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Abstract

The aim of the work in this thesis is to push the technology of solution-processed
semiconductor lasers beyond the state-of-the-art and bring it closer to real-world
implementation. An emphasis is put on the demonstration of mechanically-flexible
lasers having low thresholds, high photostability and potential for cost-effectiveness
and compact integration.

Different gain materials, designs and pump sources are used to improve the
performance and capabilities of these lasers. Distributed feedback resonators are
chosen due to their planar fabrication and their potential for lower threshold than
other cavities in the case of solution-processed lasers. Two types of gain materials
are used: organic semiconductors and colloidal quantum dots. Encapsulation
schemes compatible with the mechanical flexibility of the final devices, e.g. using
transparent polymers or flexible glass membranes, are proposed and studied in order
to extend the operational lifetime of the devices.

One highlight of this work is the development of, to our knowledge, the first diode-
pumped, mechanically flexible organic lasers encapsulated with thin-glass for high
photostability. Other important outcomes include mechanical wavelength tuning of
lasers, record performance for colloidal quantum dot lasers optically-pumped in the
nanosecond regime and the demonstration of a red/green/blue laser. The capability

for sensing applications of some reported formats of lasers are also shown.
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In this chapter, the background and motivations of the thesis are initially presented.
This is followed by information on the basic principles of lasers and discussions of
solution-processed organic semiconductors and colloidal quantum dot materials for

lasers.

1.1. Introduction
1.1.1. Background

The invention of the laser has dramatically revolutionised technology and, while not
always noticed or acknowledged, it has impacted our everyday life [1]. Lasers are
nowadays commonly used in a wide range of fields, e.g. medicine, national security
and defence, telecommunications, lighting displays, law enforcement, manufacturing
industry equipment, consumer electronics etc. Different types of devices, such as dye
lasers, gas lasers, solid-state lasers, semiconductor lasers and fibre lasers have been
developed over the years and put into practice for these applications [2-4]. However,
new laser technologies are constantly emerging, particularly thanks to advances in
material science.

Among these, solution-processed semiconductors have recently attracted great
interest in the photonic research community because they possess many potential
advantages such as (i) their suitability for attractive fabrication processes — e.g.
materials can be accurately deposited by ink-jet printing, spray and spin-coating or
doctor blading and they can be patterned using simple soft lithography techniques;
(ii) their compatibility with a wide range of material systems, including plastics,
enabling for example composite and mechanically-flexible laser cavities; and (iii) the
possibility to chemically alter the structure of the semiconductors at the nanoscale in
order to tune the desired wavelength of operation. These are in turn opening up a
wide range of possibilities for optoelectronic applications [5-11], (bio)-sensing [12]
and data communications [13,14].

Solution-processable semiconductors for lasers can take the form of organic
materials, such as luminescent conjugated macromolecules or polymers, but also of
colloidal quantum dots, which are basically nanocrystals of inorganic semiconductor
alloys. These are both promising gain materials as they can be tailored to emit

through the whole visible spectrum, have high photoluminescence quantum yields
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and large absorption cross-sections [5]. This thesis focuses on the development of

lasers made from such solution-processed semiconductor laser gain media.

1.1.2. Motivations and Thesis outline

The main aim of the work developed in this thesis was to push the technology of
solution-processed lasers and its applicability beyond the state-of-the-art. In
particular, the emphasis was on the demonstration of the wavelength versatility of
such lasers in mechanically-flexible formats and on exploring ways to improve the
photostability without trade-off in performance.

As said before, solution-processed lasers are attractive and are undergoing research
for various applications. Some of these devices can be in mechanically flexible
formats, which promises to unlock novel applications, e.g. in the field of large-area
flexible photonics. However, there exist challenges before such lasers can be
implemented in ‘real world’ application settings. Electrical injection has proven
elusive for organic semiconductor lasers (OSLs) although efforts are still being made
in that direction. On the other hand, optical pumping with compact blue emitting
InGaN light sources such as laser diodes and light-emitting diodes (LEDSs) is possible
for high performance OSLs and this looks like the most likely near-term route for
taking these lasers ‘out of the laboratory’. Other challenges for OSLs are
photostability and continuous wave (CW) operation. Organic laser materials operate
in pulsed mode, because of inter-system crossing and triplet accumulation hinders
oscillation in the CW regime. Pulsed operation is acceptable for some applications,
however, increasing the photostability of solution-processed lasers though is crucial.
Encapsulating the gain material as is done for organic LED (OLED) technology is
required but doing this without compromising the other laser characteristics, such as
threshold and/or mechanical flexibility, is not straightforward. Alternative solution-
processable laser materials such as colloidal quantum dots might be the answer to the
above challenges, but this material technology is not as mature for lasers and
performance still lags that of organic semiconductors.

As a result of these considerations, the research of this thesis focused on the
demonstration and study of high-performance (low threshold and high photostability)
mechanically-flexible, solution-processed lasers suitable for pumping with InGaN
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light sources. It involves the use of novel encapsulation approaches and laser
materials, including organic semiconductors but also colloidal quantum dots. One
highlight result is the development of diode-pumped, mechanically flexible organic
lasers encapsulated with thin glass. Other important outcomes include mechanical
wavelength tuning of lasers, record performance for colloidal quantum dot lasers
optically-pumped in the nanosecond regime and the demonstration of a
red/green/blue laser. The capability for sensing applications of some reported formats
of lasers are also shown.

The thesis is divided into three broad parts comprising a total of 7 chapters: (1)
Introduction (chapters 1 and 2), (1) Experiments and Results (chapters 3, 4, 5 and 6)
and (I11) Conclusion and Outlook (chapter 7).

The rest of this chapter describes in more detail the laser technology studied in this
thesis. The basic principles of a laser are first introduced followed by a description of
organic semiconductor and colloidal quantum dot lasers. The state-of-the-art for
these lasers is also presented.

Chapter 2 looks into the fundamentals of distributed feedback (DFB) lasers and lists
the properties of the different materials (including gain materials) used in the
fabrication of the DFB lasers studied here. It also explains the fabrication steps for
these lasers and describes how they were optically excited and characterised. Finally,
it details an analytical model that is used to calculate the modes and related
characteristics of the DFB laser structures. This model is used throughout part Il to
discuss the experimental results.

Chapter 3 reports the study of different formats of highly-photostable, mechanically-
flexible, all-organic semiconductor lasers. The gain material used in this chapter is
based on blue-emitting semiconducting macromolecules.

Chapter 4 extends the work of chapter 3 to another gain material, this time a green-
emitting pi-conjugated polymer with high absorption in the blue. A hybrid
encapsulation geometry based on flexible glass membranes is introduced and InGaN
laser diode pumping is demonstrated paving the way for a highly photostable and
compact system with potential for bio-sensing applications.

Chapter 5 presents red-emitting flexible hybrid lasers made with CdSe/ZnS colloidal

guantum dots as the gain medium. The capability to assemble these lasers on
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different substrates, including silicon, is established. Wavelength tunability of lasers
on thin-glass by mechanical bending is shown, as is the capability for bulk-refractive
index sensing (a first step towards biosensing).

In chapter 6, a slightly different type of organic gain material, whose characteristics
change with pressure, is reported. Following this, solution-processed lasers emitting
at different wavelengths are assembled onto a common substrate in order to
demonstrate a red/green/blue laser excited by a single UV pump.

Finally, chapter 7 gives a summary of the achievements presented in the thesis and

the corresponding outlook for future work.

1.2. Basic principles of lasers

1.2.1. Basic concept

To make a laser, three components are needed: a pump to inject energy into the
system, a gain medium that receives that energy and uses it to emit and amplify light
and an optical cavity forming a resonator in the latter recirculates the light back and
forth through the gain medium so stimulated emission builds up to the point of
oscillation (when the overall losses of the system are compensated by the optical
gain).

There are several alternative schemes to pump a gain medium, the two main ones
being electrical pumping (energy is injected from an external source in the form of
an electric current) and optical pumping (a pump source injects energy in the form of
light). Here, we will focus on optical pumping as electrical pumping of organic
semiconductor lasers remains an unresolved challenge, mainly due to the low carrier
mobility of organic semiconductors [5,11,15]. We also note that advances in high
power blue lasers and LEDs are enabling the development of potentially small-form
factor optically-pumped organic semiconductor lasers [16].

There exist a variety of laser gain media, such as doped crystals and glasses, dyes in
liquid or solid matrices, gases in sealed tubes, epitaxially-grown semiconductor
crystals and solution-processable semiconductors. The latter in the form of organic
semiconducting polymers, macromolecules and colloidal quantum dots are used in

this work.
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There is alsoa multitude of possible laser resonators: Fabry-Perot cavities, including
vertical cavities for surface emitting lasers (e.g. VCSELs) and planar distributed
Bragg reflector (DBR) lasers, whispering gallery mode (WGM) cavities, etc. In this
work, the DFB resonator geometry was chosen as it has been shown to lead to the
lowest thresholds for OS lasers, as highlighted later in this chapter (section 1.4), but
also because of the planar geometry, which is well suited to solution-processed
fabrication. Details on the design and operation of DFB lasers are given in chapter 2.

1.2.2. Absorption, spontaneous and stimulated emission

Laser action rests upon three basic light-matter processes: absorption, spontaneous
emission and stimulated emission, as illustrated in Figure 1.1 a), Figure 1.1 b) and
Figure 1.1 c), respectively [3,17]. To describe these phenomena, we consider an
active medium made of molecules, with a molecule having two possible energy
levels, 1 and 2, at energies E; and E, with E; < E,. It is assumed that 1 represents the
ground energy level and 2 the excited level. The energy difference between these two

states is expressed by:

hv = (E; — E1) Eq. 1.1

With h the Planck’s constant and v the frequency corresponding to the transition 1 to
20r2tol.

At thermodynamic equilibrium, all molecules are in the ground state (if E,-E; greater
than the thermal energy). If a monochromatic electromagnetic wave with
corresponding photon energy Av equal to E»-E; is incident on a molecule, then a
photon has a certain probability to be absorbed by the molecule, raising the latter to

the energy level E,. This is the absorption process.
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Figure 1.1: Schematic of a) absorption, b) spontaneous emission and c) stimulated emission.

Now, we consider that a molecule is in the excited state, level 2. As level 2 is
unstable, the electron will tend to decay to a stable state, level 1, after a lapse of time
called the decay lifetime or the excited state lifetime. One possible way for the
molecule to relax to the ground state is by releasing the difference of energy between
the two levels as a photon of energy E,-Ei. This process is called spontaneous

emission. Spontaneous emission can be described using the Einstein coefficient Ay;:

dN.
(_2) = —A: N, Eq. 1.2
dt sp P
A = 1
2= Eq. 1.3

Eq. 1.2 describes the rate of decay of the population of excited molecules per unit
volume, Na. Az is the reciprocal of the spontaneous radiative lifetime z,, as
expressed in Eg. 1.3. We note that the decay lifetime is equal to 7, if there are no
decay processes other than spontaneous emission. However, usually non-radiative
recombination also occurs, which adds a contribution to the total decay lifetime.

Finally, if we still consider that the molecule is in the excited state but that now an
electromagnetic wave with an energy matching E,-E; is incident onto it, then the
incident photon can force (stimulate) the electron to decay from level 2 to level 1.
Such a stimulated photon has the same energy, phase and direction as the incident
photon: they are coherent. This process is called stimulated emission (see section
1.2.4 for the equations describing the rates of absorption and stimulated emission).
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The crucial difference between spontaneous and simulated emission is that in the
first case the photon emitted has no definite phase or direction but in the second case,
the phase and direction of the photon are determined by the incident photon [3,17—
19].

1.2.3. Pumping scheme and population inversion

The condition for amplification of light waves is that the gain medium has to be kept
in a state of population inversion. This state is obtained when the number of
molecules in the upper level of energy is higher than in the lower level, i.e. if N; and
N, are the numbers of molecules per unit volume present in the energy levels E; and
E, respectively, then N;<N,. This does not happen spontaneously but can occur
when pumping the material.

Population inversion is impossible for the ideal two-level energy system described
above, as pumping will at best bring an equal population N;=N; at which point
transparency is reached. When this is the case, then a photon incident on the medium
has, an equal chance to either be absorbed or to stimulate emission, with both
processes cancelling each other.

To obtain population inversion, it is necessary to populate level 2 through higher
lying electronic levels (i.e. non resonant pumping). Two simple but effective models
can be used to explain such laser materials: the three-level laser and the four-level
laser schemes, illustrated respectively in Figure 1.2 a) and Figure 1.2 b).

In a three-level laser, pumping of the gain materials engenders excitation from the
ground state to level 3. For a laser medium to be effective the population of E3 needs
to relax rapidly to level 2 and population inversion can then be obtained between
level 2 and the ground state (level 1). For a four-level scheme, electrons are excited
from level 1 to level 4 under pumping. They relax rapidly from level 4 to level 3 and
population inversion is obtained between level 3 and 2 (the laser transition). The
advantage of a four-level system is that population inversion is reached faster, in
principle almost immediately on absorption if the decay from level 2 to level 1 is
really rapid. Hence, this leads to a lower lasing threshold in theory compared to a
three-level scheme. The gain materials used in this work can be considered as quasi

three-level (intermediate situation, where the lower laser level is close enough to the
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ground state so a certain population occurs in that level at the operating temperature)

[3,17-19].
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Figure 1.2: Schematics of a) three-level laser scheme and b) four-level laser scheme.

1.2.4. Absorption and emission cross section

The rate of absorption and stimulated emission can be expressed as a function of the
absorption and emission cross sections of the laser transition, which qualify the
likelihood that an absorption or a stimulated emission event will be triggered for a
given density of molecules in the upper state and a given flux of photons. The
absorption and emission cross sections depend on the particular transition of the
molecules, the wavelength of the photons and, for some materials, the polarisation of
the photons.

The rate of absorption Rys can be described as [17]:

dN,
—_— =—R,,.N
( dt )abs abstVl Eqg. 14
Raps = UpOgps Eq. 1.5

Where (@) is the rate of the transition due to absorption, oa,s the absorption
abs

cross section, up the photon flux (number of photons crossing a unit area per unit
time) and N, the lower level population density (number of molecules in the lower
state of energy per unit volume).

The photon flux can be related to the intensity, I, of the light wave as:

10
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I
Up = E Eq. 1.6
The absorption cross section is defined as [17]:
2
Oabs |m|*vg (v) Eq. 17

- 3neqgch
With n the refractive index of the gain medium, &, the permittivity of free space, c
the velocity of light in free space and g(v) the lineshape function, a function

describing the frequency dependence of the transition.

Similarly, the rate of stimulated emission Ren is expressed as:

Rem = OenUp Eq.1.8

Where (%) is the rate at which the transition occurred due to stimulated
em

emission, oem the stimulated emission cross-section and N, the upper laser level
population density, i.e. the number of molecules in the excited state per unit volume.
For a transition involving two non-degenerate levels, the rate of absorption and
stimulated emission are equal and then the absorption and emission cross sections are
equal. However, for organic semiconductors and for colloidal quantum dots the
absorption peak and emission peak are at different wavelengths and, as the
absorption and emission cross section depend on the wavelength, it means that the

absorption and emission cross sections can be expected to be different [3,17-19].

1.2.5. Rate Equations

The interaction between light and a laser material can be summarised by the so-
called rate equations. For information, the rate equations for a four-level laser

medium are given here. As seen previously, for this kind of system, the population

11
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density N; of the ground state E; decreases under pumping and the molecules get
excited to the level E4. N; also increases by fast relaxation from the level E,. N,
decreases by the relaxation process but increases by spontaneous and stimulated
emission. Then the population density N3 of the higher laser level E; decreases by
spontaneous and stimulated emission and increases by a very fast relaxation process

from E4. The rate equations for the 4-level system are:

dN,
W = _up0'24N1 + R21N2 Eq 1.9
P + B3,S(N3; — N3) — Ry N,
Tsp
W = Ry3N, — a - B315(N3 - Nl)
dN, Eq. 1.12

dt = Up014N; — Ry3N,

With u, the photon energy density at the pump wavelength, o;; the absorption cross
section corresponding the i™ to ™ transition, Rjj the relaxation rate from the energy
level i to the energy level j, 75, is the spontaneous emission lifetime of the energy
level E;, B3, is the second Einstein coefficient for the laser transition and S the
photon density at the laser transition wavelength. Bs, is equal to the emission and
absorption cross-sections when taken at the wavelength of the laser transition. Note

that non-radiative relaxation processes from level 3 to level 2 have been ignored.

1.2.6. Amplified spontaneous emission

Amplified spontaneous emission (ASE) is the physical phenomenon of amplification
of spontaneously emitted light by stimulated emission as the light travels in a gain
medium. It can lead to a spectral distortion and narrowing of the emission (compared
to the intrinsic luminescence) as the photons with energy close to the maximum of
the gain are preferentially amplified and come to dominate this emission. ASE was
first observed in organic semiconductors by Hide et al. using an MEH-PPV film

containing TiO, nanoparticles [20].

12
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Two equations need to be considered to explain ASE [21,22]. Here, for simplicity,
we consider a transition between a level 2 and a level 1. The transition probability
Wiy, of a molecule to undergo a transition from the level of energy E; to the level E;
during a period dt is the sum of the contributions from spontaneous emission and
stimulated emission. The transition probability due to spontaneous emission,

considering the Einstein coefficient Ay, is [17]:

dWZl ES AZldt Eq 1.13

In the case of stimulated emission, the probability of a downward transition of an

electron from the level E; to the level E; W, is equal to:

dW,1 = u;By,dt Eq. 1.14

With B, the Einstein coefficient for stimulated emission and u; the photon energy
density of the incident radiation.

The equations Eq. 1.13 and Eq. 1.14 show that the transition probability of
stimulated emission, but not of spontaneous emission, is determined by the photon
energy density. A point can be reached where, if the photon density is high enough,
stimulated emission dominates over spontaneous emission. One can picture
spontaneously emitted photons being amplified by stimulated emission as they travel
in a medium that has an inversion of population for the active transition. This
amplification process in turn increases the photon density, then again increasing the
likelihood of stimulated emission. However, the optical gain (or amplification) is
function of the wavelength so photons of different energies will be amplified
differently. It means that the spectrum around the gain peak experiences the highest
amplification, possibly leading to significant narrowing of the emission.

This effect can be further understood by considering a photon flux u, travelling along
a direction z in an inverted, i.e. amplifying material. We still consider that the active
transition is between a level 2 and a level 1. The change of flux du, as light travels

through an elemental length dz is the sum of the amplified light and of the

13
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spontaneous emission in that direction. The change of flux du, due to amplification

(difference between stimulated emission and absorption) is given by:

With F the electrons flux (number of electrons per unit area per unit time).

This can be expressed as a function of the light intensity | using Eq. 1.15:
dl = 0ol (N, — Ny)dz Eq.1.16
Or

AA) DI
dz ~ Inet Eq. 1.17

With gnet the net gain per length. Eq. 1.17 is written to take into account the
wavelength dependence of the transition.

The light intensity increases due to spontaneous emission coupled in the z direction is
[17]:

dI(A) _AzNhe A
dz 1 4ml?

Eq.1.18

With L the length of the gain material, A the cross-sectional area of the gain medium,
N, the population density in the excited state, h the Planck’s constant and ¢ the speed
of light.

Considering both spontaneous and stimulated emission, the following equation is

obtained:

dI(A) A21N2h(,' A
2y = Inet DI +———7—75

Eq. 1.19

14
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The solution of Eq. 1.19 is:

A21N2hC A
I A, = — GnetVz _ 1
@2 AGnet(A) 4mL? (6’ ) Eq. 1.20

This equation shows that ASE depends on the population inversion (i.e. on the gain)
and on the length of the amplifying medium. Spectral narrowing will therefore be
more significant for longer lengths.

We will see in chapter 2 that to assess the capability of solution-processed
semiconductors to sustain optical gain, we often look for the tell-tale sign of ASE
(spectral narrowing of the emission) by exciting the material in a configuration
where the detected intensity can be expressed by Eq. 1.20 (stripe excitation and edge

detection).

1.2.7. Gain and threshold

As seen previously, the gain medium amplifies incident waves because of population
inversion. But to obtain laser oscillation, the optical gain of the active material must
overcome the overall losses of the laser system. The minimum population inversion
density necessary to compensate the losses is called the ‘threshold’. As an example a
Fabry-Perot cavity is considered to calculate the threshold condition. The cavity has
two mirrors of reflectivity Ry and Ry, respectively, and the radiation is amplified by
being bounced back and forth between the mirrors and passing through the gain
medium of length L. We denote as a the average loss per unit length (that could be
due to diffraction or scattering loss) and g the optical gain coefficient necessary to
compensate the losses [3,17-19].

Ignoring losses, after one pass in the gain medium (and the cavity) the intensity of
the light is amplified by G:

Eq. 1.21

Where:

15
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g = Oem(Ny — Np) Eq. 1.22

lout 1S the intensity exiting the gain medium and i, the intensity entering it.

The radiation also experiences a loss of e %L as it propagates in the medium. If the
initial intensity of the radiation at the position of the first mirror, Ry, is Iy then the
intensity of the radiation after hitting the second mirror is I,R,e'9~®L. After a
complete round trip in the cavity, the intensity is I,R;R,e29~®L, In the case of an
amplifying medium in the form of a waveguide (like a layer of OS), then a factor, T,
describing the overlap of the laser mode with the gain region needs to be added:
I,TR,R,e20~®L This overlap will be detailed in chapter 2, section 2.6. Here, we
consider that I' = 1, so we can ignore it.

The lasing threshold is reached when the round-trip amplification overcomes the

overall losses, i.e.:
RiR,e?W@~®L > 1 Eq.1.23

So the gain coefficient at threshold can be written:

> In(R{R;)
g=a 5L Eq. 1.24
And the population inversion density necessary to reach threshold is then:
1 In(R,R,)
N,— N, =>—[a ——=
u l_a[a 5L ] Eq. 1.25

Equations Eq. 1.24 and Eq. 1.25 show that threshold is reached when the gain of the
laser is exactly balanced by the sum of all the losses in one round trip of light in the
laser cavity. The inversion of population is linked to the absorbed pump power

through the rate equations.
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1.3. Organic semiconductors

1.3.1. Different types of organic gain media

There is a variety of organic gain media and more particularly organic
semiconductors that has been developed over the years. They can be categorised
according to their molecular structure and their fabrication process. The main
categories are: dyes, small-molecule organic semiconductors, oligomers and
conjugated polymers. All of these gain materials, except from dyes, are organic
semiconductors, organic materials with semiconducting properties. Some inorganic
emitters also utilise organics: for example colloidal quantum dots (see further section

1.5), having organic ligands.

1.3.1.1. Dyes

The first organic laser was demonstrated with a dye gain medium by Sorokin et al. in
1966 [23]. Dyes are now widely used for organic solid state lasers. The most
common dyes for laser fabrication are Perylene, Coumarin, 4-(dicyanomethylene)-2-
methyl-6-(4-dimethylaminostyryl)-4H-pyran ~ (DCM),  4-(dicyanomethylene)-2-
methyl-6-(julolidin-4-yl-vinyl)-4H-pyran (DCM2), Pyrromethane and Rhodamine
6G [24-27]. They are very small solution processable conjugated molecules having a
conjugation of about 10 carbon atoms. They need to be dissolved in a polymer matrix
as their photoluminescence quenches when the molecules are closely packed. Their

proximity engenders non-radiative relaxation pathways [5].

1.3.1.2. Small-molecule organic semiconductors

In contrast to dyes, small-molecule organic semiconductors (also called molecular
solids) do not need to be embedded in a polymer matrix to emit. Carriers can hop
from a molecule to another and create charge transport and delocalisation [28].
However, molecular solids present a disadvantage: they are not solution processable.
This means that the use of several attractive fabrication techniques, such as spin-
coating or printing methods, is not possible. The most common molecular solids are

anthracene and aluminium tris(quinolate) [5].
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1.3.1.3. Conjugated polymers

In contrast to small-molecules organic semiconductors, conjugated polymers are
solution processable, which allows much simpler fabrication processes for photonic
devices. Conjugated polymers are very big molecules that have a long backbone of
repeated units (monomers). Each of these monomers has a size comparable to a dye
molecule and can be functionalised with side groups conferring additional properties
to the molecules, such as solubility. The first conjugated polymer was fabricated in
the 1970’s: polyacetylene; however it did not have good electronic properties and
forming films with good semiconducting properties was difficult. Advances in
organic chemistry in the following decades allowed, for example, the addition of ring
structures (like benzene or thiophene) and enabled stable molecular conformations
[28,29]. The properties of conjugated polymers can be adjusted by tailoring the
conjugation length or by adding specific monomer units to the molecule. The main
conjugated polymers used as laser gain materials to date are derivatives of
poly(phenylene vinylene) (PPV) [30] and polyfluorene (PF) [31].

1.3.1.4. Conjugated oligomers

The main difference between conjugated polymers and oligomers that conjugated
oligomers have a much smaller number of monomers, usually below 10, meaning
that they can be made monodisperse, i.e. the number of units is constant from one
molecule to another. They are also solution processable. Oligomers are the most
recent category of semiconducting gain material and are attractive for physical
studies and as laser materials in their own right. Complex oligomers have been
developed recently: as for example star-shaped molecules, highly branched structures
or spiro-linked cyclopentadiene groups allowing adjustment of the electronic and
optical properties. These properties can also be tuned by varying the conjugation

length or introducing single monomers in the molecule [32].
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1.3.1.5. Inorganic gain materials utilising organics
Solution processable inorganic nanocrystals have been developed that incorporate
organic molecules or organic ligands. Colloidal quantum dots (CQDs) fall within this

category. Further explanation of CQDs is given in section 1.5.

1.3.2. Electronic properties

Organic molecules are mainly formed by carbon and hydrogen atoms. More
particularly, backbones of polymers are made of long chains of carbon-carbon bonds.
The electronic and photophysical properties of organic semiconductors can be
understood by looking at how the atoms forming these molecules are bound together.
An isolated carbon atom has six electrons in the configuration 1s?2s?2p?. The orbital
1s represents the core electrons; they do not participate in bonds. The four valence
electrons, in the orbital 2s and 2p, are the ones participating in the bonds with other
atoms. The spatial distribution of the corresponding orbitals is shown in Figure 1.3.
This configuration would normally allow two bonds, via the unpaired electrons of the
orbital 2p. However, when actually forming bonds, the electronic configuration of
carbon atoms can hybridise, mixing the orbitals 2s and 2p and leading, for example,
to a 1s%2s'2p® (sp? hybridisation). This configuration enables the formation of four
bonds rather than two, which is a more stable configuration [30,33]. A schematic of

the sp® and sp® hybridisations is shown in Figure 1.4.

Figure 1.3: a) orbital 2s and b), ¢) and d) three orbitals 2p.
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Bonding in organic molecules can be deduced from the hybridisation geometry. In
the case of a double bond between two carbon atoms, three half-filled sp® orbitals
and an unhybridized 2p orbital are obtained (from the 2s orbital and two half-filled
2p orbitals). Two types of bond are then obtained: a o bond, which is formed by two
sp® orbitals from two atoms facing each other and a = bond, which is formed by the

two parallel and overlapping 2p orbitals [30,33].

a) b)

109.5°
1200( r

Figure 1.4: a) sp? and b) sp® hybridisation.

The o bonds are strong and stable, but the © bonds are weaker. A single bond
corresponds to a 6 bond and a double bond to a 6+ bond. In a simple representation,
this system of connected p-orbitals, a conjugated system, leads to alternating single
and double bonds between C atoms. In fact, this picture of alternating bonds is not
correct. The « bonds allow electron delocalisation along entire overlapping p-orbitals
and the =m-orbitals are shared by a group of atoms — the backbone in the case of a
conjugated polymer. In principle, therefore, in a conjugated molecule the 7 electrons
are delocalised across the whole molecule. An illustration of = bonds and ¢ bonds is

given in Figure 1.5 in the case of the molecule of ethylene as an example [30,33,34].
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Figure 1.5: = bond and ¢ bond illustrated in an ethylene molecule.
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Furthermore, when a m bond is formed, the wavefunctions of electrons of the p-
orbitals forming the bond can be either in phase or out of phase, as shown in Figure
1.6. When they are out of phase, an “antibonding” orbital called «* is formed, having
a higher energy than a = bonding orbital that is obtained when they are in phase. ©* is
called the lowest unoccupied molecular orbital (LUMO) and = is the highest
occupied molecular orbital (HOMO). These HOMO and LUMO orbitals are the
analogues of the valence and conduction bands in inorganic semiconductors. Under
excitation the electrons can move within the whole ©* orbital because it is partially
empty, producing conductivity (directional conductivity if the molecule is linear).
The transition between HOMO and LUMO is the active laser transition for light-

emitting organic semiconductors [30,33].

Each = and n* energy level can have two electrons, with four possible combinations
of spin ({1,71,17,1)). A singlet state is obtained when the total spin is 0, i.e. when all
the electron spins are paired. A triplet state is when the total spin is 1, i.e. when there
are two unpaired electrons. Transitions are possible between singlets and between
triplets, but forbidden between a singlet and a triplet. Triplet excited states are called
metastable and have a lifetime ranging from microseconds to seconds. Singlet
excited states have a lifetime of the order of nanoseconds [30,33,35].

a) b)
Figure 1.6: a) m orbital and b) a* orbital.
1.3.3. Optical properties
As seen in the previous section, the absorption and emission of photons in
conjugated organic molecules is caused by transitions of electrons between = and ©*

orbitals. The energy gap between = and r* orbitals is determined to a certain extent

by the conjugation length. The smaller the conjugation length, the higher the energy
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required for electronic transitions, hence the shorter the absorption wavelength. As
an example Table 1.1 gives the absorption wavelength as a function of the number of

benzene rings [36].

Benzene 1 255
Naphthalene 2 315
Anthracene 3 380

Tetracene 4 480

Table 1.1: Absorption wavelength as a function of the number of benzene rings.

The Franck-Condon principle explains the emission of photons, as illustrated in
Figure 1.7 [37]. As the triplet-singlet transitions are forbidden, pump light will excite
only singlets from their ground state Sy to their excited stated S;. Sp and S; are divided
in different vibronic states, having different levels of energy. Excited singlets can
relax to the ground state or cross into the triplet state, and singlets and triplets decay
radiatively or non-radiatively. This results in two types of luminescence: the
luminescence from triplets (long lifetime) is called phosphorescence and the
luminescence from singlets (shorter lifetime) is called fluorescence [38,39].

As seen in Figure 1.7, fluorescence and absorption spectra are separated. This
separation is called the Stokes’ shift. This can be caused by different factors leading
to energy loss like molecule dispersity, or for an isolated molecule, vibration
transitions (phonons), called the Franck-Condon effect. When the molecule is at an
excited state, a rearrangement of the molecular structure engenders a shift in
wavelength. The bigger the Stokes shift, the smaller the re-absorption of the
luminescence, i.e. the more the material approaches a 4-level system. This can lead

to a higher photoluminescence quantum yield and to lower lasing thresholds [40,41].
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Figure 1.7: Absorption and emission of photons with corresponding absorbance and
fluorescence [42].

1.4. Organic laser: background and state-of the-art

The first organic solid-state lasers were demonstrated in 1971 by Kaminow et al. and
Kogelnik et al. who managed to obtain lasing action from, respectively, a DBR
resonator and a DFB resonator [43,44]. Both used dye-doped host polymers as gain
material. The first laser made with a conjugated polymer in solution was reported in
1992 [45] and, in 1996, the first organic laser made with a solid-state film of =n-
conjugated polymer was demonstrated by Tessler et al. [46]. Since then, organic
semiconductor lasers have been developed in many different formats and in a wide

range of gain materials due to improvements in material synthesis and processing.
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1.4.1. Resonators for organic lasers

a) b)
c) d)

y
e) f)

9) h)

Figure 1.8: Examples of different resonators that have been used for organic lasers: a) ‘classic’
Fabry-Perot cavity, b) variation of Fabry-Perot cavity using only one mirror and a polished
facet, ¢) micro-ring resonator, d) microsphere resonator, €) VCSEL, f) random laser, g) one

dimensional DFB laser and h) DBR laser.

As mentioned previously, a laser is made of three elements: a gain material, a pump
source and a resonator (an optical cavity that amplifies the light by creating feedback
through the gain medium). Various types of organic laser resonators have been
demonstrated [5]. The simplest case consists in two mirrors placed in parallel, with a
rod of gain material placed in between, as seen in Figure 1.8 a). This configuration,
called a Fabry-Perot, is the classic laser cavity and it has been used for organic lasers
[47,48]. A variation of this cavity has only a mirror on one side while the opposite
facet of the rod is polished in order to get Fresnel reflection, as shown in Figure
1.8 b) [49,50]. As illustrated in Figure 1.8, other types of resonators are used for OS
lasers, for example, micro-resonators in the form of an optical fibre coated with
polymer [51,52] or of a microsphere resonator fabricated by lithographic patterning
where the organic semiconductor film is etched to form a sphere [53]. The two latter
types are whispering gallery mode cavities and have non-directional outputs. Other
OS lasers that have been demonstrated include random lasers (Figure 1.8 f)) (a type
of laser that does not have a cavity per se but is made of a highly disordered gain

medium with light confined by random scattering) [54,55], vertical cavity surface
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emitting lasers (VCSELSs) (Figure 1.8 e)) (a type of Fabry-Perot laser with a thin gain
region “sandwiched” between two DBR mirrors) [46,56], vertical external cavity
surface emitting organic laser (VECSOL) (a half VCSEL structure with the second
mirror separated from the structure by an air gap) [57], DBR lasers (Figure 1.8 h)
[43,58] and DFB lasers (Figure 1.8 g)) [8,59-61]. The DFB resonator is basically a
photonic crystal structure in one or two-dimensions. The laser output characteristics
are dominated by scattering at the periodic structure. Details of the principles of DFB

lasers will be given in chapter 2.

1.4.2. State-of-the-art

In this section, a review of different characteristics (wavelength, threshold and
photostability) of organic lasers reported in the literature is compiled. The data
collected is for lasers with different cavity formats: DFB lasers, facetted waveguide
lasers, DBR lasers, VCSEL, VECSOL, micro-ring lasers, droplet lasers, doped fibre
lasers, random lasers and Fabry-Perot lasers.

1.4.2.1. Wavelength

An overview of the wavelengths of the different types of organic lasers is given in
Figure 1.9. As stated earlier, one of the major advantages of organic gain media is
the availability of chromophores emitting through the entire visible spectrum. The
shortest wavelength was obtained for spiro-terphenly emitting at 361.9 nm and the
longest for IR-140 dye emitting at 930 nm [62,63]. This wide range of wavelengths
was obtained from many different organic materials such as dyes (DCM, coumarin,
PM-597 etc.), conjugated polymers (BBEHP-PPV, MEH-PPV, DOO-PPV, etc.), and
macromolecules (oligofluorene truxene, perylene, etc.). More than 350 organic lasers
have been reported in the past 20 years, and more than two thirds of these lasers are
DFB lasers [8,24-27,36,41,43,47,49,50,52,54,56-58,60-153].
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Figure 1.9: Summary of reported wavelengths of organic lasers.

1.4.2.2. Threshold

Thresholds are usually measured in terms of pump energy fluence, Fy, in pd/cm?, or
in pump power density in kW/cm? When the pulse width of the laser emission is
much longer than the singlet state lifetime, the threshold should be given in kW/cm?
and when the pulse width is much shorter than the singlet state lifetime, the threshold
should be given in pd/cm?. Figure 1.10 gives the pump energy fluence threshold Fy,
reported in the literature as function of the pulse duration of the pump source for
different types of organic lasers. Most of these reported values used solid-state lasers
or gas lasers as pump sources but, some of them, having a low threshold, were
pumped by laser diodes or light emitting diodes (LEDs). All the pump sources were
pulsed, having pulse durations from 150 fs to 50 ns. The lowest threshold was
obtained by Karnutsch et al. [120] for a pulse duration of 10 ns, for a DFB laser. As
seen on Figure 1.10, the lowest thresholds are obtained for DFB lasers [8,24—
27,36,41,43,47,49,50,52,54,56-58,60-153].
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Figure 1.10: Summary of reported thresholds of organic lasers.

1.4.2.3. Photostability

It will be explained in the next section that organic gain media tend to degrade under
operation, mainly due to photo-oxidation. A few studies have reported on the
photostability of OS lasers. Figure 1.11 shows these reported photostability values,
Faeg, €Xpressed in Jlcm? [8,24-27,43,54,56,57,63,94-109]. Faeg Usually represents the
total exposure dose the laser has been exposed to when its intensity has fallen to 1/e
of its initial value. However, these values are taken from the literature and sometimes
Faeg Was defined for an intensity drop of 50% or 10% from its initial value, while
sometimes it was not even specified. Therefore, values plotted in Figure 1.11 only
give an order of magnitude for the photostability of OS lasers. It has been stated that
Faeg does not depend on the pump source fluence [96,103]. But it can be dependent
on the repetition rate as explained in section 1.4.3.2.2. The longest operating lifetime
(highest photostability) was obtained for a DFB laser encapsulated with thick glass
by Richardson et al. [96].
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Figure 1.11: Summary of reported photostability of organics lasers.

1.4.3. Challenges
1.4.3.1. Photodegradation

One of the main issues which has limited the application of OS lasers in ‘real-world’
settings so far is that OS degrade under operation in an uncontrolled environment
[154-156]. The main mechanisms responsible for such degradation are heat, which
can engender thermal decomposition; high energy decomposition, causing photolysis
of the molecules; and photo-oxidation [157].

Thermal degradation of organic compounds affects carbon-carbon bonds of the main
chain of molecules or bonds between the main chain and side chains. In general the
first step of thermal degradation is the separation of the side groups attached to the
backbone, forming unstable molecules further reacting and in general forming
aromatic molecules (like benzene). Then the second step is the scission of covalent
bonds of the backbone, forming oligomers. The last step is called depolymerisation:
the backbone is split off forming free radicals (molecules having unpaired valence
electrons). These free radicals can then combine and form stable small inert
molecules. The polymer then loses its monomers one by one and all its properties.
Depolymerisation is an irreversible phenomenon [154,157-160].

In an environment containing oxygen, organic compounds can oxidise. In general,
this phenomenon results in the formation of oxygen groups like carbonyl, hydroxyl,
peroxide etc., along the backbone of the molecules or at their extremities. This
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changes significantly the mechanical, physical and chemical properties of the
molecules. The oxidation process has two different phases: a first period of initiation
of the oxidation starting slowly with oxygen atoms bonding to the molecule and a
second phase corresponding to a fast auto-oxidation. This second phase could in
certain cases be recognised by an apparent degradation such as a change in colour or
texture or even odour [154,155,157,161,162]. Oxidation is facilitated by exposure of
radiation, such as light (photooxidation) and more particularly UV light. This
phenomenon is called photo-oxidatio. It can engender single oxygen atoms to react
with excited electrons in the molecule. It can also cause bond scission of the organic
material due to the provision of energy to the molecule by light, engendering the
formation of free radicals that bind easily with oxygen. Taking the light coming from
the Sun on Earth as an example, and considering photons of wavelength of 400 and
300 nm, the respective corresponding energies are 300 and 390 kJ/mol. However the
energy of a C-H bond is 340 kJ/mol. It means that a photon having a wavelength of
300 nm has a sufficient energy to break this bond and a shorter wavelength could be
even more effective (to break for example a C-C bond having an energy of 420
kJ/mol) [154].

Photo-oxidation and thermal degradation can happen simultaneously when pumping
organic gain materials. For practical applications, it is critical to mitigate these issues
by (i) minimising heat build-up in OS through an increase in thermal conductivity
and/or possibly low-repetition rate operation and by (ii) preventing photo-oxidation
through isolation of the OS gain materials from the environment, using encapsulation
or embedding the organic molecules in a host matrix.

To date, encapsulation using an inorganic (glass) layer as oxygen-barrier represents
the best method. This is in fact the approach taken for commercial OLEDs. However,
such encapsulation, before the work of this thesis, was not compatible with
mechanical flexibility. We wanted to find geometries for flexible lasers with
improved photostability and with a fabrication as simple as possible. Consequently,
all the devices fabricated in this thesis were entirely made in air, although the
systems can be extended to fabrication in an oxygen-free environment (e.g. in a

glove-box).
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1.4.3.2. Pump sources

1.4.3.2.1.  Electrical pumping

The second main hurdle to application for plastic-like lasers is their pumping
scheme. Direct electrical injection has not been demonstrated yet, due to a
combination of unresolved technical issues. The high current density necessary for
laser oscillation engenders a poor thermal stability of OS. Metal contacts cause
electron trapping at the interface with OS that limits the actual carrier injection.
Moreover, other losses are created by the annihilation of singlet-polarons when the
excitation strength increases. Finally, another key problem with electrical pumping
of OS is the low carrier mobility. To reduce the effect of singlet-triplet/polaron
annihilations and induced absorption losses (for example polaron and triplet
absorption) a gain medium should have high-carrier mobility. However, the typical
charge-carrier mobility for an OS is ~10“ cm?Vs and the mobility necessary to
obtain electrical pumping should be greater than 5 x 10 cm?/Vs [5,11,15,163-165].
For these reasons, all OS lasers are currently optically pumped.

The majority of OS lasers studied in the research environment are optically-pumped
with solid-state lasers (but also nitrogen lasers, optical parametric oscillators, etc...).
These systems are bulky and can be expensive, which basically prevents applications
out of the lab.

Recently, advances in low-threshold OS laser and InGaN semiconductor
technologies have been combined for the demonstration of OS lasers pumped by
laser diodes (LDs) in 2006 [24,118,124] and by LED in 2008 [118]. Even more
recently, InGaN micro-LED pumped lasers have been demonstrated [16]. Indirect
electrically-pumped OS lasers can be obtained this way, by pumping the OS laser
with an electrically driven inorganic semiconductor device, opening possibilities for
fully integrated systems. This paves the way for compact and integrated OS laser

systems, thereby greatly enhancing their applicability.

1.4.3.2.2.  Pulse pumping

No OS lasers to date are pumped by CW sources but rather require pulsed sources

because of the build-up of triplet-state excitons. The associated excited state
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absorption of triplets at the laser wavelength prevents population inversion. It is
therefore necessary to limit triplet formation by using excitation shorter than the
triplet lifetime and to leave sufficient time for any triplets to relax between two
excitation pulses. Consequently, pulses should ideally be in the range of nanoseconds
(or shorter) and the repetition rate should be low [166].

Despite these limitations, schemes are being explored to obtain CW emission. OSL
operation at 5 MHz repetition rate has been demonstrated, showing that quasi-CW
pumping can be possible [119]. This result was only possible as the material used for

the experiment had low triplet state absorption [167].

1.5. Colloidal quantum dots

1.5.1. Quantum size effect

CQDs are nanometre-sized semiconductor crystals with typical size between 2 nm
and 10 nm. The size of these nanocrystals is chosen to be comparable to, or smaller
than, the bulk material exciton Bohr radius ag. The electron-hole (e-h) Coulomb
interaction determines a,. Hence, the size of the CQDs will have an influence on the
e-h pair state and the electronic energies. This spatial confinement of excitons
induces a quantum-size effect, which discretizes the electronic levels.

The resulting energy level separation can reach hundreds of meV. Figure 1.12 a)
shows that the radius of the dot determines the band gap of the CQDs. Therefore,
their colour can be tuned by changing the radius of the dot even though the material
system is the same. Figure 1.12 b) indicates that reducing the size of the CQDs blue-
shifts the emission wavelength. Changing the material system is also possible.
Consequently, emission from the ultraviolet to the near-infrared can be obtained by
modifying the size and/or the material alloy of CQDs [168,169].
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Figure 1.12: a) Band gap of CQDs determined by their radius b) Solutions of CQDs having
different diameters [169].

1.5.2. Synthesis and structure

CQDs are synthesised in a variety of material alloys (I11-V, 11-VI1), shapes (spheres,
single, twin- and tetra-rods) and compositions. The most developed CQDs for visible
emission are spherical and based on cadmium selenide based materials (CdSe).
Monodisperse CdSe can be obtained by wet chemistry fabrication. Figure 1.13
illustrates the standard fabrication process where CQDs result from the
decomposition of chalcogenides and metal-organics in a high-temperature organic
solvent [168,170]. The photoluminescence quantum yield can be improved by adding
a zinc sulphide (ZnS) shell around the CdSe core as it passivates dangling bonds,
reducing carrier trapping [171,172]. This design geometry is called core/shell.
Organic ligands surround the CQDs making them solution processable in the same

way as OS [170]. Different ligands can be used depending on the desired solvent.

Two types of core-shell CQDs can be fabricated: “type-I” and “type-II”. The
bandgap configuration of type-1 confines electron and hole wavefunctions in the core
of the CQD thus the radiative combination probability is enhanced and the CQDs
produce band-edge emission. Type-Il separate the wavefunctions, reducing the
probability of a radiative recombination and the emitted photon energy is the

difference between conduction (valence) of the core and valence (conduction) band
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of the shell, respectively [173,174]. Type-I and type-Il band gap configurations are
illustrated in Figure 1.14.

In this thesis, the CQDs used for the fabrication of lasers are type-1 CdSe/ZnS core-
shell CQDs.
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Figure 1.13: Fabrication process of CQDs: a) chemical reaction used for the synthesis of CdSe
CQDs and b) CdSe CQD surrounded by organic ligands. Adapted from [169], with TOPO:
trioctylphosphine oxide and TOP: trioctylphosphine.
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Figure 1.14: Band gap configuration of type | and Il CQDs.

1.5.3. CQDs as a laser material

Nowadays, CQDs are applied as biological fluorescent labels, within devices such as
light-emitting diodes [175,176], photovoltaic cells [177,178], photodetectors
[179,180] and displays [181]. The use of CQDs as laser materials became an active

field of research 15 years ago following the first report of optical gain in neat CQDs.
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The quantum size effect of CQDs is advantageous for laser applications as it could
potentially offer lower threshold, narrower linewidth and higher temperature stability
compared to gain media having a lower level of confinement [169]. As stated before,
one other advantage of CQDs is that they are solution-processable, making them
compatible with a wide range of substrates. In that sense, they are the inorganic
counterparts of OS.

Small CQDs can be simply understood with a (quasi) two-level laser scheme. If two
electrons in the ground state are considered, one with spin up and one with spin
down, then to reach population inversion, one has to excite them both to the excited
state, resulting in two e-h pairs (biexciton).

However, the quantum confinement present in CQDs engenders mixing between
different valence subbands. This leads to a subband structure with various possible
interband optical transition, as shown is Figure 1.15 a). As seen in Figure 1.15 b), the
linear absorption spectrum of a CQD involves corresponding transistions to these
subbands. For this example, there are four resolved transitions corresponding to 1S
and 1P electron states [182].
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Figure 1.15: a) Subband structure of a CdSe CQD and b) corresponding linear absorption
spectrum [182].

The first demonstration of gain in neat solid-state CQDs was demonstrated by
Klimov et al. [183]. However, it was identified early that one of the main challenges
of CQDs for lasers is the fast Auger recombination rate, which reduces the gain

lifetime. Auger recombination engenders nonradiation transfer of energy of an
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exciton (e-h) to either an electron or a hole [169]. It is possible however to alleviate
this issue through careful design of the CQDs and this is an active field of
investigations [184]. Since the initial demonstration of optical gain, there have been a
number of device demonstrations, including, reports of whispering gallery mode
lasers [185-187], vertical cavity surface emitting lasers [188,189] and DFB lasers
[190-192]. However, except in a limited number of cases such laser demonstrations
have used ultrafast (10s of fs to a few ps) optical pulse excitation with bulky and
expensive pump lasers. To enable practical implementation of CQD lasers, operation
with nanosecond or longer pulse duration is necessary. If low-threshold operation in
such a regime can be achieved, it will then be possible to envisage pumping CQD
laser systems with compact Q-switched solid-state lasers and possibly, for
sufficiently low threshold, with laser diodes. As for OS lasers, the result will be a
reduction in the footprint and cost of the CQD laser technology, bringing it closer to

applications.

1.6. Conclusion

Organic semiconductor lasers open the door to simple, compact and possibly low-
cost visible lasers suitable for applications like bio-sensing, medical diagnostics,
spectroscopy, lab-on-chip, etc. Their solution-processability and resulting
mechanical properties makes them attractive as sources for flexible photonics.
However, OS lasers present several challenges, including their photostability, which
currently limits their deployment. One particular difficulty is to ensure high
performance in terms of threshold and photostability in a mechanically-flexible
format.

An alternative to organic semiconductors is CQDs. However, despite recent
developments, research into CQD lasers is not as mature. In particular, performance
of optically-pumped CQD lasers in the nanosecond regime of operation is still
limited.

Our work targets both OS and CQD materials to advance the technology of solution-
processable mechanically-flexible lasers. The lowest thresholds ever reported for OS
lasers have been obtained for DFB cavities. This is why in this thesis all the devices

were made with DFB resonators.
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Chapter 2

DFB lasers: design, materials and modelling
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2.1. Introduction

The first section of this chapter explains the design and principle of operation of a
second-order DFB laser — this is the type of laser studied throughout the thesis. The
second section lists all the materials that enter into the fabrication of the different
lasers studied and give their principal characteristics. The main steps of the
fabrication of a solution-processed DFB laser are explained in the third section. The
optical pumping set-up implemented for the characterisation of these lasers is
described in the fourth section. The last section details the theoretical model of the
lasers that is used in the following chapters to discuss and optimise their

performance.

2.2. Distributed feedback laser

In its simplest form, a DFB laser consists of a thin film of gain medium and a
periodic structure (grating) whose role is to diffract the light back and forth in the
thin film through Bragg scattering. As is explained further, in this thesis the thin film
of gain material sits directly on top of a substrate that incorporates the grating on its
surface. Three main conditions are necessary: (i) the refractive index of the gain
material must be higher than that of the substrate and of the superstrate media to
obtain a planar waveguide (Figure 2.1); (ii) the gain film thickness must ensure the
propagation of at least one transverse mode — ideally this would be the fundamental
transverse electric (TEg) mode (TE, electric field parallel to the plane of the
waveguide interface); and (iii) the period of the grating must be chosen so that
optical feedback is obtained for the desired mode, at the desired wavelength, to

trigger laser oscillation [5].

First of all, the periodic structure is not considered in order to explain how the light is
confined within the thin film. A schematic illustration of a slab waveguide made of
gain material is drawn in Figure 2.1. This structure can allow light to travel in the z
direction without diverging in the x direction. In the representation of geometrical
optics, a guided mode is confined in the gain medium by total internal reflection

(TIR), following a repetitive path as it travels in the z direction. To have TIR, the
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refractive index of the organic gain medium must be higher than the refractive index
of the substrate and of the superstrate, i.e.: Ny>ngp, Np>ns, and - [193]. More
specifically, the modes of a waveguide structure are the solutions of Maxwell’s
equations, satisfying the boundary conditions of the system. The transverse profile of
a mode remains unchanged as it travels in the z direction with a propagation constant
that depends on an effective refractive index ne. In fact, the mode can be pictured as

propagating in the z direction only within an equivalent medium of refractive index

nef'f.

Nsup Superstrate

Gain medium

sub Substrate

Figure 2.1: A three layer slab waveguide.

It is possible to calculate the effective refractive index of a waveguide mode by
solving the so-called dispersion equation. The effective refractive index is important
because it affects the laser cavity resonance as we will see later. The dispersion
relation can be simply obtained by considering the interference condition in the

transverse direction (x):

41td

1 nZZJ - ngff = ¢sup + d)sup + 2mm Eq. 2.1

With d the organic film thickness, 1 the wavelength of the light in vacuum, m an
integer, n, the gain material refractive index and ®g, and ®s,, the phase shift upon
total internal reflection at the gain medium/superstrate interface and at the gain
medium/substrate interface respectively [193].

Dy and Dy, depend on the polarization of the electromagnetic wave. Two cases
need to be considered: when the electric field E is along the y-direction (TE) and
when the magnetic field M is along the y-direction (TM). &gy, and @y, are given for

these two cases by:
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2
n n
_ f sub
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e
Psup = 2tan™! ff Eq. 2.4
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n
Gsup = 2tan™? ’ Sup for TM mode Eq. 25
sup

The thickness of the waveguide, d, determines the number of possible waveguided

modes. For a planar waveguide having ns,,=nsw, TEo and TMg have no cut-off.
However, if nsy, # nsub, there is then a cut-off thickness for each mode. This means
that there is a thickness do under which the TEy mode is not guided — and below this
thickness there are no guided modes at all. For thicker waveguides, there can be
several modes. For example, above a thickness d; (>do) both TE; and TE, can
propagate, and so on. This is the same for TM modes but the cut-off thicknesses are
usually different.

The dispersions of a few transverse modes are plotted in Figure 2.2 for ng,, =1.526,
nsyp=1 and n,=1.996 for a wavelength of 530 nm [193]. The thickness of the gain
material is chosen to limit the number of transverse modes, i.e. to operate in a single-
transverse mode regime for the laser.

For a thin enough film, the effective refractive index of the TE polarization is higher
than for TM of the same order. This means that the optical confinement of a TE
mode is stronger than for a TM mode of the same order, i.e. it interacts more with the
gain material. Hence a lower lasing threshold is typically obtained from a TE mode
than a TM mode of the same order. For this reason, in this thesis lasers were

designed to oscillate on the TEy mode.
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Figure 2.2: Example of TE and TM mode effective refractive index as a function of the film
thickness.

Let us now take the full resonator into account and use coupled-wave theory to
understand how optical feedback is obtained (Figure 2.3). For this, we consider only
one transverse mode (e.g. TEp) but recognise the possibility for the light to travel in
the positive z direction (forward guided wave) and in the negative z-direction
(backward guided wave). Note that as an approximation, the equivalent thickness for
the gain region can be taken as an averaged thickness considering the grating depth.
The diffractive grating structure couples these two counter-propagating waves. This
diffractive structure can be a one-dimensional grating [194] but can also be made of
two-dimensional and three-dimensional corrugations. In this thesis, the DFB lasers
use 1-dimensional gratings, so 2D [8,195] and 3D structures will not be detailed.

The refractive index modulation caused by the grating couples the waves propagating
back and forth within the gain medium through Bragg diffraction. The resulting total
intra-cavity electric field of the mode can be written as a sum of the forward and
backward guided waves:

E(z) = ¢(x) [A(2) exp(—iky2) + B(2)exp(iky2)]] Eq. 2.6

With @(x) the transverse amplitude of the ‘uncorrugated’ guided mode, A the
amplitude of the forward wave, B the amplitude of the backward wave and k;, the
wave-vector, which for a DFB laser corresponds to the Bragg vector. k;, is defined by

the Bragg equation:
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_ Zﬂneff _ E
e Eq. 2.7

with ne the effective refractive index of the mode, 4, the Bragg wavelength, m the
diffraction order and A the grating period [5,196] and where m determines the
emission mode of the laser. In a DFB grating of order m, in-plane feedback is
provided by the m™ scattering order and all other orders couple light out of the

waveguide.

For a first order DFB laser, m=1, there is only one diffraction order, which is in the
plane of the film and gives the feedback. In this case, the laser emission is obtained
from the edge of the gain film. The equation Eq. 2.7 becomes:

ey _ 1
L A Eq. 2.8

A first order DFB laser is illustrated in Figure 2.3 a).

For a second order DFB laser, m=2, then laser emission is perpendicular to the plane
as the first diffraction order is scattered out of the waveguide at 90° and the second
order of diffraction is in the plane giving the optical feedback. In this thesis second

order DFB lasers are used. In this case, the equation Eg. 2.7 reduces to:

Mery _ 1

A second order DFB laser is illustrated in Figure 2.3 b).

One can see from equation Eq. 2.9 that ne is critical for the choice of the grating
periodicity. In practice, this means having a combination nes and A that aligns the
Bragg resonance to the desired emission wavelength. For a given periodicity, tuning
slightly the thickness of the film provides some flexibility for setting the emission

wavelength.
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b) = — >
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Figure 2.3: a) First order DFB laser and b) second order DFB laser

The field inside the waveguide of the DFB consists of the two waves A(z) and B(z)
amplified as they propagate through the z direction because of the gain and Bragg
scattering and was described in Eq. 2.6. From equation Eqg. 2.6 and the wave theory
for the Bragg wavelength region, it is possible to find the wave propagation of the

coupled waves A(z) and B(z2):

0 . .

_6ZA - (g/z —i6)A = —ixB Eq. 2.10
0 . .

_azB + (g/z — Lé‘)B = (kA Eqg.2.11

With g the gain coefficient for the mode, 6 ~ B — Bgrqgg, (B being the modal

propagation constant), x the coupling coefficient, depending on the laser structure,
grating height, index contrast, mode overlap with the grating and possibly on the
gain.

The solution of these coupled wave equations is:

A =a;e’’ + a,e™V* Eq. 2.12

B = bie"” + bye™"* Eq.2.13

With y the complex propagation constant defined as:
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y? =x2+(9/, - i6)? Eq. 2.14
Depending on g and «, there are three possible regimes for the propagation constant
v: index coupling (g = 0 and « is real), gain coupling (g = 0 and « is imaginary) and
complex coupling (x is complex). In the first case, pure index coupling, a spectral
region is present close to the Bragg wavelength where y has real values. No waves
can propagate in this region, called the photonic bandgap. The laser does not emit at
the Bragg wavelength in that case but emits at wavelengths at the edge of the
photonic bandgap. This happens for deep gratings.
In our case (see later), the grating is relatively shallow and we have a complex
coupling. Gain-coupled DFB lasing can occur in the bandgap, close to the Bragg
wavelength. For design purposes, considering only the Bragg wavelength is therefore

sufficient.

2.3. Materials
2.3.1. Laser materials
2.3.1.1. T3 hexyl — blue emitters

One of the OS gain materials used in this work (chapter 3) are star-shaped
macromolecules consisting of T-conjugated oligofluorene arms around a truxene core
and called ‘T3’ (due to the three fluorene units on each arm). The chemical structure
of T3, where n=3, is shown in Figure 2.4 a) [197]. Different types of T3 can be
synthesised: butyl, hexyl and octyl, referring to the side chains on the fluorene units.
All the experiments presented in this work were done with T3 hexyl. One of the main
advantages of T3 as opposed to polymers is that it is a macromolecule and as such
has a 100% synthetic reproducibility with high monodispersity and purity. It
possesses an excellent solubility in most organic solvents. Conjugated star-shaped
molecules are particularly attractive as they bring interesting morphological, optical
and electrical properties, making them good candidates for optoelectronic
applications (transistors, photovoltaic, light-emitting diodes, lasers, etc.) [197,198].

T3 fluoresces in the blue with a photoluminescence spectrum spanning the 410-
450nm region, as shown in Figure 2.4 ¢) along with its absorption which peaks in the

UV at ~375nm. The main emission peaks corresponding to the two first excitonic
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transitions of the material are at about 410 nm and 434 nm. The refractive index is
shown in Figure 2.4 as measured by variable angle spectroscopic ellipsometry [5]. At
430 nm, the refractive index of a typical spin-coated film is about 1.82, which
ensures a good confinement of the propagating mode within a waveguide structure.
Note, however, that T3 is not ideal for diode pumping as InGaN laser diode emitting

in the UV are still rare and show relatively poor performance [36].
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Figure 2.4: a) Chemical structure of T3, b) refractive index of T3 and c¢) transmission and

absorption of T3 in toluene.

2.3.1.2. BBEHP-PPV - green emitter

Another organic semiconductor used as a gain material for the fabrication of the
lasers in this study (Chapter 4) is a n—conjugated polymer poly[2,5-bis(2’,5’-bis(2”-
ethylhexyloxy)phenyl)-p-phenylene  vinylene] (BBEHP-PPV), whose main
luminescence is in the green region of the visible spectrum. The molecular structure
of BBEHP-PPV is shown in Figure 2.5 a). Originally this polymer was synthesised
for chemosensing applications by Swager’s group at the Massachusetts Institute of
Technology [199]. This material was then reproduced by Skabara’s group at the
University of Strathclyde. The gain spectrum of BBEHP-PPV spans the 490-540nm

44



Chapter 2: DFB laser design, materials and model Caroline Foucher

region while the absorption peaks at 431 nm as seen in Figure 2.5 b) [111,199]. This
semiconducting polymer is also soluble in toluene, chloroform, tetrahydrofuran
(THF), etc., i.e. most of the common organic solvents. However, contrary to T3,
BBEHP-PPV is not 100% reproducible and is multidisperse. The length of the
molecular chain varies and therefore the molecular weight is not constant from one
batch to another of the same synthetic polymer. Consequently, there can be some
small differences when using a new batch of BBEHP-PPV, engendering variations in
photophysical (photoluminescence and absorption) and lasing properties.

Its absorption peaks being in the blue, BBEHP-PPV is a good candidate for diode
pumping as high-power blue InGaN laser diodes are widely available commercially

(and can be low cost).
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Figure 2.5: a) Molecular structure of BBEHP-PPV and b) Absorption and Photoluminescence.

2.3.1.3. Cadmium selenide colloidal quantum dots — red emitters

CQDs are used in chapter 5. As seen in chapter 1 section 1.5, CQDs are nanometre-
sized semiconductor materials (typical diameter of 2-10 nm). Their emission can be
tuned from blue to red by increasing the dot diameter from 2.5 nm to 6.3 nm for
CdSe CQDs [200]. CQDs also benefit from a high photoluminescence quantum
efficiency in solution, broad absorption and narrow bandwidth emission in
combination with solution process compatibility [201].

In this work, type-I discrete CdSe core and ZnS shell CQDs (see in Figure 2.6 a))
were chosen. These CQDs are widely available commercially such as the
Lumidots™ series from Nanoco with emission ranging from 480 nm to 630 nm with
PLQY of 30 to 50% in liquid phase [200]. Only red-emitting Lumidots were studied
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here. The emission and absorbance spectra of four types of Lumidots are displayed in

Figure 2.6 c).
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Figure 2.6: a) Schematic illustration of the change in colour of Lumidots™ when increasing the
diameter, b) schematic of the CdSe/ZnS CQD structure and c) emission and absorbance of

Lumidots™ of different sizes.

2.3.1.4. TPE1 - aggregation-induced green emitter

Another organic gain medium we worked with is called TPE1 (chapter 6). It consists
of a tetraphenylethene (TPE) core surrounded by monofluorene arms, as seen in its
molecular structure the Figure 2.7 a). This material was synthesised and
characterised by Clara Orofino Pefia (University of Strathclyde, Glasgow). Figure 2.7
b) shows the absorption and photoluminescence of TPE1l in a solution of
dichloromethane. The absorption is broad and peaks at 329 nm. The emission
presents two bands: one at ~408 nm and the other one is observed around 530 nm.
The refractive index was found to be 1.407 for a 5x10” M solution of TPE1 in THF
at 330 nm.

This material is peculiar in that, in contrast to usual organic emitters, it has high
fluorescence efficiency in the solid state but is a poor emitter when in solution —

basically it has the particularity of enhanced fluorescence when aggregated. This
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effect is called aggregation induced emission (AIE) and was discovered by Tang’s
group in 2001 [202]. Aggregation increases the fluorescence efficiency due to the
shape of the molecules, which cannot pack through a m-m stacking process and
because the intramolecular rotations are highly restricted due to physical constraints
[203,204]. When these molecules are free to rotate and twist non-radiative relaxation
pathways are obtained for the decay of the excited stated, quenching the
luminescence, but when the rotations are restricted (in the condensed state) these
non-radiative pathways are blocked. TPE is an active AIE core due to its four phenyl
groups forming a “propeller” that prevents zm-stacking in the solid state [205]. The
AIE effect of TPE is already used for various applications, like DNA probes [206],
cell imaging [207], explosive detection [208] and organic light emitting diodes
(OLEDs) [209].

The AIE property of TPE1 can be demonstrated trivially by adding water to a
solution of TPE1. Water engenders the formation of nano-aggregates of material
[202]. Seven solutions of TPE1 were prepared, with a constant concentration of
30 mg/mL in THF and water, with different percentage of water: 0%, 10%, 20%,
30%, 40%, 50% and 60%. The AIE can be observed in Figure 2.7 c). It is clearly
seen that the two first solutions, with 0% and 10% of water have weak fluorescence
but when the amount of water was increased, the emission of TPE1 was strongly
enhanced. However, for a much higher amount of water added (60%) of water the
fluorescence starts decreasing. To confirm these observations, a spectrum of the
emission as a function of the wavelength was taken for solutions having a 10°M
concentration in different THF:H,0 ratio (from 0% to 90%) (Figure 2.7 d)), where
the same phenomenon was observed. The fluorescence is highly boosted when water
is added, to a certain point (here up to 90%, due to a different concentration of TPE1
in THF/H,0). This lowering of intensity is due to the intramolecular restrictions,
responsible for the AIE, when too many nano-aggregates are formed, forcing them to
be too close to each other. Figure 2.7 d) also shows that the emission presents a blue
shift when adding water. The increase of water forms some crystals changing the
geometry of the molecule, due to a lack of space.
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Figure 2.7: a) Molecular structure of TPEL, b) absorption (solid line) and emission (dashed line)
of TPEL in solution, ¢) 30mg/mL solution solutions of TPE1 in THF:H,O mixtures with
increasing water ratio, under UV light. From left to right 0%, 10%, 20%, 30%, 40%, 50% and
60% of water in THF and d) emission spectrum of TPE1 solutions in THF:H,O for varying

percentage of water.

2.3.1.5. Linear-c DPP - orange emitter

Another oligofluorene organic macromolecule for the gain medium is used in this
thesis (chapter 6): linear-c DPP. It is made of a 1,4-diketo-2,3,5,6-tetraphenyl-
pyrrolo[3,4-c]pyrrole (DPP) core surrounded by two oligofluorene arms (see Figure
2.8 a) for the molecular structure). Like T3, linear-c DPP is a n-conjugated oligomer,
monodisperse, 100% reproducible, soluble in most of the organic solvents and has a
high purity. Linear-c DPP fluoresces in the orange with a photoluminescence
spectrum spanning the 530-600nm region, as shown in Figure 2.8 b) along with its
absorption, which peaks in the UV at ~366nm. The refractive index of linear-c DPP
is 1.69 at 633 nm [210]. However, contrary to T3, it aggregates in the solid state due
to very strong interactions between molecules. The n-n stacking of the aromatic
groups rings of these molecules changes their shape to a propeller-like conformation

instead of being planar. This twisted conformation engenders energy losses between
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the core and the arms of the molecules and prevents the chromophores from emitting
efficiently, reducing the lasing capabilities. Thresholds of the lasers having linear-c

DPP as gain medium are then higher than for a laser using T3 as gain emitter [210].
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Figure 2.8: a) Molecular structure of linear-c DPP and b) absorption (solid line) and emission

(dashed line) of linear-c DPP in solution,

2.3.2. Host matrices and encapsulants
2.3.2.1. CP1

For the nanocomposite lasers studied in chapters 3 and 4 the emitters are
incorporated into a host material or matrix. This helps protect the gain material from
the environment. The choice of the matrix material is evidently important.
Polyimides form a family of polymers that has some attractive attributes for playing
that role (high glass temperature transition, TG, and resistance to harsh
environmental conditions) but their lack of transparency in the visible had up to now
prevented their use in lasers. However, polyimides with improved transparency have
recently been developed, making them relevant for photonics [156,211,212]. The
CP1 chosen in this thesis for the nanocomposite matrix is a fluorinated polyimide
(manufacturer: ManTech), which is highly transparent and very resistant to a harsh
environment [211]. It offers high durability against oxygen and has a TG of 263°C.
However, it has a 50% transparency cut-off at 390 nm for a 12um thick film, from

data given in the material datasheet. To form the nanocomposite, CP1 powder was
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dissolved in tetrahydrofuran (THF) and gain materials were directly added and
dispersed inside the liquid matrix to the desired load (weight ratio between solid CP1
amount and gain material) of 4% weight ratio (wr) CP1l/gain material without
addition of extra solvent. To choose this optimum concentration of CP1, the onset of
ASE in films of different concentrations of CP1/gain material was measured.

2.3.2.2. Polyvinyl alcohol

Polyvinyl alcohol (PVA) is a water-soluble polymer. It is a good candidate for
encapsulation and it is already used to protect some organic solar cells from
oxidation [213,214]. Its molecular structure is given in Figure 2.9 a). It is a highly
transparent polymer that has many industrial applications, not only in photonics: for
example PVA films are used in food packaging and fishing nets and some sail cloth
are made of PVA fibres [215]. For all these applications, the advantage of PVA is
that it has a very low oxygen permeability. At 23°C PVA has an oxygen permeability
coefficient P of 5.0 x 10" cm® cm/(cm? s Pa). In comparison, PET (Polyethylene
terephthalate), which is also used for food packaging, has a coefficient P of
3.1 x 10" cm?/(s Pa) [214,216]. Figure 2.9 b) shows the barrier property to oxygen
of the PVA compared to common polymers.
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Figure 2.9: a) Molecular structure of PVA and b) Oxygen barrier coefficient of common

polymers (with LDPE low-density polyethylene, PS polystyrene, PP polypropylene, PVAc
polyvinyl acetate, , PC polycarbonate, PVVC polyvinyl chloride, PET Polyethylene terephthalate
and PVF polyvinyl fluoride) [216].
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Photolysis affects the properties of PVA. Sunlight is one of the main factors of
degradation of polymers over time. It causes bond scission of the organic material
due to the provision of energy to the molecule (see chapter 1, section 1.4.3.1, for
more details on the cause of deterioration of polymers) [154]. In general, photolysis
engenders the formation of free radicals that bind easily with oxygen. Then exposure
of polymers to harsh UV light is a factor to photo-oxidation [154]. Photo-oxidation
of PVA is at the origin of the formation of other products, like acetone, formic acid
but also esters, lactones, oxalic and succinic acids, but the main compounds formed
are the carboxyl end group (-RCOOH) and carbonyl group (-RCO) [214,215,217].
The reaction which occurs is shown in Figure 2.10. However, due to the low oxygen
permeability of PVA the oxidation occurs only on surface of the film. The products
of the photo-oxidation stay on the top layer (within 5 um) and do not affect the
deeper layers of the material [214]. We will see that even in thin-films (<1 pm) PVA
is effective at protecting the laser gain region. The PVA used in this study has a
refractive index of ~1.55, is 89% hydrolysed and has a molecular weight in the range
of 85,000-124,000 g/mol.

2.3.2.3. Ultra-thin flexible glass

Another way to encapsulate organic materials is to use glass. In fact, this is what is
typically done with OLEDs, but, thick glass does not permit the mechanical
flexibility of the resulting device. However even solid, inorganic materials like glass
can bend if they are made thin enough. Recently, glass manufacturers including
Corning and Schott have released high quality ultra-thin glass, mainly for the display
market. In our work, ultra-thin glass is used to encapsulate a mechanically-flexible
organic laser (chapter 4). For this, we utilised 30um-thick glass membranes (Schott,
AF 32) [218]. The main advantages of using these glass membranes compared to a
polymer for encapsulation is that the glass has the same coefficient of thermal
expansion as silicon, making it suitable for optical packaging material in the
semiconductor industry, a high temperature resistance of up to ~ 600 °C, high
transmittance, low roughness and it has an extremely low gas permeability. AF 32
has a refractive index of 1.51 and a roughness <1 nm RMS. The flexibility of the

glass membranes is demonstrated in Figure 2.11 a) and b). Figure 2.11 b) shows that
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even after dicing the glass sheet (with a diamond pen) to obtain a ~2x2 cm glass

square, the flexibility remains.

O o)
’\,\/\//Y + Y\IJ\/\I
OH H

Carboxyl group Carbonyl group

Figure 2.10: Chemical reaction occurring in photo-oxidation of PVA [215].

/]

Figure 2.11: a) Photo of flexible glass membranes from Schott website [218] and b) flexible glass
membrane bended after dicing a sheet.

52



Chapter 2: DFB laser design, materials and model Caroline Foucher

2.3.3. Inert materials
2.3.3.1. Solvents

Depending on the type of gain materials, different solvents were needed to form thin
films by spin-coating. Three organic solvents were used: toluene, THF and
chloroform. Each of these solvents has a different boiling point that gives an
additional degree of freedom for controlling the thickness of spin-coated films of
gain emitters. A higher boiling point solvent typically engenders a thicker film for a
same spin-coating-speed, while higher spin-coating speeds are preferable for
uniformity of the film. The boiling point of toluene is ~110°C, ~60°C for THF and
~61°C for chloroform [219-221]. So depending on the desired thickness of the gain
film to ensure sufficient confinement and promote oscillation on the fundamental
TE-polarised mode (see section 2.2), the appropriate solvent and spin-coating recipe
was chosen. Another criterion for choosing the solvent is the solubility of the organic

semiconductor (or quantum dots) in that particular solvent.

2.3.3.2. Epoxies and transparent polymers

To fabricate the cavities of the DFB lasers studied in this thesis (see section 2.4.1),
two commercial polymers were used: NOAG65 and NOAS85. They are both UV
curable transparent, colourless liquid polymers. NOAG65 is an epoxy having a
refractive index of 1.524 at 589 nm when cured. A UV exposure dose of 4.5 J/cm? in
air is needed to fully cure the polymer. NOAS85 is an acrylate having a refractive
index of 1.46 at 589 nm once cured and needs an exposure dose of 3.5 J/cm? to be
cured. Both materials are flexible with a modulus of elasticity of 20,000 psi and
9,340 psi respectively for NOA65 and NOAS85 [222,223] — hence their choice for
mechanically flexible lasers. Depending on the gain medium of the laser, either
polymer was chosen, according to their refractive index, as the refractive index of the
laser cavity must be lower than the refractive index of the gain material to obtain a
waveguide (see section 2.2). Another criterion to choose was that it is possible to
spin-coat NOA85 but not NOAG5, so the choice also depended on the thickness
desired.
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2.3.3.3. Poly(methyl methacrylate)

Poly(methyl methacrylate) (PMMA) is commonly used as a host matrix for CQDs
[224,225]. Even in small quantity, PMMA helps the uniform dispersion of CQDs,
yielding films of higher quality than when using neat CQDs. The PMMA used in this
work has a molecular weight of 120,000 g/mol. It dissolves in most of the organic
solvents (toluene, chloroform, etc.) and has a refractive index of 1.49 [226]. The

molecular structure of PMMA is shown in Figure 2.12.
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Figure 2.12: Molecular structure of PMMA.

2.4. Fabrication of DFB lasers

The basic fabrication steps of the solution-processed DFB lasers studied in this work
are explained here. When extra steps specific to a laser structure are required these
are given in the relevant sections of the corresponding chapters.

All lasers studied in this thesis are formed by at least a gain layer deposited on top of
a one-dimensional, mechanically-flexible grating acting as the DFB reflector.
Deposition is done by spin-coating. A drop of solution is placed on the surface of the
polymer grating (usually between 20 and 30 L) and spin-coated at speeds between
1000 and 8000 rpm, depending on the thickness desired [8]. All processes described

below are performed in air.

2.4.1. DFB grating substrate

The mechanically flexible grating is made by soft lithography using a glass master
grating, fabricated by electron beam lithography. The latter has a typical modulation
depth of 50 nm and a period, A, which is chosen depending on the emission

wavelength of the gain material (see chapter 2, section 2.2). An SEM picture of a
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glass master grating having a period of 350 nm is given in Figure 2.13. The master
grating features are reproduced into an ultraviolet-transparent and photo-curable
epoxy material, Norland NOAG5, or an acrylate material, Norland NOAS85. They are
chosen according to their refractive index, noting that the refractive index of the
grating must be lower than the refractive index of the gain layer and that the higher
this index contrast, the more efficient the DFB effect.

For the replication process, a drop of NOAG65 or NOASS is either drop coated or spin
coated on the master grating. A 0.1-mm-thick sheet of acetate is used as an
underlying substrate and pressed onto the epoxy or acrylate that covers the master
grating. After photocuring under a UV (370 nm) dose of 300 mJ/cm? when using
NOAG65 and 100 mJ/cm? when using NOAS8S, the flexible grating is peeled off the
master and then further post-cured under UV light for about an hour for NOA65
(~1.8 J/lcm?) and half an hour for NOAB85 (~0.9 J/lcm?). A flexible grating replicating
the features of the master is then obtained. An atomic force microscopy (AFM)
image and a profile scan of a typical grating fabricated this way can be found in
Figure 2.13 b) and c). These measurements were made on an epoxy grating with a
period of 350 nm.

In some instances, other holding substrates are used, such as flexible glass
membranes or silicon (see chapters 4, 5 and 6). For these cases, the replicated grating
iIs then removed from the acetate substrate and a free-standing flexible film
replicating the features of the master is thus obtained. This free-standing film is then
transferred onto the desired substrate. A drop of NOAB85 or NOAG5 is spin-coated at
8000 rpm on top of the receiving substrate prior to the transfer. The latter is followed
by the final photocuring step under a UV flooding for a total exposure dose of
~1.8 Jlcm? or ~0.9 J/cm?.

2.4.2. Neat lasers

When the gain material is deposited from solution onto the grating substrate with no
additional encapsulation layers or no host matrix the lasers are referred to simply as
“neat lasers”. In this case, the gain layer is made of pure organic semiconductor (or
colloidal quantum dots, see chapter 5) dissolved in a solvent and then spin-coated on

top of the mechanically-flexible grating. Details on the different solution-processable
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semiconductors were given in section 2.3.1. Solvents are chosen according to their
boiling point (a higher boiling point gives a thinner film for a given deposition
recipe) and the compatibility with the OS to yield uniform films. Information on the
concentration of gain material in solvent is given in the relevant chapters. As stated
before, the thickness of the gain layer has to ensure the propagation of a single
transverse electric (TE) mode. The thickness of the layer is determined by controlling
the spinning speed at deposition. This thickness is different for each gain medium

and will be specified in the relevant chapters.

EHT = 15.00kV Signal A= InLens =
WD= 35mm Mag = 10000 K X Time 120459

20

b) c)

Height (nm)

0 500 1000 1500 2000
X (nm)

Figure 2.13: a) SEM image of the master grating, b) AFM image of an epoxy grating and c) its

profile scan.

2.4.3. Nanocomposite lasers
To form nanocomposite lasers, the gain material is embedded in a polymer matrix.
The fabrication process is the same as for a neat laser except that the gain layer

corresponds to a mixed matrix/gain material chosen according to the desired
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properties. The matrix used is the polyimide CP1 detailed in section 2.3.2.1. The

ratio of CP1 to gain material will be defined in the corresponding sections.

2.4.4. Encapsulated lasers

An encapsulated laser follows the same fabrication process as a neat laser except that
the gain layer is further overcoated with an encapsulant. PVA was used as the
polymer encapsulant in chapters 3, 4 and 6. The film of PVA was prepared by
mixing an 89% hydrolysed PVA powder, having a molecular weight in the range of
85,000-124,000 g/mol, with deionised (DI) water to obtain a concentration of
50 mg/ml. The solution was stirred for an hour at a temperature of 80°C. After being
completely dissolved, the resulting solution was spin-coated on top of the gain layer
to form a film 180 £ 20-nm thick, as measured by AFM. While a sub-micron PVA
film might not totally suppress photo-oxidation of OS, it is still expected to slow
down the process. The device was then annealed in air for three days at 35°C in order
to totally evaporate the solvent and obtain a good crystalline cohesion [69].
Encapsulated lasers were also made using the same fabrication process but with a
higher concentration (70 mg/mL) of PVA in order to achieve a thicker film (580 + 70
nm).

In order to determine the thicknesses of PVA, the two solutions were prepared as
described in the previous paragraph and spin-coated on glass covers. They were then
annealed for three days. A scratch was then made on the PVA layer and the height
difference between the scratch and the surface of the layer was measured by AFM.
This method was used to determine all thicknesses of thin films in this thesis.
Ultra-thin flexible glass membranes were also used for encapsulation (chapter 4).
The initial encapsulation steps differ slightly from the previous method. Once post-
cured, a replicated grating (fabricated by spin-coating the polymer on the master
grating) is removed from the acetate substrate. The resulting 43um-thick free-
standing epoxy grating is then transferred onto a 30pum thin-glass membrane (AF 32
thin glass from Schott) [218,227]. A drop of NOAGS5 is spin-coated at 8000 rpm on
top of the 30um-thick flexible glass substrate prior to the transfer. The latter is
followed by a photocuring step under a UV flooding for a total exposure dose of

300 mJ/cm?. BBEHP-PPV is then spin-coated on the grating and overcoated with
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PVA (again 180nm thick or 580nm thick) as per the description above. Finally, a
second ultra-thin glass membrane is deposited on top of the devices to ‘close’ the
encapsulated structure. NOAG5 is used to seal the edges of the two glass membranes
together. A final photocuring step is applied (UV dose of 300 mJ/cm?). The device is

finally annealed in air for three days at 35°C.

2.5. Photo-pumping characterisation set-up

2.5.1. Laser characterisation

Most of the DFB lasers studied in this work were optically pumped for
characterisation by a Q-switched, frequency-tripled Nd:YAG laser emitting 5ns
pulses at a wavelength of 355 nm and with a 10Hz repetition rate. The emission of a
device was detected by a 50um-core optical fibre, connected to a CCD-spectrometer
with a maximum spectral resolution of 0.13 nm [8]. The samples were placed at an
angle with respect to the beam axis to prevent collection of pump photons through
the optical fibre. The full width at half maximum (FWHM) pump spot size on the
device was measured by knife edge. The pump spot size varied from one experiment
to another so it will be defined in each chapter. For each laser, the power transfer
function and spectra were measured and in some cases the operation lifetime or
photosatbility as well (by monitoring the laser intensity above threshold as a function
of pulses). Figure 2.14 shows a detailed schematic of the optical characterisation set-
up. The pump energy can be varied (from 6 nJ to 3 mJ) using a quarter-wavelength
plate followed by a polariser and a neutral attenuator wheel. A dichroic mirror filters
any green components from the laser emission. The various lenses are used to shape

the pump spot.

In chapter 4, a laser diode is used to optically pump an OS DFB laser. The specific

characterisation set-up will be explained in that chapter.
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Figure 2.14: Optical characterisation set-up.

sample

2.5.2. Amplified spontaneous emission

In most cases, the potential of the laser materials was tested before making a laser by
measuring if a thin film could sustain ASE. The same pump source as for laser
characterisation was used. However, instead of a spot, the pump was shaped as a
stripe, as shown in Figure 2.15. The typical size of stipe used was ~2.8 x 0.3 mmZ.
The gain materials were simply spin-coated into a film on a smooth glass substrate
and placed perpendicularly in front of the pump source. The pump stripe excited the
gain material from the top. The amplified intensity was then collected at the edge of

the sample through an optical fibre going to a spectrometer.

7

Amplified intensity
collected through
optical fibre

Pump stripe — o

<« Gain material

Figure 2.15: Method used to carry out an ASE measurement (plan view schematic).

In such a configuration, a sign of ASE is spectral narrowing (see chapter 1, section
1.2.6). So it possible to determine if a gain material presents ASE, if after reaching a

certain pump energy threshold the photoluminescence spectrum shows a spectral
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redistribution and narrowing peak (see Figure 2.16 as an example). Integrating the
spectrum around this ‘ASE peak’ wavelength and plotting the result as a function of
the pump level also gives a function with a threshold-like behaviour above which the

slope increases.

500 550 600 650 700 750
Wavelength (nm)

Figure 2.16: Example of spectral narrowing obtained for a gain material presenting ASE

(CQDs).

2.6. Modelling

For the discussion on the threshold performance of the devices in part 1l of this
thesis, the laser mode transverse intensity profile and its overlap with the gain region
were calculated for the different structures. This overlap, characterised by the overlap
factor as defined further below, is important because it influences the modal gain and
hence the laser threshold as it can be understood in section 2.6.3 (a higher overlap
factor leading to a lower threshold in principle). The calculations were made by
considering slab waveguides equivalent to the laser structures, i.e. with the
appropriate refractive indices and thicknesses, and using a multilayer matrix model
in order to determine the TEy intensity profile across the whole laser structure. The
principles of this method are explained in [228,229]. The model was adapted and
written in Mathcad by Dr Nicolas Laurand. An explanation of the model is given

below.
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2.6.1. Transfer matrix

In order to find the mode profile of a DFB laser, the effective refractive index of the
laser mode needs to be calculated. To do this, a matrix describing the boundary
conditions at each layer composing the DFB laser is used. The structure of the laser
taken into account for the calculation of the transfer matrix is described in Figure
2.17. This figure shows that the laser consists of a multilayer stack of N thin films
between semi-infinite substrate and superstrate. The boundaries between the N layers
are numbered from 1 to N-1, the layer O being the superstrate and N the substrate. To

derive the matrix, a plane wave is considered to be incident on the structure with an

angle 0. The direction cosines are given by @ = ncosf = /n? — B2 with § = nsiné
— B is constant in all the layers and is in fact the propagation constant of the mode.
The transfer matrix allows calculation of the mode profile of the lasers for any layers
added on top of the gain medium. This will be useful further on in this thesis when
several layers of encapsulation are used (see chapters 3 and 4). While any mode can
be calculated, only the mode TE, will be considered here.

Laser mode
7D
K 1 W-1N
Ee(H ’ -
3 Q
U W L Superstrate ,/ V% L Substrate
i_) X ,’ El'N
A 4 £ M.
rd 8 ~

--o---, Nlayers
ey

Incident wave

Figure 2.17: Multilayer stack of N thin films bounded by semi-infinite substrate and superstrate

layers.

Equation Eq. 2.15 represents the transfer matrix for one layer of the stack, i.e. it links

the amplitude of the field at the two boundaries of the layer.

—i
cosd —sin®
M, = " " Eq. 2.15
—iypsin®,,  cosP,
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Here @, represents the phase thickness, ¢, = ka,(x, — x,—1) and y is a/z, (2o
being the impedance of free space). This matrix can be derived from the Maxwell’s
equations applied to a stratified medium and the details of the calculations is reported
in the literature [229].

Once M, is known for each layer of the DFB laser structure, the overall matrix of the
structure that links the field amplitude at the substrate and superstrate boundaries can
be obtained by the product of all the M, (equation Eqg. 2.15). The result of the

calculation (done with Mathcad®) gives:

N
myp My
w=] = ( )
1 n m21 mZZ Eq 216
n=

2.6.2. Effective refractive index

As discussed, the transfer matrix of the equation Eq. 2.16 links the field amplitude
between the interfaces of the substrate and the superstrate. The field satisfies
equation Eq. 2.17 (where “sup” means superstrate and “sub” means substrate and U

and V are the amplitude of the field components, see Figure 2.17).
Usup) (Usub)
=M
(Vsup Vsub Eq.2.17

With U, depending on E, and V, depending on H, for TE modes, according to

Maxwell’s equations:

1 dV

= kyadr Eq. 2.18
y dU

V= ko dx Eq. 2.19

In a perfect system, for a guided mode, the energy would be confined in the stack of
thin films by total internal reflections and the amplitudes of the field would be

independent of y and z. According to the radiation condition, the waves are negative
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going in the substrate so U = Ug,,exp(—ikags,,x) and positive-going in the
superstrate so U = Ug,pexp(ikag,,(x — x,p)). For a waveguided mode (for us the
laser mode) the field is evanescent in the substrate and the supertsrate and ag,,; and

@5y are imaginary. The equation Eq. 2.17 then becomes:

1 1
=M
(_Vsup) Usup (Vsub) Usup Eq. 2.20

Eq. 2.20 can be solved to find the modal-dispersion function for bound modes which

Is given by equation Eq. 2.21:
x(B) = YsupMi1 T VsupVsupMiz + Mag + VsupMaz = 0 Eq.2.21

The solutions (if any) of this equation Eq. 2.21 represent the effective refractive
indices of the modes TEo,, TE;, TE,, etc.The highest value is for the lowest

waveguided mode (TEy).

2.6.3. Mode profile

Once the refractive index of the TE mode is found, the field distribution between the
boundaries of the N layers can be plotted. To do this, one of the values of the field
amplitudes is arbitrarily chosen and Eq. 2.22 is used to calculate the field amplitudes
at the other points of the laser structure. In our case, the amplitude U was chosen to

be 1 at the boundary between the gain layer and the substrate.

Un—l _ Un
(Vn_l) =M (V) Eq. 2.22

To plot the mode profile of the whole laser structure, equation Eq. 2.23 was used.
The mode profile can then be plotted against the refractive index of the laser

structure.
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i
E(x) = Uy cos[ka,(x — x,)] + Y—Sin[kan(x — Xn)] Eq. 2.23

n

The intensity profile of the mode is simply |E(x)|2. The overlap of the modal
intensity with the gain region is then given by Eq. 2.24.

_ IE@)2dx
JI71E (o) |2dx

Eq.2.24

t represents the thickness of the gain region. The higher this overlap, the lower the

threshold of the laser (see chapter 1).

2.7. Conclusion

The principle of operation and the design of DFB lasers were explained. The main
elements and the fabrication steps for these DFB lasers were described. The different
materials including gain, encapsulation and substrate materials, were listed and their
main characteristics given. The principal characterisation approaches and
corresponding experimental set-ups were discussed — although more details are given
in later chapters. The theoretical model, whose outputs are sometimes used in the
discussion of experimental results, was also explained.

The experimental results of this thesis and the related discussions are given next. A
fundamental problem for the application of organic semiconductor lasers is the
photo-oxidation. The first investigation of this thesis is toward to improving the
operational lifetime of mechanically-flexible organic lasers by studying different

encapsulation approaches.
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Part 11
Experiments and results
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Chapter 3
Highly-photostable all-organic semiconductor

lasers
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3.1. Introduction

The overall aim of this chapter is to explore approaches for obtaining low-threshold,
highly photostable mechanically-flexible OS lasers. In the first section of the chapter,
two formats of all-organic distributed-feedback lasers with improved photostability,
respectively called nanocomposite and encapsulated lasers are proposed,
demonstrated and studied. These lasers are compatible with mechanically-flexible
platforms. The gain elements in both types of these lasers are monodisperse m-
conjugated star-shaped macromolecules (oligofluorene truxene, T3). For the
nanocomposites lasers, these elements are incorporated into a transparent polyimide
matrix, while in the encapsulated devices a neat layer of T3 is overcoated with PVA.
These choices of materials for incorporating the gain material and for encapsulation
are justified in chapter 2, sections 2.3.2.1 and 2.3.2.2. The T3-nanocomposite devices
show a 3-fold improvement in operation lifetime under ambient conditions
(photostability) compared to the equivalent non-encapsulated laser, albeit with a 1.6-
times increase in threshold. The PVA-encapsulated lasers have the best overall
performance: a 40-times improvement in the operation lifetime and crucially no-
trade-off on the threshold, with respectively a degradation energy dosage of
~280 + 20 J/cm? and a threshold fluence of 36 + 8 puJ/cm?.

Results of this chapter were published in Optics Materials Express (C. Foucher, B.
Guilhabert, A. L. Kanibolotsky, P. J. Skabara, N. Laurand, and M. D. Dawson,
“Highly-photostable and mechanically flexible all-organic semiconductor lasers,”
Opt. Mater. Express, vol. 3, no. 5, p. 584, 2013).

3.2. T3 Lasers

As described in chapter 1, one of the main challenges for application of organic
semiconductor lasers is their short photostability under ambient conditions. For
practical applications, it is critical to mitigate this issue by (i) minimising heat build-
up in the OS through an increase in thermal conductivity and/or possibly low-
repetition rate operation and by (ii) preventing or slowing the photo-oxidation
process through isolation of the OS gain materials from the environment. One
possible way to achieve this is to embed the OS emitters within an appropriate

polymeric host matrix, creating (when the OS gain molecules are of appropriate size)
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a nanocomposite. OS lasers have been reported using such an approach, showing
extended photostability but to the detriment of the laser threshold performance
[96,152]. Another way to improve the lifetime of an organic laser is to ‘encapsulate’,
I.e. to overcoat, the neat gain region with another material acting as a protective
oxygen barrier. However, for mechanically-flexible lasers it is also necessary to
maintain the overall mechanical properties of the device. Therefore, standard
encapsulation techniques making use of thick inorganic materials (like glass) such as
are often used in OLED technology are not directly applicable here [230].

In the following, we demonstrate all-organic, one dimensional, second-order DFB
lasers with improved photo-stability based on, respectively, a nanocomposite and an
encapsulated gain region, that are both compatible with the fabrication of
mechanically-flexible devices. Section 3.3 explains the design and fabrication of
these flexible lasers including a reminder of the relevant characteristics of the
different materials composing the devices. In section 3.4, the optical set-up used for
the characterisation of the lasers is detailed and the laser mode transverse intensity
profiles and their overlap with the gain regions are calculated with the multilayer slab
waveguide model (see chapter 2, section 2.6). The latter are used in the discussion of
the experimental results of section 3.5. The photostability in air of each type of lasers
is measured and compared with reference lasers made with neat OS (based on a pure
film of OS, i.e. not incorporated in a matrix nor encapsulated) in order to identify the
best performing structure with both low lasing threshold and high photostability. In
addition, as one of the possible applications of the neat and hanocomposite OS lasers
is bio-sensing, which typically necessitates operation in polar solvents, e.g.
biological buffers, the photostability of these devices when immersed in deionised

water is also highlighted.

3.3. Design and fabrication

3.3.1. Structure of the mechanically-flexible lasers

Figure 3.1 (a), (b) and (c) show the structures of the three types of lasers studied in
this section, namely neat, nanocomposite and encapsulated lasers. They are all

formed by a gain layer deposited on top of a one-dimensional, mechanically-flexible
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grating acting as a DFB reflector (see Chapter 2, section 2.4). NOAG5 is used here to
reproduce the features of a master grating having period of 276 nm (the epoxy is
deposited on top of the master grating). The gain layer of both neat and encapsulated
lasers is made of pure OS whereas, as stated before, the OS is incorporated into a
transparent polyimide matrix in the case of the nanocomposite lasers. Encapsulated
lasers use neat OS but are further overcoated with a protective layer of PVA.
Common to all these lasers, the active elements of the gain layer are star-shaped
tris(terfluorenyl) based on a truxene core (T3) macromolecules that luminesce in the
blue region of the visible spectrum (see Chapter 2, section 2.3.1.1). We remind the
reader here that the synthesis of these monodispersed macromolecules is 100%
reproducible [198] and that they can form amorphous films with low-optical loss that
are ideal for laser applications [36]. The gain spectrum of T3 spans the 410-450nm
region while the absorption peaks at 375 nm (see Figure 2.4 in chapter 2).

The fabrication of the laser cavity is explained in chapter 2, section 2.4.1, as well as
the principal fabrication steps of a neat, nanocomposite and an encapsulated laser.
Only the fabrication steps specific to this chapter are given in the following sub-

sections.

T3

Epoxy Grating
Substrate

b) T3 + CP1

Epoxy Grating
Substrate

PVA
c) T3

A AR

Epoxy Grating
Substrate

Figure 3.1: Schematics of the device structures are shown: a) neat T3 laser, b) nanocomposite

laser and c) encapsulated laser.
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3.3.2. Neat T3 lasers

For neat lasers, T3 in solid phase (powder) is dissolved in toluene, at a concentration
of 20 mg/mL. To form OS lasers, the dispersed T3 is then spin-coated to form a film
of 75 =5 nm (as measured by AFM) onto a mechanically-flexible grating and left to
dry for a few minutes in air. Such a thickness, determined by controlling the spinning
speed at deposition, ensures laser oscillation on a single TE-polarised mode.

A device was also made using tetrahydrofuran (THF) instead of toluene in order to
verify the effect of the solvent on the operation lifetime of neat lasers and also
because THF was utilised in the fabrication of the nanocomposites lasers.

3.3.3. Nanocomposite lasers

CP1 powder was dissolved in THF and T3 was directly added and dispersed in the
liquid matrix to the desired load of 4% wr CP1/T3 without addition of extra solvent.

The nanocomposite was spin-coated to form a 75+ 10nm-thick film onto the
mechanically-flexible grating. Again this thickness and the relevant refractive index
values ensure that sufficient confinement is achieved to promote oscillation on the

fundamental TE-polarised mode.

3.3.4. Encapsulated laser

The encapsulation was obtained by overcoating a neat T3 layer with a layer of PVA.
Similarly to the neat laser, T3 was dissolved in toluene at a concentration of
20 mg/mL and spin-coated on the grating to form a 75 £5 nm thick gain material
layer. Two encapsulated lasers were fabricated, with a concentration of PVA of
50 mg/mL and of 70 mg/mL respectively. This was in order to check the influence
the thickness of PVA has on the photostability of the lasers. The respective PVA film
thicknesses obtained with such concentration were, respectively, 180 + 20 nm and
580 £ 70 nm (evaluated by AFM on a films prepared with the same recipes and spin-

coated on glass).
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3.4. Photo-pumping experiments and model for mode profile
calculations

3.4.1. Optical pumping

The DFB lasers were optically pumped as described in chapter 2, section 2.5. We
remind the reader that the pump source emits at 355 nm and has 5ns pulse duration.
Moreover, the optimum spectral resolution of the spectrometer is 0.13 nm. The full
width at half maximum (FWHM) pump spot size on the sample was 70,000 pm?
+5% for the nanocomposites lasers and 145,000 um? + 5% for the encapsulated
lasers. The differing sizes of the pump spot are due to changes in the configuration of
the system between both sets of measurements. However, it was verified that this
difference had no significant effect on our lasers in terms of performance by
measuring neat T3 lasers in both configurations. Consequently, in the following, all
experimental results are discussed in terms of the pump fluence (energy density).

For each laser, the power transfer function and spectra were measured. The threshold
given in the text for each laser is obtained by averaging measurements taken at
different closely-spaced positions on a device. In order to determine the operating
lifetime, the intensity of each laser was monitored and recorded every thirty seconds
(i.e. every ~300 pulses) while operated above threshold at a pump fluence of
3.5 mJ/cm? unless stated otherwise in the text. This represents a fluence 30 to 100
times the threshold depending on the particular type of laser. Results were then
plotted versus the number of pulses. The resulting operation lifetimes are given in
terms of the pump energy fluence (Fqeg) a device has been exposed to when its output
intensity falls to 1/e of its initial value. Lasers were characterised in air and ambient
conditions except in a few instances, specified in the text, when the lasers were

immersed in DI water.

3.4.2. Mode profile

For the discussion on the threshold performance in section 3.4, the laser mode
transverse intensity profile and its overlap with the gain region were calculated for
the different types of lasers using the model described in Chapter 2, section 2.6. In

the case of neat and nanocomposite lasers there is only one layer to be considered,
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the gain material T3 or the polyimide nanocomposite, enclosed between a semi-
infinite epoxy substrate (NOAG65) and air or water. For encapsulated devices an
additional layer representing the PVA (refractive index~1.55) was taken into
account. The mode and refractive index profiles of a neat laser, a nanocomposite
laser and an encapsulated laser having an 180nm-thick PVA and a 580nm-thick PVA
are plotted in respectively Figure 3.2 a), b), ¢) and d). Table 3.1 summarises the

values of the overlap and the effective refractive index for each of these T3 laser.
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Figure 3.2: Mode and refractive index profile of a) a neat laser and b) a nanocomposite laser, c)
a laser encapsulated with a 180nm-thick PV A layer and d) a laser encapsulated with a 580nm-
thick PVA layer.

Neat 16.7 1.55
Nanocomposite 13.4 1.54
180nm thick PVA 23.6 1.58
580nm thick PVA 20.4 1.59

Table 3.1: Values of the overlap and effective refractive index for each T3 laser.
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3.5. Experimental results and discussion
3.5.1. Neat T3 lasers

Neat T3 lasers were made and their characteristics measured in order to use them as
references for the nanocomposite and encapsulated lasers. Two reference lasers were
fabricated using solutions of T3 dissolved, respectively, in THF and in toluene to
verify the effect of the nature of the solvent on the laser operation lifetime. These
two solvents enter into the fabrication of the nanocomposite and encapsulated lasers,
respectively (see section 2.4.3 and 2.4.4).

The power transfer functions and the spectra of both lasers are plotted in Figure 3.3
a) and b). The T3/THF laser emits at 440.6 nm, with a linewidth of 0.32 nm and the
T3/toluene laser emits at 426.3 nm, with a linewidth of 0.26 nm. The wavelength
difference is simply attributed to the thickness of the gain region, which is around
~130 nm for the T3/THF sample while it is ~75 nm for the T3/toluene device. A
thinner gain region leads to a lower ne and hence to a shorter wavelength (see
equation Eg. 2.9 in chapter 2). The emission wavelength obtained for the T3/toluene
laser is close to the expected value from the calculated ne in Table 3.1 (427.8 nm).
Average threshold energy fluence, Fy, is found to be 30 + 3 pd/cm? per pulse for the
T3/THF laser, whereas it is 70 + 7 pd/cm? for the T3/toluene laser. The difference in
threshold is again an effect of the thicker T3 layer thickness for the T3/THF laser.
The 440.6 nm emission wavelength is better aligned with the T3 spectral gain
maximum, which peaks around 435-440 nm [228]. Furthermore, the thicker gain
region of the T3/THF device leads to a higher spatial overlap factor and hence a
higher modal gain. Using the model as described in section 3, the calculated overlap
factor for the T3/THF laser and T3/toluene laser are found to be, respectively, 16.7%
and 12.5%. Such values are consistent with the lower threshold for the laser having
the thicker gain region. The fan-shaped emission of a T3 laser is shown in Figure 3.3.
The intensity decay of the neat T3/THF device under constant pulse pumping was
measured for 15 minutes (9000 pulses) and the intensity plotted against the number
of pulses (Figure 3.3 c¢)). A mono-exponential decay is fitted to the curve, giving a
1/e degradation dosage, Fgeg, 0f 9.4 + 2.5 Jlcm?. Neat T3/toluene lasers have a similar
Faeg (11.5+£5.8 Jlcm?) [8]. This means that the use of either THF or toluene as

solvent has no significant effect on the degradation dosage of T3 and therefore the
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degradation characteristics of devices fabricated with these solvents can be directly
compared.

The intensity decay of the neat laser was also measured in water (Figure 3.3 ¢)). This
was done for two reasons: (i) to study the operation of the organic laser when
immersed in a polar solvent, which is relevant for example to biosensing applications
[231,232] and (ii) to measure the degradation of the laser when placed in an oxygen-
poor environment, i.e. not in air. The intensity was still recorded every 300 pulses
but the device was exposed to a higher pump intensity of 13.8 pJ per pulse
(7.6 mJ/cm?, 250 times the threshold). A two-fold improvement in Fueg IS Obtained,
with 19.5 + 5.0 J/cm?, compared to operation in air. This improvement is attributed
to the fact that less free oxygen molecules are present in water than in air, so the
device does not photo-oxidize as fast. It is interesting to note that the emitted
wavelength stays constant on the timescale of the measurement even as the laser
intensity degrades. This indicates that such lasers can be used for refractive index
sensing in solution [12,233,234].

a) b)
‘?10“ T3/THF b 31.0-' T3/t0|uene. l/ E
go_s L — T3/toluene/] 20.8 |+ T3/THF |
— q, *
£0.6 "
©
3041
£0.2|
5]
Z0.0 MW
420 430 440 450 460 470 0 40 80 120 160
Wavelength (nm) Energy fluence (uJ/em?)
c) d)
>1.0 .+ Ar
7 Water
508} ]
c
06l & 2
20.4 ", Faog=T1 9,?IJ/cm
£0.2 e/
6 . / ".-l'i'!lL', Taxans
<0.0tF, =9.4 Jem :

0 2000 4000 6000 8000 10000
Number of pulses

Figure 3.3: a) and b) Respective spectra and power transfer functions of a neat T3/THF and a

T3/toluene laser, ¢) comparison of the intensity decay of a T3/THF laser in air and water and d)
fan-shaped emission of a T3 laser.
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3.5.2. Nanocomposite lasers

The characteristics of a typical nanocomposite laser are shown in Figure 3.4. It emits
at 428.6 nm (Figure 3.4 a)), has a linewidth of 0.20 nm and has a threshold of
115 +10 pJ/cm? (Figure 3.4 b)), which is about 1.6 times the value found for the neat
T3/toluene laser emitting close to this wavelength and 3.7 times higher than the
T3/THF laser emitting at 440.6 nm (see section 3.5.1)). The increase in threshold is
mainly attributed to residual pump absorption by the matrix at 355 nm and to the
slightly lower density of T3 molecules leading to a lower modal gain. The expected
emission wavelength from the calculation of ne in Table 3.1 is slightly different
from the experimental value. This difference is attributed to the repeatability of the
experiment (small changes in the thickness due to the repeatability of the spin-
coating, roughness of the gain material, etc.).

Figure 3.4 c) shows a comparison of the photostability in air of the nanocomposite
laser with the neat OS laser. The polyimide nanocomposite brings a ~3-fold
improvement in terms of photostability with a Fgey Of 27.0+6.5 Jlcm?. The
operational lifetime of another nanocomposite laser was measured both in air and
water at a pump energy of 13.8 pJ per pulse (7.6 mJ/cm?, about 70 times threshold).
Results are plotted in Figure 3.4 d). The intensity decay is found to be the same in
both media with a Fgeg 0f 22.0 £ 4.5 uJ/cmZ, whereas it was twice as long in water for
the neat T3 laser. This result shows that the CP1-nanocomposite approach slows-
down the degradation of the organic semiconductor and that the intensity decay is
probably caused by the oxygen already present in the material after the fabrication
process (the lasers being made in air). It also indicates that the benefit brought by the
nanocomposite in terms of photostability for biosensing applications requiring
immersion of the laser in water/solution is only marginal. Nevertheless, it may bring
other potential advantages, e.g. for surface functionalization, and is still

advantageous for operation in air.
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Figure 3.4: a) Emission spectrum and b) power transfer function of a nanocomposite laser, c)
comparison of the intensity decay of the nanocomposite and neat laser and d) intensity decay of
the nanocomposite laser in air and in water.

3.5.3. Encapsulated laser
3.5.3.1. Laser with a 180nm thick PVA film

The emission wavelength of an encapsulated laser with a 180nm-thick PVA layer is
shown in Figure 3.5 a) and is 438.9 nm. The linewidth of the peak emission is
0.29 nm. This emission wavelength is slightly higher than the expected value from
the calculated ne, due to the repeatability of the experiment; however this value
follows the expected trend as a red shift was anticipated. The average threshold is
measured as 25 + 6 pJ/cm? (Figure 3.5 b)). These values show that the encapsulating
layer both redshifts the oscillation wavelength and lowers the threshold when
comparing to the equivalent neat laser (F~70 + 7 pd/cm? for a 426.3 nm emission).
These effects are mainly due to changes in the refractive index profile of the laser
structure as shown in Figure 3.2. As a result of the PVA layer addition, the laser
mode is pulled away from the substrate and overlaps more with the gain region
leading to an increase in the effective refractive index of the mode. To verify this

point the modal effective index and the corresponding overlap factor were calculated
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and found to be 1.543 and 12.5% for the neat laser and 1.5906 and 15.9% for the
laser encapsulated with 180 nm of PVA. This is consistent with the emission of a
red-shifted wavelength and lower threshold observed experimentally.

The lifetime of the T3/PVA laser was measured and compared to the previous
lifetimes obtained for the neat and the nanocomposite devices (see Figure 3.5 c) and
d)). The intensity of this OS laser stays stable for ~13,000 pulses and then starts to
decrease slowly. We attribute the initial, stable phase to the time it takes to
photooxidise the PVA film when photopumped in air and for the oxygen to migrate
to the active region. The second phase characterised by an exponential drop in
intensity corresponds to the photodegradation of the organic semiconductor. The 1/e
degradation dosage, Fgeq, iS here 44.0 £ 1.5 Jlcm?, i.e. 1.6 times longer than for the
nanocomposite laser and 6.2 times longer than for the neat laser. Crucially, and
unlike the nanocomposite lasers, this increase in lifetime is accompanied by a

reduction in the threshold fluence.
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Figure 3.5: a) Spectrum and b) power transfer function of an encapsulated laser with a 180nm
PVA layer, c) intensity decay of the encapsulated laser, d) comparison of intensity decay of the
encapsulated laser with the nanocomposite laser and the neat laser.
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3.5.3.2. Laser with a 580nm thick PVA film

The thickness of the encapsulating film was increased to 580 £ 70 nm in order to
study the influence on the laser photostability.

The emission wavelength of the device shown in Figure 3.6 a) is at 440.9 nm and the
peak emission has a linewidth of 0.21 nm. The further 2nm red-shifted emission with
respect to the previous device mainly results from the higher effective index of the
laser mode induced by the thicker PVA film (1.587 versus 1.583 as determined with
the multilayer model). As previously, this emission wavelength value follows the
expected trend as a 2nm red shift was predicted from the calculated value of ness. The
average threshold fluence is measured to be 36 + 8 pJ/cm?, i.e. not significantly
higher (Figure 3.6 b)).

A hundred times above threshold the laser intensity of the sample was stable for
79,400 pulses (equivalent to 132 minutes at 10Hz operation). To accelerate the
degradation the frequency of the pulses was increased to 14 Hz after 50,700 pulses.
After the 79,400-pulse-long plateau, the laser intensity started to decay. The pump
energy fluence for degradation Fgey is found to be 280 + 20 Jlcm?, which is ~6.5
times higher than for the thinner encapsulated laser (Figure 3.6 c¢)) and 40 times
higher than for the neat T3 laser. The dominant degradation is assumed here to come
from molecular oxygen diffusing from the environment into the gain layer. The
improvement in operation lifetime is attributed to the thicker PVA film offering a
better oxygen barrier. Basically, it takes longer for the PVA to degrade and for
oxygen to reach the gain material. Results also indicate that the amount of molecular
oxygen trapped in the OS after fabrication is lower than in the case of the
nanocomposite lasers. This could possibly be possible due to the annealing step of
the fabrication process. To the best of our knowledge, this value of Fgq was the
highest reported for a mechanically-flexible organic laser at the time of the
demonstration [8,24,100], prior to our further work on ultra-thin glass encapsulation
(see chapter 4). Importantly, it is achieved with no trade-off in the threshold

performance.
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Figure 3.6: a) Emission spectrum and b) power transfer function of the encapsulated laser with
a 580nm-thick PVA layer and c) comparison of the energy decay of both encapsulated lasers.

3.5.3.3. Importance of the annealing

To see the importance of the annealing step, a sample was made with a 180nm
overlayer of PVA as previously, but without being annealed for 3 days. It was tested
right after the PVA deposition. The emission wavelength of the non-annealed
encapsulated T3 laser was 432nm and the average threshold energy was
394.6 pJ/cm? (Figure 3.7 a) and b)). This threshold value is 4.7 times higher than for
the neat laser.

The lifetime of the encapsulated laser is longer than for the neat laser but shorter than
for the T3/CP1 laser (Figure 3.7 c)). Indeed the value of Fyeq is 12.4 J/cm? for this
T3/PVA device (7.1J/cm?® for the T3/THF laser and 27.5Jcm® for the
nanocomposite laser). Then annealing increases the photostability by ~3.5 as the
lifetime of the same sample annealed for 3 days was found to be 44 J/cm?,

The annealing step therefore improves the PVA properties for encapsulation and
lowers the threshold. This is attributed to a lower density and a higher porosity of

PVA before annealing. These characteristics lower the overlap with the gain region
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and possibly engender higher scattering losses in the PVA layer and an increase in

oxygen diffusion. Consequently, a higher threshold and a lower operation lifetime

are obtained when the sample is not annealed [215].

a)

210}
0.8}
C

=06}
0.4}

w
c
QO

—_

o
Q@
2]

420 430

Figure 3.7: a) Emission spectrum, b) power transfer function of the encapsulated laser with a
180nm-thick PVA layer without annealing and c) comparison of the intensity decay of the neat,
the nanocomposite and the encapsulated lasers with 180 nm of PVA without annealing.
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X

3.6. Conclusion

70+7  115+58[8] 440.6
30+3 9.4+25 426.3 19.5
22.0 £ 4.5-
115+ 10 428.6 22.0-275
27.0 6.5
25+6 44+15 438.9 X
36+8 280 + 20 440.9 X

Table 3.2: Summary of the results on neat, nanocomposite and encapsulated T3 lasers.

The operating lifetime under ambient conditions of mechanically-flexible organic
semiconductor lasers based on monodisperse star-shaped oligofluorenes has been
improved by using two approaches. A flexible organic laser comprising a T3-
polyimide nanocomposite shown a ~3-fold photostability improvement in air over an
equivalent neat OS laser, albeit with an increase in threshold up to 115 # 10 pd/cm?,
A flexible OS laser encapsulated with an oxygen barrier polymer (PVA) shown a
photostability improvement of ~40 combined with an improvement in the threshold
performance.

In conclusion, we have managed to encapsulate a mechanically flexible OS laser
with a thin polymeric film and demonstrated improved operation stability in air for a
total degradation dosage of 280.0 + 20 J/cm?. The latter was, to our knowledge, the
highest reported for a mechanically-flexible organic laser at the time of the
experiment. This degradation dosage corresponds to a working lifetime of about 7
hours under 10Hz pulse pumping before the intensity falls to 1/e of its initial value.
The structure has also the benefit of lowering the device threshold to 36 + 8 pd/cm?
by rendering the laser refractive index profile more symmetric. Table 3.2 summarises
the main results of this study and can be ‘calibrated’ with reference to Figure 1.10
and Figure 1.11. Further work on ultra-thin glass encapsulation has shown longer

operation lifetime (see chapter 4).
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Chapter 4
Diode-pumped, mechanically flexible

encapsulated DFB laser
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4.1. Introduction

Following the work of the previous chapter, this chapter reproduces the same
experiments but here using the green emitting n-conjugated polymer, BBEHP-PPV.
However, the encapsulation method is pushed one step further by using ultra-thin
glass membranes and laser-diode pumping is made possible due to the low-threshold.
First, two formats of green emitting, flexible encapsulated distributed-feedback lasers
with highly improved photostability and reduced threshold are demonstrated. The
gain material is overcoated with PVA and fully encapsulated with two ultra-thin
flexible glass membranes. An improvement in operation lifetime up to 120 times and
high threshold reduction (up to 22 times) over an equivalent non-encapsulated device
is obtained. The last section reports a diode-pumped, mechanically-flexible organic
distributed-feedback laser that is fully encapsulated with ultra-thin glass. The organic
laser is excited with a 450nm laser diode and emits at 537.1 nm with an oscillation
threshold of 290 W/cm? The encapsulation format of the device results in a
photostability that is improved by two orders of magnitude compared to a non-
encapsulated device while maintaining mechanical flexibility thanks to an overall
device thickness below 105 pm. The laser is also wavelength-tunable between
535 nm and 545 nm by mechanically bending the ultra-thin glass.

Results of this chapter were published in Optics Express (C. Foucher, B. Guilhabert,
J. Herrnsdorf, N. Laurand, and M. D. Dawson, “Diode-pumped, mechanically-
flexible polymer DFB laser encapsulated by glass membranes,” Opt. Express., vol.
22, no. 20, p. 584, 2014).

4.2.BBEHP-PPV lasers

As seen previously, OS lasers face a hurdle to applications: photodegradation. It has
been shown in the previous chapter that photostability can be improved by
embedding the gain material in a polymer matrix or by encapsulating the gain layer.
In this chapter, we try to improve the operation lifetime of OS lasers further by
looking at another OS material and another type of encapsulation. Glass is the ideal
encapsulation material but resulting OS lasers so far have been rigid [96]. Glass is

the material of choice for many technological solutions, often providing the interface
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between the ‘outside world’ and an underlying electronic/photonic core device. It
offers advantageous characteristics compared to polymers such as high thermal
stability, high chemical resistance, excellent barrier properties and high transmission
of visible light [218]. At the same time, mechanical-flexibility in glass sheets can still
be obtained if they are made thin enough (<100 pum) [153]. Such thin-glass sheets
with high optical quality are being developed for the display market, which in turn is
opening up opportunities for other photonic devices. A limited number of optical
structures made on 75-um or 100-pum thick glass substrates have been demonstrated
recently (e.g. AM-LCDs, ChLC e-paper and electrophoretic displays [235-237]).
Here we used an ultra-thin glass membrane to encapsulate OSLs that allows keeping
the advantages of glass whilst also being flexible.

T3 is replaced by the green emitting m-conjugated polymer BBEHP-PPV, the
absorption of which peaks in the blue region, meaning that it is the perfect candidate
for diode-pumping; blue emitting laser-diodes are low-cost and easy to produce
compared to UV emitting laser diodes. The ultimate aim of the work described in this
chapter is to finally obtain a low-cost, compact, highly photostable and mechanically
flexible OS laser system.

In the following, section 4.3 explains the design and fabrication of these flexible
lasers. Some specific details of the optical set-ups are also given. Finally, section 4.4
demonstrates the substantial improvement in threshold and operation lifetime
engendered by the different encapsulations, in comparison to an unencapsulated
laser, and the first flexible OS lasers pumped with a laser diode is reported. We
demonstrate laser diode pumping of mechanically-flexible BBEHP-PPV lasers and
report improved performance in terms of threshold and photostability in section
4.4.2. These lasers are based on two encapsulation formats that were studied in the
previous sections. The fabrication of the two OS lasers is the same as in section
4.3.2. The optical set-up for optical pumping as well as the properties of the pump
laser diode are detailed first in section 4.4.2.1. Performance results including optical
spectra, oscillation threshold and photostability are then presented, discussed and
compared to device performance under 355nm Q-switched laser pumping (studied in

section 4.4.1) in section 4.4.2.2. In particular, the substantial improvements in
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threshold and operation lifetime when pumping at 450 nm are highlighted. Finally,

the effect of the pulse repetition rate on the OS laser characteristics is studied.

4.3. Design, fabrication and characterisation

4.3.1. Design of the flexible/glass DFB laser and of comparative laser
structures

The design of the flexible glass/DFB lasers is detailed in this section. Descriptions of
other laser structures that are also studied in order to benchmark the encapsulation
performance of these flexible glass/DFB lasers are given as well. Figure 4.1 c)
represents the structure of the ultrathin glass laser with a 180nm PV A overcoat. It is
formed by a 130nm-thick gain layer deposited on top of a one-dimensional grating
acting as a DFB reflector. The gain layer is made of pure OS, a m—conjugated
poly[2,5-bis(2’,5’-bis(2-ethylhexyloxy)phenyl)-p-phenylene  vinylene] (BBEHP-
PPV). The gain spectrum of BBEHP-PPV spans the 490-540nm region while the
absorption peaks at 431 nm [111,199]. More details on BBEHP-PPV are given in
chapter 2, section 2.3.1.2. Encapsulation is obtained by overcoating with a protective
layer of PVA and by “sandwiching” the whole structure between two thin glass
sheets.

In order to compare the properties of this laser to a neat laser and other forms of
encapsulation, four other devices were made and are represented in Figure 4.1. As
shown in Figure 4.1 a), the neat laser is simply made of a layer of BBEHP-PPV
deposited on top of the epoxy grating. A nanocomposite laser was made by
embedding BBEHP-PPV in a CP1 matrix. Two other lasers were encapsulated with
only PVA (a 180nm layer and a 580nm layer). Finally, another ultrathin glass laser
with PVA overcoat was fabricated, but the thickness of the PVA layer was increased
to 580 nm.
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Figure 4.1: Schematics of the device structures: a) neat BBEHP-PPV laser, b) encapsulated laser
with a layer of PVA layer (180nm or 580nm thick) and c¢) encapsulated laser overcoated with a
180nm or 580nm thick layer of PVA and sandwiched between two ultra-thin flexible glass
membranes. d) Photo of a BBEHP-PPV laser encapsulated with flexible glass and PVA under

UV exposure — the laser can bend.

4.3.2. Fabrication steps

The grating is identical for all 6 types of laser. It is made by soft lithography as
described in chapter 2, section 2.4.1. NOAG5 is spin-coated on top of a master
grating having a period of 350 nm. An epoxy layer of thickness 43um is obtained
(measured with a microscope). The neat laser, the nanocomposite laser, the PVA-
encapsulated lasers and the ultra-thin glass lasers also follow the same fabrication
method as detailed in chapter 2, section 2.4.4, with BBEHP-PPV as the gain
medium. A concentration of BBEHP-PPV in toluene of 20 mg/mL is spin-coated on
top of the epoxy grating, forming a gain layer of thickness 130 nm. For the
nanocomposite laser, CP1 powder was dissolved in toluene and BBEHP-PPV was
directly added and dispersed inside the liquid matrix to the desired load of 4% wr
CP1/BBEHP-PPV [153]. The solution was then spin-coated at 5000 rpm on top of
the grating forming the 130nm-thick gain layer.

As shown in Figure 4.1 d), the glass-encapsulated lasers are still mechanically

flexible thanks to a total device thickness below 110 pm.
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4.3.3. Laser characterisation set-ups

All the DFB lasers are first optically pumped and characterised using the method
described in chapter 2, section 2.5.1. The full width at half maximum (FWHM) pump
stripe size on the sample under test is 1.789 x 0.329 mm?. For each laser, the power
transfer function, spectra and photostability are measured. For the latter, in order to
determine the operating lifetime, the intensity of each laser is monitored and
recorded every thirty seconds (i.e. every ~300 pulses) when operated above
threshold, at a pump fluence of 0.59 mJ/cm?. The degradation dosage Fqeq is defined
as the total pumping dosage for which the laser intensity has dropped to 1/e of its
initial value.

The effect of mechanical bending on the emission wavelength of a laser encapsulated
with flexible glass is studied here, as we presented in [227]. The laser is mounted in a
slightly different set-up (see Figure 4.7 a)). The laser was fixed on each end of the
mechanical stage and the distance was reduced using the micrometre screw.
Depending on the position of the laser on the stage, the radius of curvature could
either be negative of positive (see Figure 4.7 b) and c)), increasing or decreasing the

grating period and therefore inducing a red shift or a blue shift.

4.3.4. Mode profile

For the discussion on the threshold performance in section 4.4, the laser mode
transverse intensity profile and its overlap with the gain region are calculated for the
different types of laser structures. The details of the overlap calculations are given in
chapter 2, section 2.6.

In the case of the neat laser, there is only one layer to be considered, the gain
material BBEHP-PPV, of refractive index n~1.7, enclosed between the (considered
semi-infinite) epoxy substrate (NOAG65), n~1.52, and air media. For the
nanocomposite laser the refractive index of the gain material incorporated in the
matrix was estimated to be ~1.69 [238]. For the PVA encapsulated devices, the
additional PVA layer, n~1.55, has to be taken into account [153]. For devices
encapsulated with PVA and flexible glass, the different sections include the ultra-thin
glass substrate (n~1.51), the epoxy layer, the BBEHP-PPV layer, the PVA thin film
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and the top thin glass membrane. The calculated mode and refractive index profiles
of a neat laser, a nanocomposite laser, an encapsulated laser with 180 nm of PVA, an
encapsulated laser with 580 nm of PVA, an encapsulated laser with 180 nm of PVA
and ultra-thin glass and an encapsulated laser with 580 nm of PVA and ultra-thin
glass are plotted respectively, in Figure 4.2 a), b), c), d), e), f) and the calculated

overlaps and effective refractive indexes are given in Table 4.1.
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Figure 4.2: Mode profile superposed onto the refractive index profile of the multilayer
structure for a) a neat laser, b) a laser encapsulated with a 180nm PVA layer, c) a laser
encapsulated with a 580nm PVA layer, d) a laser encapsulated with a 180nm PVA layer

and flexible glass and e) a laser encapsulated with a 180nm PVA layer and flexible

glass.
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Neat 12.0 1.53
Nanocomposite 8.7 1.53
180nm thick PVA 29.5 1.56
580nm thick PVA 26.0 1.57
Glass + 180nm thick PVA 26.5 1.57
Glass + 580nm thick PVA 241 1.57

Table 4.1: Values of the overlap and effective refractive index for each BBEHP-PPV

laser.

4.4. Experimental results and discussion
4.4.1. 355nm pumping
4.4.1.1. Neat laser

A neat BBEHP-PPV laser was made and its characteristics measured in order to use
them as references for the encapsulated lasers. The power transfer function and the
spectrum of the device are plotted in Figure 4.3 a) and b). The emission wavelength
is at 536.9nm. The average threshold energy fluence, Fy, is found to be
239.5 pJ/cm?® per pulse (corresponding to a power density threshold of
47.9 kW/cm?). The intensity decay of the neat BBEHP-PPV device was measured for
12,300 pulses at 0.59 mJ/cm? and the intensity is plotted against the number of pulses
in Figure 4.3 ¢). A mono-exponential decay is fitted to the curve, giving a 1/e
degradation dosage, Fgeq, Of 5.8 Jlcm®. However it is seen that the fit does not go
through zero as the degradation presents a first phase corresponding to a fast decay.
This could be due to a higher presence of oxygen on the surface of the laser than
inside the layer.
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Figure 4.3: a) Spectrum, b) power transfer functions of a neat BBEHP-PPV laser and c) its

intensity decay.

4.4.1.2. Nanocomposite laser

The characteristics of the BBEHP-PPV/CP1 nanocomposite laser are shown in
Figure 4.4. The spectrum in Figure 4.4 a) shows an emission wavelength of 529.1 nm
and Figure 4.4 b) an average threshold of 772.6 pJ/cm?, which is about 3.2 times the
value found for the neat BBEHP-PPV laser (see Figure 4.4 a)). The increase in
threshold is mainly attributed to residual pump absorption by the matrix at 355 nm
and to the slightly lower density of BBEHP-PPV molecules.

The nanocomposite laser brings a ~7.5-fold improvement in terms of photostability
with a Fgeq Of 43.1 Jlcm? showing that the polyimide matrix helps protects BBEHP-
PPV from degradation, but with an increase in threshold.
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Figure 4.4: Characteristics of the nanocomposite laser with a) the spectrum, b) the power
transfer function and c) the photostability.

4.4.1.3. Laser encapsulated with a 180nm and a 580nm PVA layer

The emission wavelengths of both encapsulated lasers with an 180nm-thick and a
580nm-thick PVA layer are shown in the inset of Figure 4.5 a) and are respectively
537.8nm and 540.2nm. The average threshold is measured at 8.0 pl/cm?
(1600 W/cm?) for the thin layer of PVA and 13.0 pJ/cm? (2600 W/cm?) for the
thicker layer (Figure 4.5 a)). These values indicate that the encapsulating layer both
redshifts the oscillation wavelength and lowers the threshold when compared to the
equivalent neat laser; a 30-times improvement in threshold is obtained after
encapsulation with a thin layer and an 18-times improvement for the thicker layer.
These effects are mainly due to changes in the refractive index profile of the laser
structure as shown in Figure 4.2. As a result of the PVA layer addition, the laser
mode is pulled away from the substrate and overlaps more with the gain region
leading to an increase in the effective refractive index of the mode. As shown in

section 4.3.4, the overlap factor was calculated and found to be 12.0% for the neat
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laser and 29.5% for the laser encapsulated with 180 nm of PVA This is consistent
with the trend in threshold observed experimentally. We note that there is an
optimum PVA thickness (close to 190 nm) however. For example, if the PVA
thickness is increased to 580 nm, the overlap factor decreases to 26% and the
threshold increases to 13.0 pd/cm? (2600 W/cm?). The lifetime of the BBEHP-
PPV/PVA lasers were measured and compared to the previous lifetime obtained for
the neat devices (Figure 4.5 b)) and c)). The intensity of the OS laser having a small
layer of PVA stays stable for 24,000 pulses and then starts to decrease slowly (Figure
4.5 c)). We attribute the initial, stable phase to the time it takes to photo-oxidise the
PVA film when photo-pumped in air and for the oxygen to migrate to the active
region. The second phase characterised by an exponential drop in intensity
corresponds to the photodegradation of the organic semiconductor. The 1/e
degradation dosage, Fgeg, is here 46.6 Jlem?, i.e. 8 times larger than for the neat laser.
When the thickness of the encapsulating film was increased, the laser intensity of the
sample was stable for ~330,000 pulses (Figure 4.5 c)). To accelerate the degradation
the frequency of the pulses was increased to 15 Hz after 115,500 pulses. After the
330,000-pulse-long plateau, the laser intensity started to decay. The pump energy
fluence for degradation Fgeg is found to be 390 Jlem?, which is ~8.4 times higher than
for the thinner encapsulated laser and 68 times higher than for the neat BBEHP-PPV
laser. The dominant degradation is assumed here to come from molecular oxygen
diffusing from the environment into the gain layer. The improvement in operation
lifetime is attributed to the thicker PVA film offering a better oxygen barrier.
Basically, it takes longer for the PVA to degrade and for oxygen to reach the gain

material.
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Figure 4.5: a) Spectrum and b) power transfer functions of an encapsulated BBEHP-PPV laser
with a layer of PVA, c) the intensity decay of the laser encapsulated with a thin layer of PVA
and d) the intensity decay of the laser encapsulated with a thick layer of PVA.

4.4.1.4. Laser encapsulated with a 180nm or a 580nm PVA layer
and flexible glass
The emission wavelengths of the two devices, shown in Figure 4.6 a), are at
537.1 nm for the laser having the thin layer of PVA and 534.1 nm when the PVA is
thicker. The average threshold fluences are measured to be, respectively, 10.8 pJ/cm?
and 25.7 uJ/cm? (Figure 4.6 b)). The encapsulation with glass and a small layer of
PVA shows a 22-fold improvement in threshold compared to the equivalent neat
laser and the encapsulation with glass and a small layer of PVA shows a 10-fold
improvement in threshold. However, it represents a small increase compared to the
same lasers made with PVA encapsulation but without glass encapsulation. This
change is due to the glass refractive index being higher than the air, changing the
overlap of the laser mode with the gain region. It has been seen in Table 4.1 that the

overlap is higher when the laser is not encapsulated with glass than when
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encapsulated only with PVVA. The threshold is higher for the thick layer of PVA than
for the thin one for the same reason (see Table 4.1).

The intensity of the sample having the thinner layer of PVA was stable for
~449,000 pulses, as shown in Figure 4.6 b). For a thicker layer of PVA, the intensity
was constant for 480,000 pulses. To accelerate the degradation the frequency of the
pulses was increased to 15 Hz after 129,300 pulses for the first sample and
173,700 pulses for the second one. For the laser encapsulated with glass and the
thinner layer of PVA, the pump energy fluence for degradation Fgeq is found to be
681 J/cm?, which is ~14.6 times higher than for the encapsulated laser made with the
same layer of PVA but no glass and 118 times higher than for the neat BBEHP-PPV
laser. This results shows that the glass encapsulation inhibits oxygen affecting the
gain material.

The 1/e degradation dosage, Fqeq Of the device encapsulated with glass and a thicker
layer of PVA is found to be 701 J/cm? (see Figure 4.6 c)), which is ~1.8 times higher
than for the encapsulated laser made with the same layer of PVA but no glass and
122 times higher than for the neat BBEHP-PPV laser. The degradation results are
similar for both glass encapsulated lasers, showing that the glass is mostly

responsible for the long photostability of the devices.

4.4.1.5. Wavelength tunability by bending

The behaviour of the laser encapsulated with a thin layer of PVA and flexible glass
under bending was studied. The emission wavelength above threshold for different
bending radii of curvature is shown in Figure 4.7 c). For these measurements, the
pump energy is kept constant at 1.68 pJ. Reducing the radii of curvature to -1.9 and
-1.7 cm induces a blue shift of the wavelength by 2.2 nm and 4.8 nm, respectively.
For radii of curvature of 1.8 and 1.0 cm, the wavelength red-shifts by 2.1 nm and
4.6 nm, respectively. The total tuning of 9.4 nm is limited by a maximum radius of
curvature before fracture of the device and is not limited by the gain bandwidth of

the gain material.

94



Chapter 4: Diode-pumped, mechanically flexible encapsulated DFB laser Caroline Foucher

a) b)
=) ——180 + Glass| 1.0+ .
508} ——580 +Glass| £l
£ IS
80.6 - . 80'6 i
20.4} 1 204
[u) (4]
S0.2| £02 f
= =z = 180 + Glass
00 | . L R L R 1 R | 00 [ \ I'r h ) T 580 ‘!’ Glass]
534 536 538 540 542 0 10 20 30 40 50
Wavelength (nm) Pump energy fluence (puJ/cm®)
C) 1 0 T T T
>1.0+F
508t
£ '
=06 =681 Jiem’
204} 1/ )
(4 e Y ]
€00l F,.=701 Jem* ]
S |» 580 + Glass
0.0 = 180 + Glass 1

0 200000 400000 600000
Number of pulses

Figure 4.6: a) Spectrum and b) power transfer functions of the encapsulated BBEHP-PPV lasers

with a layer of PVA of 180 nm and 580 nm and glass and c) its intensity decay.
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Figure 4.7: a) Schematics of the set-up for testing mechanical bending of the ultrathin glass laser
with 180nm PVA overcoat, b) the two ways the laser can be bent and c) shift in the emission

wavelength of the flexible encapsulated DFB laser with glass for different radii of curvature.

It was verified that the emission wavelength does not change significantly as a
function of the pump fluence, providing assurance that the tuning comes from the
bending of the device. These shifts of the emission wavelength are attributed to

corresponding changes in the period of the grating as the glass substrate is bent. The
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change in period can be approximated from these wavelength measurements by using
the Bragg equation (see chapter 2, section 2.2) and assuming that the effective
refractive index is constant for the considered bending radii. Knowing that for a
period of 350 nm (flat substrate) the emission wavelength is 540.21 nm, the effective
refractive index for the guided mode can be deduced (~ 1.543). Then, for all the other
emission wavelengths obtained when bending the laser, the corresponding ‘altered’
period, 4°, is calculated. The corresponding radius of curvature of the laser is
determined geometrically using Eq. 4.1. It is assumed here that the thickness of the
gain material stays constant upon bending. Knowing the total thickness of the laser
(BBEHP-PPV layer, PVA layer, epoxy grating and glass membranes), the period of
the grating with (4°) and without (4) bending, the radius of curvature is given by:

o REh o hA
= — = = —
R A Eq. 4.1

Here, R is the radius of curvature, h the thickness of the laser structure, 4 the initial
period of the grating and 4’ is the period of the grating under bending. The values of
the grating period and radius of curvature thus calculated are plotted as a function of

the wavelength in Figure 4.8 (open triangles).

Theoretical values for the radii of curvature and the grating periods can be calculated
and then compared to the values deduced previously from the experimental data.
From buckling theory and Euler’s column formula, the radius of curvature can be

calculated as follows [239]:

/P
R = te[1 — cos ﬁx] Eq. 4.2

In Eqg. 4.2, e is the distance separating the sample from the neutral axis, P is the
allowable load, E is the modulus of elasticity, | is the moment of inertia and x is the

horizontal displacement applied on the micrometre screw of the mechanical stage
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(see Figure 4.7 a)). The sign of the equation changes according to a negative or

positive bending (see Figure 5.3 b)). Euler’s equation states that [240]:

m?Eln

In Egq. 4.3 L is the initial length of the sample and n is a coefficient for end
conditions. In our case, n=0.5 as the sample behaves as a fixed-fixed column
[241,242]. Therefore Eq. 4.3 becomes:

P 0.5m
AT Eq. 4.4
Using Eqg. 4.2 and Eq. 4.4 leads to:
T
R=+e[l—- cos(E\/O.Sx]) Eq. 4.5

Knowing the displacement applied from the micrometre screw, the radius of
curvature is calculated for each measurement using Eq. 4.5. Finally, using those
values of radii of curvature, the grating period is deduced with Eq. 4.1 as previously.
These theoretical results are plotted (open squares) as a function of the emission
wavelength in Figure 4.8 for comparison with the values obtained directly from the
experimental data, showing good agreement. In Figure 4.9, the evolution of the
wavelength as a function of the horizontal displacement x is displayed. The
ascending part of the plot represents the red shift of the wavelength (positive
curvature of the laser) and the descending line represents the blue shift or negative

curvature, both having a slope of £ 11.1 nm/cm.
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Figure 4.9: Evolution of the emission wavelength of the laser as a function of the horizontal
displacement of the micrometre. Lines: theory; Open points: data points.

4.4.2. Laser diode pumped laser

4.4.2.1. Optical pumping set-up

Diode pumping experiments were undertaken with an InGaN laser diode LD emitting
at 450 nm. The set-up used for LD pumping is shown in Figure 4.10 a). The LD was
placed in a tin oxide (TO) can. An aspheric lens with a focal length of 4.51 mm was
then placed in the TO can to reduce the divergence of the LD and collimate the
beam. A second lens with a focal length of 10 cm was placed after the first lens in
order to focus the beam on the DFB laser to a spot of size 390 x 220 pm?. The DFB
laser was placed at an angle of ~45° compared to the main axis to avoid collecting

the pump when measuring the emission of the laser.
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The LD delivers nanosecond pulses with energies up to 150 nJ at a repetition rate
that can be varied. However, to compare the measurements with the previous results,
spectra, power transfer functions and photostabilities were measured at 10 Hz, except
when specified in the text. The LD was driven by a high voltage power supply
coupled to a PCB driving board (PCO-7110). This board was driven by a high
voltage power supply and a signal generator controlling the repetition rate. The
optical characteristics of the LD are plotted in Figure 4.10 b), showing the pulse
width and the fluence as a function of the driving peak current. The pulse width
increases when the peak current is increased, meaning that when the pump energy
fluence of the LD is increased, the pulse width increases as well.
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Figure 4.10: a) Schematic of the optical pumping set-up by the LD, b) LD optical pulse energy
and duration plotted against driving peak current and c) fan-shaped emission of the laser.

In order to measure spectra and transfer functions, the emission of a device was
detected by a 50um-core optical fibre, connected to a CCD-spectrometer with a
maximum spectral resolution of 0.13 nm. The energy of the LD was measured by an
energy sensor from Coherent having a resolution from 100 pJ to 1 pJ connected to an

energy meter (Coherent Labmax-top) [243]. The pulse width of the LD was
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measured with a photodetector connected to the oscilloscope. The operating lifetime
under LD pumping was measured at a pump energy fluence of 27 pd/cm? and at a

frequency of 10 Hz.

4.4.2.2. Results and discussion

4.42.2.1. Laser encapsulated with a 180nm-thick layer of PVA
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Figure 4.11: a) Typical fan-shaped emission of the DFB laser being pumped, b) spectrum, c)
power transfer function of the 180nm PVA encapsulated BBEHP-PPV laser, d) its intensity
decay caused by photodegradation when pumped at 355 nm (black squares) and at 450 nm (blue

triangles).

Figure 4.11 shows the characteristics of the laser encapsulated with a thin layer of
PVA when pumped with a 450nm LD. The typical fan-shaped emission of the laser
is shown in Figure 4.11 a). The laser emits at 537.6 nm wavelength (inset of Figure
4.11 b)) with a <0.20nm linewidth. This is similar to results under 355nm pumping
indicating that the pump wavelength has no significant effect on the oscillating
wavelength of the OS laser. The pump average threshold of the device when pumped

with the LD is 11.1 pd/cm?, corresponding to a LD power density at threshold of
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~269 W/cm? (Figure 4.11 c)). This corresponds to a power density reduction of about
6 times compared to the power density obtained when pumped at 355 nm. This is
attributed to the higher absorption (about 2.5 times higher) of BBEHP-PPV at
450 nm [111] (see Figure 2.5 in chapter 2).

The intensity decays of the device due to photodegradation when pumped by the LD
at 450 nm and by the solid-state laser at 355 nm are plotted in Figure 4.11 d). A
pump energy fluence for degradation Fgey Of 88.0 Jlcm? is found when pumping at
450 nm, representing an operating lifetime ~2-times longer than for the equivalent
laser pumped at 355 nm. This increase in lifetime could be explained by the
replacement of the UV pump photons by a blue pump photons, as UV radiation is

known to damage organic molecules by breaking covalent bonds [244].

4.4.2.2.2. Ultrathin glass laser with 180nm PVA overcoat

The spectrum and power transfer function above threshold of the LD-pumped ultra-
thin glass laser with a 180nm layer of PVA are plotted in Figure 4.12 a) and b). The
laser emits at 540.4 nm wavelength with a <0.16nm linewidth and a LD power
density at threshold of ~290 W/cm? (14 pJ/cm?), corresponding to a 7-times
improvement in threshold compared to the device pumped at 355 nm. Again, we
attribute this to the higher absorption of BBEHP-PPV at 450 nm.

Figure 4.12 b) shows the photostability of the laser encapsulated with PVA and
flexible glass when pumped with the LD at 450 nm and with the solid-state laser at
355nm. As seen in the previous section, Fgeq presents a ~2-fold improvement
compared to a similar device pumped in the UV, i.e. Fgeq Of 1440 Jlcm? compared to
681 J/lcm? when pumping at 355 nm. This confirms the influence of UV radiations on
the stability of BBEHP-PPV.

We note that the 450nm 10Hz pumping result corresponds to stable operation of the

laser for more than 10 hours.
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Figure 4.12: a) Spectrum and b) power transfer functions of the encapsulated BBEHP-PPV
lasers with a layer of PVA of 180 nm and glass, c) its intensity decay when pumped at 355 nm

(black squares) and at 450 nm (blue triangles).

4.4.2.2.3. Effect of the repetition rate

Given the stability above and in order to see the effect of the repetition rate on
organic semiconductor lasers, spectrum, threshold and photostability of an
encapsulated BBEHP-PPV laser encapsulated by 180 nm of PVA and an ultra-thin
membrane of glass were studied at different repetition rates.

The spectrum of a laser was measured at a constant energy fluence of 27 pd/cm?
without changing position on the sample. The repetition rate was raised from 10 Hz
to 100 Hz and then to 1000 Hz. The respective spectra are shown in Figure 4.13 a). It
is seen that the repetition rate has no influence on the emission wavelength when
increased from 10 Hz to 100 Hz. However, when increased to 1000 Hz, the laser
emission is multimode and has a lower intensity; a multimode emission is detected,
with a lower intensity. It was noticed that this emission disappears in a few seconds

whereas the when pumped at 10 Hz and 100 Hz the intensity stays constant during
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the measurement. In order to explain this change in appearance of spectrum, the
photostability of the laser was measured at 100 Hz, studying the evolution of the
spectrum during the measurement. The evolution of the laser emission peak is plotted
in Figure 4.13. No degradation of the spectrum is seen. This means that the
degradation of the spectrum happens between 100 Hz and 1000 Hz. The threshold
and photostability at 100 Hz are shown in Figure 4.13 c¢) and Figure 4.13 d),
respectively. The threshold value increases from 14 pJ/cm? at 10 Hz to 17.3 pd/cm?
at 100 Hz. Fgeq becomes only 1.4 J/cm?, which is a 1000 times shorter than when

pumped at 10 Hz.
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Figure 4.13: a) Spectrum of a PVA/glass encapsulated BBEHP-PPV laser pumped at 10 Hz,
100 Hz and 1000 Hz, b) evolution of spectrum at 100 Hz, c) threshold at 100 Hz and d)
photostability at 100 Hz.

These results can be explained by the short lifetime of the excitons of organic
semiconductors. This means that they need high excitation densities in order to keep

the population inversion. An increase in repetition rate engenders high cavity losses
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and then diminishes the gain. It is necessary that the electrons at the excited state
have time to relax between two pulses to avoid triplet excited-state absorption [166].
The pulse of the laser diode is compared to the output pulse of the organic laser in
Figure 4.14. Both are measured at 10 Hz and 100 Hz. It is seen that the laser pulse is
shorter than the laser diode pulse as the excited state lifetime of the organic
semiconductor is shorter than the pump than the pump lifetime. However the
repetition rate does not change the duration of the pulse.

1.0¢ —Laser 10 Hz

0.8l = Laser 100 Hz |
S — LD 10 Hz
006 - LD 100 Hz
o
S0.4
(@]
>0.2

0.0 ot
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Figure 4.14: Laser pulse and laser diode pulse at 10 Hz and 100 Hz.

4.5. Conclusion

537.8 540.2 537.1 534.1
2395 772.0 8 13 10.8 27.5
X X 11 X 14 X
47900 154400 1600 2600 2160 5149
X X 269 X 290 X
5.8 43.1 46.6 390 681 701
X X 88.0 X 1440 X

Table 4.2: Summary of the results on neat and encapsulated BBEHP-PPV lasers

104



Chapter 4: Diode-pumped, mechanically flexible encapsulated DFB laser Caroline Foucher

In this chapter, a flexible organic laser comprising a BBEHP-PPV-polyimide
nanocomposite shown a ~7.5-fold photostability improvement over an equivalent
neat OS laser, albeit with an increase in threshold (~3.2-times). Moreover, OS lasers
fully encapsulated with PVA or with ultra-thin glass membranes show high
improvement in operation lifetime (up to 250 times) and high threshold reduction (up
to 22 times smaller) over an equivalent non-encapsulated device.

In the second part of this section, LD pumped mechanically-flexible OS lasers fully
encapsulated with PVA and ultra-thin glass membranes were demonstrated. They
showed high improvement in operation lifetime (up to 250 times) and high power
density threshold reduction (up to 265 times smaller) over an equivalent non-
encapsulated device. This demonstration brings OS lasers closer to applications. The
integration of a polymer laser with a laser-diode and the achievement of a high
photostability offers a potential low-cost and compact system suitable for (bio)-
sensing, medical diagnostics and spectroscopy.

The main results in threshold and photostability of the OS lasers obtained in this

chapter are summarised in Table 4.2.
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Chapter 5

Colloidal semiconductor nanocrystal lasers
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5.1. Introduction

The motivations of this chapter are (i) to show the integration compatibility of
solution-processed lasers with different substrate materials (initiated in the previous
chapter with thin-glass) and (ii) to explore another promising type of solution-
processed gain material: colloidal quantum dots. The first section reports a
mechanically-flexible and wavelength-tunable laser with an ultra-thin glass
membrane as substrate. The optically-pumped hybrid device has a distributed-
feedback cavity that combines a colloidal quantum dot gain film with a grating-
patterned polymeric underlayer, all on a 30-um thick glass sheet. The total thickness
of the structure is only 75 um. The hybrid laser has an average threshold fluence of
450 + 80 pJ/cm? (for 5-ns excitation pulses) at an emitting wavelength of 607 nm.
This result is to our knowledge the lowest threshold for colloidal quantum dot lasers
in this temporal regime (>1ns) at the time of writing. Mechanically bending the thin-
glass substrate enables continuous tuning of the laser emission wavelength from
600 nm to 618 nm. The correlation between the wavelength tunability and the
mechanical properties of the thin laser structure is verified theoretically and
experimentally. The second section demonstrates that solution-processable lasers can
be integrated onto different types of substrates. The same fabrication process as for
the CQD lasers on flexible glass is employed with semi-flexible silicon substrates.
Two lasers are obtained respectively made to emit at two different wavelengths,
613 nm and 608 nm, by tailoring the laser cavity. The devices have a threshold
fluence of 420 + 70 pJ/cm? per pulse at 613 nm and 1400 + 360 p/cm? at 608 nm.
Finally, in the last section of the chapter, a CQD laser is tested for refractive index
sensing in solution by immersion in water. A 4nm red-shift of the laser emission is
detected when the DFB laser is operated in deionised water compared to air. This is a
first step towards biosensing with CQD DFB lasers.

Results of this chapter were published in Applied Physics Letters (C. Foucher, B.
Guilhabert, N. Laurand, and M. D. Dawson, “Wavelength-tunable colloidal quantum
dot laser on ultra-thin flexible glass,” Appl. Phys. Lett., vol. 104, no. 14, p. 141108,
2014) and in Optics Express (B. Guilhabert, C. Foucher, A.-M. Haughey, E.
Mutlugun, J. Herrnsdorf, H. D. Sun, H. V Demir, and M. D. Dawson, ‘“Nanosecond
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colloidal quantum dot lasers for sensing,” Opt. Express, vol. 22, no. 6, pp. 7308—
7319, 2014).

5.2. Colloidal quantum dot lasers

Colloidal quantum dots (CQDs) are attractive nanomaterials for the fabrication of
photonic devices, as explained in chapter 1, section 1.5. They have high
photoluminescence efficiency, are compatible with solution—processing techniques
and their emission wavelength can be tuned over a wide range by changing their size
and/or composition. Consequently, CQDs are being developed for devices and
applications that include displays, LEDs, lasers, bio-imaging and bio-sensing
[169,181,186,245,246]. Furthermore, because CQDs can be deposited onto a variety
of materials, they also have a role to play in devices for flexible photonics [247,248].
Usually, thin-films of light-emitting materials, e.g. CQDs, are combined with entirely
polymeric substrates and structures to enable such devices. Polymers are used
because of their high mechanical flexibility [249].

As seen in chapter 4, glass is the material of choice for many technological solutions.
Our report focuses here on the first demonstration of a CQD laser on flexible glass.
Mechanically-flexible lasers are also attractive for transfer and integration onto
different substrate materials and this potential has been used in previous chapter to a
certain extent. Additional things we have not explored yet is the possibly for post-
assembly of lasers on a common substrate. This is looked at in this chapter using
CQD lasers.

We foresee that the laser technology reported here will provide opportunities for,
amongst others, bio-sensing and/or mechanical sensing applications.

Section 5.3 presents a mechanically-flexible and wavelength-tunable laser with an
ultra-thin glass membrane as substrate with colloidal quantum dots as gain material.
We start by explaining the design and fabrication of the CQD flexible lasers on glass
in section 5.3. We give details on the optical and mechanical set-ups that were used
for the characterisation of the devices. Then, we present and discuss the experimental
results, including spectra, power transfer functions and mechanical-tunability
characteristics of the lasers. In particular, we show that the magnitude of the

wavelength shift upon bending results from the interplay between the radius of
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curvature of the glass substrate and the overall mechanical properties of the ‘layered’
laser structure. Section 5.4 is about assembly of CQD lasers onto a common thin
silicon substrate. Finally in section 5.5, we explore the potential of CQD lasers for

refractive index sensing in solution.

5.3. Wavelength-tunable colloidal quantum dot laser on ultra-thin
flexible glass

In this section, we propose a flexible laser based on CQDs and ultra-thin glass. The

mechanical properties of the overall structure are such that the laser can be

continuously tuned in wavelength by bending the glass membrane, as was done in

chapter 4, section 4.4.1.5.

5.3.1. Design and fabrication

The schematic in Figure 5.1 a) represents the structure of the CQD laser with the thin
glass membrane acting as substrate. It is composed of a CQD gain layer (commercial
core-shell CdSe/ZnS CQDs from Sigma-Aldrich), ~160-nm-thick, deposited on top
of a one-dimensional grating, which is imprinted into the surface of a 43-um-thick
polymer film (NOA&8S), having a period of A =390 nm. NOA65 was spin-coated on
top of the master grating. The resulting DFB resonator sits on top of a 30-um-thick
glass membrane. The details of the fabrication steps are given in chapter 2, section
2.4. The only difference is that the gain layer here is a solid film of CQDs in
poly(methyl methacrylate) (PMMA) [250]. The CQDs are dispersed in a PMMA
solution at 1.6 mg/mL in 50% of chloroform and 50% of toluene with a
concentration of 50 mg/mL. The device is finally annealed for 5 minutes at 35°C on
a hot plate.

Pictures of the fabricated flexible device are shown under white and ultraviolet light
illumination, in Figure 5.1 b) and Figure 5.1 c) respectively.
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a) CcQDs 160 nm
Acrylate grating 43 pm
Ultra-thin| | 30 um
glass membrane

b)

Figure 5.1: a) Schematic structure of the laser on a flexible glass substrate. Photos of the
mechanically flexible device b) under white and c) UV light illumination.

Figure 5.2 summarizes the full fabrication process of these CQD DFB lasers.

uv

NOAB8S5 spin-coated on master
grating-acetate placed on top UV curing

Acetate and imprited grating ' Imprinted grating peeled
peeled off from master grating  off from acetate

uv
» Q¢

‘Grating reported on flexible  CQD spin-coated on
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8)

‘Flexible CQD DFB laser on
Annealing glass substrate ready to use

Figure 5.2: Fabrication steps of the CQD DFB laser on an ultra-thin flexible glass membrane.
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5.3.2. Laser characterisation set-up

Prior to laser demonstration, thin films of CQD/PMMA on flat substrates were
characterized in terms of photoluminescence (PL) and were assessed for their
capabilities to sustain stimulated emission (through detection of amplified
spontaneous emission, ASE). The PL spectra were recorded using a Jobin-Yvon
TRIAX spectrometer under continuous wave excitation with a 374-nm-emitting laser
diode either focused on the sample with a 60x magnification microscope objective
for top emission PL (spot size of about ~2 mm) or focused in a stripe on the side of
the sample for edge emission PL (stripe size about 3.5 mm x 0.2 mm). The collection
was realised through the same microscope objective. The amplified simulated
emission was measured using the same optical set-up as described in chapter 2,
section 2.5.2. The optical beam was shaped into a collimated stripe of
2.9 mm x 0.3 mm FWHM.

The DFB lasers were optically pumped as described in chapter 2, section 2.5.1. The
FWHM pump spot size on the sample was 57.2 £ 0.8 um x 35.0 + 0.6 um as verified
by knife-edge measurement. The power transfer function and spectra of the laser
were measured. The average threshold quoted in the experimental results section is
obtained by averaging several measurements taken at different closely spaced
positions (within an area of 2 x 2 mm?) on the surface of the device.

To study the effect of mechanical bending on the emission wavelength of a laser
encapsulated with flexible glass, the same method as in section 4.4.1.5 was used. The
laser was mounted on a slightly different set-up (see Figure 5.3 a)). The laser was
fixed on each end of the mechanical stage and the distance was reduced using the
micrometre screw. Depending on the position of the laser on the stage, the radius of
curvature could either be negative or positive (see Figure 5.3 b) and c)), increasing or
decreasing the grating period and therefore inducing a red shift or a blue shift.
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Figure 5.3: a) Schematics of the set-up for testing the DFB laser on glass under mechanical
bending and b) the two ways the laser can be bent, increasing or reducing the grating period for,
respectively, red shifting or blue shifting the laser emission wavelength.

5.3.3. Experimental results and discussion

5.3.3.1. Photoluminescence and amplified spontaneous emission

The data in this section were recorded by Dr Benoit Guilhabert. The top and edge
PL spectra of CQD films excited in the UV at 371 nm were first measured. The
CQDs were at a concentration of 50 mg/mL dispersed in PMMA solution at
1.6 mg/mL (50/1.6 w/r) and spin-coated on a glass substrate. The top emission PL of
the film was recorded first and shows that the emission of core/shell CQDs within a
PMMA matrix peaks at a wavelength of 590 nm in accordance with the stated value
in the data sheet (Figure 5.4 a)). The edge PL of the sample is red-shifted by 7 nm (to
597 nm) with respect to the top PL. This is caused by re-absorption of the intrinsic
emission as it propagates in the film due to the limited Stokes shift (~20 nm) of the
CQDs. In addition, PL quantum vyield (PLQY) was measured using an 8inch
integrating sphere and a continuous wave pump source emitting at 450 nm. The
resulting PLQY for the aforementioned film of spin-coated CQD/PMMA
nanocomposite is 15%.

The evolution of the edge emission from a film under nanosecond optical excitation
was investigated using the setup explained previously in section 5.3.2. The spectral

shape is seen to significantly change above a certain excitation value (ASE
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threshold) with a narrower peak developing and dominating the PL as the excitation
is further increased. Figure 5.4 b) shows such an ASE spectrum of the core/shell
CQDs as recorded in an established regime, e.g., at a pumping fluence several times
higher than the transparency value. The ASE peak develops around 611 nm with a
FWHM of ~4.4 nm as fitted with a Gaussian curve (fit details not given). The peak
value of the ASE is red-shifted compared to the edge PL peak as measured in the
edge configuration PL (597 nm, Figure 5.4 a)). This behaviour is typical from
core/shell CQDs systems and is attributed to photo-induced absorption phenomena
within the CQDs and/or the bi-exciton binding energy [251]. These results indicate
that the CQD/PMMA film can sustain stimulated emission. Hence, it can be used as

a laser material.
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Figure 5.4: a) Top and edge micro-photoluminescence spectra under 371 nm optical excitation
of core/shell CQDs dispersed at a concentration of 50 mg/mL in a PMMA solution at
1.6 mg/mL. The sample was processed by spin-coating on a silica substrate. b) Stimulated
emission spectrum of the previous film under nanosecond optical pumping. The dash line in
both figures represents the peak wavelength of the stimulated emission spectrum.
Interestingly, a variation in the composition of the CQD/PMMA composite is
reflected in the ASE behaviour of similarly processed films and on similar substrates
(e.g., amorphous glass in this case). As shown in Figure 5.5 a), the ASE for a
composite with a lower load of PMMA (1.6 mg/mL, 50/1.6 w/r) has a threshold
about 3-fold smaller at 1 mJ/cm? in comparison to nanocomposite with 16.6 mg/mL
PMMA (50/16.6 w/r). In parallel, the stimulated emission peaks at different
wavelengths for these two composites are shown in Figure 5.5 b). The most red-
shifted ASE peak (611 nm) corresponds to the sample with the highest load of

CQDs. The difference in the stimulated emission spectra is attributed to a higher
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volume fraction of active material in the spin-coated films with a low PMMA
amount. Re-absorption phenomena are then more prominent and affect the ASE
development. However, there are also more CQDs participating in the amplification

process, thus leading to lower thresholds.
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Figure 5.5: a) Transfer function of the ASE from CQDs/PMMA composite samples spin-coated
on glass. These data show different CQD/PMMA w/r combination and how it affects their
thresholds. b) Further details on the spectra emission of the ASE peaks for different
composition of materials.

5.3.3.2. Laser demonstration

A typical spectrum and the power transfer function for a ‘flat’ DFB laser are plotted
in Figure 5.6 a) and b), respectively. The oscillation threshold is 375 pJ/cm?. This
result is the lowest threshold obtained for a CQD laser in a temporal regime >1ns.
The optical pulses of the pump source and of the CQD laser are plotted in Figure
5.6 ¢) and were measured by Dr Benoit Guilhabert. The spectrum of the CQD laser
2-times above threshold shows a single peak emission wavelength centred at
607.35 nm and with a FWHM of 0.6 nm, determined by Gaussian fit of the spectrum,

as detailed in Figure 5.6 a). The equation of the Gaussian fit is:

(A —29)*

y = [ x exp(—4ln(2)W

Eq.5.1

With, I a constant, A the wavelength, 1, the peak wavelength and fwhm the full width
half maximum.
The inset of Figure 5.6 b) shows more details about the spectral evolution of the laser

emission close to the threshold transition. The FWHM of the laser linewidth was
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between 0.3 nm and 0.6 nm across the whole range of operation studied. These
linewidths are limited by the reproducibility of the gain layer. The optical pulse of
the pump source and the laser are shown in Figure 5.6 c).

Two other representative transfer functions measured at different positions on the
same sample are plotted in Figure 5.7. The overall average threshold for this laser is
450 + 80 pJ/cm?. The variation in threshold with position is attributed to possible
defects and scattering centres within the film or on the grating surface at particular
spatial positions and is not due to a change of the CQD film thickness, as the
wavelength is constant within 1.1 nm over the whole surface of the laser. Other laser
devices were fabricated and measured as well and shown similar characteristics with
average threshold below 450 pJ/cm?® This state-of-the-art threshold performance
shows that a concentration of 50 mg/mL is sufficient to obtain laser oscillation with
our approach whereas the literature often stresses the need for highly concentrated
CQD solution (100 to 200 mg/mL) to obtain a dense, i.e. close packed, film after
spin-coating [189]. This low threshold obtained for a CQD laser is influenced by the
thickness of the film obtained by combining the right concentration and the right

spin-coating speed.

Spectra and thresholds at three different positions are measured on the CQD DFB
laser on an ultra-thin glass membrane. Figure 5.7 represents the power transfer
functions at these different points with the corresponding values of threshold
(595 pd/cm?, 375 pd/icm?, 372 pwd/cm?). The spectrum at each point is plotted in the
inset of Figure 5.7, showing that the wavelength does not vary significantly on the

surface of the sample.
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Figure 5.6: a) and b) represent respectively the spectrum and the power transfer function of the
CQDs DFB laser on a flexible glass substrate. Inset of b) gives details of the spectrum around
the threshold region. c) Represents the optical pulse of the pump source and the CQD laser.
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Figure 5.7: Detail of the threshold measured at different positions on the laser.

5.3.3.3. Demonstration of mechanical flexibility

The behaviour of the hybrid CQD DFB lasers when bending the flexible glass

substrate was studied. The emission wavelength above threshold for different

bending radii of curvature is shown in Figure 5.8. For these measurements, the pump
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energy was kept constant at 1.80 pJ. When the radii of curvature are reduced to -0.7
and -0.5cm a blue shift of the wavelength by 5 nm and 8 nm is induced,
respectively. For radii of curvature of 0.6 cm and 0.4 cm, the wavelength red-shifts
by 6 nm and 10 nm, respectively. The total tuning of 18 nm is limited by a maximum
radius of curvature before fracture of the device and is not limited by the gain
bandwidth of the CQDs.
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Figure 5.8: Shift in the emission wavelength of the flexible hybrid DFB laser on glass.

It was verified that the emission wavelength does not change significantly as a
function of the pump fluence, providing assurance that the tuning comes from the
bending of the device. These shifts of the emission wavelength are attributed to
corresponding changes in the period of the grating as the glass substrate is bent. As
detailed in chapter 4, section 4.4.1.5, the experimental changes in period of the
grating and of the radius of curvature of the bending can be approximated and their
theoretical values can be calculated. The results are plotted in Figure 5.9, showing
good agreement between experimental and expected values.

In Figure 5.10, the evolution of the wavelength as a function of the horizontal
displacement x of the translation is displayed. The ascending part of the plot
represents the red shift of the wavelength (positive curvature of the laser) and the
descending line represents the blue shift or negative curvature, both having a slope of

+ 19 nm/cm.
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Figure 5.9: Comparison of theoretical and experimental values of the grating period and radius
of curvature for each emission wavelength obtained after bending the CQD laser.
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Figure 5.10: Evolution of the emission wavelength of the laser as a function of the horizontal
displacement of the micrometre. Lines: theory; Open squares: data points.
In summary, a CQD laser on an ultra-thin glass membrane was demonstrated. The
device is a mechanically-flexible, second-order DFB laser that combines colloidal
quantum dots, a surface-patterned polymeric film and an ultra-thin glass substrate. It
operates in a single transverse mode, with an average threshold fluence of
450 + 80 pJ/cm? (90 + 16 kW/cm?) for an emission close to 607.5 nm. The emission
wavelength of the device is continuously-tunable over 18 nm by mechanically
flexing the thin-glass substrate. The confirmed correlation between the curvature of
the glass substrate and the emission wavelength can serve as a guideline for the
future design of such tunable lasers. These lasers could find applications in areas
including (bio-) sensing thanks to the nature of their substrate and their overall
mechanical and optical properties. The values of thresholds found for CQD lasers are

nonetheless higher than for organic semiconductors (as demonstrated in chapter 3
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and 4). However, future work on encapsulation and different CQD designs may help

reduce the thresholds.

5.4. Quantum dot laser on a flexible silicon substrate

Silicon photonics combines photonic devices (emitters, waveguides and detectors) on
a single silicon platform [122]. It allows hybridisation of photonics with electronics,
as for example the CMOS technology, offering a route to dense, high-performance
and reproducible systems [252,253]. The major issue of silicon for use in the visible
is that silicon absorbs light in that spectral region and related platforms are therefore
not suited for guiding light. A possibility, if one still wants to utilise silicon as the
base platform, is to form waveguides (for example made of polymers) onto the Si but
with the guiding section at a sufficient optical distance from the Si substrate (a few
microns). Moreover, there are no emitters made directly in silicon. The main cause
of this poor light emission efficiency of silicon is due to a low carrier mobility and an
indirect band gap. This necessitates hybridisation of the source as well. There are
different possibilities for such hybrid sources, one of them being solution-processed
lasers — although there will still need to be an InGaN source for excitation
somewhere. This hybrid integration is cheap and has a simple fabrication process
[122,253-255].

Here, we show the possibility to integrate CQD lasers on silicon. We demonstrate
two, one-dimensional, second-order DFB ‘semi-flexible’ (the overall device is
flexible but without involving a change in wavelength) red emitting laser platforms.
Each laser of the platforms is hybridised on a thin Si substrate element. The elements
are then assembled onto an acetate sheet. The geometry is therefore suitable for
applications in flexible photonics. One of the devices is made by assembling 3 lasers
emitting at the same wavelength. The second device has 5 lasers and emits at two
different wavelengths. The lasers are made with colloidal quantum dots as gain
medium and follow the same fabrication process as the previous devices described in
section 5.3.1. In the following, section 5.4.1 explains the design and fabrication of
these integrated hybrid lasers. Section 5.4.2 presents the discussion of the

experimental results (spectra and thresholds).
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5.4.1. Design and fabrication

Figure 5.11 a) and b) show the two laser platforms studied in this work. The laser
elements are formed by a gain layer deposited on top of one-dimensional, acrylate
gratings acting as the DFB resonator. The gain medium of both devices is made the
same CQDs as in section 5.3. The first platform is made of three individual lasers
emitting at the same wavelength (Figure 5.11 a)). Each of those lasers is made on a
small silicon substrate; this device will be called device 1 in the text. The second

device consists of five independent lasers, again each on a silicon substrate, emitting

at two different wavelengths (Figure 5.11 b)); this device will be called device 2 in
this text.
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Figure 5.11: Schematics and photos of the two laser structures are shown: (a) silicon-
based CQD laser emitting at one wavelength and (b) silicon-based CQD laser emitting
at two wavelengths and c) proof of flexibility.

For device 1, the laser gratings all have a period of 390 nm, as for the CQD lasers on
ultra-thin glass. For device 2, three gratings having a period of 390 nm and two
having a period 380 nm are used to obtain the two different wavelengths. The
thickness of the film of the gain material stays unchanged so the different periodicity
leads to the different emission wavelengths, which can be determined with the Bragg
equation. The solution of CQDs in a PMMA matrix was prepared as previously and
spin-coated on top of each grating with the same spin-coating speed as the previous
devices. The gratings are then removed from the acetate substrate and cut with a
scalpel in order to obtain ~3 x 3 mm free-standing flexible lasers. A drop of NOA85

is spin-coated on top of another acetate sheet at 8 000 rpm. Silicon substrates
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measuring 2 x 2 mm and having a thickness of 500 um are placed on the acetate
sheet. Another layer of acrylate NOAS8S5 is spin-coated on top of the silicon substrates
at 8 000 rpm in order to stick the grating to the silicon substrate. The individual free-
standing gratings are placed on top of each silicon substrate. Finally the device is
photo-cured under a UV dose of 100 mJ/cm? and annealed at for 5 minutes at 35°C
on a hot plate.

The advantage of this method is that individual lasers can be arranged freely and
according to the number or position required by the applications. Device 1 and 2 only
represent examples of what can thus be achieved.

Figure 5.11 c) shows that the overall devices are flexible, however the wavelength
does not vary when bending as each individual silicon substrate is not flexible.

The pumping set-up and method are the same as in the previous section.

5.4.2. Experimental results and discussion
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Figure 5.12: a) and b) ,respectively, spectra and power transfer functions of a silicon-
integrated CQD laser.

The characteristics of device 1 were measured first. The power transfer functions and
the spectra of the laser are plotted in Figure 5.12 a) and b). The spectrum of the CQD
lasers shows a single emission wavelength at 613 nm. The threshold is measured on
each individual laser at different positions and averaged. Average threshold energy
fluence, Fy, is found to be 420 + 70 puJ/cm? per pulse for the complete device. This

threshold is the same as found previously for CQD lasers made on a flexible glass
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substrate. It shows that the nature of the substrate has no influence on the threshold
of the laser and that the lasers can be integrated on any type of substrate without

affecting their performance.

5.4.2.2. Device 2

The emission spectra of the silicon-based laser array emitting at two different
wavelengths are shown in Figure 5.13 a) and are 608 nm on the 380nm-period
grating and 613 nm on the 390nm-period grating. The wavelength difference is due
to the change of grating period. However, by considering Bragg’s law, a higher shift
in wavelength should be obtained for the same film thickness. The variation could be
attributed to a variation of the film thickness formed on the surface of the laser.
Average threshold energy fluence, Fy, is found to be 420 + 70 pJ/cm? per pulse for
the 390nm grating period, as obtained previously, whereas it is 1400 + 360 pJ/cm?
for the 380nm grating period. The difference in threshold is due to the laser is

operating on the TM mode when the period of the grating is changed to 380 nm.
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Figure 5.13: a) and b) Respectively spectra and power transfer functions of a based -silicon
CQD laser emitting at two different wavelengths.

In summary, silicon-based second order DFB lasers with spin-coated CQDs have
been obtained, using commercial core-shell CQDs. Two types of devices were
fabricated. Device 1 was a system of three lasers on silicon substrates, each emitting
at the same wavelength of 613 nm. All individual lasers of this device were single-
mode and demonstrated a threshold fluence of 420 + 70 pJ/cm? Device 2 was a

combination of 5 lasers emitting at two different wavelengths. The lasers emitting at
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613 nm showed a threshold fluence of 420 + 70 uJ/cm? per pulse and the lasers
emitting at 608 nm demonstrated a threshold fluence of 1400 + 360 pJ/cm?®. Both
devices were compatible with mechanically-flexible platforms but without involving
a shift in wavelength, as the silicon substrates themselves were not flexible. The
flexibility was due to the small size of the lasers on the acetate underlayer film.

5.5. Quantum dot laser as a sensor

Solution-processed lasers are attractive for sensing applications because their
characteristics (e.g. flexibility or bendability) can be chosen to facilitate system
integration. For example, they can be incorporated into compact lab-on-chip systems
and provide non-disruptive and non-contact sensitive platforms that can detect
multiple analytes [256-260]. This is why recent research on organic DFB lasers has
targeted explosive detection [199,261] and biomarker protein detection in biological
solutions for medical sciences application [262]. However, one problem with organic
dyes and organic semiconductors for such applications is that their absorption
bandwidth is to a certain limited, making the development of systems at multiple
wavelengths using a single optical pump laser difficult. It necessitates the
development of different materials emitting at different wavelengths but having a
common absorption wavelength. Multiple-wavelength lasers with a single optical
pump laser would certainly be useful for sensing as it would enable multiplexing, i.e.
interrogation and analysis of different laser sensors at the same time with
differentiation of the sensors done by the wavelength.

CQDs are suitable for multi-wavelength emission with optical pumping by a single
pump source as photons with energies higher than the bandgap are absorbed, which
relaxes the tolerances on the pump wavelength. In common with organic gain
materials, CQDs are solution-processed and thus compatible with both organic and
inorganic materials. This makes CQD a good candidate for optically-pumped hybrid

laser sensors [225].
In the following, we demonstrate that colloidal quantum dot DFB lasers are indeed

candidates for sensing applications. The potential of these CQD lasers for refractive

index sensing in liquid phase is proven by immersion in water. The same lasers as in
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section 5.3 are used here, following the same fabrication steps and having the same
characteristics. The only difference is that the substrate is an acetate sheet instead of
an ultra-thin glass membrane. The basic principle of refractive index sensing is
described in section 5.5.1. The set-up used to test the potential of these lasers for
sensing applications is then presented in section 5.5.2. Finally the experimental
demonstration of bulk refractive index sensing is demonstrated in section 5.5.3 by

studying the effect of immersion of these lasers in water on the emission wavelength.

5.5.1. Basic principle of refractive index sensing

The potential for sensing applications of CQD lasers are tested in this chapter by
sensing a change in refractive index when a laser is immersed in a liquid
environment.

For sensing, the gain layer is put into contact with the biological environment (e.g. a
drop of fluid to be tested can simply be deposited or flowed over the laser surface).
The laser mode oscillates in the plane of the gain layer and interacts with the
biological environment at its interface. For biosensing, the sensor needs to be able to
detect analytes specifically. Therefore, the surface of the laser is functionalised with
molecular probes whose role is to capture and immobilise the molecules to be
detected that might be present in the biological medium (see Figure 5.14). Once
captured, these immobilised analytes form a layer on the laser surface. As seen in
chapter 2, the laser wavelength is given by the product of the period of the grating of
the cavity with the mode effective refractive index. The formation of a biolayer on
the surface of the laser modifies the effective index and hence changes the laser
emission wavelength. The magnitude of this change depends on the mode overlap
with the biolayer and its refractive index. Therefore it depends on the amount of
analyte and monitoring the wavelength enables the sensing function.

One way to demonstrate this is to use a concept we have already employed for
testing the capability of dye-doped and organic semiconductor DFB lasers for
sensing applications [12,231,233]. Here as a preliminary demonstration, we show in
this section the capability of our CQD lasers to operate in a liquid environment and
to sense changes in bulk refractive index (there is no surface molecular probe on the

surface). Water is used in this initial demonstration because i) it is a solvent in which
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many biological species are dissolved and ii) it is a solvent these CQDs will not
disperse in. In addition, PMMA by its hydrophobic nature should help in making the

sensor robust by ensuring that water does not swell the gain layer.
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Figure 5.14: Schematic representing the implementation of the organic laser sensor.

5.5.2. Optical set-up used for refractive index sensing

Figure 5.15 shows the experimental set-up used to test the sensing capabilities of
CQD lasers. A CQD laser was placed inside a glass cuvette with tweezers and taped
on one of the side so that the gain layer faces into the cuvette. The laser was pumped
through the back (i.e. through the substrate) and the lasing emission is also collected
through the back and collected through an optical fibre. The pump source
characteristics are the same as previously. Firstly, the laser emission was measured in
air. Then deionised water was added to the cuvette and the laser emission was
measured again. The energy of the pump source is kept constant during the
experiment, to make sure that no shift is engendered by a change in pump energy. It
has been noticed that the emission wavelength shifts slightly (~between 0.1 nm and
0.4 nm) when a laser is pumped under different pump energy fluences (between
450 pd/cm? to 600 pd/cm?).
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Figure 5.15: Schematic of the set-up used for refractive index sensing.

5.5.3. Demonstration of refractive index sensing

The measurements in this section were made by Dr Benoit Guilhabert. Figure 5.16
represents the spectrum of the CQD laser in air and then in water. The emission
wavelength of the laser in air (n=1) is 610 nm. Once immersed in water, the
refractive index of the superstrate is increased to ~1.33 and an emission wavelength
of 614 nm is obtained, i.e. a red-shift of 4 nm.
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Figure 5.16: Spectrum of the CQD laser in air and in water.

At the same time, there is a drop in intensity by approximately 70% when the laser is
immersed in water as shown by the level of noise in the spectrum. The drop is
attributed to an increase of the threshold. Possible reasons for this are still to be
determined. Nevertheless, it was verified that this lowered intensity is not detrimental
to the sensing function. Figure 5.17 shows 2 cycles of water refractive index sensing
with the same CQD DFB device probed at two different locations in sequence. Cycle

1 is done at position 1, cycle 2 at position 2. For each cycle, the water is placed and
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removed from the cuvette several times. Initially in air for cycle 1, the DFB emits at
610 nm with an intensity of ~1000 counts. In water, the emitted wavelength shifts to
614 nm. Alternation of air and water confirms that the shift is constant throughout
the cycle without variations between each measurement (spaced in time by about
1 min). Each time the water is removed, the wavelength goes back to 610 nm. This
shows that despite the variation of intensity, the DFB laser wavelength shift is not
affected when pumped at a constant fluence. For cycle 2, the shift in wavelength also
goes back to its initial value. The intensity drops when the laser is placed in water but
increases when the water is removed. This proves that the shift in wavelength is
reversible. These important results demonstrate that the CQD lasers can operate in a

polar solvent and are suitable for sensing.
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Figure 5.17: Emission wavelength and intensity of the CQD laser in air and water.

It has been shown that CQD DFB lasers are suitable for bulk refractive index
sensing. A red shift in emission wavelength of 4 nm has been detected upon
immersion in water. It has also been demonstrated that this change in wavelength is

reversible. This study shows that CQD lasers have potential for sensing applications.

5.6. Conclusion

In conclusion we have reported new formats of distributed feedback lasers made with
colloidal quantum dots as gain material dispersed in a PMMA matrix, with low
operating thresholds. The overall aim of this chapter was to demonstrate that these

lasers can be integrated on different kind of substrates and that their flexible nature
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allows arranging them in different shapes and sizes. Two materials were used as laser
substrates: a new format of ultra-thin flexible glass membrane and 500um-thick
silicon squares. The nature of the substrate does not modify the performance of the
lasers as the threshold did not vary according to the substrate. The devices made in
this chapter were only examples of possible devices that could be fabricated based on
CQD lasers but it shows the many possibilities; CQD lasers can be tuned to different
wavelengths, integrated onto different substrate and assembled as desired.

It was also proven that CQD DFB lasers are potentially good candidates for
refractive index sensing applications as it was found that the emission wavelength

presents a shift when measured in a different media.
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6.1. Introduction

In the first part of this chapter, the suitability for lasers of a novel type of
piezofluorochromic material presenting aggregation induced emission (called TPE1)
Is tested. A mechanically-flexible all-organic second order DFB laser is made using
TPE1 as the gain material. An average threshold fluence of 60 + 6 pl/cm?
(12 + 1 kW/cm?) for an emission close to 517.9 nm is reported. This is to our
knowledge the first demonstration of a laser made with such a material. The
piezofluorochromic properties of TPE1 are also studied by looking at the influence
of pressure on the ASE in a thin film. A variation of the emission wavelength of
TPE1 with pressure is found, opening up opportunities for the development of lasing-

based pressure sensors.

The second part of the chapter demonstrates two formats of multiwavelength red,
green blue (RGB) lasers on a mechanically-flexible platform. The devices were
fabricated by combining three all-organic DFB lasers entirely made by soft
lithography. The complete devices were encapsulated with polymer and a 50um-
thick glass membrane in order to improve the lasing threshold and the photosatbility.
The first device consists in three lasers assembled next to each other on a flexible
glass substrate. Each laser can be optically-pumped individually or simultaneously,
giving multicolour red, green and blue laser output with individual threshold of,
respectively, 28.2 pJ/cm?, 11 pd/cm? and 31.6 pd/cm?. The second device is obtained
by stacking the three lasers, respectively the red, green and blue laser. The device
emits simultaneously at the three wavelengths, giving a quasi-white laser output with

a lasing threshold of 42.1 pJ/cm?.

6.2. Mechanically induced luminescence changes, TPE1: a
mechafluorochromic material

Interest in piezofluorochromic (PFC), or mechanofluorochromic, materials has
grown in the past few years due to their potential applications in sensors [263,264],
security inks [265] and memory chips [266]. The fluorescence of these materials
changes when they are submitted to external force stimuli. Their behaviour can be
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changed either chemically or physically. The chemical method uses chemical
reactions to modify the molecular structure by breaking bonds. Chemical structural
changes are often accompanied by an alteration of the properties of the material, such
as the fluorescence, and these reactions are in most cases irreversible [267]. The
physical method on the other hand is based on the modification of the molecular
packing density, not of the molecular structure, and this is in general reversible
[268]. This method is really attractive as it allows tuning (switching) of the colour
(luminescence) by simply changing the arrangement of the molecules, providing
great opportunities for sensing [269]. Having a laser made from such a material
would open doors for the development of new types of sensors. However, to our
knowledge, no such laser has previously been demonstrated as organic
semiconductors presenting PFC characteristics are still rare and suffer from an
aggregation-cause quenching (ACQ) effect. This effect happens when chromophores
aggregate via m-n stacking in the condensed phase, which leads to a fluorescence in
concentrated solution and in the solid state that is weaker than in dilute solutions
[270,271].

In 2001 an OS material presenting anti-ACQ characteristics was discovered by Ben
Zhong Tang’s group [202]. This chromophore is quenched in solution but shows
luminescence in the solid-state. The aggregation increases the fluorescence
efficiency due to the shape of the molecules that cannot pack through a n-r stacking
process and because intramolecular rotations are highly restricted due to physical
constraints [203,204]. When molecules are free to rotate a non-radiative relaxation
pathway is obtained for the decay of the excited stated, quenching the luminescence.
But when the rotations are restricted (in the condensed state) the non-radiative
pathways are blocked. This phenomenon is called aggregation-induced emission
(AIE) and is illustrated in Figure 6.1. The arrows on the figure represent the possible
intramolecular rotations that are possible in solution, but blocked when the molecules

are condensed.
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Figure 6.1: Examples of AIE active cores with a) tetraphenylethene, b) 2-butoxy-1,3,5-
triphenylbenzene and c) 1-methylphenyl-2,3,4,5-tetraphenylsilole.

A novel PCF star-shaped oligofluorene tetraphenylethene material called TPE1
presenting AIE characteristics was synthesised by Clara Orofino Pefia (WestChem).
TPE1 is formed by a tetraphenylethene core (Figure 6.1 a)) surrounded by
monofluorene arms. This material exhibits fluorescence quenching in solution but
shows higher emission efficiency when aggregated. The AIE effect also induces a
blue shift of the emission wavelength. TPE1 has a large absorption cross section and
a large Stokes shift that could make it an attractive candidate for lasing applications.
It is used here as an active element in order to test its suitability as an organic
semiconductor lasing material and also to test its PFC properties. Details on TPE1
structure and characteristics are given in chapter 2, section 2.3.1.4.

In this study, we start by testing the suitability of TPE1 for lasers by characterising
the ASE of thin films. Then, a laser is fabricated and demonstrated. Finally, the PCF
properties of TPEL are determined by looking at the influence of pressure on the
emission wavelength of the material in the ASE regime.

6.2.1. Design and fabrication

To test the suitability of TPE1 as a gain material for lasing application, the ASE of
the material was measured. To do this, different concentrations of TPEL in different
solvents were tested. Solutions of TPE1 were spin-coated onto smooth substrates.
The substrates were 0.1mme-thick acetate sheets covered with epoxy (NOA65). The
epoxy was spin-coated at 1000 rpm and cured under a UV dose of about 1.8 J/cm?.
Samples were left at room temperature overnight to dry.

132



Chapter 6: Mechanically-responsive plastic lasers and multicolour lasers Caroline Foucher

Table 6.1 describes all the steps done in order to find the right concentration, spin-
coating speed and solvent. In order to obtain gain, TPEL needs to be aggregated and
the film needs to be sufficiently thick. The solvent was changed from toluene to THF
as THF has a lower boiling point, allowing a higher thickness of film. When the
concentration increases, the aggregation is stronger as the molecules are closer to
each other. However, when the aggregation is too high (high concentration or water
added to solution), clusters are formed. This engenders an increase in threshold,
sometimes killing any gain, as the crystals change the geometry of the molecule, due
to a lack of space.

.~ Toluele 3200 20  Nogain |
Toluene 3200 30 No gain
THF 3200 30 Gain
THF 1000 30 Gain
THF 1000 50 Gain
THF 10%/ water 90% 1000 20 No gain
THF 90%/ water 10% 1000 30 No gain

Table 6.1: Different recipes used to fabricate ASE samples in order to find gain.

From Table 6.1 it is seen that the only samples showing gain are made from
30 mg/mL of TPE1 in THF spin-coated at 3200 rpm, 30 mg/mL of TPEL in THF
spin-coated at 1000 rpm and 50 mg/mL of TPE1 in THF spin-coated at 1000 rpm.
The optimum recipe is 30 mg/mL of TPE1 in THF spin-coated at 1000 rpm as it
presents the better ASE property (lower threshold than the two others, see section
6.2.3.1). This recipe was chosen for fabricating thin-film samples used in the study of
the influence of the pressure on the emission wavelength (section 6.2.3.2).

Figure 6.2 shows the structure of the lasers, formed by TPE1 deposited on top of a
mechanically-flexible grating. The grating is made as described in chapter 2,
section 2.4.1 and has a period of 330 nm. For processing, TPEL1 in solid phase

(powder) is dissolved in THF, at a concentration of 30 mg/mL, as found previously.
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The dispersed TPEL1 is then spin-coated at 4000 rpm to form a film of ~110 £ 10 nm
and left to dry overnight.

TPE1

{W} Epoxy Grating

Substrate

Figure 6.2: Schematic of the TPEL1 laser structure.

6.2.2. Laser characterisation and pressure sensor set-ups

The DFB lasers were optically pumped by a Q-switched, frequency-tripled Nd:YAG
laser and the emission was detected trough an optical fibre connected to a
spectrometer as described in chapter 2, section 2.5.1. The full width at half maximum
(FWHM) pump stripe size on the sample was 0.29 mm x 2.79 mm. The transfer
functions and spectra of the lasers were measured. The average threshold quoted in
the experimental results section was obtained by averaging several measurements

taken at different positions on the surface of the device.

To measure the influence of the pressure on emission of TPE1 films, an hydraulic
press was initially used. However, this did not allow knowing precisely the value of
the pressured applied on the samples and therefore the set-up described in Figure 6.3
was built. It consists of a torque press. The sample is placed in a cylindrical container
and a large screw is employed to apply pressure on the sample. To apply this
pressure, a torque wrench is used (the corresponding pressure applied on the sample
is deduced from the torque). The pressure is applied on the sample for one minute

before the latter is characterised.
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Figure 6.3: Set-up used to determine the influence of pressure on TPEL.

6.2.3. Experimental results and discussion

6.2.3.1. Lasing performance

ASE of different TPE1 films was measured in order to choose the best recipe suitable
to make lasers. The spectra and power transfer functions of films showing gain are
represented in Figure 6.4: the samples made with a concentration of 30 mg/mL of
TPE1 in THF spin-coated at 3200 rpm, a concentration of 30 mg/mL of TPE1 in
THF spin-coated at 1000 rpm and a concentration of 50 mg/mL of TPE1 in THF
spin-coated at 1000 rpm are plotted respectively in Figure 6.4 a), b) and c). The first
recipe gives an ASE peak centred at 503 nm, the second one at 505 nm and the third
one at 509 nm. The change in wavelength is due to a different film thickness (caused
by different spin-coating speed and concentration). Thresholds for the onset of ASE
of 39 uJ/cm?, 137 pdlem? and 540 pd/cm? are found for respectively the first, the
second and the third recipe. The concentration of 30 mg/mL was therefore chosen to
make lasers. The increase in threshold between the different recipes is due to
different thicknesses of the gain layer when changing the spin-coating speed and/or
the concentration. The sample made with the concentration of 50 mg/mL probably

has too high absorption of the pump, engendering an increase in threshold.
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Figure 6.4: Spectra and power transfer function for ASE of samples made with a) a
concentration of 30 mg/mL of TPE1 in THF spin-coated at 3200 rpm, b) a concentration of
30 mg/mL of TPEL in THF spin-coated at 1000 rpm and c) a concentration of 50 mg/mL of

TPE1 in THF spin-coated at 1000 rpm.

The concentration of 30 mg/mL of TPE1 in THF spin-coated at 3200 rpm gives the
thinner layer and the concentration of 50 mg/mL of TPE1 in THF spin-coated at
1000 rpm gives the thicker layer. It is seen that the wavelength red-shifts when the
thickness increases. This is due to the film being too thick: the pump then is absorbed
too much and the film is not homogeneously excited. This means that some sections

of the film, on the side of the pump, are amplifying while on the other side it may be
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absorbing and reabsorption leads to a redshift. However, for the laser fabrication, the

spin-coating speed needs to be adjusted to ensure only a single TE-polarised mode.

A single transverse mode laser was obtained using a spin-coating speed of 4000 rpm.
The spectrum of the TPEL laser 3-times above threshold is shown in Figure 6.5. It
displays a single peak emission wavelength at 517.9 nm with a FWHM of 0.26 nhm
determined by a Gaussian fit of the spectrum. The overall average threshold for this
laser is 60 + 6 pd/cm®. This threshold value is the average of three measurements

taken on a same laser, within an area of 3 x 3 mm.

Gaussian fit | 3,1 O

#=517.9 nm 1 Eosl

el
FWHM=0.26 nm | $04}
' <

51‘9\1 séc.}1 524 0 30 60 90 120 150 180
avelength (nm) Pump energy fluence (uJ/cm?)

Figure 6.5: a) Spectrum and b) power transfer function of the TPE1 laser.

Figure 6.6 shows the spectra and transfer functions for each measurement. The
threshold varies from 54 pd/cm? to 66 wJ/cm?, as shown in Figure 6.6 b). However
Figure 6.6 a) indicates that the emission wavelength stays constant over the surface
studied. The change in threshold is then not due to a change in TPE1 film thickness
but attributed to possible defects within the film or on the grating surface. The
FWHM of the laser linewidth at these three positions was also calculated by
Gaussian fit. Values between 0.25 nm and 0.26 nm were found across the whole
range of pumping level studied. Other laser devices were fabricated and measured as

well and had similar characteristics with an average threshold around 60 pJ/cm?.
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Figure 6.6: Details of a) spectra and b) threshold at different positions on the laser.

For additional characterisation, the photostability of TPE1 in air was measured
(Figure 6.7). The intensity was monitored for about 30 minutes (17,400 pulses) with
a pump fluence of 330 pJ/em® (about 5.5 times above threshold). A mono-
exponential decay is fitted to the curve intensity vs. the number of pulses, giving a
1/e degradation dosage, Fgeg, Of 4.5 Jlcm?. This value shows that the photostability of
TPE1 is comparable to the photostability of T3 (see chapter 3 section 3.5.1). As for
all organic gain materials the main mechanism responsible for such degradation is
photo-oxidation. Possible ways to improve the lifetime of TPE1 would be to embed
it within an appropriate polymeric host matrix or to use encapsulating layers (see
chapter 3). Figure 6.7 also shows the evolution of the emission wavelength as a
function of the number of pulses. It is seen that the wavelength decreases slightly

when TPEL is degrading, possibly due to a loss of conjugation.
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Figure 6.7: Photodegradation of TPE1.
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6.2.3.2. Pressure study

TPE1 being an AIE material, a series of studies were carried out to check its
piezofluorochromic behaviour. The effect of pressure on the ASE of films of TPE1
was first studied using a hydraulic press. Different pressures were applied on TPE1
films spin-coated on NOAG5 substrates and the ASE was measured before and after
applying the pressured as shown in Figure 6.8. The pressure was applied on a 1 cm?
TPE1 film. A blue shift in wavelength was obtained for each pressure applied, as the
AIE engenders a blue shift in wavelength. Shifts of 15.7 nm, 19.1 nm, 20.9 nm and
28.5nm were obtained when applying respectively 2 tons/cm? 2.5 tons/cm?,
3 tons/cm? and 5 tons/cm?. This blue shift might be due to the greater constraint of
the molecules of TPE1l under pressure, causing a reduction of the planar

conformation, leading to an increase in the energy of emission.
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Figure 6.8: Pressure study on TPE1 films using a hydraulic press applying a) 2 tons/cm?, b) 2.5

tons/cm?, ¢) 3 tons/cm? and d) 5 tons/cm?.

The relationship between the emission wavelength shift and the pressure applied on

the TPE1 film is plotted in Figure 6.9. The weights applied in tons/cm?® on the
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samples, as given on the hydraulic press, are converted to N/m? [272]. The values of
the pressure in N/cm? are given in Table 6.2. The relationship is linear in that range,
showing that TPE1 should be a promising material for pressure sensing devices
based on the ASE of the material. However the hydraulic press did not give a precise
value of the pressure applied.

2 18000
2.5 22000
3 27000
5 44000

Table 6.2: Conversion of weight applied on TPE1 films to N/cm?.
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Figure 6.9: Blue shifts in wavelength obtained after applying different pressures on TPEL1 films

with the hydraulic press.

The effect of the pressure was reversible (Figure 6.10). The sample that received a
pressure of 2 tons/cm? was left overnight and pumped the day after. The ASE
wavelength returned to its initial value (i.e. before application of pressure). This
means that the molecules of TPE1 relax to their initial planar conformation after a

suitable lapse of time.
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Figure 6.10: Reversible pressure effect.

To make sure that TPE1 was responsible for the spectral shift obtained after the
application of pressure and that this effect did not occur with other non-aggregation
induced emission gain material, the same test was done with T3. A pressure of
1.8 N/m? was applied on a film of T3 spin-coated on NOA65. Figure 6.11 shows the
ASE of T3 before and after the application of pressure. A blue shift of only 1 nm was
found, probably due to small defects on the surface of the sample or variation of the
thickness of the T3 film. For the same pressure applied on TPE1, a shift in
wavelength of 15 nm was found. This result confirms that the shifts obtained for
TPE1 were due to the arrangement of the molecules after applying a pressure and not

to a film effect (change in thickness or in refractive index for example).

> —— Before pressure
@ 0.8 —— After pressure

550

450 500
Wavelength (nm)

Figure 6.11: Comparison Pressure experiment done with T3.

In order to obtain more accurate measurements of the influence of the pressure on the

emission of TPEL film, the torque press was used. A torque value was set on the

141



Chapter 6: Mechanically-responsive plastic lasers and multicolour lasers Caroline Foucher

wrench allowing deduction the pressure applied on the sample. To calculate the

pressure on the sample, the following formula was used [273]:

T = kdF Eq. 6.1

With T the torque (N-m), k the torque coefficient (0.36 for steel), d the diameter of

the top of the screw (1.6 cm) and F the force applied on the sample.

The pressure can be deduced from the force applied by dividing the force by the area
where the force is applied. This area is equal to 2.3 cm x 4.2 cm.
The torque values used were 10, 20, 30 and 40 ft.lbs. Table 6.3 shows the

corresponding pressure values.

Torque (ft.Ibs) Pressure (N/cm?)

10 274
20 549
30 823
40 1097

Table 6.3: Values of pressure applied on sample calculated for torque applied.

The emission wavelength of TPE1 was measured before and after applying the
pressures listed in Table 6.3. Those values of pressure were a lot smaller than the
ones applied with the hydraulic press, consequently the shift in wavelength was a lot
smaller. Figure 6.12 shows the spectra of TPEL after applying the different pressures.
Pressures of 274 N/cm?, 549 N/cm?, 823 N/cm? and 1097 N/cm? respectively give
shifts in wavelength of 4.1 nm, 4.6 nm, 5.2 nm and 5.8 nm. The shifts are plotted as a
function of the pressures in Figure 6.13. In that range of pressure, the relationship is
linear. This shift in wavelength is continuous and reproducible. It should be noted
that the slope of the line relating the shift in wavelength to the pressure is five times
bigger for small pressure than for high pressures (Figures 6.13 and 6.9). This could
come from the fact that the response to pressure is much greater for low pressures as

the molecules have more space within the film to rearrange than at high pressures.
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Figure 6.12: ASE spectra of TPE1 after applying a pressure of a) 274 N/cm?, b) 549 N/cm?, c)

823 N/cm? and d) 1097 N/cm?.

6.0

~5.6}

E

t 5.2' *

= e

%48}

E

m 4.4} /
4.0f *

200 400 600 800 1000 1200
Pressure (N/cm”)

m

Figure 6.13: Shifts in wavelength obtained for different pressures applied on TPEL1 films with

the torque press.

The ASE threshold was measured before and after the pressure was applied. The
average threshold before applying the pressure corresponded to a pump energy
fluence of 719.5 pd/cm?. This value is higher than the value found previously for the
same recipe and could be due to the reproducibility of the film. After pressing the

film with different pressures, the threshold varied between 467 pJ/cm? and
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684 pJ/cm?. There was no trend following the threshold values but only random
variations. These variations could come from irregularities in the film thickness due
to a low speed spin-coating. It could also be due to the effect of the pressure on the
film. However, these threshold values were smaller than for a non-pressed sample.
This could indicate that applying a pressure might have a positive effect on the lasing
properties of TPEL. It could be due to the AIE effect, enhancing the lasing properties

when the molecules are more aggregated.

In conclusion, this section reported an initial demonstration of the possibility to use
an AIE material for pressure-based sensing. A novel star-shaped oligofluorene
tetraphenylethene material called TPE1 presenting AIE properties was tested for
lasing applications. A mechanically-flexible all-organic second order DFB laser was
made using TPEL as a gain material. It operates in a single transverse mode, with an
average threshold fluence of 60 + 6 puJ/cm? (12 + 1 kW/cm?) for an emission close to
517.9 nm. The PCF properties of TPE1 were also tested by studying the influence of
pressure on the ASE of a thin film. A linear variation on a given range of the
emission wavelength of TPE1 was found when applying different pressures, opening

opportunities for development of lasing-based sensors.

6.3. Mechanically-flexible RGB lasers on glass membranes

Multicolour laser sources are particularly attractive in many fields: optoelectronics,
reaction control, micrototal analysis systems and sensors [59,274,275]. Gas lasers or
solid-state lasers (Ti:Sapphire lasers for example) have been used as
multiwavelength laser sources. RGB lasers have been demonstrated with a Pr¥'-
doped fluoride glass fibre or crystal [276,277], a hollow-cathode He—Cd laser [278]
and an Ar—Kr mixed gas laser [279]. However, these systems are often expensive and
bulky and cannot be used as integrated devices [24,59,280,281]. Laser diodes can
also be used as compact light sources but the integration of several wavelengths has a
high cost and it is still difficult to access certain wavelengths like in the green-orange
region of the visible [282].

Multicolour inorganic semiconductor lasers are challenging to fabricate, due to the

difficulty of growing different gain media on one substrate. OS lasers are a good
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alternative for tunable lasers as they are easy and quick to fabricate and potentially
low-cost as they can be made by using only soft lithography and spin-coating
techniques [153]. This simplicity of fabrication also enables various device structures
and conformations and flexibility [275], as we have seen in previous chapters. OS
can be tailored to cover the whole visible spectrum, allowing selection of
wavelengths according to the application [5]. The challenge though is to combine
materials so that multi-wavelength emission can be simultaneously obtained, ideally
with a single pump source.

In this section, we tackle this challenge and report two types of RGB lasers. Both
lasers are encapsulated with polymer and an ultra-thin flexible glass membrane. The
first device is a multicolour laser array consisting of three individual lasers (red,
green and blue or RGB) juxtaposed on a flexible glass substrate and then
encapsulated. The second device is ‘single-chip’ and is made of three lasers stacked
on top of each other and emitting simultaneously. In the following, section 6.3.1
explains the design and fabrication process of these two RGB lasers. In section
6.3.1.1, the optical set-up used for their characterisation is detailed. Section 6.3.2
reports the characteristics of a neat red, green and blue laser serving as references to
assess the influence of the encapsulation. Finally, section 6.3.3 presents and
discusses the experimental results, including spectra and power transfer functions for

both device configurations.

6.3.1. Design and fabrication

6.3.1.1. Design of the two RGB lasers pumping set-up

The design of the flexible glass RGB laser is detailed in this section. Figure 6.14 a)
represents the structure of the first RGB laser. This structure will be called the “line”
configuration in the following. It is formed by three individual lasers made of a gain
layer (~180nm-thick for the red laser, ~130 nm for the green laser and ~75 nm for
the blue laser) deposited on top of an epoxy grating (~43um thick). Each laser is
assembled manually next to each other onto a 50um-thick flexible glass substrate.
The lasers are pumped by a UV/violet pump laser as described in chapter 2, section

2.5.1. The lasers can be excited individually or simultaneously. For this, the length of
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the pump stripe is adjusted in order to probe a single laser at a time or to overlap the
3 lasers. Individual lasers were pumped by a stripe having a full width half maximum
(FWHM) of 1.1 x 4.4 mm>. The longer stripe measured 1.8 x 15.3 mm?. The total
thickness of the sample is <150 um. The gain emitters of the red laser was made of
1,4-diketo-2,3,5,6-tetraphenyl-pyrrolo[3,4-c]pyrrole (linear-c DPP), a monodispersed
n-conjugated oligomer. The gain spectrum of DPP spans the 530-600nm region
while the absorption peaks at 366 nm [210]. The green emitter is the n—conjugated
poly[2,5-bis(2’,5’-bis(2-ethylhexyloxy)phenyl)-p-phenylene  vinylene] (BBEHP-
PPV). The gain spectrum of BBEHP-PPV is at 490-540nm and it absorbs at 431 nm
(Chapter 2) [111,199]. The active element of the blue gain layer is a star-shaped
tris(terfluorenyl) based on a truxene core (T3), an oligomer whose main
luminescence is around 420-470 nm and its absorption at 375 nm (Chapter 2)
[36,198]. Encapsulation is obtained by overcoating with a protective layer of PVA of
~180 nm and a 50um-thick flexible glass sheet.

The second device structure, as shown in Figure 6.14 b), is formed by the three R, G
and B lasers stacked on top of each other (instead of next to each other). In the
following, this configuration will be called “stack”. Under optical pumping, each
laser layer exhibits simultaneous emission engendering a multi-colour emission.
Each individual laser has the same conformation as described for the first RGB
structure (organic gain material layer on top of an epoxy grating). Each of them is
overcoated with a PVA layer and the whole device is encapsulated with a 50pum-
thick flexible glass membrane. The total thickness of the device is <250 um. These
lasers were pumped simultaneously with a stripe having a full width half maximum
(FWHM) of 1.1 x 4.4 mm?.
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Figure 6.14: Structure of the two RGB devices with a) the "'line"" design and b) the "'stack"

design.

6.3.1.2. Fabrication steps

6.3.1.2.1. “Line” conformation device

Each laser constituting the RGB laser were fabricated individually first before being
assembled together for the final device. First of all the cavity was fabricated by soft-
lithography, reproducing a glass master grating with a UV curable epoxy (NOAG5),
using the same method as in [153] and in chapter 2, section 2.4.1. An appropriate
period is chosen for each master grating: 390 nm for the red emitting material,
350 nm for the green and 276 nm for the blue.

Each gain material was then spin-coated on top of the corresponding grating. DPP
was spin-coated at 6000 rpm, BBEHP-PPV at 5000 rpm and T3 at 3200 rpm in order
to form a layer that ensures good confinement of the propagating mode within a
waveguide structure: ~120 nm for DPP, ~130 nm for BBEHP-PPV and ~75 nm for
T3.

Each laser was then cut to form squares of about 0.4 x 0.4 cm?. A drop of NOA65
(epoxy) was spin-coated at 8000 rpm on top of a 50um-thick flexible glass
membrane and each laser was deposited on the epoxy, followed by a photocuring
step under a UV flooding for a total exposure dose of 300 mJ/cm?®. The lasers were
overcoated with a 180nm thick layer of PVA, prepared from a 50 mg/mL solution in
deionised water and spin-coated at 3200 rpm. A second glass membrane was
deposited on top of the PVA layer and sealed to the other glass sheet with NOAG5. A
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final UV dose of 300 mJ/cm? was applied. The device was finally annealed in air for
three days at 35°C to obtain a good crystalline cohesion of PVA.

6.3.1.2.2.  “Stack” configuration device

The preparation of the individual “neat” lasers was the same as described above, for
the “line” configuration device. Each laser was then overcoated with a 180nm thick
layer of PVA, prepared from a 50 mg/mL solution in deionised water and spin-
coated at 3200 rpm.

A drop of NOAG5 (epoxy) was spin-coated at 8000 rpm on top of a 50um-thick
flexible glass membrane and the red emitting laser was deposited on the epoxy, and
the two others were stacked on top of the red one. A second glass sheet was
deposited on top of the blue. The whole device was sealed with NOA65, photo-cured
under a UV flooding for a total exposure dose of 300 mJ/cm?and finally annealed for
three days.

6.3.2. Individual neat laser characteristics

Neat lasers (without encapsulation) were fabricated and used as references for
performance comparison, to see the impact of encapsulation. The average threshold
energy fluence, Fy, of a neat red, green and blue laser was measured. The neat linear-
¢ DPP laser emitted at 603.2 nm and had an average Fy, of 168.5 pd/cm?. The neat
BBEHP-PPV laser emitted at 536.9 nm and its average threshold energy fluence, Fy,,
was found to be 239.5 pd/cm? per pulse. Finally, the neat T3 laser had an emission
wavelength of 426.3 nm and an average threshold fluence of 70 pJ/cm?. Spectra and
power transfer functions are given in Figure 6.15, for linear-c DPP in Figure 6.15 a),
BBEHP-PPV in Figure 6.15 b) and T3 in Figure 6.15 c), respectively.
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Figure 6.15: Spectra and power transfer functions of a) neat T3 laser, b) neat BBEHP-PPV laser
and c¢) neat linear-c DPP laser.

6.3.3. RGB laser characteristics

6.3.3.1. “Line” configuration device”

The spectrum of the “line” RGB laser is shown in Figure 6.16 a), as well as a picture
of the emitted beams. Each output beam is measured independently by spectrometer,
at a pump energy fluence of 28 pJ/cm? As shown in the picture and the plot of
emission spectra, a three-colour laser, with emission wavelengths of 605.4 nm,
537.1 nm and 435.9 nm, is obtained using only one pump source. Results show that

the encapsulating layer redshifts the oscillation wavelength when comparing to the
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equivalent neat laser (603.2 nm, 536.5 nm and 426.3 nm emission). This effect is due
to changes in the refractive index profile of the laser structure. As a result of the PVA
layer addition, the laser mode is pulled away from the substrate and overlaps more
with the gain region leading to an increase in the effective refractive index of the
mode (see chapter 3, section 3.4.2).

The threshold fluence of the device were measured and are plotted in Figure 6.16 b).
The green emitting laser has the lowest threshold, 11.0 pd/cm?, followed by the red
laser with an average threshold fluence of 28.2 pJ/cm? and the blue laser with an
average threshold of 31.6 pJ/cm? It is seen that the encapsulation lowers the
threshold compared to the equivalent neat lasers, (respectively 168.5 pJ/cm?,
239.5 pd/cm? and 70 pd/cm?), also due to changes in the refractive index profile of

the laser structure.
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Figure 6.16: a) Spectrum and picture and b) pump energy fluence of the “line” RGB

6.3.3.2. “Stack” configuration device

Figure 6.17 shows the characteristics of the “stack” RGB laser. From Figure 6.17 a)
it is seen that the laser emitted simultaneously at three different wavelengths:
435.9 nm, 540.1 nm and 608.3 nm. A shift in wavelength is seen compared to the
emission of the neat lasers due to the encapsulation. As seen previously, a red shift in
wavelength is engendered by the encapsulation, compared to equivalent neat lasers
(603.2 nm, 536.5 nm and 426.3 nm emission). Spectra were recorded at an energy

fluence of 54 uJ/cm?. A picture of the device under optical pumping is shown in the
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inset of Figure 6.17 a). It is seen that the three beams, red, green and blue emit from
the same position on the sample, giving a quasi-white light emission.

The power transfer function of the RGB laser is shown in Figure 6.17 b). The device
was pumped through the top of the sample (starting with the blue laser). Once again,
thresholds are highly reduced by the encapsulation compared to the neat equivalent
devices. The whole device threshold is then 42.1 pJ/cm? (when the three lasers emit
at the same time). This is an improvement in threshold of ~100 times compared to
the result shown by Yamishita et al. [275]. However, there is a slight increase in
threshold compared to the “line” device due to the configuration of the device as the

laser on top of another laser acts as a superstrate.
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Figure 6.17: a) Spectrum and photograph and b) pump energy fluence of the “stack” RGB laser

In summary, two formats of mechanically-flexible RGB lasers were demonstrated,
one consisting of a single-chip quasi-white laser and the other a multicolour laser
array. The reported devices were fabricated by combining three individual all-
organic DFB lasers entirely made by soft lithography. The complete devices were
encapsulated with polymer and a 50um-thick glass membrane in order to improve
the lasing threshold. The first device consists of three lasers placed next to each other
on a flexible glass substrate. Each laser can be optically-pumped individually or
simultaneously, giving a red, green and blue laser output with an individual threshold
of respectively 28.2 pJ/cm? 11 pd/em? and 31.6 pd/cm?. The second device has a
three layer structure, each layer being an individual red, green and blue laser,

emitting at the same time with a lasing threshold of 42.1 pJ/cm? These
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demonstrations offer potential solutions for the development of compact multicolour

light sources.

6.4. Conclusion

A new type of star-shaped oligofluorene TPE material (TPE1) was studied as gain
material for lasing applications. This gain material presents aggregation induced
emission and its mechanofluorochromic properties were tested by studying the effect
of the pressure on its amplified spontaneous emission. The ASE wavelength varied
linearly as a function of the pressure applied on a film of TPEL and was reversible. A
possible next phase would be to develop a pressure sensor, which monitors for
example the ASE wavelength.

Two multicolour lasers have been reported. They were fabricated with three different
organic gain media emitting at 3 different wavelengths (red, green and blue). Two
configurations were studied, a single-chip RGB laser emitting simultaneously from
the same position to create a quasi-white light emission and a device combining the
same colours but emitting independently. This opens opportunities for chemical,
biological analysis, sensors and many other optoelectronics applications.

This chapter demonstrated that DFB OS lasers offer many possibilities of structures,
tunability and configurations as they can be integrated on any substrate, and are
simple to fabricate, plastic-like materials offering flexibility and a wide range of

wavelengths in the visible.
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7.1. Summary

This thesis has focussed on the development of all-organic and hybrid
organic/inorganic solution-processed lasers and on advancing their performance in
order to increase their applicability. A particular emphasis was placed on
mechanically-flexible laser cavities. The gain materials used for most of the devices
were organic semiconductors, such as oligomers and conjugated polymers. These
types of gain media are very advantageous as they are solution-processable, non-
toxic, potentially low-cost and can be tuned easily to emit through the whole visible
spectrum. This means they can bring simplicity and flexibility in terms of fabrication
of photonic devices: they can be printed onto different substrates using different
techniques; they are compatible with conformable/flexible technology and with soft-

lithography, etc.

The second type of gain element used in this work was colloidal quantum dots
(CQDs). CQDs are attractive nanomaterials and they are also compatible with
solution-processing techniques. Their emission wavelength can be tuned over a wide
range by changing only their size, by changing their composition or by a
combination of both. They are studied here as an alternative to organic
semiconductors. They can be processed in the same way as OS but they are
potentially more photostable and are possibly not limited to pulsed operation —
although current performance of visible CQD lasers do not permit this and do not
match that of OS lasers. However, it can be said that this technology is simply not
yet as mature. Nevertheless great progress is being made and results of this thesis

have contributed to this on-going progress.

All lasers studied were based on DFB resonators. This type of cavity was chosen
because its planar fabrication is ideally suited to soft lithography using flexible and
transparent plastic materials, because of the potential of the architecture for bio-
sensing applications and, importantly, because the lowest lasing thresholds for
organic semiconductor lasers are obtained with such cavities (see chapter 1, section
1.4.2).
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The first experimental sections of the thesis (chapters 3 and 4) addressed the main
challenges to application for optically-pumped organic semiconductor lasers:
lowering the lasing threshold, increasing the photostability and changing the
pumping implementation for compactness. A blue emitting macromolecule (T3) and
a green emitting (and blue absorbing) polymer (BBEHP-PPV) were studied as gain
materials. Different approaches were explored to achieve a combination of low
emission threshold and high photostability while maintaining mechanical flexibility.
These approaches include guest/host nanocomposite format and encapsulation of the
gain layer with additional polymers and flexible glass membranes. The performance
and capabilities of the organic lasers were significantly improved, as very low
thresholds and highly extended photostabilities were demonstrated. The low lasing
thresholds allowed solving the problem of bulky and expensive pump sources by
replacing them with a gallium nitride laser diode. This combination of achievements
is key to real world applications of organic semiconductor lasers by obtaining a low-

cost, long-lifetime and compact system.

Chapter 5 reported DFB lasers with colloidal quantum dots as gain media. State-of-
the-art threshold for CQD lasers operating in the nanosecond regime and the first
demonstration of a laser of any kind on flexible glass (these results predated our
polymer/glass work) were achieved and their potential for sensing applications was
shown. It was also demonstrated that CQD DFB lasers are suitable for integration on
different substrates and can conform to different shapes, according to the

applications desired.

The last experimental part (chapter 6) consisted in studying emerging types of
organic semiconductors and in assembly of organic semiconductor lasers. This
chapter emphasised the variety of possibilities in terms of wavelengths, shapes and
assembly of plastic-like lasers, with the demonstration of multicolour RGB lasers

excited with a single pump and of a pressure-sensitive laser material.

In conclusion, the work described in this thesis brings solution-processed lasers with

mechanically-flexible cavities closer to applications by showing diode-pumped (low-
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cost and compact) photostable laser operation and also by demonstrating that such

lasers enable many configurations, e.g. in terms of emission colours and shapes.

7.2. Future work

7.2.1. Perspectives for solution-processed lasers

Recent advances in OS lasers have brought them closer to applications. However,
improvements still need to be achieved in order to overcome the remaining
challenges.

The need for compact integrated systems remains one of the main requirements. In
this thesis, it has been demonstrated that OS lasers having low threshold can be
pumped by laser-diodes. One other way to obtain a compact system and overcome
the difficulty of electrically pumping OS lasers is to use an LED as a pump source,
which is a solution for a low-cost (cheaper than laser-diodes) and integrated system.
Recent papers have reported LED-pumped OS lasers but they require very low
threshold as typical commercial InGaN LEDs deliver a power only up to 1 kW/cm?
in 45 ns pulses [16,283]. Micro-LED pumped OS lasers have also been achieved,
opening opportunities for compact integrated lab-on-a-chip devices for bio-sensing
and chemo-sensing [82,284,285].

One other challenge is to bring OSLs toward CW lasing. Several research groups are
focussing on achieving a CW organic laser. Rabe et al. [119] and Lehnhardt et al.
[167] have investigated semiconductor polymer lasers operating at a repetition rate of
several MHz and a pump pulse duration of 400 ps. A recent study by Zhang et al.
[129] proposed using a three-molecule system that includes a “triplet manager” to
help the depopulation of the triplet state of the emitting material.

Concerning CQDs, the main challenge remains the threshold performance. This
thesis has demonstrated what we believe to be the lowest thresholds for a CQD laser
pumped in the ns regime. However, in order to achieve an integrated and compact
system and in the future be able to pump CQD lasers with a laser-diode or an LED,

thresholds lower than 450 pJd/cm? have to be achieved (about 20 times lower).
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Looking at different types of CQDs (for example alloyed dots or different materials
from CdSe/ZnS) and encapsulating the lasers could be solutions for reducing the
threshold (it has been demonstrated that encapsulation can help by increasing the

overlap of the refractive index mode with the gain region).

7.2.2. Bio-sensing

One of the applications for some of the solution-processed lasers presented in this
thesis is sensing. These devices can act as evanescent optical sensors to detect minute
changes in refractive index at the surface of the laser. The advantages are their planar
geometry and the fact that laser oscillation leads to a narrower linewidth than
equivalent ‘passive’ sensors, which boosts the sensitivity without trading-off on
implementation simplicity. In particular, they are very attractive for medical
diagnostics as they offer the possibility for label-free, real-time and non-destructive
detection. They have also the potential to be incorporated into compact detection
systems (possibly lab-on-chip) for future point-of-care diagnostics. However, the
DFB laser sensors based on solution-processed organics that have been developed so
far, such as the T3 laser sensors demonstrated by our group (A.-M. Haughey et al.
[12,231,233]), still present a main challenge for such application: the optical pump
source remains bulky, expensive and prevent fabrication of a truly low-cost, compact

and portable bio-sensing system.

To address the above point, laser diode pumping using off-the shelf InGaN lasers, as
demonstrated in this thesis, is an ideal solution. That way, an integrated, compact and
portable system that would use disposable ‘laser capsules’ primed for sensing could
be obtained. The blue emitting material (T3) would have to be replaced by a laser
material that can be pumped by blue laser diodes, as UV laser diodes remain
expensive and have lower power performance. BBEHP-PPV is a candidate material
as it was demonstrated in chapter 3 that flexible BBEHP-PPV lasers are suitable for
laser diode pumping when coated with PVA, due to their low-operation threshold.
We note that flexibility is not a necessary condition for bio-sensing applications but
it can facilitate system integration. Additionally, future applications might need

conformable or flexible sensors.
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Biosensing usually necessitates operation of the laser in a liquid environment.
Typically, the first steps to validate a platform for evanescent wave biosensing are:
(1) to verify that the laser can indeed operate in a liquid environment and (ii) to assess
If it can detect bulk changes in its environment as was done with the CQD laser in
chapter 5. Such an experiment was conducted on diode-pumped BBEHP-PPV lasers
(overcoated with PVA, see chapter 4). An encapsulated BBEHP-PPV laser was first
tested in air and then immersed in toluene (a non-polar solvent, as PVA is water-
soluble) in order to detect whether or not a shift in wavelength, indicating a change
in refractive index of the superstrate, was obtained. A schematic of the set-up used to
carry out this test is shown in Figure 7.1. The laser was immobilised with kapton tape
inside a glass cuvette, with the surface of the laser facing into the cuvette. The laser
emission was collected through an optical fibre connected to a spectrometer.

Cuvette —] | ___Toluene

ﬂ\\\Laser taped to inner

Pump —]

P 7 surface of cuvette,
OS layer facing into
cuvette

Laser emission

Figure 7.1: Set-up used for testing the potential of laser diode pumped encapsulated BBEHP-
PPV laser.

The result is shown in Figure 7.2. In air, the laser emission wavelength was
538.41 nm. Once immersed in toluene, the wavelength was 539.25 nm: a shift of
0.8 nm was obtained. This result therefore shows the potential of laser diode pumped
encapsulated BBEHP-PPV laser for bio-sensing applications.

This is only a first step though. The sensitivity of this BBEHP-PPV laser ‘sensor’ is
low (1.5 to 2 nm per refractive index unit). Optimisation and further investigations is
required: variation of the PVA layer in order to obtain the biggest shift in wavelength
and study of the reversibility of this process. An alternative encapsulating layer also

needs to be found as PVA is water-soluble and thereby cannot be utilised with
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biological buffers or blood. Other laser materials suited for InGaN pumping could

also be explored.

—Air
— Toluene -

sed intensity
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Figure 7.2: Refractive index sensing from a LD pumped BBEHP-PPV/PVA laser.
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