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To my brother & sister

“These mountains that you are carrying,
you were only supposed to climb.”

—Najwa Zebian
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Abstract

WE LIVE IN AN ARTIFICIALLY LIT WORLD, where light enhances our productivity and
improves our quality of life. Today our appetite for light is stronger than ever, and
emerging light-emitting technologies do not just replace the classical incandescent
light bulb, they also open up for a new world of applications. The problem is that our
environment does not cope with the increased energy demand during fabrication
and usage, and the insufficient recycling that currently follows this rapid technologi-
cal development. We must therefore adapt, and from here on out consider the entire
environmental footprint and the necessity of our devices.

Organic electronics has the potential to become sustainable. It allows for cheap
and energy-efficient fabrication methods, using abundant materials, mainly carbon.
Such sophisticated conductive plastics can be made thin and flexible, and they are
thereby very versatile. It is in this context that we find the light-emitting electrochem-
ical cell (LEC)—a strong contender for affordable and sustainable light. The LEC has
a simple device design that is fit for solution based fabrication and new useful appli-
cations in, for example, medicine.

The simple LEC design is enabled by its operational mechanism, where mobile
ions aid electronic charge injection and improves electric conductivity by electro-
chemical doping. However, this dynamic nature complicates the attainment of de-
vices that are efficient, bright, and retain a long lifetime.

Herein, we face these challenges with sustainability as the beacon. We find that
careful design of the active material, and selection of its constituents, can lead to
LECs that are both efficient and bright. Importantly we show that this is attain-
able with entirely organic active materials, via thermally activated delayed fluores-
cence; thereby moving away from unsustainable phosphorescent emitters that con-
tain problematic rare metals. With large-scale manufacturing in mind, we introduce
a tool that identifies environmentally benign and functional solvents. Furthermore
we design and validate a realistic optical model that unveils the common optical loss
mechanisms in LECs. The insights gained guide the optical design of highly efficient
LECs in the transition towards an upscaled production.

I hope that the progress made will contribute to a road map for the design of
sustainable light-emitting devices. It is then our responsibility, as a society, to make
use of them where needed.
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Sammanfattning

VÅR VÄRLD ÄR FYLLD AV LJUSKÄLLOR som bidrar till både vår livskvalitet och produk-
tivitet. Idag är suget efter ljus större än någonsin, då nya ljuskällor inte bara ersätter
de gamla, utan öppnar även upp för helt nya användningsområden. Problemet är att
vår miljö inte klarar av den höga energiförbrukningen och bristfälliga återvinningen,
som följer den ökade användningen. Vi måste därför anpassa oss, och se över det
totala miljöavtrycket från både tillverkning och användning av våra produkter.

En hållbar lösning kan vara organisk elektronik. Denna teknik möjliggör för billig
och energieffektiv tillverkning, och baseras på vanligt förekommande ämnen, främst
kol. Dessa elektriskt ledande plaster kan göras både tunna och böjbara och är därmed
väldigt anpassningsbara. En så kallad ljusemitterande elektrokemisk cell (LEC) har
en förhållandevis enkel konstrution. Den lämpar sig för energisnål tillverkning, och
för nya användningsområden inom exempelvis medicin.

En LECs enkla konstruktion är möjlig tack vare rörliga joner i det aktiva mate-
rialet. Jonerna möjliggör injektion av elektroniska laddningar till det aktiva materi-
alet och förbättrar dess elektriska ledningsförmåga genom elektrokemisk dopning.
Dynamiken i det aktiva materialet försvårar dock utvecklingen — det är svårt att få
fram komponenter med hög effektivitet och ljusstyrka, som samtidigt har en lång
livslängd.

I denna avhandling tar vi oss an dessa utmaningar med hållbarhet som ledord.
Vi visar att noggrant utvalda material, och design av det aktiva materialet, kan göra
att en LEC blir både ljusstark och effektiv. Vi visar dessutom att detta inte kräver
ohållbara fosforescerande material, som ofta innehåller problematiska ädelmetaller,
utan att det är möjligt från helt organiska material via termiskt aktiverad fördröjd
fluorescens.

Framtidsbilden för en LEC är storskalig tillverkning, men för en sådan krävs också
stora mängder lösningsmedel. Med detta i åtanke har vi skapat ett verktyg för att
identifiera lämpliga miljövänliga lösningsmedel. Dessutom har vi utvecklat en realis-
tisk optisk beräkningsmodell med god experimentell överrensstämmelse. Modellen
ger oss en bättre förståelse för de olika optiska förlustkanalerna i en LEC, vilket är
viktigt för att bibehålla deras prestanda i övergången till storskalig tillverkning.

Jag hoppas att vägen vi banat kommer skynda på utvecklingen av hållbara ljuskäl-
lor samt att vi alla tar vårat ansvar och ser till att de används på ett ansvarsfullt sätt.
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Preface

ALREADY AS A TODDLER I SPOKE A LOT. The problem was that no one understood
me. The level of frustration was high, for everybody involved. After years in speech
therapy I reached an acceptable level: people understood me. However, it quickly
became obvious that oral communication was not enough.

In primary school we started writing, putting words down on paper. A smilingly
easy task one might think, but the frustration became higher than ever. Apparently
words need to be spelled correctly, and follow some well established rules, for them to
make sense. As it turned out, neither writing, nor reading, came easy for me. Another
communication challenge—dyslexia—which I have faced ever since.

“It’s not enough that you understand. You need to help others do so as well”.
This is how a teacher used to motivate me when I hesitated whether a successful
communication was worth the effort. Luckily, for me, it worked.

Going into science I hesitated again: worrying that the struggle would not be
worth it. Science is communication; we need not only to understand ourselves, we
need to make sure others do so as well. Weirdly, I found that as scientists we often
fail in our communication, even between each other. We are fooled by the curse of
knowledge. We hide our messages behind unnecessarily hard words and in fancy
phrasings that are incomprehensible for most; thereby we unintentionally exclude
others from our knowledge.

Now, after a few years in science I still worry. Not only about my communication
challenge, but also for the ones facing science. We really need to improve our way
of communicating—it is essential! Academia alone cannot solve the challenges that
our society is facing, but we can be a source of true knowledge and guidance. We just
need to communicate in such a way that others understand. Only then society will
listen, and that, I am sure, is worth the frustration.

Petter Lundberg Bygdeå
May 2020

MAI HULI‘OE I KOKUA O KE KAI
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1. Introduction

“LET THERE BE LIGHT, AND THERE WAS LIGHT”1. What you just read is arguably one of
the most well-known phrases throughout history; for me, that highlights the impor-
tance of light. Historically we relied on the sun for light, but we have come a long way
since. Today artificial light truly surrounds us, and our technological achievements
have not only enabled us to be productive during the dark hours of the day, they
have also opened up for a huge variety of applications. Our hunger for light is not
expected to ease2. We are in the midst of a light-emitting revolution, where emerging
technologies promise higher efficiencies at lower prices, and with that, we envision
new, untraditional, uses.

However, the current rate of technological development and insufficient recy-
cling causes serious pollution3–5, and the predicted energy savings with the revolu-
tion are, so far, instead associated with increased light pollution which causes prob-
lems for flora, fauna, and human health6. We are in a climate emergency7, and this
is not the time for business as usual. We need to pause, rethink, and act for a brighter
morrow. A sustainable future requires us to address the entire environmental foot-
print of our technological advancements: from material selection and fabrication
method, to efficiency, disposability, recyclability, and, most importantly, the applica-
tion necessity.

A stepping stone for a sustainable light source is the emergence of organic elec-
tronics. A field that uses carbon based materials, ranging in size from small molecules
to long chains of repeating units (polymers, “plastics”). This group of material is
astonishing, but within electronics they did for long only serve as insulators—they
typically do not conduct electricity. In the mid-1900s one learnt that organic ma-
terials can emit light when electrically biased8,9, but practical applications were far
away due to the low conductivity of the material, which required a very high voltage
(∼ 400V) to generate the light.

In the late 1970s, our eyes opened to a wider perspective. A pioneering study
showed that a family of semiconducting polymers could, by chemical doping, reach
an almost metallic conductivity10,11. The beauty of this discovery is the possibility
to combine the moldability, scalable fabrication, and flexibility of cheap and (more
or less) sustainable plastics with electronic circuits. Additionally, as organic com-
pounds are synthesized from a wide variety of basic building blocks, one can tailor
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their chemical, physical, and electronic properties to fit one’s needs. This placed a
world of plausible light-weight and flexible applications at our doorstep12–22.

It was not until 10 years later with the introduction of the organic light-emitting
diode (OLED)—in the first form a double-layered organic semiconducting thin film
sandwiched between two electrodes—that the field really snowballed23–27. Since
then a tremendous amount of work have been put into developing the relatively sim-
ple first concept into complex stacks, where each layer is deposited with nanometre
precision under high-vacuum28, making OLEDs the frontrunner for organic light-
emitting devices. The rapid development of OLEDs is unprecedented, especially for
display applications, where we now find them on the market. They can be made
thin, flexible and highly efficienti —they truly glitter!

Sadly, all that glitters is not gold. Multi-layered stacks make recycling difficult,
and the required high-precision deposition is associated with high costs, extreme re-
quirements on cleanliness during fabrication, and a large energy demand. As such,
OLEDs are not gold: especially not for envisioned applications, such as affordable
and wearable medical devices20,29,30, for treatment and diagnostic, which if made
available could improve the lives of many. For such applications, we need an equally
versatile and efficient, but cheaper, light source. A light source with a simple design
so that fabrication, and recycling, is facilitated. It is in this context that the light-
emitting electrochemical cell (LEC) makes headway.

The LEC allows for a simple and comparatively robust device architecture, typi-
cally a single active material layer sandwiched between two electrodes. It can be fab-
ricated on a variety of substrates, including textile and paper31–34, and entirely from
environmentally friendly raw materials35,36. As such it is fit for material efficient,
cheap, and fault-tolerant solution-based fabrication, such as roll-to-roll coating and
screen printing37–42, making it a prime candidate for the realization of sustainable
light.

It is the LEC operational mechanism that enables its simple design. This mecha-
nism builds on the findings of doping improved conductivity, as the LEC active ma-
terial undergoes electrochemical doping during a transient turn-on process. This
doping forms a multilayer structure inside the LEC, where (ideally) light-emission
occurs from a centralized non-doped region43–46. This dynamic origin of light turns
the seemingly simple LEC into a surprisingly challenging device, as the transient in-
ternal processes depend on each other. As of today, the LEC research field struggles
with how to make the device: (i) highly efficient at a significant brightnessii and low
voltage, (ii) turn-on fast, (iii) stable during operation and on the shelf, and (iv) main-
tain performance when moving from lab scale to large-scale manufacturing.

In this thesis we face these challenges, with sustainability as our beacon, from a
performance improvement and fundamental understanding point of view. By care-
fully designing the active material—optically and electrically—we fabricate LECs that

iAlthough, most commercial OLEDs contain environmentally questionable rare metals in their active
material to boost the efficiency.

iiThis has even been questioned if it is possible47.
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are simultaneously bright and efficient. Importantly we show that this is achievable
from entirely organic active materials. Furthermore, we introduce a realistic optical
model, which dissects the optical losses, and thereby brings valuable insight on how
to improve the technology further, and to the transition towards an upscaled produc-
tion. With this, I hope that we have paved a way that will speed up the realization of
sustainable, and useful, light-emitting devices.

So far, you and I have only scratched the surface on this puzzling origin of light. Be-
fore we dive deeper, I recommend you buckle down and put yourself in a possimpible
state-of-mind where you allow the possible and (seemingly) impossible to meet48.
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2. The light-emitting electrochemical
cell in a nutshell

FOR THERE TO BE LIGHT in an electroluminescent device an electron and a hole (i.e.
the absence of an electron) must meet, and form an exciton. An exciton is a bound
electron-hole pair, which is held together by the attractive electrostatic forces be-
tween their opposite charges. With time an exciton decays, either radiatively as light,
or non-radiatively as heat.

In a device, exciton formation requires electrons and holes to be injected from
the electrodes into the active material, and electron and hole transport inside the
active material (so that they can meet). Importantly, the exciton formation should
not take place close to an electrode49, nor to an environment that is polarized by a
high density of electrons or holes (polaron)50, as these efficiently quench the exciton,
and thereby the light emission.

In an LEC, the above processes are enabled by its unique operational mechanism,
but to attain efficient light emission, we must also address various quantum mechan-
ical, electrical, and optical aspects. For that, we must first understand how the LEC
works, and which methods we have at our disposal to gain insight on the relevant
aspects.

2.1 The unique operation mechanism

The LEC relies on mobile ions inside the active material to generate light. Their basic
role has been extensively debated—which indicates the mechanism complexity—but
the debate has since been settled. It was established that a well-functioning LEC
forms electric double layers at the electrode interfaces, and that the semiconductor
in the active material is electrochemically doped46. This dynamic process is initiated
when the device is biased, and takes place inside the active material. It involves (at
least) 4 mobile charged species, which makes it a challenging process to fully grasp,
and the details will vary from system to system. To explain the LEC operation I choose
to present a typical scenario, as illustrated in Figure 2.1.
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Figure 2.1 A schematic view of a typical LEC operational mechanism. An external electric
bias is applied at t0. Neither electrons nor holes can be injected into the active material
due to the large injection barriers between the electrodes and the active material. The
mobile ions in the active material redistribute in response to the imposed electric field.
At tinjection ions have accumulated at the respective electrodes and formed electric dou-
ble layers. These layers makes the injection barrier thinner, so that electrons and holes
can be injected through tunnelling. When injected, they attract counter ions. The active
material is becoming electrochemically doped: p-type at the anode and n-type at the
cathode. At tpeak brightness electrons and holes recombine in a non-doped p–n junction
to form excitons and generate light. As doping continues, the p- and n-doped fronts grow
closer and increase both the conductivity and the polaron induced quenching. The LEC
has reached a steady state when there is no net motion of ions (tsteady state). The width of
the non-doped region is di.

Let us first consider a device with an active material consisting solely of an or-
ganic semiconductor in-between two electrodes. For injection of holes and electrons
we need to match the work function of the anode with the semiconductor’s highest
occupied molecular orbital (HOMO), and the work function of the cathode with the
semiconductor’s lowest unoccupied molecular orbital (LUMO). If this criterion is not
fulfilled there is no injection of holes and electrons. In OLEDs, the workaround is
to carefully select electrodes with appropriate work functions. And since the con-
ductivity of a non-doped organic semiconductor typically is low, OLEDs also rely on
additional (doped and undoped) functional layers to establish an energy stairway for
electrons and holes to meet with minimal electrical losses24,28.

The situation changes if we add mobile ions (i.e. an LEC), as depicted in Figure
2.1. Initially (at t0) we have no injection, but the ion distribution starts to change
in response to the imposed electric field: negative ions (anions) move toward the
anode, and positive ions (cations) move toward the cathode. Ions accumulate at their
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respective electrode interface, where they form electric double layers. These locally
uncompensated ionic layers effectively narrow the injection barrier so that electrons,
and holes, can be injected (through tunnelling) from the respective electrode (see
tinjection). At this point the electronic current through the device is low, due to the
poor conductivity of a non-doped organic semiconductori.

Luckily, there is more to it. With electron and hole injection established follows
electrochemical doping. When an electron, or a hole, is injected, it attracts a counter
ion that compensates for the introduced charge. Together they form electrochemical
doping units: p-type at the anode, and n-type at the cathode. These electrochemi-
cally doped regions improve the electron and hole transport, since the conductivity
increases with the number of electronic charge carriers. This enables electrons and
holes to recombine in a non-doped p–n junction (see tpeak brightness). If the doping
structure is not completed at this point, there will still be net ionic motion. We expect
the peak brightness to occur at this stage, since it corresponds to a centralized emis-
sion zone, positioned far away from the electrodes and the doped—polaron dense—
regions.

As we continue to dope the semiconductor, the doped regions grow closer and/or
more polaron dense. The conductivity of the device increases, with the downside
being a narrower non-doped region where part of the emission will be quenched.
This process will continue until there is no net motion of ions46 i.e. until all ions
are either in the electric double layers or in the doping units—the LEC has reached a
steady state (tsteady state), with a non-doped width di.

In short, mobile ions form: (i) electric double layers, which enable injection of
electrons and holes from electrodes with an unmatched work function to the semi-
conductor’s HOMO and LUMO, (ii) electrochemical doping units with the injected
electrons and holes, which improve the conductivity.

The steady state doping structure resembles a multi-layered OLED: hole injection
(electric double layer) | hole transport (p-doped) | emitting layer (non-doped) | elec-
tron transport (n-doped) | electron injection (electric double layer). The important
distinguisher is that the LEC structure forms during operation. The beauty of it is that
the LEC works with air-stable electrodes, with a relatively thick active material layer,
and that it is robust to variations in the thickness. Another benefit is that the electric
double layers and the doping structure balance the electron and hole currents, which
result in an electron and hole recombination close to 1.

The challenge of the dynamic turn-on process is that the doping structure, and
the width and position of di, depend on e.g. the initial amount of ions, the electron
and hole mobility, and how we drive the device. Another challenge is that the elec-
trochemical operation can cause undesired side reactions and degradation. This puts
even more stress on an informed selection of the LEC active material compounds, its
design, and the fabrication process.

iIf the active material is thin enough, electrons and holes might recombine and emit light. However, a
thin active material increases the risk of electrode quenching and sets high requirements on the fabrica-
tion to ensure pinhole free films.
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2.2 General structure

A device consisting of a semiconductor, mobile ions, and two electrodes allows for
various architectures43,51. The most practical, and commonly studied, is a surface-
emitting device, with an active material sandwiched between one reflective (e.g. alu-
minium), and one transparent (e.g. indium-tin-oxide (ITO)) electrodeii. Figure 2.2 a
illustrates such a device on a glass substrate. The dimensions in the illustration are
not to scale, but the typical order of magnitude thickness of each layer is given in
the exploded view. The illustrated device is a bottom emitting device, as the gener-
ated light passes through the ITO and the glass. During operation, the entire overlap
between the two electrodes emits light (see the central square on the Al electrode,
limited by the dashed line).

In section 2.1 we considered the simplest active material. Truth be told, the reality
is often way more complicated, and much of my work have dealt with understanding
various active material combinations. In Figure 2.2 b I present the chemical struc-
tures for a selection of compounds that we have been dealing with, including: (i)
semiconducting small molecules (Papers I–V) and (ii) semiconducting polymers (Pa-
pers II–VII), (iii) ion transporters (e.g. polyethylene oxide (PEO), Paper I, and n-octyl
carbonate-capped trimethylolpropane ethoxylate (TMPE-OC), Papers VI & VII), (iv)
salts (Papers I, VI & VII), and (v) ionic liquids (e.g. tetrahexylammonium tetrafluo-
roborate (THABF4), Papers II–V).

The complexity of the presented compounds varies, from the simple alkali salt
potassium trifluoromethanesulfonate (KCF3SO3, Paper I) to the small semiconduct-
ing molecules: (i) tris[2-(5-substituent-phenyl)-pyridinato]iridium(III) (Ir(R-ppy)3,
Paper II), (ii) 2,4,5,6-tetra(9H-carbazol-9-yl)isophthalonitrile (4CzIPN, Papers I &
III), (iii) 2-[4-(diphenylamino)phenyl]-10,10-dioxide-9H-thioxanthen-9-one (TXO-
TPA, Paper III), and (iv) 2,6-bis(9H-carbazol-9-yl)pyridine (PYD-2Cz, Paper IV), and
polymers such as: (i) poly(9-vinylcarbazole) (PVK, Papers II, III & V) and (ii) the LEC
most-studied phenyl-substituted poly(para-phenylenevinylene) co-polymer Super
Yellow (Papers VI & VII). The varying structures and the accompanying physical
properties complicate the formation of a uniform and well-mixed active material.

2.3 Fabrication techniques

You might have noticed that polymers have (in one way or the other) been used
in all considered papers—this is not a coincidence. When fabricating LECs we use
solution-based methods. This means that we dissolve the compounds of interest in
a solvent to a desired concentration. We then mix them into an active material ink,
at a certain composition and concentration, from which we coat, print, or cast the

iiWe often add a thin (∼ 30nm) layer of the transparent conducting polymer poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) between the ITO and the active material
for performance improvement and/or repeatability. For clarity, I choose not to include it here.
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Figure 2.2 The LEC architecture and active material compounds. (a) An illustrated ITO |
active material | Al bottom emitting LEC. Note that dimensions are not to scale, but the
typical order of magnitude thickness is presented in the exploded view. (b) A palette of
the chemical structures of various active material compounds.

active material film. Such techniques require a good ability to form uniform, amor-
phous, and pinhole free films; polymers are typically way better at that than small
molecules52.

An example of solution-based fabrication is spin coating, which uses the centrifu-
gal force to spread out an ink evenly over a substrate, so that a homogeneous film is
formed, as illustrated in Figure 2.3 a. After spin coating the film is dried to remove the
solvent residues. The dry film thickness can easily be controlled between 50 nm and
500 nm, with low thickness variation, by adjusting the acceleration, rotational speed,
and time, and the ink properties such as concentration and viscosity. The benefit
of spin coating is that it is highly reproducible, it is easily tuned, and it does not re-
quire large volumes of inks; which is good when trying out new materials. Another
benefit is that it takes little space, which enables one to place it in an inert environ-
ment. It is hence excellent for research purposes. The drawback is that it is a wasteful
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Figure 2.3 Fabrication techniques. (a) The spin coating process. The deposited solution
(here active material ink) is distributed evenly over the substrate (here pre-coated ITO on
glass), and cast off by the centrifugal force during rotation. (b) Physical vapour deposi-
tion. The material to be deposited (here Al) is placed in a crucible that is heated via Joule
heating until the material evaporates. The material vapour condense on the sample, or
on a shadow mask that is used to pattern the deposited material.

technique, as most material is spun off the substrate. Spin coating is therefore not
suitable for upscaled manufacturing, where alternatives like roll-to-roll coating and
screen printing are favourable37,38,41.

A non-solution based fabrication technique is physical vapour deposition, where
a thin layer of material is deposited, with high precision, by thermal evaporation
under high vacuum. The procedure, illustrated in Figure 2.3 b, is that the (solid)
material-to-be-deposited is placed in a crucible, made of e.g. tungsten, to which a
high current is supplied. The current heats the crucible via Joule heating, and when
hot enough the material evaporates and condenses on the sample. The deposited
material can be patterned by placing a shadow mask between the crucible and the
sample, and by using many crucibles one can deposit multiple layers on top of each
other. This is the technique used for the fabrication of high-end OLEDs today. The
technique consumes a lot of energy, and since it requires high vacuum it is not suit-
able for a high throughput fabrication.

The choice of fabrication process is important, as the performance of the LECs
depends on the film quality. It is also important in order to minimize side reactions
and degradation, as the LEC is sensitive to the presence of oxygen and water during
operation53. Water is e.g. easily chemically reduced, and one product of the reaction
is hydrogen gas that delaminates the device structure. An easy way to avoid such
unwanted effects is to fabricate the LEC in an inert atmosphere, where the presence
of oxygen and water is low (e.g. < 1 ppm) iii.

Most of the LECs considered in this thesis were fabricated by spin coating the
active material, in an inert environment, onto a high-quality glass substrate, with
a 145 nm thick pre-deposited ITO layer. The sandwich structure was completed by
thermal evaporation of a top Al electrode, with a typical thickness of 100 nm.

iiiThis said, LECs can promisingly enough be fabricated entirely from solution in ambient air.
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2.4 Characterization

Material science is a gigantic research field, which links chemistry and physics to-
gether via experiments, theory, and simulations. The possibilities for characteriza-
tion are close to endless, and the underlying motivation is that the more we know
about the compounds and the materials, the better we can understand the device
behaviour. This allows us to identify knowledge gaps and to drive the field forward.
As an (enthusiastic) experimentalist I have carried out most of my work in the lab,
and here I introduce some of the standard methods used to study the materials and
the LEC devices.

2.4.1 Material properties

The compounds in an active material are like the pieces in a jigsaw puzzle. One needs
to consider their shapes and properties to get an idea of the outcome.

Electrochemical doping and energy levels

A functional LEC active material requires that the semiconductor can be electro-
chemically doped. To investigate if this basic requirement is fulfilled, we typically
turn to cyclic voltammetry (CV). CV is used to investigate the reduction and the oxi-
dation processes of the material. For a semiconductor, the reduction and oxidation
events can correspond to n- and p-type doping, respectively.

Figure 2.4 a shows a schematic view of a three-electrode CV set-up. CV of the
material-under-study can be performed both in solution and in solid state. Most
often we choose to study the material in its solid state. We do so since we want the
reduction and oxidation behaviour to resemble the scenario in the LEC device. A
thin film of the material-under-study is coated on an inert working electrode (WE,
e.g. gold). The WE is, together with an inert counter electrode (CE, e.g. platinum)
and a reference electrode (RE), submerged in an electrolyte, which provides ionic
conductivity. We typically use silver as the RE, which is in effect a quasi-RE.

All electrodes are connected to a potentiostat that feeds a current between the
WE and CE. The potential of the WE versus the RE is ramped linearly to an end po-
tential, whereafter it returns to the initial potential at the same rate. During this
process, electrons are injected into (orange arrow), or extracted from (blue arrow),
the material-under-study (depending on the direction of the current). Counter ions
from the electrolyte penetrates the material film to neutralize the injected charges.
The current between the WE and the CE, and the potential between the WE and RE,
is measured synchronously54.

CV is a really sensitive measuring technique, which requires clean surfaces to re-
duce the risk of side reactions. It is also very sensitive to the surrounding atmosphere
(water and oxygen), and therefore preferably carried out under inert atmosphere.
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Figure 2.4 Material characterization techniques. (a) Schematics of the three-electrode
cyclic voltammetry (CV) set-up. The electrodes are submerged in an electrolyte. An
applied potential drives a current between the working electrode (WE) and the counter
electrode (CE). The potential of the WE is measured versus the reference electrode (RE).
The applied potential is ramped linearly, and returned. (b) An example of a CV voltam-
mogram on a thin PYD-2Cz film. The scanning direction is indicated by the arrows. The
vertical dashed lines indicate the onset potentials for oxidation and reduction. (c) Pho-
toluminescence spectroscopy in an integrating sphere.

Figure 2.4 b shows a typical CV result, called a voltammogram. The current on-
set occur when the potential is sufficiently positive (or negative) for injection of a
hole into the HOMO (or an electron into the LUMO) of the material-under-study.
The amount of injected charge is calculated by integrating the current over time
(using the known potential scan rate). The electrochemical reversibility is deter-
mined by comparing the area under the graph on the respective side of 0 A. A com-
pletely reversible oxidation or reduction reaction corresponds to an equal area on
both sides. From the example shown in Figure 2.4 b we can conclude that the mate-
rial considered (PYD-2Cz) features semi-reversible oxidation, whilst the reduction is
irreversible—we do not get an injected electron back.

We define the onset potential of reduction and oxidation (shown as vertical
dashed lines in Figure 2.4 b) as the intersection of the baseline and the tangent at the
half-peak-height. The distance between the two onsets gives a potential that is equal
to the electrochemical band gap divided by the elementary charge.

The potential in Figure 2.4 b is presented versus the ferrocene/ferrocenium
(Fc/Fc+) redox couple, which is a well-defined reference potential. This is possible
since we make a calibration run directly after each CV scan with a small amount of Fc
added to the electrolyte. Knowing the reduction and oxidation onset versus Fc/Fc+

has an advantage: we can use them to calculate the HOMO and the LUMO of the
material-under-study, using that the potential of Fc/Fc+ versus vacuum is known55.
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Absorption and emission spectroscopy

To understand how our materials interact with light we turn to spectroscopy. For
optical simulations such information becomes extra important, since detailed data
on the refractive index, i.e. the phase velocity of the light propagating through the
material, and the extinction coefficient, i.e. the attenuation of the propagating light,
as a function of wavelength and doping concentration (when applicable) is needed.
We used such a dataset for Super Yellow for the simulations in Paper VII.

Although important, these data require somewhat cumbersome measurements
and computations56, and it is not always needed. Instead, we often take a short cut
to attain enough information from an experimental perspective. The short cut is to
measure the transmitted light intensity after passing through a material sample (IT),
and a reference sample without the material (I0), in a linear setup over a broad wave-
length range. The absorbance can then be estimated as 1− ITI−1

0 , by neglecting scat-
tering and reflectance at the interfaces. To minimize the error of this simplification
the material and reference sample should be similar, e.g. a solid film of polystyrene
on high quality quartz glass with and without a low concentration of the material-
under-study dissolved in the polystyrene matrix. Such an absorbance measurement
gives a spectrum over the range where the material absorbs light. The onset of ab-
sorption correspond to the energy of the optical band gap57.

Another interesting optical property of some materials is photoluminescence, i.e.
the re-emission of photons after exposing the material to light at a wavelength where
it absorbs (photoexcitation). A photon excites an electron to a higher energy state,
leaving a hole behind. The excited electron and hole form an exciton, which will
decay. If the decay is radiative we can measure the re-emitted light using a spectrom-
eter. The measured spectrum gives insight on the excited energy landscape, since it
corresponds to the wavelength (“color”) of the emitted light.

An example on how to measure the photoluminescence is shown in Figure 2.4 c,
where the sample is placed in a hollow spherical cavity (integrating sphere) covered
with a highly reflective coating, which reflects any light hitting it diffusely. The baffle
inside the integrating sphere is used to avoid any specular reflections in the signal.

By carefully measuring the amount of light absorbed and re-emitted, one can
quantify how efficient the photoluminescence is. This efficiency, called photolumi-
nescence quantum yield (ΦPL), is defined as the ratio between the number of emitted
and absorbed photons. A highΦPL shows that the radiative decay is favourable com-
pared to the non-radiative.

Solubility

An often downplayed material property, but essential for LEC fabrication, is the ma-
terial solubility. For solution based fabrication, we need to be able to dissolve all the
constituents of the active material. This is not trivial, especially as we typically work
with a single active material, which means that all constituents should preferably be
soluble in the same solvent. The simple rule-of-thumb like-dissolves-like, tells us that
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this is a challenge as the active material consists of rather different compounds (see
Figure 2.2 b): some highly polar, e.g. salts, and other less polar, such as long hydro-
carbon chains. In fact, it is even more complicated than just solubility, as the interac-
tions between the solutes and the solvent also affect the film-forming capability, and
thereby the electrical and optical properties of the film.

Looking at it from a sustainability perspective adds further complexity, since the
solvent makes up the major part of the material used, which hence puts additional re-
quirements on the solvent. This is something we addressed in Paper V, where we put
forth a tool for a systematic approach on how to move from a problematic solvent to
(or identify) an environmentally green solvent. Our approach combines Hansen sol-
ubility theory58—a refined three-parameter like-dissolve-like enthalpy approach—
with a frequently updated solvent sustainability guide59. By that we can identify
green and functional solvents.

2.4.2 Device properties and performance

The dynamic nature of LECs make transient data essential in order to understand the
devices; it gives a bird’s eye perspective of what is going on inside. The basic parame-
ters to consider in such a measurement are: the current density, the voltage, and the
emission properties. The first two are easily supplied and recorded with a source-
measure unit. Typically we run a device either at constant current, or at a constant
voltage, while the other parameter is allowed to vary within a predetermined range.
By knowing the size of the emission area, the current can directly be transformed to
the more general current density.

If the first two are easy, the latter is more challenging. There are various ways to
measure the emission properties of a device, and which one that is the most suitable
depends on the application in mind. A commonly reported measure of emission is
luminance (unit: cdm−2). This is a measure of how bright the emission is perceived
by the human eye—which makes sense for lighting and display applications. How-
ever, if the device emits outside the visible range, such a measure says nothing. In
that case radiance (unit: Wsr−1 m−2) is more applicable. These measures have ded-
icated detectors (e.g. a luminance meter), but commonly we use a well-calibrated
photodiode, or spectrometer, to measure the emission properties over time.

The measurement set-up varies. One example of a set-up is an integrating sphere,
similar to the one in Figure 2.4 c. In that case, all emitted photons are collected. How-
ever, it is common to only consider the light emitted into the forward hemisphere, or
parts of it; an example of such a set-up is illustrated in Figure 2.5 a, where the detec-
tor is placed at a know distance from the device that is much larger than the emitting
area. For such a set-up it is important to identify the solid collection angle (unit: sr)
of the detector, to know how big part of the hemisphere that the detector covers. An
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Figure 2.5 Device characterization and performance. (a) A photodetector, e.g. a cali-
brated photodiode or spectrometer, measures the light-emission at a certain distance
and solid collection angle. The distance between detector and device is much larger than
the emission area. The detector (or device) can be mounted on a goniometer to deter-
mine the angular distribution. (b) Typical luminance increase and voltage decrease with
time for a 110 nm thick Super Yellow based LEC operated at a constant current density of
100 Am−2.

advantage of such a set-up is that it enables measurements of the angle resolved in-
tensity and/or emission spectrum; either by rotating the device or by moving the de-
tector (as illustrated in 2.5 a). Such angular data is useful for e.g. optical simulations,
where it can be used to refine the optical model, which we did in Paper VII.

Figure 2.5 b shows the typical performance of a Super Yellow based LEC with
a 110 nm thick active material when operated at a constant current density. The
typical transient turn-on process, with a luminance increase and voltage decrease,
originates from a more balanced hole and electron injection and a higher conduc-
tivity (see Section 2.1). As the system approaches tsteady state the operating voltage
approaches the electrochemical band gap potential of Super Yellow60.

To determine efficiency requires that one collects all the emitted photons by us-
ing, e.g., an integrating sphere, or to calculate the number of emitted photons based
on an angular emission profile. Even with this data at hand, it is not a straightforward
task to report proper efficiencies, as there are various measures to do so. To me, the
most practical and useful measure is the wall-plug efficiency (unit: WW−1), or alter-
native the eye-response equivalent luminous efficacy (unit: lmW−1). These specify
the useful power output to the input power.

A commonly reported value is the current efficacy (unit: cdA−1). This measure is
adjusted to the sensitivity of our eyes and it does not take all emitted photons into ac-
count. We can include all the emitted photons by integrating the current efficacy over
the forward hemisphere (unit: lmA−1), assuming that we know the angular emission
profile. The equivalent, but not adjusted to the sensitivity of the eye, measure is the
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external quantum efficiency (EQE). I find these measures to be more intuitive, espe-
cially the latter, as EQE is defined as the number of photons emitted from the device,
per electrons in. However, these measures do not take the operational voltage into
account.

The EQE correlates to the internal quantum efficiency (IQE), which is the number
of photons generated per electron in, with the extraction efficiency ηout as

EQE = IQE ·ηout. (1)

It is difficult to separate ηout and IQE. Estimations of ηout can be done via optical
simulations. The IQE can be calculated as

IQE = γ ·β ·ΦPL, (2)

where γ is a charge recombination factor (close to 1 in LECs), β is the fraction of
excitons that are accessible for a radiative decay, and ΦPL is the already mentioned
photoluminescence efficiency. Separating ηout and IQE is highly interesting from a
device design perspective.

To this point, there is sadly no standardized protocol for characterization of the
performance of LECs, which makes fair comparisons difficult as results are not re-
ported in a consistent way (the same is true and common for other emerging tech-
nologies). Here, I find that the practice suggested for OLEDs by Anaya and coworkers
would be a step in the right direction61. The guidelines they provide highlights e.g.
the importance of:

– describing how the devices were measured, e.g. the dimension of the device
and the detector, and the distance between them, and the assumptions made
regarding emission profiles,

– reporting not only the efficiency but also at which brightness, current density
and/or voltage, it was attained. This should preferably be done for several or-
ders of magnitude to give a clearer picture of the emission characteristics and
limitations, such as the commonly observed efficiency roll-off at higher current
densities,

– reporting the electrical and optical (emission intensity and spectrum) stability
during operation.

I think the LEC community would benefit greatly from adapting to these practices.
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3. Photophysics 101: Luminescence

WELCOME TO PHOTOPHYSICS 101, an introduction to the spontaneous emission of
light which we call luminescence62. Luminescence is a concept that includes various
types of cold excitations63, so to narrow the scope a bit we will here only consider the
basic principles of the photoexcited and the electrically excited cases.

3.1 The excited energy landscape

Excitons give rise to luminescence. The electrostatic bond between an electron and
a hole is strong in organic semiconductors, due to their typically low dielectric con-
stant (εr ≈ 3). This makes the electron-hole pair act as a single, neutral, unit. This
unit is associated with an angular momentum (spin), since both the electron and the
hole have a spin of ±1/2. It is however not obvious what spin an electron-hole pair
has. Quantum mechanics tells us that there are four ways to add the spins for an
electron-hole pair52: one which results in a spin 0, which we call a singlet, and three
that gives spin 1, which we call triplets. Statistically, this means that given a random
set of electrons and holes, 25 % should form singlets, and 75 % triplets. Interestingly,
triplets are typically at a lower energy state than the singlets, as a result of the large
exchange interactions between the parallel electron and hole spin in the tripleti.

So, why is this of interest? The short answer is that it relates both to the β- and the
ΦPL-term in Equation (2), and thereby directly to the device efficiency. But, to grasp
how it relates, we need to understand the transitions between the states introduced
above. This is typically done with a Jablonski diagram64, which illustrates the energy
of each state and group them according to their spin. Such a diagram can be very
detailed and include higher-order excited states and the vibrational levels for each
state. In the interest of clarity, we only consider the first excited singlet state (S1), the
first excited triplet state (T1) and the ground (non-excited) state (S0)ii. This simpli-
fication is justified since excitons commonly relax rapidly (non-radiatively) from a
higher excited state to the first excited state.

iInorganics typically have larger dielectric constants (εr ∼ 10). This decreases exchange interactions,
which results in a neglectable singlet-triplet energy difference52.

iiHere denoted S since the ground state of most materials have spin 0. Oxygen (O2) is one exception.
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Figure 3.1 The excited energy landscape. (a) A schematic representation of the radiative
and the non-radiative paths between the first excited singlet state (S1), the first excited
triplet state (T1) and the ground state (S0). (b) The photoluminescence spectra from:
a fluorescent emitter (blue), a thermally activated delayed fluorescence (TADF) emitter,
showing both the prompt (green) and delayed (gray) emission, and a phosphorescence
spectrum (orange) measured at 77 K.

Figure 3.1 a illustrates such an energy landscape. The S1-S0 difference is the op-
tical band gap, which determines the photon energy in the case of a radiative decay.
This is typically slightly lower than the electrochemical band gap, with the main dif-
ference being the exciton binding energy57. The S1-T1 energy difference is denoted
∆EST and the pie charts on each excited state represent the statistical distribution of
excitons when formed from a random spin orientation. The possible transitions, and
associated rates (unit: s−1), between the three considered states are shown: radiative
(kr, solid and wavelike) and non-radiative (knr, dashed) from an excited state to S0,
and intersystem crossing (kisc) between S1 and T1 and the reverse intersystem cross-
ing (krisc). These rates are important, as they correlate with the exciton lifetime and
the likelihood of a given path. A higher rate corresponds to a more likely path. The
radiative decay rates, and efficiencies, can be determined by time-resolved photolu-
minescenc measurements, from which the internal, and non-radiative, transfer rates
can be calculated65.

3.2 Populating the excited states

Excitons can be formed optically by absorption of light, or electrically by injecting a
hole into the HOMO and an electron into the LUMO. Although both processes form
excitons, they differ in how they populate the excited states. Given a random spin
orientation we anticipate a 1:3 ratio between S1 and T1. This is the likely scenario
when electrically excited66,67. However, photoexcitation typically form only singlets;
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the electron gains its energy from an absorbed photon and the formed exciton keeps
the spin of the ground state. This difference in the initial exciton population is im-
portant to keep in mind when we consider the different paths to light emission in
electroluminescence and photoluminescence.

3.3 Paths to emission

To make efficient electroluminescent devices we need efficient emitters, which har-
vest as many of the electrically generated excitons as possible (i.e. a high β) and pro-
motes the radiative decay paths (i.e. a high ΦPL). A major culprit for effective elec-
troluminescence, with 25 % singlets and 75 % triplets, is conservation of momentum
since it implies that a T1→S0 transition is spin-forbidden and thereby unlikely. There
are emitters that can circumvent this limitation, but to fully appreciate their beauty
we start with the standard case.

3.3.1 Fluorescence

Fluorescence is a radiative S1→S0 transition. Since it is a spin-allowed transition,
both kr

S and knr
S are generally high: typically about 109 s−1. This corresponds to a

lifetime∼ 1ns. A conventional fluorescent emitter is limited to the generated singlets;
that is a β≈ 0.25.

An example of a fluorescent emitter is PYD-2Cz (ΦPL ≈ 0.2), which photolumi-
nescence spectrum is shown in Figure 3.1 b (blue). The presented spectrum was
measured in a set-up similar to the one presented in Figure 2.4 c at room temper-
ature. Another example is the relativity efficient fluorescent emitter Super Yellow
(ΦPL ≈ 0.6), which we used in Papers VI & VII.

Here I would just like to mention that it is common to observe a red-shift, called
the Stokes shift, between the fluorescence and the absorption peak68. A Stokes shift
can (a bit simplified) be explained by a non-radiative exciton relaxation from a higher
vibrational state (i.e. from where it was excited) to S1, from which it decays to a higher
vibrational level on S0

iii.

3.3.2 Phosphorescence

Phosphorescence is the typical glow-in-the-dark phenomenon, and thereby likely
what most of us associate photoluminescence with. Phosphorescence is a spin-
forbidden T1→S0 transition, which means that the decay rates typically are low,
and the corresponding triplet lifetime thereby orders of magnitude longer than for
singlets; from µs to minutes or even hours69,70.

iiiNote that the theory behind the shape of the absorption and the emission spectra goes far beyond this
simplified explanation; by including e.g. the probability of a transfer based on the wavefunction overlap
between the states. I do however leave that for Photophysics 201.
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In photoluminescence two transitions are necessary for phosphorescence to
take place: (i) a S1→T1 transition, which requires kisc to be similar to, or larger
than, kr

S and knr
S, and (ii) a T1→S0 transition. These transitions are typically

unlikely. A way to observe phosphorescence is to slow down the non-radiative
transitions by cooling the sample a lot, e.g. to 77 K. At such low temperatures even
a spin-forbidden radiative transition becomes as probable as the non-radiative.
Such a phosphorescence spectrum, from a 7,10-bis(4-(diphenylamino)phenyl)-2,3-
dicyanopyrazi-nophenanthrene (TPA-DCPP) film, is shown in Figure 3.1 b (orange).
To exclude any fluorescence, the data were recorded after a 10 ms delay following
excitation. The phosphorescence at 77 K is weak, as seen by the noisy spectrum.

Although we can observe the T1→S0 transition at 77 K, it is not a practical solu-
tion for an electroluminescent device. For real applications we need to promote these
spin-forbidden transitions at room temperature. This can be done by perturbations,
such as spin-orbit coupling, where the change in momentum due to a spin-flip is
balanced by a change in orbital momentum, whereby the total momentum is con-
served. Spin-orbit coupling is proportional to the fourth power of the atomic charge
number. That is why the most common way to enhance spin-orbit coupling is to
include a heavy atom, such as iridium, into the emitter52. Such organometallic com-
plexes can be made very efficient, with β = 1 and a high ΦPL, and result in highly
efficient devices71–73. We used such an emitter in Paper II, see Ir(R-ppy)3 in Figure
2.2 b.

It should be noted that the non-radiative S1→T1 transition is a down-conversion,
which complicates the synthesis of deep-blue phosphorescent emitters. This down-
conversion is however associated with a large red shift, which decreases the risk of
self-absorption in the emitter material as the overlap between emission and absorp-
tion spectra deceases. The obvious drawback with these phosphorescent emitters is
the heavy metal, since it is associated with high costs, a large environmental foot-
print, and problematic disposability74.

3.3.3 Thermally activated delayed fluorescence

An alternative approach to harvest both singlets and triplets is to use up-conversion
from T1 to S1, followed by a radiative S1→S0 decay75,76. An up-conversion requires
additional energy, and such a transition can be thermally promoted if (to a first ap-
proximation) ∆EST is small (∼ 100meV). This can be achieved by spatially separating
the HOMO and the LUMO on the emitter, since it decreases the exchange interac-
tions between them.

However, a T1→S1 transition is spin-forbidden, which means that we need to
compensate for the spin-flip by a change in orbital momentum for conservation of
momentum to hold. But, a spatial separation of HOMO and LUMO makes a direct
spin–orbit coupling unlikely. Instead we need to complicate things a bit by using
delocalized intermediate states77–81. The typical approach to design such an energy
landscape is to use a donor (D), that donates an electron, and an acceptor (A), which
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accepts it. The landscape in a D-A system features both locally excited (LE) states on
the D and the A, and delocalized intramolecular charge transfer (CT) states between
the D and the A, for both singlets (1CT) and triplets (3CT)iv. The up-conversion from
the 3CT, to the 1CT, can then be enabled via an intermediate step: a vibronic cou-
pling between the 3CT and a 3LE state, and a spin-vibronic coupling between the 3LE
and the 1CT state. The efficiency of this up-conversion depends on e.g. the energy
separation between a 3LE and the CT states. The resulting emission is both prompt
fluorescence, from the generated singlets, and a thermally activated delayed fluores-
cence (TADF) from thermally promoted triplet harvesting.

The involved coupling mechanism described above makes the design of TADF
compounds complex, and a full grasp of the transitions and their efficiency requires
a thorough photophysical investigation. Although photophysically sophisticated,
there are many examples of TADF compounds with an efficiency that can compete
with the best phosphorescent emitters (β = 1 and a high ΦPL)82—and the field is
under rapid development. We used TADF emitters in Papers I, III & IV, see e.g.
4CzIPN and TXO-TPA in Figure 2.2 b.

TADF also gives rise to a distribution of exciton lifetimes in the emission. The
prompt emission has a lifetime similar to that of a conventional fluorescent emitter
(∼ 10ns), whilst the lifetime of the delayed emission ranges from a few µs to ms. An
example of a time-resolved photoluminescence spectrum from a 4CzIPN film under
vacuum at room temperature (using a pumped laser and a streak camera) is shown in
Figure 3.1 b. Note that the prompt (green), and the delayed (grey), emission overlaps,
which implies that they originate from the same excited state. To establish that the
emission is indeed TADF require further analysis, e.g. investigations of the intensity
over time for different temperatures.

The major benefit with a TADF emitter is that it does not rely on the inclusion of
heavy atoms. This means that they can be synthesized entirely from organic materi-
als. The drawback is that they are sensitive to their (molecular) environment83, partly
due to the polarized nature of an excited D-A structure.

3.3.4 Triplet fusion

Another possible up-conversion mechanism is triplet fusion. The idea behind triplet
fusion is to make use of the encounter complex that forms when two triplets col-
lide. Theoretically, two colliding triplets can form a singlet84,85, which gives a β ≤
0.625. However, the process when two triplets collide is more generally known as
triplet-triplet annihilation (TTA), since the odds of forming an emissive singlet from
a triplet-triplet collision is low. One can design an energy landscape where such a
formation is favourable, but the more likely scenario is that it forms a high-energetic
and non-radiative complex, which causes more harm than good. A triplet fusion con-
tribution to the emission is a delayed fluorescence, and as exciton mobility increases

ivA D-A system can also be established in an intermolecular way; either between the same type of
molecules (excimer), or different molecules (exciplex).
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with temperature, so does the chance/risk of a collision. Triplet fusion can be dis-
tinguished from TADF since it takes two triplets to form one singlet, which can be
observed by e.g. a quadratic excitation energy dependence of the delayed emission
in time-resolved photospectroscopy86.

3.4 Speed bumps and other challenges

To this point, we have mainly focused on how to access as many excitons as possible
for light-emission, i.e. a high β. However, a high β should be accompanied with a
high ΦPL to increase the IQE. This means that the non-radiative decay paths must
be suppressed. One challenge for this is the so-called energy gap law87, which states
that the closer an excited state is to the ground state, the more probable it is for the
exciton to find a non-radiative decay path. It is, therefore, more difficult to design a
deep red (low energy) emitter with a highΦPL, than a blue emitter (high energy).

On the other hand, the more energetic blue light comes with challenges of its
own, especially in organics as these materials are soft. High energy excitons tend
to cause stability issues (reactions and vibrations) and thereby degradation. These
issues arise primarily in electroluminescence, since triplets live longer and are given
more time to find unfavourable decay paths. TTA complicates this even further since
an encounter complex reach even higher energies, causing even bigger problems. In
an electroluminescent device, these effects are often observed as an efficiency roll-off
with increasing current density, and stem from more densely populated triplet states.
This is why a short exciton lifetime is importantv.

The softness of organic emitters allows for a lot of vibrational motions, especially
in polymers and D-A systems. These vibrations give rise to a broad emission spec-
trum, with a long low energy tail. This decreases the color purity of the emission. For
some applications broad emission can be beneficial, but for e.g. displays a control
over color purity is essential.

Another commonly observed challenge is aggregation-induced quenching,
which results in a red-shifted emission. This arises when many emitters are in
close proximity, which makes the energy landscape more complex, by short-range
molecular interactions. These interactions open up more low energy transitions;
both radiative and non-radiative89.

So, both the emission efficiency and color are affected by the emitter’s environ-
ment, where some emitters are more sensitive than others. On a positive note, many
of these challenges can be addressed by embedding the emitter in a wide band gap
material, which gives better control of the emitter environment. Such a system is
called host-guest, and interestingly it can present more than photophysical benefits.

vThe long triplet lifetime is especially problematic if O2 is present. The ground state of O2 is a triplet,
which means that an excited triplet easily can be quenched by exciting O2

88. However, since a triplet
contribution to ΦPL should be quenched in the presence of O2, this allows us to quickly check if krisc and
kisc is active by simply measuringΦPL under an inert and an ambient atmosphere.
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4. A great host allows for the
guest to shine

THE ENVIRONMENT IS EVERYTHING that is not me. This is true also for an exciton in an
active material. Now we know how an exciton forms in an LEC, and that we want to
harvest both singlets and triplets for an efficient emission. The success of this harvest
depends on the exciton environment. That is why we in this chapter discuss how we
by design can control the environment. We do that from a host-guest approach—it
is up to the host to enable the guest to shine.

4.1 The general idea

Let us again consider an excited energy landscape, but this time with two different
materials in close proximity: a wide band gap host, which makes up the majority
of the active material, and a minority guest, with a narrower band gap. The idea of
such a system is to use the host for electron and hole transport, and the guest for an
efficient emission. Excitons can form either directly on the guest, or on the host; from
where they should be transferred to the guest25.

The beauty of such a system is that the host-guest energy difference can form a
barrier for exciton diffusion, leaving the exciton more or less immobile on the guest.
This will limit quenching reactions, such as exciton–exciton and exciton–polaron
interaction90. It is also attractive since a down-conversion from the host to the guest
results in an emission that is further away from the absorbance of the dominant
material91, thereby decreasing the risk of self-absorptioni. Furthermore, we can de-
sign the host and the guest separately to optimize them for their individual tasks,
e.g. electron and hole mobility, electrochemical doping capacity, and film forming
capacity for the host, and emission efficiency, and exciton harvesting for the guest.

iIt should be noted that doping can induce a significant red-shift of the absorbance56,92. This red-
shift could bring the host absorbance closer to the guest emission in an operating LEC; thereby instead
increase the risk of self-absorption. However, the many “ifs and buts” suggests that some experimental
work is needed before we can draw any conclusions.
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Figure 4.1 Schematic illustration of the general host-guest approach. Excitons are formed
both on the host and the guest. The ones formed on the host should be transferred to the
guest; here exemplified with a TADF emitter.

4.1.1 From the host to the guest

Similarly to the system we considered in Chapter 3, we here focus on the first excited
states, the ground states, and the transfer paths between them, as drawn in Figure
4.1. All excitons should decay radiatively from the guest, either via: a T1

G→S0
G, in the

case of a phosphorescent guest, or a S1
G→S0

G, in the case of a fluorescent guest (as
illustrated). The triplet to singlet conversion (or vice versa) can take place on the host,
or the guest. The most common is to use a conventional fluorescent compound as
the host, which leaves the spin-flip conversion to the guest. There are many aspects
to consider in a host-guest system, as obvious from all the paths in Figure 4.1, but a
key is an efficient transfer from the host to the guest.

Dexter energy transfer

Dexter energy transfer might be the most intuitive transfer mechanism, as it de-
scribes how an exciton “hops” (a simultaneous movement of the bound electron and
hole) between neighbouring molecules. For this to occur, the two molecules need to
be close to each other and their molecular orbitals need to overlap. The probabil-
ity of Dexter transfer increases with the spectral overlap between the host emission
and guest absorption (see the example in Figure 4.2 a) and it decreases exponentially
with the distance between the two molecules93,94. It is hence a short-range process,
typically limited to less than 1 nm. Since Dexter energy transfer is a migrating mecha-
nism the exciton conserves its spin. This means that both a S1

H→S1
G and a T1

H→T1
G

transfer is allowed, but not those which require a spin-flipii.

iiExciton collisions is a Dexter energy transfer, where e.g. TTA happens if T1
G already is populated.
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Förster resonance energy transfer

A more complex non-radiative energy transfer, called Förster resonance energy
transfer (FRET), stems from a dipole-dipole interaction between an excited and
a non-excited compound. The dipole-dipole interaction between the two allows
the excited compound to transfer its energy to the non-excited compound. Such a
transition requires spin conservation on the two compounds, separately.

This means that a S1
H→S1

G transition is possible95, assuming both compounds
ground state has spin 0iii. It also means that a T1

H→S1
G transition is plausible, given

that the host has a strong spin-orbit coupling so that a radiative T1
H→S0

H decay is
enabled96–98.

FRET requires a distinct overlap between host emission and guest absorption. It
is a long-range transfer that can be significant up to 10 nm. The energy transfer rate
is inversely proportional to the sixth power of the distance between the two com-
pounds, and the transfer efficiency depends on numerous parameters. For example,
the relative dipole (exciton) orientation (as the interaction is strongest when they are
collinear), the refractive index of the active material (where the dipole-dipole interac-
tion screens with increasing refractive index), andΦH

PL, where a higher yield enhances
the FRET efficiency.

The most common FRET scenario is a S1
H→S1

G transition, and for singlet tran-
sition, FRET usually dominates over Dexter energy transfer. As a result, singlets are
typically transferred via FRET, and triplets via Dexter transfer.

Charge trapping

A third transfer possibility is charge trapping. This mechanism relies on electrostat-
ics, but it is only present when individual electrons and/or holes move in the material
(i.e. for an electrical current). When a hole and/or electron moves on the host it can
get trapped on the guest if the guest’s HOMO and/or LUMO is within the band gap
of the host. When trapped a charge carrier of the opposite sign will be electrostati-
cally attracted, move closer, and form an exciton91. Interestingly this implies that full
transfer from host to guest in photoluminescence is not a prerequisite for full transfer
in electroluminescence. This is important since it is not unlikely that charge trapping
is significant in a device91,99.

An illustrative example

The optical properties of the host-guest system considered in Paper IV is shown in
Figure 4.2. The normalized absorbance spectra of the guest, and the normalized
photoluminescence spectrum of the host and guest are shown in Figure 4.2 a. The
distinct overlap between the guest absorbance and host emission, highlighted by
the gray area, indicate that both efficient Dexter energy transfer and FRET are likely,

iiiIf e.g. the ground state of the guest is a triplet, transitions such as S1
H→T1

G may occur.
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Figure 4.2 A host-guest active material example from an optical viewpoint. (a) The nor-
malized absorbance of the guest compound (left y-axis) and the normalized photolu-
minescence (right y-axis) of the host (purple) and guest (green). The gray area indicate
distinct overlap between host photoluminescence and guest absorbance. (b) The steady
state electroluminescence spectrum at different viewing angles for the host-guest LEC.
Note that no electroluminescence originates from the host.

given that the system is well-mixed. Figure 4.2 b show the electroluminescence spec-
trum of the corresponding host-guest LEC, with a guest concentration of 17 mass%,
at various viewing angles. As shown, no emission originates from the host, which
demonstrates a complete energy transfer from the host to the guestiv.

4.2 Design rules for improved efficiency

There are many benefits of a host-guest approach from an emission perspective.
However, from a device perspective, the host-guest approach has some challenges,
one of which is charge trapping. A high conductivity is important for an efficient
device, but traps effectively lower the conductivity. This becomes particularly trou-
blesome for thick active materials. In well-designed OLEDs, this is circumvented by
making the emission layer thin, so that the lower conductivity of this layer does not
severerly impact the driving voltage. This is however not a practical solution for LECs,
since it would require additional layers; which we want to avoid in order to keep a
simple and easily scalable architecture. In Paper II we addressed this challenge by a
combined simulation and experimental approach, which resulted in a set of design
rules.

The design rule idea is to use a host-guest system to minimize exciton–polaron in-
teraction, by making use of the mobile ions to fill the traps in the transport regions by

ivIn Paper IV we show that the photoluminescence transfer from host to guest is complete as well, which
is e.g. not the case for the optimized systems considered in Paper III, where we instead rely on charge
trapping for a complete host to guest transfer.



4.2. Design rules for improved efficiency 27

electrochemical doping. This enables a nearly trap-free electronic transport, without
sacrificing the benefit of an immobilized exciton in the non-doped region. We can
design such a host-guest system by balancing the guest (i.e. trap) and ion concentra-
tion, so that all ions are occupied by electrochemical doping (or in the formation of
electric double layers). By tailoring the electron and hole trap depths, and their mo-
bility, we can separate the exciton and polaron populations, and eliminate exciton
diffusion from the guest (provided the guest concentration is sufficiently low).

Figure 4.3 The host-guest design concept. (a) A schematic view at tsteady state of a host-
guest LEC with equally deep electron and hole traps, and an equal hole and electron
mobility. Traps are filled by electrochemical doping, which gives a close to trap-free
transport. (b) An illustration over the steady state density of the symmetric host-guest
scenario. All ions have either performed electrochemical doping; as seen by the sum of
the trapped (green) and the free (purple) electron and holes equals the number of ions
in the doped regions. Note that some ions formed electric-double layers at the electrode
interfaces (here exaggerated for clarity). A centred non-doped region is attained by bal-
ancing the trap and ion concentrations. The system symmetry results in a immobile, and
centred, exciton distribution. (c) An example of host and guest molecular orbitals energy
levels and how the trap depths are determined.

An illustration of the described concept at steady state operation is shown in Fig-
ure 4.3 a (see Figure 2.1 for marker explanation). The guest’s energy levels are sym-
metrically positioned within the energy gap of the host. The electron and hole traps
are filled by electrochemical doping, thereby establishing close to trap-free transport
regions; the voltage drops primarily over the non-doped region and at the electrode
interfaces, as shown by the simulations presented in Paper II.

Figure 4.3 b illustrates the corresponding charge density, assuming equal elec-
tron and hole mobility. The ions that are not occupied in the electric double layer are
locked in electrochemical doping: the number of ions equals the number of trapped
and free electrons and holes throughout the doped (transport) regions. This shows
that the ratio between trap and ion concentration can determine the non-doped
width di.
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Furthermore, the symmetry of the system results in a centralized exciton distribu-
tion, where the distance to the doped regions corresponds to a low exciton–polaron
quenching. Interestingly, the simulations in Paper II shows that an asymmetry in the
electron and hole trap depths, and/or mobility on the host, strongly shifts the exciton
profile toward the deeper trap, and/or lower mobility side. This increases exciton–
polaron quenching severely. Hence, it is central to consider both the trap depths and
the electronic charge mobility when designing a host-guest LEC. These results also
indicate that we, by design, can control the local environment of the guest, which as
discussed in Chapter 3 is essential for efficient emission.

Importantly, for this reasoning to make sense, the host and the guest should fea-
ture the desired electrochemical doping capacity, and the active material electrolyte
should have a broad electrochemical stability window; it should be electrochemically
silent over the entire voltage range spanned by the host’s HOMO and LUMO. Figure
4.3 c show an example of how the energy levels of a host and guest, as calculated from
CV voltammograms, can look. Also shown is how we determine the electron and hole
trap depths.

4.3 Our contribution to the host-guest LEC progress

It is said that “it is better to take many small steps in the right direction than to make
a great leap forward only to stumble backward”. In Papers I–V we consider a host-
guest approach for a solution deposited active materials, sandwiched between two
air-stable electrodes. As such, they all make small steps on the way toward sustain-
able and efficient devices.

The design rules introduced in Paper II, and discussed in detail above, might be
the largest step. It gives insight on how to design a single active material layer, host-
guest system, that is simultaneous bright and efficient—whether this is at all pos-
sible has been debated, based on the high polaron density in the doped regions of
LECs47. We show that an active material comprising a polymeric blend host, with
equal electron and hole mobility, and a small molecule Ir-based phosphorescent
emitter (29 mass%), tailored to feature symmetric trap depths, and a balanced con-
centration of an ionic liquid electrolyte, deliver a record high EQE of 11.7 % at a lumi-
nance above 3000 cdm−2. By that, the debate was settled, once and for all.

In Paper V we present a tool for identifying environmentally green and functional
solvents. In a case study, we show how the tool can be used in a systematic way to
move from the environmentally problematic solvent chlorobenzene—which e.g. is
harmful when inhaled, toxic to aquatic life, and due to its low biodegradability as-
sociated with long-lasting toxicity—to the environmentally green solvent anisole. We
do so, with an essentially maintained performance, in the complex multi-component
active material system considered in Paper II.

Apart from the employed processing solvent, a major drawback with the highly ef-
ficient system presented in Paper II is the use of the rare-metal-based triplet-emitter.
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This type of emitter has been successfully implemented in host-guest systems for
over 20 years71–73, and due to their high efficiencies we find them in commercially
available high-end OLEDs.

As discussed in Chapter 3, a more sustainable approach would be to use TADF
emitters, as these do not rely on rare metals to harvest the generated excitons. TADF
is a relatively new concept when it comes to electroluminescent applications, and
the field has skyrocketed since 201282. In Paper I, we were among the first to in-
troduce a TADF emitter in LECs. Therein we reported on the first TADF-based LEC
that reached a significant luminance: 228 cdm−2 during a constant current opera-
tion of 770 Am−2. The active material consisted of a small molecule host and a small
molecule TADF guest, a polymeric electrolyte, and a polymeric compatibilizer. The
two latter were found necessary since solution deposition of uniform and pinhole
free films from small molecules is notoriously difficult, which is why we chose a
polymeric electrolyte. But, in order to keep the electrolyte loading reasonable (limit
polaron induced quenching), we found a polymeric and electrically insulating com-
patabilizer to be beneficial.

TADF based OLEDs have reached an impressive performance, but the TADF LECs
lag behind. The EQE of the TADF LEC developed in Paper I is modest, only 0.1 %, but
it was comparable to other contemporary reports82,100,101.

In Paper III we made a step to close this gap by designing a TADF LEC with an
EQE of 7 %, at a luminance of 120 cdm−2. The key to this achievement was to adapt
the polymeric host and ionic liquid electrolyte from Paper II and through a thorough
investigation of the active material composition find a suitable environment where
the TADF emitter could thrive. We investigated three different TADF emitters and,
interestingly, found that the best performance, in all three cases, featured essentially
the same molar ratio between host, guest, and electrolyte; corresponding to a guest
concentration of less than 1 mass%.

By increasing the current density, these TADF LECs reached a high luminance
(> 1500cdm−2, Figure 4.4 a) and turned on fast (< 30s, Figure 4.4 b). The drawback is
the strong efficiency roll-off, see Figure 4.4 a. We attribute this roll-off to two differ-
ent things: (i) a long exciton lifetime in combination with a low guest concentration,
which implies that exciton–exciton quenching will become severe at high current
densities, and (ii) asymmetric trap levels for which the deeper electron traps can shift
the exciton profile towards the n-doped region, and thereby increase exciton–polaron
quenching. This argument aligns well with the observed fast luminance decay after
reaching peak brightness in Figure 4.4 b. Besides quenching of light, the above effects
are associated with the formation of highly energetic species which may damage the
TADF emitter and cause permanent degradation.

TADF emitters are sensitive. One example is that bothΦPL and the emission color
is strongly affected by aggregation/conformation effects. This means that the pristine
ΦPL measured in the active material film can differ from the ΦPL in the non-doped
region of an operating device, something which we experienced in Paper III. These
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Figure 4.4 Optoelectronic performance of the TXO-TPA based host-guest LEC designed
in Paper III. (a) The peak luminance (left y-axis) and the EQE (right y-axis) as a function of
current density. (b) The temporal evolution of the luminance (left y-axis) and the voltage
(right y-axis) at a current density of 100 Am−2. The shaded area indicates the average
deviation from the median.

optical effects became even more prominent in Paper IV, where we studied a poly-
meric TADF emitter, which enabled us to compare a host-guest and a host-free active
material directly. Our result shows that the polar environment, caused by the inclu-
sion of electrolyte, alters the emission properties of the TADF emitter—an effect that
we could effectively eliminate with a suitable host. A major take-home message here
is to acknowledge the sensitivity of the TADF emitter when designing an active ma-
terial with TADF properties, and how a host-guest approach can limit the effect of
doping-induced environmental changes experienced by the emitter.

We have made large performance improvements in LECs with the host-guest ap-
proach. However, some challenges, like a relatively high operating voltage (which ex-
ceeds the close to the electrochemical band-gap potential of the host) remains. This
over-potential is due to the low conductivity (unfilled traps) in the non-doped region.
This means that it will be challenging to find a solution with a single active material
layer. Another puzzling thought that arises is why the EQE is not even higher. The
IQE in these systems should be relatively high—where does all the light go?
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5. Know Your Enemy: Unveiling loss
channels via optical modelling

ALL THE LIGHT WE CANNOT DETECT, what can it tell us? A philosophical, and highly
relevant question. To this point, we have almost exclusively considered the LEC ac-
tive material, and therein focused mostly on the non-doped region. Looking back at
the exploded view in Figure 2.2 a one realises that this region corresponds to ¿1 %
of the whole LEC (including substrate), and we have, with a high IQE in mind, learnt
that the amount of emitted light is lower than expected. So to learn from what we
cannot detect, and thereby get to know both the LEC and its loss channels better, we
turn to optical modelling.

A good model is true to the system it represents. Simulations allow us to use that
model to understand our experimental observations better, and to foretell what is
likely to occur in a scenario not yet experimentally examined. As simulations can
guide the design of devices, they constitute a powerful tool that can assist experimen-
tal work tremendously. Such digital optimizations do not require much experimental
effort, and models can thereby also decrease material usage. Importantly, a good tool
for optical simulations unveils the paths of the light that we cannot detect.

Fortunately, optical modelling is nothing new. Simulations of multi-layered opti-
cal stacks are commonly used for e.g. in OLEDs, and there is commercially available
software fit for that task. However, as with the simplified electric model presented
in Figure 2.1, an optical model for the LEC is non-trivial; the dynamic origin of light,
and the transient effects involved, complicate things also here. Even if we disregard
the transient turn-on process and focus only on the steady state operation, we are
still left with many factors, e.g. the doping structure, the width and position of di,
and the exciton distribution; all of which we need to estimate in order for the model
to be representative. These estimations must then be implemented in a smart way to
properly represent the electrochemically doped multilayer-structure.
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5.1 Setting up and validating an optical model

Visualize a glass (0.7 mm) | ITO (145 nm) | active material (100–380 nm) | Al
(100 nm) LEC. The active material consists of Super Yellow (see Figure 2.5 a), the
ion-transporting oligomer TMPE-OC, and the salt LiCF3SO3 at a mass-ratio of
100:20:3. Let us go through the electrical and optical behaviour of this system, and
use that to set up an optical model.

The doping structure of a surface-emitting sandwich LEC is not known, and it
may vary from system to system. We can, however, estimate the average doping con-
centration (σav) by the initial ion concentration by assuming that: (i) all ions are ei-
ther locked up in doping, or in the electric double layers, at steady state, and (ii) there
are no side-reactions, which means that the amount of p- and n-type doping must
be equal for charge conservation and redox balance to hold. For the system consid-
ered here this results in σav = 0.13 dopants per Super Yellow repeat unit (r.u.−1, see
Figure 2.2 b). The doping structure remains unknown, but a simple and reasonable
assumption is a linearly decreasing doping concentration, from the electrode inter-
face, to the interface of the non-doped region (where it is 0). Such a constant gradient
structure implies that a more narrow doping region will feature a higher peak doping
concentration. This is important to keep in mind as the local doping concentration
strongly affects the refractive index (n) and the extinction coefficient of the material.
These doping induced effects can be highly asymmetric; for Super Yellow the effects
are stronger for p-type doping than for n-type doping56.

The investigated LECs were driven by a constant current density of 250 Am−2, and
the voltage, angle resolved emission, intensity, and spectral shape where frequently
measured i.

We found that the operating voltage decreased in a continuous manner for all
investigated devices; from turn-on to steady-state, as expected (see Figure 2.5 b for
typical LEC evolution). A voltage increase with increasing active material thickness
was observed, meaning that the overall resistance in the system increases with thick-
ness. This increase was found to be close to linear, with a fitted intersect at 2.7 V.
As expected, the sum of the voltage drops over the electric double layers equal the
electrochemical band gap of the semiconductor (∼2.6 V for Super Yellow60).

By assuming that the voltage drop in the doped transport regions is negligible, all
over-potential will drop over the non-doped region. This is an important assump-
tion as it allows us to estimate di as a function of active material thickness using only
the operating voltage. We base this estimate on the theory of space-charge limited
current102,103; the current density through the non-doped (less conductive) region
is proportional to V 2 (instead of V as in Ohm’s law). Using a well-established equa-
tion for this regime, where the current density decreases with d 3

i , and by assuming

iThe angular data was measured using a custom-built goniometer, which in contrary to the set-up
shown in Figure 2.5 a rotated the LEC sample around its central axis. The emitted light was collected at a
small solid angle of 0.007 sr by a collimating lens in front of a CCD-array spectrometer.
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that di = 20nmii for the peak efficiency system (i.e. the 100 nm thick active mate-
rial device), we find that the absolute width of di increases with the active material
thickness, but that the ratio between di and active material thickness decreases.

The optical response to thickness was less expected, both in the turn-on phase
and at steady state. In Paper VI we present and discuss both the transient and steady-
state data, but herein I choose to focus on the latter. We found a periodic behaviour
following an increased thickness. Interestingly this periodic behaviour was found in
both the forward and angle resolved luminance, as well as for the emission color; for
a 100 nm thick active material the emission was yellow, but as thickness increased
it was orange, green, and back to yellow again. This intriguing behaviour suggests
that constructive and destructive interference are in play. Recalling that the active
material (n ≈ 1.9) is sandwiched between a highly reflective Al electrode and a semi-
transparent ITO (n ≈ 2.1) coated glass substrate (n ≈ 1.5), we conclude that the re-
fractive index differences make internal reflections non-negligible. These internal
reflections give rise to interference effects; as the width of the cavity is similar to the
wavelength of the emitted light.

We can make use of this cavity effect to set up our optical model since the change
in emission depends strongly on the exciton position inside the cavity. This means
that the angle resolved emission spectra can be used for pinpointing (by comparing
experimental and simulated data) where the exciton recombination zone is located—
an indirect method of determining the position of the non-doped region, something
which has so far not been done directly in a sandwiched LECiii.

iiThe typical singlet exciton diffusion distance in organic semiconductors is ∼10 nm104, and peak per-
formance occur when exciton diffusion does not reach the doped regions, but the positive effect of doping
is still there.

iiiWe tried to measure this, in a collaboration with researchers at the Weizmann Institute of Science, us-
ing an electron beam induced current105. We made some progress, by learning how not to do it; measure-
ments during operation turned out too difficult, which meant that we have to measure on an unbiased
LEC. This in turn requires us to lock the doping structure, but we presently struggle with how to do so
without sacrificing electron and hole mobility.
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Figure 5.1 Comparison of measured and simulated emission spectrum to pinpoint the
position of the non-doped region. The normalized measured (solid lines) and simulated
(dashed lines) emission spectra for a set of viewing angles ranging from 0° (top trace) to
80° (bottom trace). The active material thickness is 230 nm with the non-doped region
centred at an normalized distance from the ITO | active material interface of (a) 0.29, (b)
0.50, and (c) 0.71, as indicated by the insets.
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The emission module in the commercial thin-film optics software Setfos (devel-
oped by Fluxim AB) was used for the simulations conducted in Papers VI & VII. Setfos
is based on a dipole-emission model, where the emissive-dipoles (excitons) must be
located in a transparent environment, and it considers the wavelike properties of the
emission. Details on the implementation are found in the papers, but in short, we
defined the transparent region around the exciton to equal the above described di,
for a specified active material thickness. We choose an isotropic orientation of the
dipoles, and for computational feasibility we centred the dipole distribution inside
di and considered it to be infinitely thiniv. We expect all of the electrons and holes
to recombine, and therefore fixed the recombination to the driving current, with an
exciton-to-photon conversion efficiency of 25 %, since Super Yellow is a conventional
fluorescent emitter. We implemented the linear doping profile as a staircase gradient
by dividing the doped regions into multiple thin layers, each with a constant doping
concentration.

To pinpoint the exciton position, and thereby also the position of di, we varied
the position across the active material and compared the simulated emission spectra
and experimental data (using a numerical routine) to find the position with the best
agreement. We did this for various thickness and viewing angles. Interestingly, we
found essentially the same optimal position for all considered devices, with a thick-
ness normalized distance between 0.27–0.32 from the ITO interface, which also held
true for an unrealistic non-doped (σav = 0r.u.−1) LECv. Figure 5.1 visualises this pin-
pointing for an LEC with an active material thickness of 230 nm at three di positions
(0.29, 0.50, and 0.71). Clearly the best agreement between measurement (solid lines)
and simulation (dashed lines) where found at the thickness-normalized distance of
0.29 from the ITO electrode.

With the doping structure and the di position and width as a function of active
material thickness at hand we have a realistic optical model for the steady state emis-
sion for the considered LEC system. In Paper VII we validate the model by also com-
paring the thickness dependence of the simulated forward luminance with our ex-
perimental data. We found a good agreement between experiment and simulation,
and the simulated luminance captures the observed periodic luminance behaviour.
We note that the simulation tends to overestimate the luminance, especially at the
second peak, which possibly could come from the too simplified exciton profile, or
non-flat interfaces. That said, we conclude that the model is a good representation
of the considered LECs.

ivIn Paper VII we investigated this assumption by broadening the Gaussian distribution. Since we
found the sensitivity to dipole profile to be weak in comparison to that of its position, we stayed with a
δ-distribution; as it is computationally less demanding.

vSince pinpointing the emission position is insensitive to doping, we should be able to pinpoint it also
during turn-on, despite the fact that estimating the doping structure during that phase is more trouble-
some.
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5.2 Optical modes and the insights they bring

With a good optical model at hand, we have our powerful tool. Already with the for-
ward luminance simulation, we get an indication of what thickness to aim for when
moving from lab scale to an upscaled production; such a transition will likely require
thicker active materials to ensure pinhole-free films. But, a representative model has
more to offer. It enables us to dive deeper and unveil the different optical modes in
our device. The better we get to know these modes, the easier it is to address our
losses. Figure 5.2 presents the distribution of optical modes in the considered system
versus the active material thickness. The displayed power distribution is divided into
6 modesvi.

Iout The outcoupled light.

Isub The light trapped inside the substrate due to total internal reflections.

Iabs Losses due to absorption.

Iwg Light trapped (wave guided) inside the active material and ITO due to internal
reflections.

Iev Evanescent losses (near-field absorption and surface plasmon polaritons).

Inr The non-radiative emission, which to a first approximation is 1−ΦPL.

Let us consider two scenarios to highlight the optical effects of doping: an un-
realistic non-doped (σav = 0r.u.−1, Figure 5.2 a) model, and a realistic model with
σav = 0.13r.u.−1 (Figure 5.2 b). For clarity we choose not to include the constant loss
from non-radiative triplets.

The observed periodic behaviour of Iout, as discussed above, is a direct effect of
constructive and destructive interference inside the cavity106, and it is striking how
small Iout is compared to the combined losses.

The observed difference in Iout between the unrealistic and the realistic scenario
is expected. With doping included we observe a steady increase of Iabs with the ac-
tive material thickness; light must pass through more doped material, its extinction
coefficient increases with doping. We note that Iwg is lower in the realistic scenario,
which could be explained by the lower refractive index in doped Super Yellow, as this
enables more light to escape from the active material and transparent ITO into the
glass substrate.

Another distinct difference between the unrealistic and realistic scenario is ob-
served for Inr. In the unrealistic case Inr follows the 1−ΦPL approximation well, with
a slight deviation which comes from the spontaneous enhancement of an emitter’s
ΦPL when included in an optical structure (known as the Purcell effect)106,107. The

viThe simulation considers a 7th mode: transmission losses through the reflective Al electrode. This
mode is effectively 0 and hence omitted in the presented data.
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Figure 5.2 Unveiling of loss channels. The relative total power distribution of the vari-
ous optical modes for LECs as a function of active material thickness. (a) An unrealistic
LEC with σav = 0r.u.−1, and (b) a realistic LEC with σav = 0.13r.u.−1. The non-radiative
triplets are for clarity not included.

realistic scenario does, however, not follow this approximation. Inr is really low for
thin active materials and reaches the expected 1−ΦPL first at a thickness of 250 nm.
This difference could potentially be explained by a higher Iev in the realistic scenario,
since the Purcell effect is strongly coupled to Iev. Another cause for the observed
higher Iev, in the realistic scenario, is the expected exciton–polaron quenching with
doping included.

So, from an optical perspective doping can result in a significant loss of light in-
tensity, whilst it is essential for the device operation from an electric point-of-view.
By comparing the two scenarios considered in Figure 5.2 we have showed how dop-
ing affects the various modes. Here, it is important to highlight that we have not con-
sidered any electrical effects, nor that changing the doping concentration for a given
system may alter both the position and width of di. To do so would be highly inter-
esting for the LEC development, which motivates the linking of optical and electrical
models together.

Let us go back to our original question: what can the light we cannot detect tell
us? Through the use of a realistic optical model we have been able to unveil the dis-
tribution of various loss channels and thereby familiarize us with our enemy. This
dissection guides the design of high performance LECs, as it tells us where to focus
to address the loss channels most effectively in order to improve ηout.

From an active material design approach we can address most loss channels. An
example is to use a host-guest approach. Since we can attain a high IQE in host-guest
systems, we can decrease Inr significantly. A host-guest system should also decrease
Iabs, if we design it to minimize self-absorption. And since we, by design, can control
the width and position of di we should also be able to lower the near-field absorption
part of Iev.



38 Chapter 5. Loss channels in LECs

There are also possibilities to improve Iout without adjusting the active material
composition, by addressing Isub and Iwg

108,109.

– The losses associated with Isub, which to a large extent come from total inter-
nal reflections, can efficiently be outcoupled through an appropriate external
outcoupling structure, e.g. an index matching macrolens or microlens arrayvii.

– The losses associated with Iwg can be addressed by suitable internal outcou-
pling structures, such as microlens arrays, scattering layers, and/or corrugated
submicron structuresviii.

The combined losses of Isub and Iwg are large, so outcoupling structures should not
be overlooked. The losses through Iwg become especially interesting at a thickness
likely required for an upscaled production, where it is one of the more dominant.

From a modelling perspective it is however important to highlight that internal
structures will alter the system structure, with severe non flat interface effects and
(most likely) a shifted doping structure. I also want to mention that (especially) a pe-
riodic corrugated structure can cause strong spectral effects, with often undesirable
angular characteristics. This can be troublesome for wavelength dependent applica-
tions. Such effects can however be lessened with an external outcoupling structure
that diffuses the emission.

viiWe used such structures in Paper II to boost the EQE from 11.7 % to 27.5 %, at j = 77Am−2.
viiiOne of the master students I supervised for a diploma work did look into using thermal nanoimprint

lithography to create regular submicron patterns in the active material of an LEC. We expected it to im-
prove the performance, and preliminary results were really promising. The repeatability was sadly very
low; most devices did not even turn on after an imprint. Instead, we have tested wet imprinting during
fabrication of the active material film. Also here, preliminary results are promising, and the reproducibility
is better, but further work is needed for a better control.
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6. The forecast for a brighter morrow

THERE IS A DIFFERENCE BETWEEN KNOWING THE PATH, AND PAVING A WAY. If the path
is not known, a way can be paved in the wrong direction and never reach its goal.
That is why I find it important to have a clear goal—a beacon along the road—so that
the way is paved in the right direction. In this thesis I have highlighted sustainability
as the beacon for LEC development. I do this since the LEC features some unique
opportunities to become a sustainable light source, but with the rapid development
we are experiencing in the field, I worry that we might lose track and end up causing
more harm than good.

To be sustainable, the LEC must become efficient in transforming electricity into
light. In this thesis we pave the way for more efficient devices by considering host-
guest active materials, where the guest features the possibility to harvest both singlet
and triplet excitons for light emission. We show that such an approach enables the
LEC to be simultaneously bright and efficient. When doing so, we put forth a set of
rules for how to design host-guest active materials that give improved performance.
Importantly, we make some great progress with completely organic TADF emitters,
a progress that shows that high efficiency can be attained without environmentally
questionable rare-metal based triplet emitters.

Interestingly we find more benefits with the host-guest approach. One example
is that they tend to turn on fast. Maybe not fast enough for dynamic display applica-
tions, which I think is very unlikely that LECs ever will be, but at least similar to that
of common fluorescent tubes. A remaining drawback with the host-guest approach
is, however, the significant over-potential. This issue is yet to be solved.

I believe that the host-guest approach is the right path for developing efficient
LECs. It gives us a better control over the exciton environment, since we can use the
introduced traps to our advantage: to control the position, and width, of the non-
doped region, and to minimize exciton–polaron interactions.

To harvest as many of the electrically generated excitons as possible is a given,
and to do so with a minimal impact on the environment we must not use rare metals.
TADF emitters are very promising in this aspect, but they are sensitive to their envi-
ronment, which puts higher requirements on the active material design. The quest
for suitable hosts will be essential in the race for even higher efficiencies, better sta-
bilities, and lifetimes.
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The beauty of the LEC is that it allows for cheap and upscalable solution-based
fabrication. The Holy Grail in the field is fully printable light that is bright, stable over
time, and efficient. We are not there yet. Importantly, solution processing in gen-
eral requires us to consider not only the active material, but also the health, safety,
and environmental perspectives of the solvent from which it is casted—especially in
the context of upscaled production. It is for this purpose that we have developed a
tool that allows for a straightforward identification of environmentally green replace-
ment solvents. Hopefully this will help the entire field of printed electronics to move
toward greener alternatives.

In a transition from the lab to an upscaled production, pinhole free films will
likely require thicker active materials than the ∼ 100nm that commonly is used in
research today. We investigate the effects of increasing the active material thickness
and find that the optical consequences are more severe than the electrical; interfer-
ence effects cause e.g. a periodic luminance behaviour with active material thickness
at steady state. This is highly interesting as it means that the performance does not
decrease monotonously with increasing thickness—rather, there is a preferred thick-
ness, a sweet spot, to aim for to maintain high performance. We have set up and
validated a realistic optical model of LECs, which takes the optical effects of doping
into account. With a representative model at hand, we unveil and analyse the vari-
ous loss channels in our devices over an active material thickness range from 50 nm
to 400 nm. That gives valuable insights on how to improve the device performance.
To facilitate such insights, it would be highly beneficial to combine and couple opti-
cal and electrical models of LEC operation.

I find it interesting how the LEC in many ways can ride the OLED wake, despite
the (often painfully obvious) fact that the two device technologies are different. I
therefore find it important to, once again, highlight that the two also differ in their
likely applications, which also means that they should be designed for different pur-
poses. There are many challenges left for the applications I foresee for the LEC. From
a device perspective, maintained performance at high throughput printing, and ro-
bust flexible encapsulation, are among the more essential, but it also relates to the
application specifics, where for example medical applications will need to consider
the emission wavelength and how it transmits through e.g. the skin110. Some of these
challenges can be solved by outcoupling structures and color conversion layers, but
the end result should be an affordable device, and such add-ons increase both com-
plexity and price.

So, does the forecast look bright? Well, at this point I believe that the LEC com-
munity is on the sustainable path. Looking back at the last few years, it strikes me
how much the technology has developed; the LEC have rapidly gone from an inter-
esting scientific object to a device on the verge of being commercially relevant. With
society’s hunger for light in mind I think that the LEC will indeed reach the market.
I just hope that when it does, it will be in useful applications, following the direction
of the way we paved, towards a brighter morrow.
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“Man tar lite härifrån och lite därifrån
och joxar ihop det så blir det lagom jox.”

—Astrid Lindgren
(allegedly)

A brief description of my contributions to the included papers follows below.

I Toward efficient and metal-free emissive devices: a solution-processed host-
guest light-emitting electrochemical cell featuring thermally activated delayed
fluorescence

I managed the project, performed the experimental work with some support
of my co-authors, collected and analysed the results and actively participated
in the writing of the manuscript.

II Design rules for light-emitting electrochemical cells delivering bright luminance
at 27.5 percent external quantum efficiency

I contributed to the experimental work and reviewed the manuscript. In ad-
dition I identified the mistakes in the original article and contributed to the
writing of the errata .

III Thermally activated delayed fluorescence with 7% external quantum efficiency
from a light-emitting electrochemical cell

I designed the study, managed the project, performed the experimental work,
initiated the collaboration, collected and analysed the results, and wrote the
manuscript together with the corresponding author.

IV A polymer featuring thermally activated delayed fluorescence as emitter in
light-emitting electrochemical cells

I designed the study, managed the project, performed the experimental work,
initiated the collaboration, collected and analysed the results, and wrote the
manuscript together with the corresponding author.
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V A tool for identifying green solvents for printed electronics

I initiated the concept and together with the lead author designed the study. I
contributed to the data collection, actively participated in the discussion, the
design of the user-interface, and the writing of the manuscript.

VI The weak microcavity as an enabler for bright and fault-tolerant light-emitting
electrochemical cells

I discussed ideas on the experimental design, contributed to the data analysis
and actively participated in the discussion and the writing of the manuscript.

VII Optical analysis of light-emitting electrochemical cells

I contributed to the data analysis and actively participated in the discussion
and the writing of the manuscript.

“What is a scientist after all?
It is a curious [hu]man looking through a keyhole,
the keyhole of nature,
trying to know what’s going on.”

—Jacques-Yves Cousteau
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A final comment

It is said that the darkest hour is just before the dawn. I do not know whether our
global community has reached that point yet, but I am convinced that we are past
dusk. I do however remain hopeful that we can make it through these environmen-
tally dark times, and make tomorrow a brighter place. But, for that, we must wake up,
put aside our differences, come together, and make the efforts needed for a sustain-
able future.

BEYOND ALL THINGS IS THE SEA
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