allow us to control the parameters zg, A, Ymaz as well as the peak type
for each peak. Tick boxes allow to specify which parameters are to be fitted and which
ones remain fixed. Fitting all parameters at the same time is computationally expensive
and is likely to not give good results unless the fit is fairly accurate already. On the

bottom right hand side are controls that allow fitting (or manual setting) of the linear
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FIGURE A.1: Range selection window of the peak decomposition tool.

background parameters, «, 3. Hitting the “Recalculate” button will fit the selected
parameters and update the plot with the new fit. Once the fit is satisfactory, one can
hit the “Finish” button which will plot the result in a format suitable for printing or

saving in a graphics format.

The “avoid overshoots” tick box at the bottom changes how the data points are treated.
Normally, each measured point is interpreted as an infinitely sharp spectral selection of

the emission:

Lop(V) = /0 T AN Lo (V)OO — A) (A4)

In reality, the spectral response will be a convolution of the real spectrum with the

instrument response r(lambda, AN):
L) = [ AN LWy N = ) (A5)
0

In the case of a CCD spectrometer with a narrow slit and a high quality grating (i.e. the
resolution is effectively given by the CCD pixel size) it is possible to approximate equa-
tion (A.5) by assuming that the intensity I,, recorded by the ny, pixel is the integrated

light within a fixed range around the pixel center wavelength A;:

(>\n+)\n+1)/2
I, = / AN Lrear(N) (A.6)
(>\n71+)\n)/2
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Ficure A.2: GUI for peak decomposition. Top: inital view before optimisation.

Bottom: after several iterations of optimisation. Each iteration is started by the “Re-

calculate” button on the top right of the window. Immediately below this button are

controls for fitting of the individual peaks. On the bottom right of the window are con-

trols for fitting an additional linear background. The top plot in each window shows

the experimental curve, the fit curve and the individual peaks. The bottom plot shows
the residuals of the fit.
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Ticking “avoid overshoots” forces the optimisation to use (A.6) instead of (A.4). This
is numerically much more expensive and in most cases, the difference in between (A.4)
and (A.6) is negligible. However, in the case of very narrow peaks that only span two
or three pixels the default behaviour (A.4) may cause an unphysical overestimation of
the peak intensity. In this case the peak will grossly overshoot the data points and the

option “avoid overshoots” has to be selected.

A.2 Threshold Fitting

In section 4.1.2.1 it was shown that organic DFB lasers typically have a soft threshold
behaviour that can be fitted with either equation (4.1) or (4.2) which for convenience

are reprinted here.

dlask - al,
dx 1+IASE/Isat

(reprint of (4.1))

Fy/Fun )
+ bl (p -1
ASE 1 + IASE/Isat

I _ Isat/pr/Fth
aser 1 +Ilaser/Isat - Fp/Fth

(reprint of (4.2))

Both fits are done by the same Matlab function, softthreshold.m. Its calling syntax
for fitting is:

[Fth, Isat, kappal = softthreshold(Fp, I)
[Fth, Isat, a, b] = softthreshold(Fp, I)

Whether equation (4.1) or (4.2) is used is determined by the number of output arguments
(three or four). By default, the function plots the fitted data and the fit residuals. This

can be suppressed by passing the string no plot’ as a third argument:

[Fth, Isat, kappal = softthreshold(Fp, I, ’no plot’)
[Fth, Isat, a, b] = softthreshold(Fp, I, ’no plot’)

softthreshold.m can also be called with a single output argument. In this case, the

theoretical curve for a given set of parameters will be calculated:

—
I

softthreshold(Fp, Fth, Isat, kappa)
softthreshold(Fp, Fth, Isat, a, b)

—
I

Here, the choice in between equation (4.1) or (4.2) is made upon the number of input

arguments.
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A.3 Khnife Edge Fitting

A popular method to determine beam profiles is to to move a thin and sharp edge, e.g.
a razor blade, across the beam and record the drop in intensity due to partial blocking
of the beam. Given the beam profile P(x) with = being the position of the knife edge,

the recorded knife-edge data I e.(z) will obey one of the following expressions:

Leo(z) = / " ad P (A7)
Leo(z) = /_ Az’ P(2) (A.8)

Whether (A.7) or (A.8) is appropriate depends on the direction of movement. The
Matlab function knifeedge.m can fit knife-edge data if the beam profile is one of the
shapes supported by peakclc.m (see equation (A.2) in section A.1.1). Its calling syntax

1s:

[fwhm, IO, res]
[fwhm, IO, resl]

knifeedge(x, Iexp)

knifeedge(x, Iexp, shape)

The fitting equation is:
!
Teap(w) = Lyec(x) + Io (A.9)

It is automatically determined whether I,..(z) is given by (A.7) or (A.8). The optional
argument shape defines, which sort of profile (gaussian, lorentzian, sech2) is to be
fitted. Default is gaussian. The output argument res is the vector of residuals from
the fit.

If the above method does not yield satisfactory results, one can try to calculate P(z) =

% directly. Results tend to be noisy though due to the numerical differentiation.

A.3.1 Pump Spot Size versus Fluorescent Spot Size

A convenient method to determine pump spot dimensions might be to image the fluores-
cence of an organic film excited by the pump light. It has been evaluated if this method
is viable. For this purpose, a spin coated film of truxene T3 on a glass substrate was
partially covered by a black tape whose edge was aligned parallel with a pump stripe
obtained by focussing the pump light with a 40 mm cylindrical lens. The tape-edge thus
functions as a knife-edge for the pump light while at the same time the fluorescence was
imaged onto a CCD camera, allowing simultaneous recording of the actual pump stripe

width and the apparent luminescent area. Due to the thickness of the tape and the low
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Ficure A.3: Comparison of knife-edge measurement and fluorescence profile of a

pump stripe obtained by focussing the pump light with a 40 mm cylindrical lens onto

a film of T3 on glass. The FWHM of 54 um found by fitting a sech? shaped profile to
the knifeedge data is indicated by vertical lines.

quality of its edge compared to a razor blade, the knife-edge data obtained this way will
not be as accurate as other knife-edge measurements presented in this thesis. However,
this proved to be irrelevant for the key findings. Figure A.3 shows the results. Fitting of
the knife-edge data yielded an upper boundary for the pump stripe width of 54 pym. It
is obvious from the figure that the apparent luminescent area is much broader (by more
than a factor of 2) than the actual pump spot size. This is most likely due to scattering
of in-plane waveguided PL. It has to be concluded that imaging of fluorescence is not
a suitable method for determining pump spot sizes and data obtained this way should

always be treated as an upper boundary.

A.4 Calibration of the Pump Laser

Chapters 3 and 4 describe optical excitation of organic samples with a frequency-tripled
pulsed Nd:YAG laser. The pump pulse energy and fluence in these experiments can
conveniently be calculated using the Matlab function minilite.m. As illustrated in
figure A.4, the pulse energy Ep and its estimated error AEp depend on four parameters:
the waveplate angle «, the attenuator wheel angle (3, the reference energy F; and its
standard deviation AF;. For given parameters, the pump energy can be calculated
using the Matlab function minilite which is based on the calibration shown below, see
section A.4.6.
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FIGURE A.4: Schematic of the pump energy control.
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FicUrRE A.5: Waveplate calibration.
A.4.1 Waveplate

The waveplate calibration data is fitted with a sin? function:

E .
fjj = Alsin®(2(a + ¢)) + to

(A.10)
The fit parameters A, ¢, ty are assumed to only have negligible error. Values are given
in table A.2.
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FIGURE A.6: Attenuator wheel calibration.

Parameter | A ¢ [°] to B C all/] b7 c[1/°]
Value ‘ 0.63 0.7 0.0051 2.08 0.16 0.0175 2.1x107° 0.026

TABLE A.2: Values for parameters of the pump laser calibration according to equations
(A.10) and (A.11).

A.4.2 Attenuator Wheel

Figure A.6 shows the attenuator calibration data. For attenuator wheel angles 8 > 150°,

an exponential law is assumed:

Fl(ﬁ>15o°) = B.-e ¥ (A.11)
AZP (s 1500) = 0ot
Ey

For 8 < 50° we assume %’f(ﬁ < 50°) = %’l’(ﬂ = 50°) and otherwise the data is linearly
interpolated. Wheel positions 8 < 50° or # > 310° should be avoided due to the lack of

calibration data! Parameter values are given in table A.2.

A.4.3 Consistency and Stability

Figure A.7 shows calculated and measured pulse energies for a random selection of
parameters. Good agreement is observed. Also, good temporal stability of the setup
has been observed. After a year of operation, all components were removed and put back

together. A recalibration of the «, 3 settings yielded the same results as were found in
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FIGURE A.7: Gray circles: pulse energies calculated from the calibration, Black: mea-

sured data
label lens type f [mm] T [%)]
- mainbeam none - 100
LJ1402L1-A cyl40mm cylindrical 40 877+ 1.4
300 mm sph300mm spherical 300 8724+ 1.4
LA4725-UV Sph75mm spherical 75 93.6 +£1.3
c40c3_9 cylindrical||cylindrical | 40, 3.9 | 51.0 £ 0.9
c40_c3_9vert | cylindrical|lcylindrical | 40, 3.9 | 48.8 £ 0.7

TABLE A.3: Pump transmission of various focussing lenses. The column lens specifies
the string for the lens argument to be used with the minilite function, see section

A.4.6.

the first place. Changes have been found in the beam dimensions which is probably due

to shifts of the non-linear elements for the frequency up-conversion of the pump laser.

These can be realigned and the manufacturer recommends to regularly do so. Also, some

of the lenses discussed below in section A.4.4 are sensitive to even small displacements

and require regular checking.

A.4.4 Transmission of Lenses

In several experiments, lenses were used to shape the pump spot. The pump transmis-

sions of these lenses are given in table A.3.
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FIGURE A.8: Dimensions of the pump beam before and after the attenuation.
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F1cURE A.9: Profile of a stripe obtained by combination of 40 mm and 3.9 mm cylin-
drical lenses along the short axis of the stripe, obtained by fitting knife-edge data with
a double-gaussian profile.

A.4.5 Pump Spot Shape

The pump spot profile was determined with a knife-edge method, compare also section
A.3. As shown in figure A.8, the diameter of the main beam (collimated after the setup
shown in figure A.4) is approximately 2.9 mm FWHM, though not exactly circular. The

according pump fluence is calculated by minilite.m using lens = ’mainbeam’.

Using a combination of 40 mm and 3.9 mm cylindrical lenses, a stripe-shaped beam
relatively insensitive to focal position can be achieved. The 3 mm long stripe had a
somewhat irregular profile along the short axis which is shown in figure A.9. Its peak
intensity (compared to overall intensity) corresponds to that of a 300 um broad stripe.
If the 40 mm cylindrical lens is used on its own, the precise stripe width could not be
determined due to micromachining effects of the knife-edge when close to focus but an

upper boundary for the stripe width of 30 pm could be obtained.
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A.4.6 Matlab File

The calculation of the pump energy from the parameters «, 3, £1, AE; can be done using
the Matlab function minilite.m, which can be called in a number of ways depending

on the setup used:

[Ep, deltaEp] = minilite(alpha, beta, E1, deltaEl)

Calculates the pulse energy and an error estimation in the same units as Fj.
[Ep, deltaEp] = minilite(alpha, beta, E1, deltaEl, lens)

Calculates the pulse energy taking into account the transmission of the lens according

to table A.3. The lens is specified by the corresponding string.

[Ep, deltaEp, Fp, deltaFp, Wmax, deltaWmax] =
minilite(alpha, beta, E1, deltaEl, lens)

Additionally calculates the fluence F}, and the peak power density Wi, if the pump

spot shape for lens is known. The area unit in this case is 1 cm?.

[Ep, deltaEp, Fp, deltaFp, Wmax, deltaWmax] =
minilite(alpha, beta, E1, deltaEl, lens, angle)

Same as above but also handles the case where the sample is tilted with respect to the

beam axis (i.e. angle# 90°). angle is measured in degrees.

Parameters «, 8, E1, AE; accept both, vector and scalar input. Mixing scalar and vector

input is allowed but vectors have to have the same size.

A.5 Single and Double Exponential Decays

In chapter 3 streak camera measurements of photoluminescence are presented, showing
the wavelength-resolved decay of the fluorescence. The data can either be fitted with
single or double exponential decay curves as described below. For clarity, a summary
of the notation is provided in table A.4. Two Matlab functions, singleexpfit.m and

doubleexpfit.m were written for this task.
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Variable | Description Function of
Experimental variables

t time -
A wavelength -

1 detector signal, background not subtracted t, A

Tpg eap measured background t, A
(I)x wavelength averaged detector signal t
(1) time averaged detector signal A
A(lygezp) | standard deviation of the wavelength averaged -

background
Numerical variables

Iy, fitted background A
A single exponential amplitude A
T single exponential lifetime A
Aq amplitude 1 A
m lifetime 1 -
Ao amplitude 2 A
T lifetime 2 -

TABLE A.4: Overview of the variables used for single and double exponential decay
fitting.

A.5.1 Single Exponential Fit

The fitting equation is:
I(t) = A-exp(—t/7) + Iy (A.12)

where [ is the detected intensity at time ¢t. The fitting parameters are the amplitude A,
the 1/e-lifetime 7 and the background level I;,. Ideally, after subtraction of the dark
frame we would expect I, = 0 but in some cases this was not exactly true (apparent in
plots on a logarithmic scale). Equation (A.12) is fitted individually for each wavelength
resulting in vectors A(X), 7(X), Ipg(A) where A is the wavelength vector. A and I, are
treated as linear parameters and solved for by linear regression on the raw detector
signal (background not subtracted) while the lifetime 7 is optimised for least squares

using the fminsearch function from Matlab.

The time range for the fit is selected manually based a plot of the detector signal averaged

over all wavelengths.

A.5.2 Double Exponential Fit
The fitting equation is:

I(t) = Ay -exp (—t/11) + A - exp (—t/T2) + Ipg (A.13)
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with fitting parameters Ay, As, 71, 72, Iy. In order to reduce noise effects, not all of them
are considered to be wavelength dependent. The lifetimes 71, 75 are assumed to be the
same for all wavelengths, 71(\) = 71, 72(A\) = 72. The fit thus results in two scalars 71, 7o
and three vectors Aq(A), A2(N), Ipg(A). Again, Ai(X), Aa(X), Iyg(A) are found by linear
regression and 71,72 by optimisation using fminsearch. However, the exact procedure

is a bit more complicated than in the single exponential case:

1. First, the time range for the fit is selected manually based a plot of the detector

signal averaged over all wavelengths, (I),.

2. (I)) is fitted under the assumption of a single exponential decay, i.e. A2 = 0,75 =

(0.¢]

3. If the mean deviation of this single exponential fit from the data is smaller than
3x the standard deviation of the (wavelength-averaged) experimental background
A(Ipg ezp)r, then a single exponential decay is assumed to be accurate, A;(\) and

Ig(A) are determined for each wavelength and the fit is finished.

4. Otherwise, equation (A.13) is fitted to (I)) with non-zero As, thus determining

two lifetimes 71, 7o.

5. Finally, for each wavelength A;(\), A2(\), Ing(A) are calculated.

A.6 Emission Pattern Evaluation

During this work, a photo-goniometer was used to measure the emission patterns of
LEDs within a plane in which the goniometer arm moves. Section 6.2.2.1 explains
how this data can be used for absolute power measurements under the assumption of
symmetrical emission. Two Matlab functions are available to facilitate this work. The

first is used for normalisation:
pattern = normalised_pattern(angle, signal)

Normalises the recorded emission pattern such that (compare equation (6.3)):

w/2
/ a0 sin(0)] - 1(0) = 1

—7/2
The emission pattern plots in chapter 6 are normalised this way.

The second function calculates the calibration factor for absolute power measurements

according to equation (6.3):



Appendix A. Matlab Functions 198

calibration_factor =
get_calibration_factor(angle, signal, detector_diameter,

detector_distance)

Both functions require the angle to be specified in radians.



Appendix B

Details of the Ray Tracing Model

This appendix outlines the computational details of the ray tracing model that was
used in section 6.1.2 to estimate the available pump spot size for OSL pumping at the
sapphire surface of micro-LED arrays. The model was written in C++. Section B.1
simply lists the various C++ classes, section B.2 explains how they are used and the

rest of this appendix summarises technical details.

B.1 Class Hierarchy

The class hierarchy is depicted in figure B.1. The basic classes ray, triangle, surfaces,
source, target and emission_profile are each declared in the header file of the
same name (i.e. ray.h etc.). Derived classes are declared in the same .h file as
their parent class but their methods are implemented in individual .cpp files (i.e.
metalmirror_triangle.cpp etc.). There are two header files that are not associated
with classes: globalsettings.h and metalmirror.h. The former contains some global

variables that are initialised in the main function, the latter declares the function

void metalmirror (double *RTE,
double *rTE,
double *RTM,
double *rTM,
double *phiTE,
double *phiTM,
double costhetai,
double n_diel,

std: :complex<double> n_met);

199
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| ray |

| triangle |

. » |metalmirror_triangle |

L, |absorbing_triangle |

|surfaces |

|source |

 » |gridplane_source |

| » | gridplane_source_anisotropic |

 » |halfcavity QW |

L » |pointsource |

| target

|—> | targetplane

| emission_profile

FiGURE B.1: Schematic overview of the C+-+ classes used in the simulation

which is implemented in metalmirror.cpp and calculates complex reflection coeffi-
cients. It has been defined outside class bodies because at some point it was used
by completely different classes (though I think currently there is only one of them,

metalmirror_triangle, left).

The class surfaces contains and manages objects of types triangle and target. It
is responsible for the propagation and detection of rays coming from the sources. The
function that does both of these tasks is:

struct raylist * surfaces::propagate_ray(ray incident);

The return argument is a dynamic list containing all (reflected and refracted) rays that

leave the device:

struct raylist{
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ray element;
struct raylist *next;

};

This list is used for the calculation of the extraction efficiency (maybe a meaningless num-
ber, depending on how the program is used) and as input for the class emission_profile

that records the angular distribution of these outgoing rays by the function:

void emission_profile::register_ray(ray incident);

B.2 Program flow and Monte Carlo iteration

The program works in three steps:

1. Read in definition files, create sources, surfaces and targets

2. Do the Monte Carlo iteration (actually, this step is interrupted after some iterations

to allow estimation of the computation time needed and then resumed)

3. Store the target recordings and the recorded emission profile to the output files
The Monte Carlo iteration works as follows:

1. Create a random ray source::fire_an_emitter()
2. propagate this ray surfaces: :propagate_ray(ray)
3. record emitted rays, e.g. emission_profile: :register_ray(ray)

4. Create next random ray ...

B.3 Rays

Rays are characterised by the following parameters:

e The origin 7

e The direction

sin(6) cos(¢)

sin (@) sin(¢)
cos(6)

oy
I
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e The (linear) polarisation p, the class ray is programmed such that 7 L € is always

guaranteed

e The “number of lifes”. This is a positive integer number. If it is 0, then the ray
will be ignored by targets and not further propagated. On each reflection, one

“life” will be subtracted.

B.4 Surfaces

B.4.1 Plane Parametrisation

Any plane is defined by three points, f’l, ]32, Py e plane that are not colinear. This comes
in handy because much of the program is based on triangles in which case 151, ﬁg, ﬁg are
just the corner points. For convenience, we define two in-plane base vectors €] :=
ﬁg — ]31 and &y = ]33 — ]31. The function planeparametrization that is declared
in planeparam.h and implemented in planeparam.cpp takes ]31,6’1,52 as input and

calculates the plane parametrisations presented in this section.

Additionally, planes can be assigned to a layer, which is a positive integer number. If
the assigned layer is 0, then the plane (or the triangle within the plane) will be probed
at any step of the ray propagation. If otherwise the layer is [ > 0 then the plane will
only be probed if the current ray emerges from a plane (or source) of layer 0,1 — 1,1 or
I 4+ 1. This is to save computation time in layered structures where this simple integer
comparison can save a couple of flops per triangle per ray. Highly complex features
still take long computation times and more sophisticated algorithms (by smartly tiling

space) than the one implemented here may have to be used.

B.4.1.1 Hesse Form

One very useful plane parametrisation is the Hesse normal form. For each point 7 € plane

an equation of the following form is fulfilled:
n-r=c (B.1)
The normal vector is proportional to the vector product of the in-plane base vectors:
T X €1 A €

We normalise 77, though there is still an ambiguity in the definition of 77: both, 7 and —7

are suitable for the plane parametrisation. In class triangle we choose the direction of
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7 such that it points towards the half space with refractive index ns. The offset ¢ can

now easily be calculated:

B.4.1.2 In-plane Coordinates

For various purposes it is useful to express a point Z € plane by coordinates with respect

to the in-plane base vectors:
7 =: P, + aé, + & (B.2)

For given 7, the coordinates «, § shall be calculated in a linear fashion:

= ay+a-T (B.3)
= by4b-7 (B.4)

The parameters ag, @, by, b are obtained by linear regression of the overdetermined equa-
€lx €2y Ty — Pl,x
o
€Ly €2y = rv— Py

g

€1,z €2y r,— P,

tion system:

The regression matrix M is:

My My
M =
Ms My
M = &
My =Mz = é1-¢é
M, = &
det(M) = MMy — M?

For optimal numerical condition we distinguish three cases, looking out for the largest

of the matrix elements of M:
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Case 1, [M| > [Ma], | My|:

My _ - 1 M2\ . =
= det(M)eQ'Pl_Ml<1+det(§\4)>62'P1
i = 1(1+ My >51—M2 2

M, det(M) det(M)

My . = My . =
b= Gwon® P T dean® D
- My My
b = 2

Case 2, [My| > [M|, | Ma|:

w = 2 oop Moo B
O 7 det(M) Tt det(m) !
i= B Mo,

T odet(M) ' det(M)

My _ = 1 M2 \ . =

by = P-— 1 P
O T et ! M4< +det(M)>e2 !
- 1 M3 My
b = — (1 2__ e 3
? +det(M)>62 det(M) !
Case 3, |Ms| > | M|, | My]|:

MM, . = 1 My \. =
a0 My det(M) <M2+det(M)>€2 !
i= (L My, MM

T\ My " det(M)) P Madet(M)

Mo = 1 - 5

by = ey Py — ———— &, P,
0 detM T Qe (b)Y
P My | My

= €2 — €
det(M) ° det(M) '

B.4.1.3 Incident Ray

If a ray with direction 6;, ¢; (in spherical coordinates) and origin 7 is given, the first
thing to do is to calculate the distance r that the ray has to travel until it hits the

surface. The direction vector of the incident ray is:

sin(6;) cos(¢;)
€ = | sin(6;)sin(¢;)
cos(6;)
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Then we can calculate r as:

- B.5
r=TEa (B.5)

(Note that if €; - 7 = 0 then the ray travels parallel to the surface and never hits it)
This calculation is done by the functions triangle: :rayhitstriangle and targetplane
If r < 0 is found, then the ray travels away from the surface and never hits it. The point
where the surface is hit is:

P = o+ 1ré; (B.6)

The in-plane coordinates «, 3 of the point of incidence are then calculated by equations
B.3 and B.4.

The function triangle: :rayhitstriangle probes if the conditions

are fulfilled. If this is not the case then the triangle is missed and a negative value for r

is returned.

B.4.2 Fresnel Diffraction

This section describes the fresnel diffraction on triangles as implemented in the function
triangle::fresnel. Given is an incident ray with direction €, (linear) polarisation
p and intensity A;. This ray hits a surface parametrised as described above in section
B.4.1. The refractive index of the incident half space shall be n; and n; that of the
other half space. We conveniently redefine the surface normal 7 such that it points into
the half space with refractive index n;. Our task is now to calculate the reflected TE
and TM rays, A, 1E, €18, Dr7E a0d A, 7ar, €70, Dr, 70, and also the transmitted rays,

Ay TE, €,1E, Dr,rE and A 7, €M, PrTM -

::tickle.
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The intensities are calculated from the transmission and reflection coeflicients obtained

by Fresnel equations:

n; cos(;) — ny cos(Vy
rre =
n; cos(V;) + ny cos(Vy
n; cos(¢) — ny cos
T =
™ n; cos(Vy) + ny cos
Rrg = |rrel
Rry = |rrul)?
Tre = 1—Rrg
TrvM = 1—Rrym
Arre = RreAirTEe
Arrvy = RruAitu
Avre = Tredire
Airve = TrvAirm
cos(¥y) = 1 —sin?(¥%)
sin(¢;) = i sin(¥;)
nt
sin(vd;) = /1 —cos?(9;)
cos(¥;) = m-€

B.4.2.1 Incident Ray Polarisation Components

The unit vector in TE direction is:

A
A

St
D

DiTE =

St
D

(B.7)

(B.8)

(B.9)
(B.10)

(B.11)

If 77 || €, we can choose P; 7 := pi. If Pi g - Pi < 0 it is convenient to flip the direction

of the TE vector p; 7 — —p;rE. The TM vector can then be determined by:

Pi;rM X Pi — (Pi,TE - Di)Pi,TE

(B.12)

If the incident beam is purely TE polarised, we can conveniently choose p; 73 = 0 and

conversely, for purely TM polarised light p; 75 = 0. The intensities of the polarisation

COIHpOIlthS are:

Aite = (Dire - Di)Ai
Airv = (Dirm - D) Ai
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B.4.2.2 Reflected Ray Direction

The reflected ray direction is simply the normal component of the incident direction
flipped:
€ =€ —2(n - é)n (B.13)

B.4.2.3 Reflected Ray Polarisation
The TE vector does not change upon reflection:
PrTE = Di,TE (B.14)

The in-plane component of the TM vector however flips:

—

Drrm = 2(7 - Prrm)T — Pi M (B.15)

B.4.2.4 Transmitted Ray Direction

Given, at this stage, are incident ray direction €;, refractive indices n;, ny and a surface
normal vector 7 pointing towards the half space with refractive index n;. Our goal now

is to calculate the transmitted ray direction €;. Let us define:

&1 = ()i
€, = € —¢€ .
g1 = (&)
é;:,|| = a—gt,L

The out-of-plane component € | can be calculated from Snell’s law:

et = cos()n (B.16)
cos(t) = 1 — sin?(¢%;)
sin(v;) = Z—Z sin(v;)
sin(d;) = 1 — cos?(¥;)
cos(W;) = &

From symmetry considerations we must have €| o €; . The correct factor can be found

from normalising €}:

1 — cos?(¥
cos?( t)@,ll (B.17)

| =

Z7||
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In the end we have:

—

€ = €| + €1

B.4.2.5 Transmitted Ray Polarisation
The TE vector does not change upon transmission:

Pt TE = DiTE (B.18)
The TM direction can now be calculated from the TE direction and ray direction:

PrrM X Prrv N € (B.19)

B.4.3 Metal Mirrors

If a surface is covered by a metal, we assume that the transmitted ray can be completely
neglected (metalmirror_triangle::fresnel calls ray: :kill for the transmitted rays).
The reflection coefficients can still be calculated by equations (B.7, B.8, B.9, B.10), but

the complex refractive index nerq; (in place of ny) yields complex values:

rre = preexp(i®rg)

rev = prv exp(i@rar)

As a result, reflected light may be elliptically or circularly polarised. We can safely ignore
this for the ray tracing. The complex phase is important though for interference effects
such as the emission pattern change of an emitter close to the metal surface. Calculation
of complex reflection coefficients is done by the function metalmirror which is declared

in metalmirror.h and implemented in metalmirror. cpp.

B.4.4 Target Planes

A useful tool for analysis are CCD-like detector arrays, just that in our simulation we can
let the rays pass through. We define a plane by origin Py and two in-plane base vectors
€1,€s. The array is defined by two integer numbers, ni,ne, that give the number of
rows/columns in &) /@-direction (starting from P;). If a ray hits the plane, we calculate

the coordinates a, § of the hitting point as discussed above (equations (B.2, B.3, B.4))
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and convert them into indices:

i = [a
i = [l

If 1 <i<nq,1<j<ng then the corresponding pixel count gets increased by the rays

amplitude.

B.5 Sources

The base class defines what sources will do:

class source{
public:
virtual ray fire_an_emitter() = O;

};

The function fire_an_emitter returns a linearly polarised ray of intensity 1 that starts
at a random position, points in a random direction and has random polarisation direc-
tion. The derived classes of source define how random these parameters really are, e.g.
the starting position is chosen randomly only within a certain region of space or a ray

is more likely to point into some direction than into some other.

B.6 Compilation

The C++ code comes with a Makefile that is designed for usage with GNU make and
GNU C compiler. Simply type make (possibly preceded by a make clean) in a Unix
shell (or Cygwin under Windows). The code is mostly ANSI C++ with one exception:
the functions to read in files make use of the GNU library function getline (which is
defined in stdlib.h of the GNU C library) because it is much more convenient to use

than the ANSI C functions for this task.
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Optical Gain from CdSeZnS Alloy

Quantum Dots

Optical gain and distributed feedback (DFB) laser operation based on CdSeZnS alloy
colloidal quantum dots (CQDs) has been achieved with laser wavelengths in the regime
625-640 nm. These results were obtained during a three-month intership of the author
at the Luminous! Centre for Lighting and Displays, Nanyang Technological University
(NTU). This collaborative work aims to combine the expertise of Luminous! in CQD
synthesis with the experience of the Institute of Photonics (IOP), University of Strath-
clyde, on optical gain and laser action using solution-processible gain media. Previous

work by the IOP [1, 2] was briefly presented in sections 3.2.4 and 4.3.

C.1 Experimental Methods

C.1.1 Alloy-Core-Shell CQDs

The CQDs used in this work had a CdSe core, a ZnS shell and oleic acid ligands.
As opposed to traditional core-shell structures however, the interface in between core
and shell is not discrete but the transition from CdSe to ZnS is gradual. This can be
achieved by adding the precursors for both, core and shell, either simultaneously or in
rapid succession into the reaction vessel. These alloy-CQDs allow simple synthesis of

nanophosphors with high photoluminescence quantum yields [3].

Red (PL peak wavelength at about 630 nm) and green-yellow (540 nm) dots were avail-
able. CQDs at both wavelengths have also been supplied to the Institute of Photonics.
It was attempted to access wavelengths in between based on a recipe provided in [3],

however the synthesis result were red-emitting dots.

210
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In a first experiment, CQDs were incorporated into a poly-methyl-methacrylate (PMMA)
matrix, see section C.2. For the subsequent experiments, CQDs were drop-coated from
solution onto various substrates. Normally, toluene was used as solvent but in some
cases, hexane was used as well. With hexane, coffee-staining was reduced resulting in
a better film quality. Apart form the improved film homogenity when using hexane, no

difference in the behaviour of dots coated from hexane or toluene was observed.

C.1.2 Nanosecond Pulsed Excitation

The CQD samples were photo-pumped at 532 nm with 1 ns pulses at 60 Hz repetition
rate. The pump laser delivered a pulse nergy of 100 uJ and pulse energy could be
controlled with an attenuator wheel. An energy meter was used to characterise the

pump pulse energy as a function of the attenuator wheel angle.

For most measurements (except those described in section C.1.2.3), the beam was - for
practical purposes - redirected via several mirrors and lenses. In addition to the inherent
losses of these optical elements there were also losses due to aperturing effects owing to
the poor beam quality of the pump laser. In each case, an estimation of these losses was
made, based on measurements with the energy meter, and pump energy values in this

document take account of these effects.

C.1.2.1 Micro-Spot

Some experiments used a micro-photoluminescence (micro-PL) setup where the emis-
sion from the sample is collected by a microscope objective and coupled into a CCD-
Spectrometer with 0.05 nm resolution. At the same time, the microscope objective can
be used to take micrographs of the excited area. This setup was used before for the study
of dye-doped polymer whispering gallery (WGM) mode lasers [4]. The pump spot was
elliptical and fluences quoted here assume a pump spot size of 500x800 um?. Due to the
above mentioned losses upon redirection of the pump beam, only about 4 % of the ini-
tial pump light reach the sample. Therefore, a maximum pump fluence of 1.25 mJ/cm?

could be delivered.

C.1.2.2 Stripe-Excitation

Optical gain in films is often assessed by stripe-excitation, collecting the edge-emission

from the stripe. The exact stripe dimensions have not been measured but probably
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FigUre C.1: Knife-edge measurement across the pump beam.

not larger than 10x0.3 mm. Edge emission was collected and focussed into a CCD-
spectrometer (0.05 nm resolution) by two lenses. Due to the losses upon redirection of

the beam, an estimated 57 % of the initial pump light reach the sample.

C.1.2.3 Unfocussed Beam

DFB laser operation as described in section C.4 was not achieved in the above formats,
but the sample was placed close (ca 10 cm) to the aperture of the pump laser. In this
case portable fibre spectrometers (Ocean Optics USB 2000 and USB 4000) were used to
collect the surface emission from the samples. The beam diameter was measured with
a knife-edge method. The result shown in figure C.1 yields a pump spot diameter of
600 um. It should be noted that due to the poor beam quality the curve does not fit

well when assuming a Gaussian beam profile.

C.1.3 Femtosecond Excitation

As alternative pump source, a wavelength-tunable system delivering 100 fs pulses at a
repetition rate of 1 kHz. Two wavelength-settings were used, one for 450 nm center
wavelength and one at 490 nm. The 450 nm setting had an intense pump wavelength-
component at 560 nm, see also figure C.9, and pulse energy was up to 2 uJ (could
be attenuated with a gradient neutral density filter). At the 490 nm setting, only the
fundamental pump-wavelength component was present. Pulse energy was not measured
in this case because these experiments were unsuccessful with no gain being achieved

below damage threshold, see section C.3.3.
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A spherical lens was used to focus the pump beam. Samples were not placed at the
exact position of the focus and the pump spot size is unknown (smaller than 1 mm?).

Spectra were recorded using an Ocean Optics USB 2000 spectrometer.

C.2 WGM Laser Emission from Defects in doped PMMA
Film

A film of PMMA doped with red-emitting (620 nm) CdSe/ZnS gradient shell colloidal
quantum dots (CQDs) at high concentration was spun onto a glass substrate. In general
the film quality appeared reasonably good on visual inspection but local defects existed
throughout the sample. In the following, I will refer to these defects as “bubbles” but
please note that the true nature of the defects has not been confirmed yet. No signs of
optical gain were found when pumping a neat area of the film. However, if the pump
spot contained a bubble, laser emission was observed in several cases with characteristics

consistent with those of a whispering gallery mode (WGM) laser.

The laser characteristics of two exemplary bubbles have been recorded with the micro-
PL setup. Two and three laser peaks, respectively, were observed in the wavelength
range 625—-630 nm which is slightly red-shifted compared to the photoluminescence peak
and therefore consistent with earlier observations of laser action in CdSe/ZnS CQDs.
Linewidths were 0.35 nm (1 meV) which is an order of magnitude narrower than typical
amplified spontaneous emission (ASE, typically 4-5 nm linewidth), strongly suggesting
a cavity effect. The observed linewidths correspond to Q-factors in the range 1.7 x 103
2.1 x 103. In the power transfer functions, a laser threshold near 600 pJ/cm? can be

seen.

Micrographs of the pump region including one of the two bubbles are shown in figure C.2.
A spectrum of the laser emission is shown in figure C.3. The spacing in between the two
laser modes is 11.01 meV which roughly corresponds to a resonator diameter of 25 um.
The power transfer function of both peaks individually and the sum of them is plotted
in figure C.4. The laser threshold is approximately 600 xJ/cm?. Close to threshold, the
short-wavelength resonance is dominant but with increasing pump fluence it is overtaken
by the long-wavelength resonance. A possible explanation is the red-shifted gain from
biexcitons at high pump fluences. For reference, the other bubble probed (not shown in
this sumary) had a laser threshold of approximately 800 xJ/cm? and a mode spacing of

5.65 meV which roughly corresponds to a resonator diameter of 50 pm.
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Ficure C.2: Micrograph of a “bubble” defect in CQD-doped PMMA.
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Spectrum from the defect shown in figure C.2 under pumping at

1.25 mJ/cm?, fitted with the peak decomposition tool described in appendix A.
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FIGURE C.4: Power transfer function of the laser emission from the defect shown in
figure C.2. Compare figure C.3 for identification of the laser peaks.
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F1GURE C.5: Left: Spectra below and above threshold under stripe excitation. Right:
Detail of the spectrum.

C.3 ASE/RL from Pure Red CQD Films on Glass Sub-

strates

Optical gain from solution processible gain media is often first assessed in neat films
without feedback. When pumping above threshold for optical gain, amplified sponta-
neous emission (ASE) can be observed. In high gain media such as CQDs, the observed
emission often has characteristics of random laser action (RL) rather than plain ASE,

which is an effect of the interplay in between film inhomogenities and gain saturation

[5].

C.3.1 Structured Glass Substrates

Strathclyde results of random laser action in drop-cast CQD films on a glass substrate
with scratched grooves [1] were successfully reproduced. The drop-coating process was
repeated three times to yield a thick CQD layer and the main purpose of the grooves is
to facilitate dense aggregation of dots. The samples were pumped in stripe-format with

stripe aligned parallel to the scratched grooves.

Random laser action in the wavelengths region 625-640 nm could repeatedly be achieved
with typical thresholds on the order of 25 uJ. Exemplary spectra and power transfer
functions are shown in figures C.5 and C.6. Often, the ASE/RL appears at the same
wavelength as the PL peak. It should be noted however, that the PL peak in edge emis-
sion is redshifted by about 5 nm compared to the PL peak in top emission, presumably

a result of self absorption.

In conclusion, optical gain can be achieved from films of red CdSe/ZnS gradient shell
CQDs. DFB lasers based on this material are therefore feasible and have been realised

as described below in section C.4.
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FiGureE C.7: RL spectrum and power transfer function measured in the micro-PL
setup.

Some samples were also tested in the micro-PL setup. Optical gain could normally
be achieved, but often only in a limited area of the sample, even when gain in stripe-
excitation was obtained in many pump spots. One sample however stood out, yielding
gain on large areas of the sample. At maximum pump intensity, some areas even showed
two stimulated emission peaks, centered at 633 nm and 643 nm. As can be seen in figure
C.7, the 643 nm peak has an about two times higher pump threshold than the 633 nm
peak (1.2 and 0.6 mJ/cm?, respectively). This may explain why the second peak was

not observed on a large area - its threshold elsewhere may be too high.

C.3.2 Smooth Glass Substrates

So far, ASE/RL was observed on samples employing a structured (scratched by diamond
pen) substrate to facilitate accumulation of dots. Three samples with drop coated CQD
films on a smooth glass surface were prepared to see if optical gain can still be achieved
in this format. The CQDs are red-emitting CdSeZnS alloy CQDs with a PL peak
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stripe-excitation spot-excitation
(edge emission)  (top emission)

PL peak 630 nm 623 nm
ASE/RL sample 1 623-629 nm -
ASE/RL sample 2 630-640 nm 626-636 nm

ASE/RL sample 3 626-631 nm 622-631 nm

TABLE C.1: Emission wavelengths of the various samples of drop coated CQD films
on smooth glass.
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FIGURE C.8: Pump spot on sample 3. a) White light illumination, showing defects in

the film. b) Pumping the same area with 532 nm light above threshold, parts of the laser

mode are visible (indicated by arrows). ¢) stimulated emission spectrum corresponding

to the micrograph b). The inset shows part of the PFT of the spectrum (the values
near 0 pum are excluded for better clarity).

wavelength of 623 nm in top emission and 630 nm in edge emission from a drop-cast

film. The difference is psobably due to self absorption.

Samples were excited both in stripe excitation (edge emission detected) and in the
micro-PL setup. In general, it was easier to obtain a stimulated emission signal in
stripe-excitation format (sample 1 showed no signs of gain in the micro-PL setup at all).
With the micro-spot, much fewer pump spots worked, often (though not exclusively)
within the coffee stain rings formed during the drop casting process. On sample 3, the
coffee stain area had crack-like defects, along which parts of the laser mode were actually
visible in the micro-PL setup. This is shown in figure C.8. The - relative to other RL
spectra - regularity of the spectrum and its power Fourier transform (PFT) and also
the pronounced peak in the PFT at 100 pum suggest that in this case a closed path for

coherent feedback, i.e. a random cavity may have formed.

Observed wavelength ranges for the stimulated emission observed are summarised in

table C.1, indicating that optical gain can be provided from 622 nm to 640 nm.
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Ficure C.9: Spectrum demonstrating optical gain from red CQDs under fs-pumping.
Various wavelength components of the 450/560 nm pump can be seen.

Gain was also observed when pumping with femtosecond pulses at 450/560 nm, see
figure C.9. It should be pointed out, that previous attempts by Ta Van Duong using
dye-doped polymer showed no gain up to damage threshold in structures that were
capable of lasing when pumped with nanosecond pulses. In this aspect, CQDs appear

to behave fundamentally different compared to organic gain media.

C.3.3 Other Wavelengths

No optical gain from green-yellow CQDs was observed when pumping with the femtosec-
ond laser at 450/560 nm and 490 nm. In the latter case, mechanical damage (ablation)
by the pump laser occured before gain was reached. Also, no gain was observed with
nanosecond excitation. A drop-cast film of yellow (566 nm) discrete-shell CQDs on
smooth glass was examined with nano-second pump in stripe-configuration, but no laser

action was observed in this case.

Previous laser reports of CQDs in the literature are primarily using red dots as well.
CQD lasing at other wavelengths was reported by carefully adapting the pumping con-
ditions — in particular the wavelength — [6] or by using dots with unusual properties, in

particular single-exciton gain [7], which are typical for type-II dots.

C.4 DFB Laser Operation

Encouraged by the results in section C.3.2, red CQDs were used for fabrication of a CQD
DFB laser on the basis of the gratings supplied by the IOP, University of Strathclyde.
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FIGURE C.10: a) Photographic image of grating 1 (top) and grating 2 (bottom) after
drop coating of CQD solution. ) Another photo of grating 1.

C.4.1 Sample preparation

Two gratings (“grating 1”7 and “grating 2”) with 380 nm period and 50 nm modulation
depth in an NOAG5 epoxy film were available. The epoxy film was on top of an acetate
sheet that served as substrate. During the grating fabrication process, a 254 nm UV
source was used for photo-curing due to technical problems with the 370 nm source. On
arrival at NTU, it was noticed that some of the epoxy was slightly sticky, in particular for
grating 1. Diffraction of the room light by the grating structure was visible confirming

existance and quality of the grating structure.

In a first attempt, a large quantity of CQD solution (oleic acid ligands, solvent: toluene)
was drop cast onto grating 1, wetting the whole epoxy area. After a few minutes, the
bond in between the epoxy and the acetate broke and the solution including the CQDs
moved underneath the epoxy film which almost completely detached from the acetate.

In figure C.10 it can be seen how the sample looked like after the this happend.

Consequently, grating 2 was coated with a small drop so that only a small area was
wetted. This device, shown also in figure C.10, yielded the laser results below in section
C.4.2. After the first laser test, it was attempted to raise the CQD density by another
drop-coating step. This time however the wetting area was about three times as large
as in the first step and while lasing still was observed, device performance was inferior

to before the second drop coating.

C.4.2 Laser pumping results

Device 2 was pumped in the micro-PL setup and in a modified stripe-setup (modified
because top- rather than edge emission had to be detected) but no lasing was observed.
However, when positioning the sample in the pump laser beam close to the aperture of
the pump laser, a clear fan-shaped DFB laser beam - shown in figure C.11 - was seen.

Possibly, the combined effects of beam divergence, poor beam quality, aperturing effects
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Ficure C.11: Photographic images of the CQD DFB laser beam. The photo on the
right was taken through laser safety goggles in order to eliminate green pump light,
giving better clarity.
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FIGURE C.12: Left: Power transfer function of the CQD DFB laser (see figure C.11).
Right: CQD DFB laser spectra close to threshold and at 3.4x threshold.

and other losses at mirrors and lenses caused a too high loss in pump energy to reach

threshold in the other configurations.

A fibre spectrometer was used to monitor the laser emission with the fibre tip begin
placed in the center of the beam. Laser spectra and power transfer function are plotted
in figure C.12. Laser emission is at 630 nm, redshifts by about 3 nm from lasing onset
to 3.4x threshold and the linewidth broadens at the same time from 3 nm to 5 nm.
The threshold is about 26.5 uJ corresponding to a fluence on the order of 9 mJ/cm?).
It was noticed that a large fraction (not measured) of the pump light passed through
the sample without being absorbed. The bright spot in the right photo of figure C.11 is

where this transmitted pump beam hits the paper screen.
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C.4.3 Subsequent attempts

After the laser measurements, grating 2 was cleaned by rinsing with toluene. The sample
appeared clean apart from a faint stain and the room light diffraction by the grating
was visible. The grating was overcoated again two times. Both times, optical gain was
observed and grating-coupled stimulated emission yielded a fan-shaped beam. However,
the laser emission was not at the stop-band wavelength of the DFB and the fan appeared
separated/crossed, depending on the pump spot position. This indicates, that in these
cases the observed emission was ASE/RL coupled out by the grating rather than laser
oscillation. It should be noted that the first device operated reliably at the stop-band
wavelength for a variety of pump spots, although the film quality did not appear better
in quality than the subsequent devices. This indicates that the emission of the first

device was strongly influenced by the feedback from the grating.

One of the later devices was also pumped with 450/560 nm femtosecond pulses and

optical gain was observed, confirming that this pumping regime is suitable.

C.4.4 Conclusions

A CQD DFB laser was achieved emitting at 630 nm based on a 380 nm second order
DFB grating. The observed DFB laser emission has a broad linewidth of up to 5 nm
which is probably due to variations in the film thickness (the increase in linewidth with
increasing pump power may be more areas of different thickness reaching threshold).
Threshold was however high, requiring the sample to be placed in close proximitiy to the
pump laser. This may be caused by low dot density and therefore low pump absorption.
Attempts will be made to develop a method of generating higher dot densities. It should
be noted that one of the two available 380 nm gratings detached from the acetate and
is possibly destroyed. It cannot be excluded that the same thing happens to grating 2.
As a precaution, wetting of the actetate/epoxy boundary by CQD solution should be

avoided.
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C.5 Summary

In conclusion, the following results were achieved:
e Optical gain using CdSeZnS alloy CQDs was obtained at wavelengths 625-640 nm,
pumping with 1 ns pulses at 532 nm

— Threshold was 25 pJ using a stripe of dimensions <10x0.3 mm
— Attempts at other wavelengths were not successful
— Gain was also seen when pumping with 100 fs pulses at 450/560 nm

x In this aspect, CQDs seem to behave differently than dyes
e A CQD-based DFB laser was successfully created
— Threshold was 26.5 uJ, 9 mJ/cm?

e WGM lasing from defects (possibly bubbles) in a CQD-doped PMMA film was

observed
— Threshold was bout 600 j.J/cm?
Important tasks still to do are recording of absorption and photoluminescence spectra,
ideally both in solution and film.

Future work may include the following;:

e Create DFB lasers more reliably and with lower threshold

— This work will include pumping at 355 nm (5 ns pulses) as in sections 3.2.4

and 4.3, allowing also comparison with commercial CQDs
e Access to other wavelengths
— This may include investigations on other types of dots (e.g. type-1I)

e Investigation of repeatability and controllability of the WGM lasing observed in
doped PMMA films
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