
  

Lorenzo Pietro Mardegan  

March 2023 

 

Directors:  
Prof. Dr. Hendrik J. Bolink 

Prof. Dr. Daniel Tordera Salvador 

Innovative Approaches for Light-Emitting 
Electrochemical Cells  

 
Ph.D. Thesis 

Instituto de Ciencia Molecular  
Ph.D. program in Nanoscience and Nanotechnology 

 



1 
 

 

 

 

 

 

 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

Lorenzo Pietro Mardegan 

March 2023 

 

Directors:  
Prof. Dr. Hendrik J. Bolink 

Prof. Dr. Daniel Tordera Salvador 

Innovative Approaches for Light-Emitting 
Electrochemical Cells  

 
Ph.D. Thesis 

Instituto de Ciencia Molecular  
Ph.D. program in Nanoscience and Nanotechnology 

 



2 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 



3 
 

 
Prof. Dr. Hendrik Jan Bolink y Prof. Dr. Daniel Tordera Salvador, Profesor Titular del 
Departamento de Química Inorgánica y Profesor Ayudante Doctor del Departamento de Química 
Física, respectivamente, certifican que la memoria presentada por el estudiante de doctorado 
Lorenzo Pietro Mardegan con el título “Innovative Approaches for Light-Emitting 
Electrochemical Cells” corresponde a su Tesis Doctoral y ha sido realizada bajo su dirección, 
autorizando mediante este escrito la presentación de la misma. 
 
 
 
En Valencia, a 2 de Febrero del 2023. 
 
 
 
 
 
 
 
 
 

Prof. Dr. Hendrik Jan Bolink         Prof. Dr. Daniel Tordera Salvador 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



4 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



5 
 

Abstract 
 
In the last two decades, light-emitting diodes (LEDs) and organic light-emitting diodes (OLEDs) 
have driven the development of lighting technology and systems in terms of efficiency, 
performance and new applications. The market for these technologies is expected to keep rising in 
the next decades as a result of the large energy and climate crisis that our modern society is facing. 
However, the possibilities of integration of LED sources are very limited, because OLEDs rely on 
an expensive fabrication process, consisting of multiple low-pressure and high-temperature 
sequential layers. 
Light-emitting electrochemical cells (LECs) are another class of thin film light-emitting devices 
based on the same type of organic semiconductors as those used in OLEDs but with a 
fundamentally different working mechanism. The simultaneous presence of electronic and ionic 
charge carriers makes LECs independent of the work function of the electrodes and can consist, in 
their simplest form, in a single active layer sandwiched between two electrodes. Thanks to these 
properties, LECs truly represent a promising alternative as cost-effective sources for general 
lighting applications.  
In this thesis, various novelties are introduced in LEC devices and in their fabrication such as a 
new ionic transporting polymer, new emitters, and finally the use of novel characterization 
methods new to the field of LECs, that give important insight in the functioning and shortcomings 
of these devices. In this Thesis, we demonstrate the introduction of a new ionic transporting 
polymer for polymer LECs. The concentration of the ionic transporting polymer and salt were 
optimized allowing to obtain state-of-the-art devices with long lifetime and brightness (over 1600 
operational hours above 300 cd/m2). A new characterization tool was also used to probe the 
photoluminescence signal under electrical bias of a device. Thanks to this setup, it was possible to 
link the photoluminescence decay with the different phases of the turn-on and the recovery after 
turn-off.  
Secondly, in the field of semitransparent optoelectronics, we also developed efficient 
semitransparent LECs with a unique SnO2/ITO-based top cathode fabricated with atomic layer 
deposition and pulsed laser deposition techniques. The high transparency of the cathode resulted 
in a peak transmission of 82% corresponding at the electroluminescence peak (563 nm). 
Interestignly, the two sides of the devices show a different luminance response to the electrical 
bias. The down side (anode side) shows higher luminance and longer lifetime than the up side 
(cathode side). We concluded that few possible reasons of this behavior can be associated with the 
different refractive indices of the substrate/anode and cathode, internal reflections and 
electroluminescence quenching. To prove this, photoluminescence measurements were done by 
irradiating either the down or up sides. The results indicate that the photoluminescence intensity 
is lower when measured exciting from the top side, suggesting that anode and cathode quench the 
photoluminescence by non-radiative recombination in different levels and that the additional 
damage might be caused by the cathode deposition techniques. 
Finally, a series of copper(I) and platinum(II) complexes are used into working LECs. New 
emitters for light-emitting devices are necessary in order to mitigate the high costs of the most 
common iridium(III) compounds. In the last few years, Cu(I) complexes have rapidly grown in 
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interest inside the LEC field showing fast progresses, on the other hand, Pt(II) complexes have 
only found application in LECs only very recently. Here, first we focus on how different anions 
affects copper(I)-LECs and second, on the fine-tuning of the ligands to achieve for the first time 
blue/green electroluminescence from platinum(II)-LECs. 
In summary, supported by comprehensive electrical device characterization and 
photoluminescence studies, this work demonstrates the applicability of these novelties to LECs 
and more in general to solid-state light-emitting devices.  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



7 
 

Table of Contents 
Abstract 5 

1. Introduction 9 

1.1 Overview of Lighting Technologies 10 

1.2 Light-Emitting Electrochemical Cells 13 

1.3 Emitters for Light-Emitting Electrochemical Cells 16 

1.4 Limitations of light-emitting electrochemical cells 19 

1.5 Aim of the thesis 20 

2. Experimental and methodology 22 

2.1 Materials 23 

2.2 Device Fabrication 25 

2.2.1 Atomic Layer Deposition 26 

2.2.2 Pulsed Laser Deposition 27 

2.3 Photoluminescence Measurements 28 

2.4 Electroluminescent Characterization of LECs 29 

3. Stable Light-Emitting Electrochemical Cells using 
Hyperbranched Polymer Electrolyte 33 

3.1 Introduction 34 

3.2 Results and Discussion 35 

3.3 Conclusions 42 

4. Transparent Light-Emitting Electrochemical Cells 43 

4.1 Introduction 44 

4.2 Results and Discussion 45 

4.3 Conclusion 52 

 
 



8 
 

5. New Emitters for Light-Emitting  

Electrochemical Cells: Cu(I) and Pt(II) Electroluminescent 
Complexes 53 

5.1 Introduction 54 

5.2 Results and Discussion 55 

5.2.1 Photo-electrochemical properties of Cu1, Cu2, Cu3 and Cu4 56 

5.2.2 Photophysical properties of Pt5, Pt6, Pt7, Pt8 and Pt9 56 

5.2.3 Light Emitting Electrochemical Cells 57 

5.3 Conclusion 67 

6. Conclusion 69 

7. Resumen en Español 72 

8. References 83 

9. Appendix 93 

9.1 Index of Figures 94 

9.2 Index of Tables 96 

9.3 Index of Abbreviations 97 

9.4 Author Contributions to this Thesis 99 

9.5 Other Contributions during this Thesis 99 

 

 
 

  

 

 

 

 



9 
 

 
 
 
 
 
 
 
 
 
 

1. Introduction 
  



10 
 

1.1 Overview of Lighting Technologies 
 
Lighting technologies have a huge impact on our lifestyle and in the progress of our society. Until 
the end of the 19th century the most common way of illumination was fire, discovered almost 
400000 years ago. Then, driven by a great period of progress, came the discovery of electricity 
and the development and commercialization of light bulbs, which shaped the way of producing 
light. Today, the light bulb can be considered a true milestone that determined a change in our 
civilization towards a better and more practical way of living and interacting with the environment. 
This technology improved through the years giving us brighter, more compact, and lighter devices. 
However, the benefits brought by the latest discoveries have often been overshadowed by their 
defects which involve low energy management and are linked to the release of greenhouse gasses, 
such as CO2, into the atmosphere. Energetic efficiency and environmental pollution are relatively 
new aspects that have become prominent only in the last 40-50 years and, in particular, since the 
beginning of the 21st century, where there has been an increasing environmental awareness posed 
by the threat of climate change.   
Lighting energy usage have gained attention in the last two decades for its approximate 20% share 
of global electric energy consumption and 5% of global greenhouse gas emissions. In this context, 
the advent of light-emitting diodes (LEDs) dictated a new era of super-efficient and more 
environmentally friendly devices. In fact, according to the EU commission, by switching to more 
energy-efficient lighting products Europe will be able to save up to 34 TWh of electricity per year 
by 2030 and will prevent around 7 million tonnes/year of CO2 from being emitted (Source: EU 
commission: Energy labelling and ecodesign requirements). According to the International Energy 
Agency (IEA), LED use increased substantially from a 5% market share in 2013 to more than 50% 
in 2020, and is expected to reach 100% by 2025 to accomplish the net zero emission scenario 
(NZE) called for by the Paris Agreement (2015/2016), as can be seen in Figure 1 (Source: IEA 
(2022), Targeting 100% LED lighting sales by 2025, IEA, Paris 
https://www.iea.org/reports/targeting-100-led-lighting-sales-by-2025, License: CC BY 4.0). 

 
Figure 1. Market trend of different lighting technologies with particular emphasis on LEDs and 
their expected progression until 2030. (Source: International Energy Agency). 
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An LED is an electric component that emits light when an electric current is applied. The LED 
architecture is composed of two electrodes sandwiching a series of thin layers made of inorganic 
semiconductors, as shown in Figure 2a where a simple configuration is sketched. The process of 
light emission is called electroluminescence (EL) and takes place when a p-n junction is created 
and a forward bias is applied (Figure 2b). The chemical doping of such layers is adopted to improve 
their conductivity towards electrons (e-) or holes (h+) (n- and p-doping, respectively). First, when 
a p-doped material and an n-doped material are placed in contact electrons and holes diffuse 
towards the opposite polarity forming the, so-called, depletion region. This space charge separation 
produces a voltage called built-in voltage (V0). At this point this region is highly resistive and the 
only charge is given by the ionized donors and acceptors. Under the application of a bias the 
voltage drops across the depletion region. Specifically, under a forward bias, where h+ and e- are 
injected in the region of opposite polarity, the depletion region shrinks (V0 – V) and the carriers 
diffuse into the region of opposite conductivity where they eventually recombine emitting a 
photon. LEDs are mainly based on p-n heterojunctions, in which the active layer acts as a trap for 
h+ and e-. Ultimately, the chemical composition of the heterojunction barrier determines its band-
gap (Eg) and, therefore, the emitted light color across the spectra from UV to IR wavelengths. This 
technology has evolved rapidly since the past century and, in fact, LEDs have quickly found a 
wide selection of applications. The main advantages of LEDs are the long lifespan (up to 50000 
hours), high efficiency, fast response to on-off switching, reduced dimensions and weight, better 
thermal management compared to conventional light sources, and extreme color tunability.[1–3] 
Nowadays, because of their reduced electrical consumption, LEDs represent the best alternative 
to incandescent and fluorescent light sources and their market is growing year by year, as already 
mentioned.   
More recently, there has been intense development in the so-called organic light-emitting diodes 
(OLEDs) (Figure 2c). They represent an alternative energy-saving lighting technology, with 
processing and integration advantages over current inorganic LED systems. The semiconducting 
materials that constitute these devices are organic in nature, typically conjugated small molecules 
and polymers, but also neutral and ionic transition metal complexes (iTMCs). The conjugated 
feature of these materials determines their semiconductivity and the fine-tuning of their properties 
rely on their chemical structure, that is, the choice of their functional groups and heteroatoms. 
Similarly to LEDs, the EL process, occurs when electrons and holes meet in the semiconductor. 
Holes and electrons are injected into the conduction band (CB) or highest occupied molecular 
orbital (HOMO) and into the valence band (VB) or lowest unoccupied molecular orbital (LUMO), 
respectively. Pushed by the electric field the charge carriers drift in opposite directions until they 
recombine forming an exciton. The exciton is a localized hole-electron pair whose bond strength 
depends on the dielectric constant of the material. Depending on the nature of the emitter, excitons 
determine singlet and/or triplet electronic excited states which can eventually decay generating a 
photon or (undesired) heat. The wavelength of the emitted photon is dictated by the band-gap 
energy of the organic semiconductor layer.  
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Figure 2. a) and b) show the stacked architecture of a LED and its energy band diagram, while c) 
and d) show the stacked architecture of an OLED and the energy levels for each layer.  
 
The formation of the junction and the electrode work function (WF) is crucial to have energy 
alignment and working devices. This means that it is very difficult to have efficient 
electroluminescence from just the active layer sandwiched between two working electrodes and 
driven at low voltages. The large energy barriers between the active layer and the electrodes would 
allow charge injection only at high voltages causing overheating and high non-radiative 
recombination, implying a faster degradation and poor EL efficiency. Nowadays, the level of 
optimization of modern OLEDs allows for ohmic charge carrier injection, efficient recombination, 
and light extraction.[4] OLEDs are attractive because of their wide color gamut and high brightness, 
properties that are characteristic of the organic molecules used as light emitters. Moreover, they 
also allow for easier fabrication of foldable/flexible devices. Currently OLEDs are employed in 
TV, smartphone and smartwatch screens as they still need technological advances to become a 
competitor for indoor/outdoor lighting applications. This is due to their elevated production costs, 
as they consist of many layers processed via deposition techniques that require inert conditions, 
high vacuum and moderately high temperatures. In addition, the costs of the organic 
semiconductor materials are non-negligible.  
More recently, a simpler form of OLED has been developed, the light-emitting electrochemical 
cell (LEC). LECs possess a very simple architecture in which a single organic active layer is 
deposited between two electrodes resulting in efficient light emission (Figure 3). This is possible 
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thanks to their unique operational mechanism, which combines charge carriers and ionic species 
displacement. This is advantageous since it reduces the fabrication costs and the total amount of 
resources used per device unit.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Single active layer sandwiched between two low work-function electrodes as 
archetypical LEC architecture. 

 

1.2 Light-Emitting Electrochemical Cells 
 
LECs are an emerging technology in the solid-state lighting field. In their simplest form, they 
comprise an organic electroluminescent semiconductor mixed with a solid electrolyte deposited as 
a thin active layer between two working electrodes. 
The first example of a LEC was proposed in 1995 by Pei et al. who observed electroluminescence 
from a single emitting layer of MEH-PPV, a red conjugated copolymer, when a lithium salt was 
added into the layer.[5] One year later, in 1996, Lee et al. demonstrated the first emission in LECs 
from ionic transition metal complexes (iTMCs). In their work they showed that ionic ruthenium(II) 
complexes can give efficient electroluminescence when thin films are deposited between two 
electrodes.[6] These were the first two examples of the two most common families of LEC devices, 
polymer LECs (CP-LECs) and iTMC-LECs. 
The simultaneous presence of charge carriers, mobile ions, and excitons within the same emitting 
layer of a LEC determines a complex working principle that has been the object of debate for a 
long time. After a certain voltage (or current) is applied to the device, the typical behavior over 
time shows an increase in luminance while the current (or voltage) increases (decreases). 
Generally, this is explained by the presence of mobile ions which, under an electric field, can 
reorganize in the active layer and migrate towards the electrodes, promoting charge carrier 
injection. Although this general explanation is commonly accepted, two different theories, the 
electrodynamical[7] and electrochemical[8] models, were developed to demonstrate how the electric 
field and the voltage distribute across the device. Both models agree on the formation of an 
electronic double layer (EDL) in close proximity to the electrodes which dissipates the applied 
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bias and allows for charge injection. However, the electrodynamical model (Figure 4a) assumes 
that the EDLs enable a sharp drop in the electric potential near the electrode interfaces. As a 
consequence, in the bulk of the material the vast majority of anion-cation pairs are still joined. 
Here, the electric field is absent and the light emission is thought to take place from this region. 
The electrochemical model (Figure 4b), on the other hand, assumes that the EDLs drop the 
potential only as it is needed to form ohmic contacts. The injected charge carriers represent 
uncompensated charge within the active layer which is being neutralized through further ionic 
redistribution. In fact, at the cathode side, electrons neutralized by cations constitute the n-doped 
zone. Similarly, at the anode side, holes neutralized by anions form the p-doped zone. The doped 
regions widen over time forming a p–i–n junction (i = intrinsic, undoped). Across the intrinsic 
region, the applied potential drops substantially and favors charge recombination and light 
emission. These operating regimes imply that their occurrence depends on the formation of ohmic 
contacts. When the injection is non-limited the LEC follows the electrochemical model. If the 
injection is limited, the doping becomes less pronounced and the ion redistribution increases the 
EDL formation until the bulk is field-free, following the electrodynamical model.[9] These models 
also differ in terms of device performance and degradation of the active layer, as the 
electrochemical model involves ohmic injection and a higher rate of electron-holes 
recombination.[9] The operational mechanism of LECs is a determining factor for key figures of 
merit, such as lifetime and turn-on time of these devices. It comes to no surprise that it has been 
thoroughly studied in the literature, including in this Thesis (Chapters 3 and 5). 
 

 

Figure 4. Simplified diagrams of a) the electrodynamical model and b) the electrochemical 
model.  
 
For instance, a planar LEC configuration was used for in situ surface analysis, during the different 
phases of a device lifetime, such as Kelvin probe microscopy and FTIR (Fourier-transform infrared 
spectroscopy).[10] The planar configuration consists of an active layer deposited between two 
interdigitated electrodes. In the planar configuration, as the electrode spatial separation is in the 
micrometer scale, only high voltages are effective to drive the device, resulting in lower efficiency. 
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Figure 5 shows Kelvin probe microscopy measurements performed on planar devices driven at 8 
V, which demonstrate the two models predicted by theoretical calculations. In the electrochemical 
model (Figure 5a) the voltage slightly drops at the interfaces to form ohmic contacts and it is kept 
constant across the doped zones. A second abrupt voltage drop is then registered through the 
intrinsic zone where light emission occurs. Differently, for the electrodynamical model (Figure 
5b) the voltage sharply drops at the electrodes interfaces and a constant value is kept across the 
film.[9]  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Electrostatic potential and light-emission profiles in planar LECs during operation and 
voltage dependence on the interfacial potential drop. Typical steady-state potential profiles of an 
LEC during operation at V = 8 V in a), the noninjection-limited and b), the injection-limited 
regime. The pictures behind the graphs are UV/PL images in steady state, on the same horizontal 
scale. Figure taken from ref. 9.  
 
The general operational mechanism of LECs can also be identified from a sandwiched device. This 
second configuration is more practical in view of real-life devices. This is because the closer 
separation of the electrodes (few hundreds of nanometers) facilitates efficient radiative 
recombination at lower voltages and the bottom transparent electrode allows for efficient light 
extraction. Figure 6 shows the temporal evolution of the luminance and voltage when a current 
density is applied. The pristine state can be recognized by stage I where the device is contacted 
but no bias is applied. When a current (constant or pulsed) is applied to the electrodes the mobile 
ions begin to redistribute and form the EDL, in stage II. The EDL formation and the subsequent 
doping process determine the turn-on time of a device. This can range from a few seconds to 
hours.[11,12] Initially, the resultant voltage is high because the EDL and the doped zones are not yet 
completely formed. However, they quickly build up in time, and voltage decreases as result. At 
the same time, the luminance value increases until the maxim value is reached. In stage III, the 
device’s lowest voltage and highest luminance are established and kept over time in its operational 
steady state. Finally, in stage IV, as the doped zones grow and the intrinsic zone shrinks, the 
luminance levels fall. This phase is often characterized by an increase in voltage as a result of 
possible degradation processes.  
The mechanism of intrinsic degradation of the active layer is still something not fully understood 
but most certainly there is more than one effect causing it, such as degradation at the cathode 
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interface[13,14], effect of self-heating[14,15] and irreversible redox reactions.[16–18] In Chapter 3, we 
introduce a novel technique to monitor the degradation by measuring the photoluminescence while 
biasing the device, in a simultaneous manner.[19] Similar results were obtained from previous 
studies in which the photoluminescence was measured at different times after turn-on.[20] The 
results illustrates that applying an electrical bias quenches the photoluminescence intensity. The 
devices are able to recover the photoluminescence in open-circuit conditions, although this 
recovery is only partial and bias-dependent. This implies that there exists an irreversible loss of 
light intensity after relaxation that increases with the driving time and magnitude of the electrical 
bias. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6. Temporal evolution of a LEC under pulsed current bias. When the time is expressed in 
logarithmic scale it is possible to observe each phase of the device lifetime.   

 

1.3 Emitters for Light-Emitting Electrochemical Cells 
 
The uniqueness and only requirements of LECs are the presence of mobile ions that drive the turn-
on and govern the device behavior. A large variety of light-emitting molecules can be used when 
this condition is satisfied. Intensive research in the OLED and LEC fields produced a wide variety 
of emitters with fine-tuned photophysical properties and structures. The detailed review of all the 
emitters used in LECs is not the aim of this Thesis, instead, a summary will be presented 
highlighting the most important features of each category. The light-emitting components that first 
found application in LECs are fluorescent conductive polymers and iTMCs (in CP-LECs and 
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iTMC-LECs, respectively). However, more recently, driven by OLED and LED advancements 
new materials have been added to the list, such as small organic molecules (SM) and perovskites.  
As mentioned in paragraph 1.2, a red CP was used for the first LEC ever reported.[5] However, to 
guarantee ion conduction an additional component was added. Polyethylene oxide (PEO) was the 
first ion-conducting polymer to be used in LECs. The PEO ion conduction mechanism relies on 
the coordination of the cations by the oxygen atoms in the polymer chain.[21] At the same time, 
anions are poorly affected and only ionically bonded to the cations. In the pristine state, oxygen 
coordination competes with the ionic couple formation resulting in an equilibrium.[22] Only an 
external bias will drift apart these ions, and the cations displacement can be explained in sequential 
jumps within the coordinating matrix which can take place on the same chain or on a different 
chain of the ion-conducting polymer, depending on their distance.[23,24] Anions instead are not so 
hindered and typically move faster. For this reason, in CP-LECs the emitting zone is often closer 
to the cathode in the first stages of operation.[25] The disadvantage of PEO is its tendency to form 
crystalline phases, especially at high molecular weights, which limit ion conduction.[21] 
Nonetheless, it has been vastly used and efficient devices were reported since the early days of 
LECs.[5,7] More recently, new ion-conducting polymers have been introduced resulting in 
improved performances. In this contex, the work of Edman et al. on CP-LECs resulted in one of 
the most efficient and long-lived devices using a phenyl-substituted poly(p-phenylene vinylene) 
copolymer, also known as SY-PPV or “super-yellow”, and trimethylolpropane ethoxylate (TMPE) 
as ion-conducting polymer.[26,27] The same group reported another efficient device composition in 
which star-branched oligocarbonates were introduced.[28] In Chapter 3 of this Thesis we introduced 
a new hyperbranched ionic conductive polymer in a state-of-the-art CP-LEC. 
Even though the use of polymeric emitters demonstrated efficient devices, they are limited by their 
fluorescent nature which reduces the collection of electrically-generated excitons and results in a 
maximum external quantum efficiency (EQE) of about 25%.[29]  Indeed, upon the application of 
an electrical bias singlet and triplet exciton are generated in a specific ratio of 25% to 75%. This 
is regulated by spin statistics, since for a singlet the spin quantum number, which is s = 0, equals 
to only one spin state with total spin angular momentum of 0, while for a triplet, s = 1, it equals to 
three spin states with a total spin angular momentum of 1. In organic molecules and polymers 
singlet excitons (25%) give rise to emissive excited states whereas triplet excitons (75%) are 
typically non-emissive at room temperature.  
The second large category of emitters for LECs is represented by iTMCs.[30] They differ from 
polymeric materials in that they are ionic phosphorescent emitters. Being intrinsically ionic, they 
do not need in principle any additional free-moving ionic species (such as the copolymers used in 
CP-LECs). However, it was soon clear that adding small concentrations of ionic liquids (ILs) 
would improve the turn-on time and luminance levels.[31–33] Another advantage of iTMCs is that 
they can collect up to 75% of the electrically-generated excitons and, at the same time, harvest 
singlet excitons thanks to the inter-system crossing process. As a result, the EQE can theoretically 
be 100%. The first works on iTMC-LEC focused on substituted ruthenium(II) complexes.[34,35] 
Ru(II)-based devices have one important limitation regarding the color tuning, since the emission 
band is placed in the orange-red part of the visible spectra. Later on, the family of iridium(III) 
complexes gained more interest thanks to their much improved photochemical stability, very high 
emission quantum efficiencies and wide color tunability, which is key in order to obtain white 
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emission for lighting applications.[36] Today they represent by far the most used and efficient metal 
complex for LECs. Two Ir(III) complexes can be considered the archetype for LEC applications, 
[Ir(ppy)2(bpy)]+ and [Ir(ppy)2(phen)]+.[36] Their photophysical and electroluminescent properties 
set a benchmark from which ligand design began. The design of new ligands is of great importance 
as it allows for tuning to virtually any color and directly affects the final device performance.[37]  
Important developments in iTMCs device performance were proven by many research groups, 
Bolink et al., Slinker et al. and Zysman-Colmann et al. to cite a few, whose efforts combined ligand 
design (e.g. facilitating supramolecular interactions) and alternative driving conditions (pulsed 
bias vs constant bias) to further improve luminance and lifetime.[38–42] An additional factor that 
proves the superior properties of Ir(III) is demonstrated in a recent study, which showed the 
improved thermal stability of Ir(III) complexes due to lower non-radiative recombination rates.[43] 
Although Ir(III)-complexes proved to have superior properties, its costs are still high due to its 
scarcity in the Earth’s crust. In this regard, it is important to find alternative emitters to alleviate 
the potential costs of device fabrication based on iridium-based emitters. Recently, Cu(I)-based 
LECs have also proven to be promising emitting species. The same concepts of ligand design can 
be applied to these complexes and they are rapidly improving with respectable efficiencies and 
color tunability, including white emission, and also showing thermally activated delayed 
fluorescence (TADF) properties.[18,44,45] On the other hand, Pt(II) complexes for LECs have been 
scarcely explored with only few examples in the red region of the visible spectra.[46–48] In Chapter 
5, we introduce a comparative study on new Cu(I) complexes and, for the first time, on blue and 
green emissive Pt(II) complexes. 
Small organic molecules (SM), can also be used as emitters for LECs as they can rely on different 
photophysical processes to harvest excitons, including phosphorescence, TADF, triplet-triplet 
annihilation (TTA) and hybridized local and charge transfer (HLCT). Once again, molecular 
design plays a major role as the photophysical properties depend on the molecule's electronic 
excited states. Most of the SM used in LECs are either pure fluorescent or take advantage of the 
TDAF mechanism, and they are divided into two main subgroups: ionic SM and non-ionic 
SM.[49,50]  
Finally, perovskites are a class of polycrystalline materials with tunable optoelectronic properties. 
Perovskites with the general formula ABX3 (where A is an inorganic cation, such as Cs+, or an 
organic cation such as CH3NH3

+ (MA) or CH(NH2)2
+ (FA), B is Pb2+ or Sn2+ and X a halogen, 

such as I-, Br- or Cl-) have been largely studied for LED applications.[51,52] The green emissive 
CsPbBr3 represents the standard for light-emitting perovskites and it has been used as active 
material in LECs. Although the ionic components forming the crystal structure, especially the A 
and X sites, are to some extent mobile, it was shown how the introduction of an IL helped improve 
the maximum luminance values.[53–55] Perovskites are still new in the field of LECs but they have 
already shown encouraging results and they will probably take over for the next generation of 
devices.  
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1.4 Limitations of light-emitting electrochemical cells 
 
Since their discovery, LECs have always lacked behind the two most efficient solid-state light 
sources, LEDs and OLEDs. Four main shortcomings prevented LECs from meeting market 
requirements: 1) long turn-on time, 2) short lifetime 3) low efficiency, and 4) limited color 
emission/emitter band-gap. In addition to these, the lack of a standardized method to measure the 
device performance makes difficult to establish a direct comparison between different devices to 
objectively assess where LECs stand compared to OLEDs.  
The first parameter is the turn-on time that quantifies the device's response to the electrical current. 
It is often referred to as the time employed to reach 100 cd m-2 or the maximum luminance value. 
The turn-on time is a direct consequence of the ionic motion in the active layer, hence ions and 
their concentration have a direct influence. These effects have been largely proven with different 
emitters and electrolytes.[56] In general, increasing the electrolyte concentration would decrease 
the turn-on time, but beyond a certain threshold the performance can be negatively affected. 
Applying a higher current density or voltage also decreases the turn-on time but again, it is 
important to not overdo it to prevent degradation that could affect the lifetime. The effects of the 
IL concentration and bias on the device performance are also shown in Chapter 3 of this Thesis. 
The lifetime is maybe the most important aspect that needs to be improved in LECs. Everything 
in the device affects the lifetime, from the choice of the materials and their concentration to the 
choice of the applied bias. Moreover, it is not yet clear the degradation paths that the 
electroluminescent species undergo during operation. The proposed mechanism includes 
permanent oxidation/reduction and degradation at the electrode interfaces as mentioned in Section 
1.2. As already mentioned, both turn-on time and lifetime depend directly on the operational 
mechanism of LECs and there are some ways to improve them, for example tuning the IL 
concentration or applying a pulsed driving current[38,39]. 
Efficiency is another important aspect that needs improvement for this technology to reach the 
market. The efficiency is mainly limited by four factors: photoluminescence quantum yield 
(PLQY), nature of the emitter, non-selective contacts, and electroluminescence quenching. The 
PLQY is strictly related to the electroluminescence efficiency of the emitter, as it exists a direct 
correlation between the PLQY and the EQE of the device as explained in Section 2.3 of this 
Thesis.[31] In general, from a higher QY, higher efficiency is expected as well, however, fluorescent 
and phosphorescent emitters have a different electroluminescent response, as mentioned in Section 
1.3. Ultimately, there can be electroluminescence quenching due to high emitter concentration, 
especially for iTMCs,[57,58] and due to the advancement of the doped zones. It has also been 
demonstrated how the choice of the top electrode can play a role in determining the efficiency and 
lifetime.[9,59] 
Finally, although the emission spectra of a molecule or polymer can be fine-tuned by adjusting the 
functional groups and ligands, it is not yet trivial to obtain stable blue and red emitters. Particularly 
for blue emitters, due to the wide band gap (~3 eV) and long exciton lifetime (~µs, for 
phosphorescent materials), excitons might accumulate giving rise to quenching interaction like 
TTA or triplet-polaron quenching (TPQ).  In addition, it may also create hot excited states. This is 
due to the interaction of high energy excited states (Sn or Tn with n > 1) with each other that 
generates a hot exciton (or hot polaron). If not controlled through molecular design and 
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dopants,[60,61] their relaxation follows a predisocciative path yielding radicals that result in defect 
states, thus causing intrinsic degradation.[62] Low band-gap organic materials suitable for red and 
NIR emission also suffer from significantly lower luminescence efficiency.[63] This can be 
understood when considering the so-called “band-gap” law which predicts a progressively greater 
likelihood of nonradiative deactivation of the excited states as the energy gap is reduced.[64]  
Finally, from a real-life application point of view, LECs are still in an initial stage when compared 
to OLEDs. OLEDs are already marketed and can be found in different architectures and novel 
designs, such as transparent, conformable or flexible devices, giving rise to a plethora of new 
applications.[4,65] In Chapter 4 of this Thesis we have also explored a different device configuration 
with the fabrication of semitransparent devices, hoping that it can motivate future research 
outcomes. 

 

1.5 Aim of the thesis and Overview 
 
LEC device prototypes, in the field of solid-state optoelectronics, are still in their early stages. On 
the one hand, the principles that dictate the working mechanism and performance are well known. 
On the other hand, efficient, long-lived and with a wide color gamut devices are still lacking. In 
this regard, the simplicity of the LEC device architecture is very advantageous but with many 
aspects to take into account, as mentioned in the previous sections.  
The work of this Thesis focuses on the improvement of the LEC technology by introducing new 
materials, in particular iTMC emitters and an ionic conductive polymer, in order to improve the 
figures-of-merit of LECs and overcome their shortcomings, as well as the design and fabrication 
of novel architectures that can enable new applications for these devices. 
In Chapter 3, it is shown how the introduction of a new hyperbranched ionic transporting polymer 
in the solution of the precursors favors the fabrication of state-of-the-art CP-LECs with an 
improved lifetime. By measuring the PL during EL operation we observe that the addition of such 
polymer reduces the PL quenching of the CP due to the interactions with the ionic species and 
stabilizes the steady state operation of the device under a driving pulsed current.  
In Chapter 4, ALD and PLD techniques (atomic layer deposition and pulsed laser deposition, 
respectively) are used for the first time to achieve highly transparent iTMC-LECs. Here, a thin 
layer of SnO2 deposited by ALD has a double function of buffer and charge transport layer while 
a thicker indium tin oxide (ITO), deposited by PLD, is used as a semitransparent top cathode. The 
effects of such techniques on the active layer are accounted by characterizing the performance and 
PL properties. 
In Chapter 5, two new families of iTMCs based on copper(I) and platinum(II) are explored as 
alternative emitting materials to the more commonly used and costly Ir(III)-based complexes. In 
collaboration with the group of Prof. Dr. Edwin Constable and Prof. Dr. Catheryne Housecroft, 
Cu(I) complexes with different counterions are synthesized and characterized. Devices are 
fabricated and the effect of these counterions are investigated. Finally, in collaboration with the 
group of Prof. Dr. Violeta Sicilia, we also develop, for the first time, blue/green emissive LEC 
devices based on Pt(II) complexes. Here, devices are fabricated starting from solutions using 
different solvents, acetonitrile and dichloromethane. We observed that the performance changes 
according to the solvent used to cast the active layer. Overall, in this Chapter we demonstrate the 
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feasibility of such ionic metal complexes as future emitters in LECs and organic solid state light-
emitting devices. 
The main results shown in this Thesis are summarized in Chapter 6 and a brief Spanish resume is 
included in Chapter 7. 
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2. Experimental and methodology 
 

 
 
 
  



23 
 

2.1 Materials  
 
Both CPs and iTMCs were used as emitters in this work. A summary of their chemical structures 
is shown in Figure 7. In Chapter 3 the so-called “Super yellow” (SY) conjugated copolymer was 
used.[19] SY is considered a reference emitter for CP-LECs and it is readily available for purchase. 
As ionic transporting polymer a hyperbranched polymer (Hybrane) was used. In Chapter 4, an 
archetypical yellow Ir(III) complex, [Ir(ppy)2(dtb-bpy)][PF6], where ppy is  2-phenylpyridine and 
dtb-bpy is 4,4‘-di-tert-butyl-2,2‘-dipyridyl, was used to fabricate semitransparent iTMC-LECs. 
The use of this complex in LECs was previously reported by Slinker et al.[66] In Chapter 5, Cu(I) 
and Pt(II) complexes were introduced as novel emitters for iTMC-LECs. The Cu(I) complexes 
(Cu1, Cu2, Cu3 and Cu4), had the general formula [Cu(P^P)(N^N)]+ [A]-, where the (P^P) is the 
bidentate xantphos (4,5-bis(diphenylphosphino)-9,9-dimethylxanthene) ligand, and the (N^N) is 
the Me2bpy (6,6′-dimethyl-2,2′-bipyridine) ancillary ligand and where [A]- is either [PF6]- (Cu1), 
[BF4]- (Cu2), [BPh4]- (Cu3) or [BarF

4]- (Cu4) ([BArF
4]– = tetrakis(3,5-

bis(trifluoromethyl)phenyl)borate). Complexes were synthesized and characterized by the group 
of Prof. Dr. Edwin Constable and Prof. Dr. Catherine Housecroft from the Chemistry Department 
at University of Basel (Switzerland). The five studied Pt(II) complexes were the following: 
[Pt(Cbz-C^C*)(PPh3)(py)]+, [Pt(Cbz-C^C*)(P^N)]+ and [Pt(Cbz-C^C*)(P^P)]+ where Cbz-C^C* 
is a carbazole-modified cyclometallated ligand (1-(4-(9H-Carbazol-9-yl)phenyl)-3-methyl-1H-
imidazole)), py stands for pyridine (Pt5), (P^N) stands for 2-(2-(diphenylphosphino)ethyl)pyridine 
(Pt6), and (P^P) stands for 1,1-bis(diphenylphosphino)methane (Pt7), 1,1-
bis(diphenylphosphino)ethane (Pt8) and 1,1-bis(diphenylphosphino)benzene (Pt9). The synthesis, 
purification and characterization were carried out by the group of Prof. Dr. Violeta Sicilia from 
the Homogenous Catalysis Department at the University of Zaragoza (Spain).  
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Figure 7. List of light-emitting materials used as active materials in LECs in this Thesis. The series 
of Cu1-4 present different counterions while the the series Pt5-9 different ancillary ligands. 
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2.2 Device Fabrication 
 
The fabrication of LECs consists of several steps carried out in a N2 filled glovebox in a class 
10000 clean room. Devices were fabricated as follows: cleaning of substrates, deposition of 
PEDOT:PSS (poly(3,4-ethylenedioxythiophene) polystyrene sulfonate) by spin-coating (only for 
iTMC-LECs), deposition of the active layer by spin-coating and deposition of the top metal 
cathode. For standard devices Al was thermally evaporated and for the semi-transparent iTMC-
LECs SnO2 and ITO were deposited by ALD (atomic layer deposition) and PLD (pulsed layer 
deposition), respectively (see details in Chapter 4). 
A vertical device architecture was used with the following stacks (Figure 8): glass/ITO/Active 
layer/Al for SY-LECs, glass/ITO/PEDOT:PSS/Active layer/SnO2/ITO for semi-transparent Ir-
LECs and glass/ITO/PEDOT:PSS/Active layer/Al for Pt-LECs and Cu-LECs.  

 
Figure 8. Schematic representation of the device architectures presented in this Thesis. 
 
Pre-patterned ITO glass substrates were used for all devices. They were subsequently cleaned 
ultrasonically in water-soap, milliq water, and 2-propanol baths. After drying, the substrates were 
placed in a UV-ozone cleaner (Jelight 42-220) for 20 min. For iTMC-LECs, a PEDOT:PSS layer 
of 90-100 nm was spin coated on the substrates. This was done by dropping a commercial 
PEDOT:PSS CH8000 solution on the substrate and spun at 4000 rpm for 60 seconds. 
Subsequently, it was annealed at 150 °C for 10 minutes. This resulted in a thickness of 80 to 100 
nm. PEDOT:PSS is used to help hole injection at the anode and to provide a smoother surface 
before the emitter deposition preventing pinholes. 
Prior the deposition of the active layer, the emitter solution was prepared at the desired 
concentration. For iTMCs in acetonitrile (ACN) and dichloromethane (DCM) a solution 
concentration of 20 mg/mL was used and readily formed at ambient temperature. For the SY in 
cyclohexanone (CHN) a concentration of 7.5 mg/mL was used. The solution was left overnight on 
the stirrer at around 50 °C. The active layer consisted of the emitter and an ionic liquid, for iTMC-
LECs, or a polymer electrolyte and a salt, for CP-LECs. Concentrations of the different 
components were optimized. For the active layer deposition it is important to tune the spinning 
speed as it controls the thickness. Thicknesses were optimized and measured using a profilometer 
(Ambios XP-1 profilometer). Speed rotations of 3000 rpm and 2000 rpm were used for SY- and 
iTMC-LECs, respectively. Solutions of highly volatile solvents (for example DCM) require 
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particular attention as they evaporate faster, resulting in a worse surface morphology. Therefore, 
in the case of DCM solutions, the substrates were covered in the first 10-15 seconds of spinning 
to mitigate this effect. In this Thesis this was done for the Pt-LECs of Chapter 5. For iTMCs the 
thickness of the active layer was between 80 nm and 90 nm from ACN solutions. For CP-LECs, 
the thin polymeric film thickness was in the range of 130-140 nm.  
After the active layer the devices were transferred into a glovebox for annealing and cathode 
thermal deposition under ultra-high vacuum (10-6 mbar). Aluminum was used as top electrode (100 
nm) using a shadow mask. The resulting active area was 6 mm2. In the case of the semi-transparent 
iTMC-LECs, the top cathode consisted of SnO2 and ITO processed by ALD and PLD, respectively. 
These processes are described in detail in the following two Sections. The devices were generally 
measured in a N2 filled glovebox. However, for the particular characterization presented in Chapter 
3, the devices were encapsulated and measured in a standard lab setting. The encapsulation 
consisted of an aluminum cover placed on top of the device using a photosensitive glue. The 
samples were then exposed for 1 minute to UV light to harden the glue.  
 

2.2.1 Atomic Layer Deposition 
 
Atomic layer deposition is a thin-film deposition technique that consists of a sequential use of 
chemicals in the vapor phase, also called precursors. As the precursors sequentially react with the 
surface of the sample, a thin film is grown layer-by-layer.[67] The choice of precursors is important 
for a successful ALD deposition. In fact, they should fulfill many requirements in terms of 
volatility, thermal stability, and reactivity with the substrates. Additionally, it is easier to produce 
the vapor phases if the precursors already are in their liquid phase at room temperature or if they 
are highly soluble in inert solvents. Other parameters should also be optimized for a correct film 
deposition, for example, the chamber temperature to which the substrates are exposed, the pulses 
of the precursors in terms of frequency and pressure, and the purging after every pulse.  
For metal oxides deposition, such as AlOx and SnOx, an oxidizer (e.g. H2O and O3) and a reactive 
compound of the metal of interest are used as precursors. The simplified sketch of Figure 9 shows 
the principal steps of an ALD metal-oxide deposition. Initially, the metal precursor in its vapor 
phase is injected in the reaction chamber (step 1). After a delay, the chamber is purged to remove 
the precursor excess (step 2). In the same manner, in the second half cycle the oxidizer is first 
injected and purged (step 3 and 4). As a result, after every cycle a monolayer of the desired 
compound is formed on the substrate surface, This is repeated several times in order to achieve the 
desired thickness. 
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Figure 9. Simplified schematic illustration of an ALD cycle: first half cycle (metal precursor 
injection) and second half cycle (oxidizer precursor injection). 
 
In Chapter 4, ALD was used to deposit 20 nm of SnO2 at 90 °C. The SnO2 was used both as a 
buffer and as an electron transport layer (ETL). 
 

2.2.2 Pulsed Laser Deposition 
 
The pulsed laser deposition is a physical vapor deposition technique that enables the depositing of 
thin films by utilizing a high-power pulsed laser focused onto the target material.[68,69] The laser 
beam locally vaporizes the target into a plasma plume that is then deposited on the substrate surface 
as a thin film (Figure 10). The process takes place in the presence of background gasses such as 
N2, O2 and Ar depending on the composition of the thin film of interest. The deposition pressure 
is in the order of 10-3 mbar. The PLD technique is mostly used for the deposition of transparent 
conductive oxides (TCO) and metal oxides, ITO, NiOx or SnOx. The PLD presents several 
advantages such as a high control over uniformity and stoichiometry of the deposited films, and 
high compatibility with a wide variety of different targets. 
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Figure 10. Simplified schematic illustration of a PLD cycle.  
 
For PLD is extremely important to optimize the chamber pressure and the ratio between the 
background gasses in order to get the desired properties of the resultant thin film. In Chapter 4, 
PLD was used for ITO deposition as a transparent cathode for iTMC-LECs. The chamber 
parameters were previously optimized and used without further modification.[70]  
 

2.3 Photoluminescence Measurements  
 
Photoluminescence (PL) measurements involve the determination of the emission spectra and of 
the emission efficiency (photoluminescence quantum yield, PLQY) and they are a part of the 
fundamental characterization typically carried out on stand-alone thin films of light-emitting 
materials as well as these materials integrated into the final device configuration. The resulting PL 
characteristics allow us to predict their electroluminescence properties. Within the range of visible 
light, the PL spectra tells us about the color of emission of a certain luminescent molecule whereas 
the PLQY, determined as the ratio between the emitted and absorbed photons, dictates the 
efficiency of the photoluminescence process. The standard PL spectra and PLQY values presented 
in this Thesis were obtained with an N-M01 integrated sphere and an FLS1000 Edinburg 
Spectrometer. 
For iTMCs, the PLQY is directly linked to the external quantum efficiency (EQE, eq. 1) of the 
device.[31] Since the light emission arises from excited triplet states and singlet states are also 
converted into triplets, the PLQY indicated as 𝜑𝜑 in eq. 1 should be in the same order or magnitude 
as the experimental PLQY value. In eq. 1, the b factor represents the recombination efficiency (b 
= 1 for ohmic contacts) while the 1/2n2 factor indicates the refractive index of glass (∼ 1.5) and 
accounts for the light outcoupling.  
 

𝐸𝐸𝐸𝐸𝐸𝐸 = 𝑏𝑏𝑏𝑏
2𝑛𝑛2

      eq. 1 
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In this Thesis, PL measurements were also used as a valid tool to investigate the interaction that 
might be generated within the active layer or at the interfaces. For example, in Chapter 3, PL was 
used to study the interaction of the active material (SY) with the other components of the active 
layer, the ionic-transporting polymer (Hybrane) and the Li salt. In Chapter 4, a PL survey was 
conducted on the full device stack to evaluate the PL quench of the emitting layer due to the 
cathode deposition. Finally, in Chapter 3, a new PL measurement protocol is introduced. It consists 
of measuring the PL on the pixel active area while a current density is applied, i.e., during 
electroluminescent operation. For this, a new setup was designed (Figure 11). Measuring the PL 
while driving the device allowed us to record in real-time the PL quench caused by the growth of 
the doped zones (see Section 1.2). This was achieved by using a lock-in amplifier and a 
picoammeter that allowed us to measure simultaneously the PL and the EL output. This technique 
is described in more detail in Chapter 3. 
 
 

 
Figure 11. Experimental setup that allowed us to measure the PL of a pixel under an electrical bias. 
 

2.4 Electroluminescent Characterization of LECs 
 
As explained in Section 1.2, LECs are operated by applying a bias (either a voltage or a current). 
The devices presented in this thesis were always driven under pulsed current, with current densities 
between 25 A m-2 and 100 A m-2. Under pulsed current bias conditions, the behavior of the LEC 
in the initial stages of operation shows a simultaneous decrease in voltage and an increase in 
luminance (Figure 11). This driving mode has been shown to improve the turn-on and lifetime of 
LECs.[39,71] The applied pulsed current consisted of block waves at a frequency of 1000 Hz with a 
duty cycle of 50%. As a result, the average current density and voltage were obtained by 
multiplying the values by the time-on (0.5 s) and dividing them by the total cycle time (1 s). Once 
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the current bias is applied, the devices are characterized by monitoring the voltage and luminance 
versus time by using a True Color Sensor MAZeT (MTCSiCT sensor) with a Botest OLT OLED 
Lifetime-Test system. In Chapter 3, the devices were also measured under constant current, to 
compare with the pulsed current bias. In Chapter 4, for the semitransparent LECs, the response 
was also measured from both sides and at the same time. For this, two equidistant photodiodes 
were placed at both sides of the same working pixel under a constant current density of 50 A m-2. 
The output was measured in terms of photocurrent by two picoammeters.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12. Typical temporal evolution of a LEC under a pulsed current bias.  
 
The device performance is measured in terms of several figures of merit, however, as mentioned 
in the previous chapter, a standardized consensus is still lacking, so direct comparison between 
different devices and published reports is sometimes not straightforward. Here, we describe the 
most common figures of merit of a LEC. 
• The EL spectra were measured with an optical fiber connected to an Avantes AvaSpec-2048L 

spectrometer while driving the cell with the Botest OLT OLED Lifetime-Test system. The 
EL indicates the region of the visible spectra where the device emits when an electrical bias 
is applied. It is often observed a small shift between the PLmax and ELmax. This is thought to 
be the result of a polarization of the molecular orbitals under electrical bias, a reduction of 
degree of freedom in the thin film solid state and the concentration of the emitter.[72–74]  
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• Luminance (Lum, black curve in Figure 12): The intensity of light measured per unit of 
surface expressed in [cd m−2]. It describes the quantity of light emitted by the device at a 
given moment. 

• Current Density (J): The intensity of current per unit of surface applied to a device. Usually 
expressed in [A m−2]. For a pulsed driving scheme, the value is averaged over the on and off 
time of the pulse. 

• Voltage (V, blue curve in Figure 12): When a current density is applied, the voltage is 
monitored over time. Usually, a low voltage in the steady-state indicates long lifetimes and a 
facile charge carrier injection.   

• Lifetime (t50): The time to reach half of the maximum luminance. It is the parameter most 
used to describe the stability of a LEC. 

• Turn-on time (ton): The time needed to reach a determined value of luminance, usually 100 
cd m−2. Sometimes, it is also used as the time to reach the maximum luminance, regardless 
of its value, in particular for devices that do not reach 100 cd m-2. 

• Current Efficiency (CE): Represents the flux in candelas per electrical ampere [cd A−1]. It is 
obtained by dividing the luminance by the current density. 

• Power Efficiency (PE): The flux of light described in lumens per electric watt [lm W−1] 
measured by an integrated sphere or assuming a Lambertian emission. In the case of pulsed-
driven devices the duty cycle must be taken into account as well: 

 
𝑃𝑃𝐸𝐸 =  𝐿𝐿𝐿𝐿𝐿𝐿𝑚𝑚𝑚𝑚𝑚𝑚∗ 𝜋𝜋

(𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚∗𝐽𝐽𝑚𝑚𝑚𝑚𝑚𝑚)∗𝐷𝐷𝐷𝐷
     eq. 2 

 
where Vmax is the voltage value corresponding to Lummax, Jmax is the current density value at 
the on phase of the current pulse and DC indicates the duty cycle.  

• External Quantum Efficiency (EQE): The ratio of photons emitted per injected electron in a 
given device. Its relation to the PLQY has been described in the previous Section and it can 
be calculated by following eq. 1.  

• Commission Internationale de l’Eclairage coordinates (CIE coordinates): The maximum 
wavelength of the EL spectra can only give a rough estimation of the true emission color. To 
fully define a color, the sensitivity of the photoreceptors in the human eye has to be 
considered. For that, the CIE coordinates are used. The coordinates can be calculated from 
the EL spectra and they give an exact definition of the emission color according to universally 
accepted international standards. The CIE coordinates are expressed in (x,y) coordinates and 
are placed in a 2D plot as shown in Figure 13.  
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Figure 13. Commission Internationale de l’Eclairage coordinates (CIE coordinates) diagram that 
links the wavelengths of the visible spectra with the physiologically perceived colors in human 
vision.  
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3. Stable Light-Emitting Electrochemical 
Cells using Hyperbranched Polymer 
Electrolyte    
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3.1 Introduction 
 

As mentioned in Section 1.2, LECs unique operation mechanism is based on the presence of both 
electronic and ionic conductors.[7] In the case of CP-LECs, the introduction of a polymer 
electrolyte[7] is a way to add ionic conductors and it plays a determining role in the overall 
performance. A polymer electrolyte consists of a salt and a coordinating polymer that dissolves 
and coordinates the ions thanks to its electron donor centers.[21] Since the early days, PEO has been 
one of the most commonly used ion conducting polymers LECs. However, especially at high 
molecular weights, PEO tends to form crystalline phases which hinder the ionic transport and 
limits its blending capacity with the emissive polymer. To this end, extensive research has been 
conducted on polymer electrolytes for LECs.  
Recently, promising results have been attained on devices using Super Yellow (SY), a 
polyphenylenevinylene (PPV) based CP, as active material and branched polytrimethylene 
carbonate (PTMC) electrolytes derivatives, showing long operational lifetimes of 138 hours at > 
300 cd m-2 and a peak power efficiency (PE) of 9.8 lm W-1 at a constant current density driving 
bias of 77 A m-2.[28] Previous works including SY and a star-branched trimethylolpropane 
ethoxylate (TMPE) derivatives as ion transporter showed exceptional lifetimes longer than 1200 
hours over 100 cd m-2 and maximum PEs of 18.1 lm W-1.[26,75]  
In this Chapter, LECs based on the CP emitter SY combined with a novel hyperbranched ion 
solvating polymer, Hybrane DEO750 8500 (Hy) and a lithium trifluoromethanesulfonate 
(LiCF3SO3, LiTf) salt were developed (Figure 14). The study is presented and divided into two 
parts: the first part focuses on the characterization of LECs using this novel active layer 
composition. The devices showed an extrapolated t50 of 2000 hours (at an initial luminance above 
480 cd/m2) and peak power efficiencies of 12.6 lm W-1 with sub-minute turn-on times. These 
lifetime values are amongst the highest reported in the literature for fluorescent LECs. The second 
part focuses on the analysis of the interactions within the active layer, between the CP, the Hybrane 
and the Li salt. This was first achieved by performing steady state PL measurements which 
revealed that the introduction of Hybrane is beneficial as it decreases the quenching of the emitter 
by coordinating the Li+ atoms. Secondly, in an attempt to understand the effect of the doped zones 
formation on the stability, we performed a frequency modulated photoluminescence probing 
during steady state electroluminescence operation under a forward bias. This allowed to probe the 
evolution of the photoluminescence as a function of driving conditions in operating LECs, directly 
analyzing how the free ions interact with the polymer matrix in the different stages of operation of 
a LEC. Our results suggest that this method can be employed to model the operation mechanism 
of LECs and other ionic devices, correlate it with the composition of the active layer and improve 
the performance of these devices.  
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Figure 14. Scheme of the final device architecture and chemical structure of the components of the 
active layer: the ion dissolving hyperbranched polymer (Hybrane), the lithium 
trifluoromethanesulfonate salt and the semiconducting polymer Super Yellow (SY). 

 

3.2 Results and Discussion 
 
To successfully act as a host for free mobile ions, a polymer should have the following 
characteristics: 1) electron-donor groups or atoms able to coordinate cations; 2) high chain 
mobility and 3) suitable distance between the coordinating centers.[23,24,76] The Hybrane used in 
this work (Figure X) displays promising structural features for CP-LECs applications. At room 
temperature, the Hybrane is a dense liquid polymer and its backbone structure is constituted of 
ester and amide groups whereas the chains end with ethylene oxide units that are methoxy-
terminated. In previous works, the ability of ester groups to coordinate and transport metal cations 
in CP-LECs has been shown.[28,77,78] Furthermore, a recent study showed that the methoxy (–
OCH3) terminal groups provide enhanced mobility of the cations.[22] To ensure optimal device 
performance thin films should consist of a homogeneous blend between the polymer electrolyte 
and the semiconducting polymer.[79] When an optimum blend is provided one expects the most 
favorable salt dispersion over the active area and the most advantageous ion exchange between the 
ion-dissolving polymer and the CP.  
The interaction between the two components has been investigated in the presence and absence of 
the lithium salt. Atomic Force Microscopy (AFM) has been used to establish whether the spin-
casted solutions resulted in homogeneous thin films. In Figure 15a and 15b, AFM images of 
pristine SY and blended SY+Hybrane+LiTf samples, deposited on a glass/ITO substrate, are 
shown, respectively. The AFM images reveal that both the pristine and blended films are very flat 
with an average roughness of 0.50 nm and an average height of 2.42 nm for SY (Figure 15a) and 
0.43 nm and 2.97 nm for SY+Hybrane+LiTf (1:0.3:0.09 mass ratio, Figure 15b). The measured 
values are in line with recent literature data regarding pristine SY and SY+polymer electrolyte 
films.[28,80] As a result, both the pristine SY and the blend show very similar surface features 
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indicating that the mixed-polymer matrix appears in an amorphous state and that there is no sign 
of undesirable phase separation. 
Subsequently, we determined the photoluminescence quantum yield (PLQY) of samples 
consisting of SY with and without Hybrane and the LiTf salt, deposited on a quartz substrate from 
a cyclohexanone solution. The maximum PLQYs obtained are 75%, 78%, 73% and 45% for the 
SY, SY+Hybrane, SY+Hybrane+LiTf and SY+LiTf samples, respectively (Figure 15c). The PL 
spectra were obtained using an excitation wavelength of 430 nm. From these results, it can be 
observed that the addition of solely the LiTf salt (SY+LiTf sample) decreases dramatically the 
PLQY when compared to the pristine SY polymer. We ascribe this decrease of PLQY as a result 
of the quenching of the excitons by the LiTf salt. This is in line with previous reports where it was 
found that additives, in particular, ionic species can act as interceptors of excitons through the 
generation of charge transfer non-emissive states and energy transfer processes and thus affect the 
PLQY.[81–83]  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15. AFM images (5 μm x 5 μm) of a) pristine SY and b) SY + 30 % Hybrane + 9% LiTf 
coated on glass/ITO substrates. c) Photoluminescence spectra of SY and SY mixed with Hybrane, 
Hybrane+LiTf and LiTf only. 
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However, the addition of Hybrane recovers the PLQY of the sample, as it introduces coordinating 
sites for the salt. Finally, the SY+Hybrane sample does not show any quenching, as expected. In 
fact, the PLQY increases slightly compared to the pure SY sample up to 78% due to a slight 
dilution of the SY which reduces the excitons to migrate and encounter quenching sites. The 
Hybrane could in this case weaken the close packing of the SY chains and hence decrease the 
degree of π-interactions.[84] 
Devices with three different LiTf concentrations (3%, 9% and 15%) and fixed Hybrane (30%) 
were fabricated by sandwiching the SY and Hybrane:LiTf salt blend in between ITO coated glass 
plates and Al cathodes and driven with a constant current bias. The mass ratio of 0.3:0.09 with 
respect to SY was then selected and driven with a pulsed current bias.  
Device luminance and voltage were measured over time under a 75 A m-2 constant current density 
bias for the different SY:Hybrane:LiCF3SO3 ratios (Figure 16). The starting voltage value for the 
three devices is around 3.6 V and the turn-on time at 100 cd m-2 is faster at higher salt 
concentrations, with values of 25.2 s, 7.2 s and 3.6 s for 3%, 9% and 15% of LiTf, respectively. 
However, a similar effect on the voltage curves is not directly observed as it decreases in the same 
manner independently from the LiTf amount. In fact, after the EDL is formed, generating an ohmic 
contact, the remaining ionic species will be used to compensate the charge carriers that start to 
electrochemically dope the CP.  

Figure 16. a) Luminance and b) driving voltage of the LECs driven at a constant current density 
of 75 A m-2. Time is expressed in the log scale. 

The maximum luminance values, 442, 520 and 580 cd m-2, are proportional to the increase of salt 
content. This could be explained by the fact that, for this system, the amount of LiTf (at least up 
to 15%) can lead to brighter devices before the doping levels become too severe causing undesired 
exciton quenching.[85] At the steady state, the voltage keeps a constant value of around 2.7 V for 
the 3% and 9% LiTf salt concentration devices and a slightly higher value of 2.9 V for the 15% 
device. The current efficiency (CE) and power efficiency (PE) increase from 5.9 cd A-1 and 6.9 lm 
W-1 for 3% of LiTf to 7.7 cd A-1 and 8.4 lm W-1 for the device with 15% of LiTf content, as the 
voltage values are rather similar and the luminance increases along the device series.  
One of the most important features of light-emitting devices is their lifetime. In this work, we 
report the lifetime using the most commonly used method in LEDs, the time it takes to reach 50% 
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of the initial luminance value. As LECs turn-on relatively fast it allows us to use the maximum 
luminance as the initial luminance value. Devices with 9% LiTf salt concentration show a 
measured t50 of 530 hours whereas the devices that have a LiTf salt concentration of 15% have a 
reduced lifetime of about 350 hours (estimated value). It is not easy to estimate t50 for the 1:0.3:0.03 
mass ratio but we assume it to be within the interval between 400 and 500 hours. Table 1 
summarizes the principal performances of the above-described devices. Consequently, in order to 
improve the device performance, we selected the 1:0.3:0.09 ratio as it showed overall better 
performances when compared to 1:0.3:0.03 and 1:0.3:0.15 ratios. 
 
Table 1. Main performances of LECs under a constant current bias of 75 A m-2. 

SY:Hybrane:LiCF3SO3 

mass ratio 

Max Lum. (cd m-2) t50 (hours) Peak CE (cd A-1) Peak PE (lm W-1) 

1:0.3:0.03 442 ~400 - 500 5.9 6.9 

1:0.3:0.09 520 530 6.9 7.8 

1:0.3:0.15 580 ~350 7.7 8.4 
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Figure 17. Performance of the 1:0.3:0.09 SY/Hybrane/LiTf ratio devices under an average pulsed 
current density of 50/75/100 A m-2. a) Luminance b) Avg. Voltage c) Current efficiency. 
Luminance is expressed in the log scale. 
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Devices were prepared with the selected 1:0.3:0.09 active layer ratio and driven under pulsed 
current biases of 50/75/100 A m-2. The applied pulsed current consisted in block waves at a 
frequency of 1000 Hz with a duty cycle of 50%. The benefits of a lower current density combined 
with a pulsed driving current have been demonstrated in previous works and consists in improved 
stabilities and efficiencies due to the presence of “off-states” that limit the growth of the doped 
zones and side reactions.[71,86,87] Under pulsed driving conditions the devices performance improve 
dramatically with respect to the constant current driving (Figure 17). Comparing the lifetime data 
recorded at the same current density it is possible to notice a 3-fold increase when a pulsed bias is 
applied. The most important performance parameters of the devices are highlighted in Table 2. 
Peak luminance of 900 cd m-2 and 745 cd m-2 are reached with average current densities of 100 
and 75 A m-2, respectively. The t50 for these rather high initial luminance values are impressive 
with 850 and about 1000 hours. When comparing the luminance over time curves for these higher 
average current density driven LECs it is clear that from an initially rather flat curve, the decline 
is increasing exponentially once it starts. This is the result of the combination of the degradation 
of the devices, as suggested by the dramatic voltage increase (especially in the 100 and 75 Am-2 
biased devices), and the continuous growth of the doped zones. As a result, the thickness of the 
intrinsic (non-doped) zone that is responsible for the light generation is reduced which leads to an 
increased quenching of emitting centers. At the same time, the driving voltage also starts to 
increase around the inflection point in the luminance time curve which implies that it is 
increasingly difficult to maintain the set current density. This is most likely the result of permanent 
degradation. Understanding the degradation of CP-LECs still remains a challenging task, however, 
irreversible redox reactions of the CP as well as changes at the polymer/cathode interface might 
be responsible of the progressively decrease of the cell performance.[13,88] At an average current 
density of 50 A m-2 a peak luminance of about 480 cd m-2 is reached and these luminance levels 
are maintained over a long period of time. An exact t50 is not easy to extrapolate since near that 
point the luminance probably decays superlinearly. Nevertheless, we estimate a t50 value in excess 
of 2000 hours. Moreover, the devices show sub-minutes turn-on times and excellent efficiencies 
throughout their lifetime. The peak current efficiencies (CE) and power efficiencies (PE) obtained 
for the three devices exceeds 9 cd A-1 and 12 lm W-1, with values of 9.6 cd A-1 and 12.6 lm W-1 

for the device biased with a 50 A m-2 current density. 
 
Table 2. Main performance parameters of representative LECs under pulsed current average bias 
of 50/75/100 A m-2. 

 
Average Bias Max Lum. (cd m-2) t50 (hours) Peak CE (cd A-1) Peak PE (lm W-1) 

50 A m-2 480 2000 9.6 12.6 

75 A m-2 745 1000 9.9 12.5 

100 A m-2 900 850 9.2 12 

 

To study in depth the effect of the doped zone formation on the stability of our devices, we 
developed a characterization method that measures the photoluminescence (PL) of the devices 
during electroluminescent operation. This is done by modulating the excitation light source and 
coupling this modulation to a lock-in amplifier. Hence, the frequency-modulated PL can be 
detected by the lock-in amplifier in the presence of a non-modulated (constant) EL signal. Using 
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this approach it was possible to extract at the same time the PL and EL profiles and their evolution 
in the critical first minutes of operation (Figure 18).  
The intensity of the PL and EL signals followed over time are depicted in Figure 18a. At t=0 the 
devices are driven at a constant current of 50 A m-2. Prior to turn-on, the PL is stable and the 
intensity is normalized to this arbitrary value. Upon turning on the bias the PL rapidly decays 
followed by a more gradual decline. At the same time, the EL slowly rises, typical of the operation 
of a LEC. In figure 18b, the PL was recorded under different current densities applied to the device 
(25/50/100/200/500 A m-2), and after the bias was removed. The drop in PL is more pronounced 
with increasing current density. We attribute this rapid decline in PL to the creation of doped 
regions that form by the dissociated ions and injected electronic charge carriers. A lower current 
density, for example, 25 A m-2 (black curve), corresponds to a less pronounced quenching when 
compared to a higher current density, for example, 500 A m-2 (green curve). This can be explained 
by the fact that higher current densities will generate more doping, reducing the intrinsic zone 
thickness and leaving less doping-free polymer to generate photoluminescence. The drop in PL 
intensity in the LEC is characterized by a first very fast step indicating the rapid ionic movement 
and doping as well as EDL formation. A second step then follows, 20-25 seconds after the bias is 
applied, in which the intensity decays at a slower rate, possible evidence of the slow growth of the 
doped zones. As the current is switched off (Figure 18b, blue region “no bias”), two steps can be 
observed again. The PL first recovers rapidly followed by a slower rate of recovery. The speed of 
PL recovery is proportional to the intensity of the applied bias, as expected. More detailed studies 
are needed to unravel the exact mechanism, in particular by probing at shorter timescales. 
However, the fast recovery of the PL signal must imply the removal of the species responsible for 
its quenching. The quenching of the PL in LECs is generally ascribed to the interaction with the 
radical cations and anions that form after injecting electrons and holes. Hence, after turning off the 
bias, these radical cations and anions, rapidly disappear to a large extent. In a timescale of 5 
minutes, the PL signal has recovered to an extent between 96% for the LEC driven under 25 A m-

2 and 86% for the LEC driven under 500 A m-2. The cells driven at 25 and 500 A m-2 were also 
left to recover overnight for a total time of about 20 hours. We can notice that both curves regain 
PL intensity up to values of 98% and 97%, respectively. As most of the relaxation takes place in 
the first minutes after the bias for the 25 A m-2 current density (black curve) the additional recovery 
after 20 hours is low. On the other hand, for the 500 A m-2 current density, the relaxation is much 
slower. There is most likely almost no permanent degradation present in these devices, even at 
high current biases, as they have been driven for such a short time (5 minutes). These results might 
indicate that when the bias is removed the undoping process occurs on different time scales. The 
possibility to study the extent of the quenching as well as its decrease over time under bias provides 
useful insights about LECs doping and undoping mechanisms of different semiconducting 
materials,[20] ionic transport and to help assess the origin of undesired side reactions. 
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Figure 18. a) Photoluminescence (PL) and electroluminescence (EL) evolution in the first 4 
minutes of device operation at 50 A m-2. b) Normalized PL intensity, LEC devices biased with a 
constant current density of 25/50/100/200/500 A m-2. The cells driven at 25 and 500 A m-2 were 
left to recover overnight for about 20 hours and measured again. Both measures were taken under 
a 500 nm light probe. 

 

3.3 Conclusions 
 
In conclusion, in this Chapter we have shown the effects of introducing a new hyperbranched 
polymer (Hybrane) as the ion dissolving and transporting material in an SY-based state-of-the-art 
CP-LEC device. The blending properties of the two polymers have been investigated by means of 
AFM and PLQY measurements. Our results confirm that SY and the Hybrane can form very 
homogeneous and smooth films without macro-phase separation. Devices were driven under 
constant and pulsed currents in order to evaluate the stability over time. At low pulsed current 
densities (50 A m-2), the light-emitting devices showed outstanding lifetimes, maintaining a 
luminance in excess of 300 cd m-2 over 1600 operational hours (estimated t50 of over 2000 hours), 
and excellent current and power efficiencies of 9.6 cd A-1 and 12.6 lm W-1, respectively. In 
addition, the effect of the doped zones formation on the performance of the devices was 
investigated. To do this, the PL signal of the pixels was simultaneously measured while EL 
operation. Our results indicate that the PL signal drops due to quenching induced by the operation 
of the LEC. After switching off, the PL is recovered. The transient PL values and degree of 
recovery are dependent on the current density applied. The ability to monitor both PL and EL in 
sandwiched LECs will provide new insights into the exact operation and allow for further 
improvement of the performance of these devices. 
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4.1 Introduction 
 
In recent years, new display technologies have emerged and with them, the need for the 
development of properties such as large area, stretchability or transparency in lighting devices  
such as OLEDs.[4,89] In particular, for semitransparent OLEDs, the requirements for the cathode 
are a high light transmittance (over 80%) and a low sheet resistance (Rs).[90] The realm of 
transparent electrodes is vast and in continuous progress, nonetheless, the most common materials 
and structures are transparent conductive oxides (TCOs), very thin films of metals or alloys (e.g. 
Ag, Au, Ag:Al, Mg:Ag), multilayer metal thin film based cathodes (e.g. dielectric/metal/dielectric, 
metal/metal), nano arrays (e.g. carbon-based electrodes and metal NW electrodes) and conductive 
polymers (PEDOT:PSS).[91–93] TCOs are the preferred materials as transparent bottom electrodes, 
as they possess a high conductivity and there are barely any process limitations since they are often 
deposited on glass or plastic substrates that endure the harsh conditions during the TCO deposition 
via e.g. magnetron sputtering. The use of TCOs as transparent top electrodes on thin organic 
semiconductor-based devices requires, however, more attention. For example, the sputtering of 
TCO directly on top of device stacks can damage underlying charge transport layers or the active 
materials themselves, reducing their performances and lifetimes.[94] Additionally, the alignment of 
the TCO conduction band with the energy of the molecular orbitals of the organic semiconductor 
is important. These requirements have limited the widespread usage of TCOs as top electrodes in 
organic semiconductor devices.[92] The use of ITO as the top electrode in semitransparent devices 
has already been studied in LEDs and OLEDs.[95–100] One of the most efficient semitransparent 
and flexible devices was demonstrated by Han et al. reporting a white QD-LED with a maximum 
current efficiency of 18.2 cd A-1, a maximum luminance value above 10000 cd m-2 and an EQE of 
6.4%.[95] As already mentioned, LECs currently represent a promising alternative to LED and 
OLED technologies as in their simplest form they consist only of a light-emitting active layer 
sandwiched between two electrodes.[101] However, the literature is still relatively poor for 
semitransparent LECs with only a couple of examples reported, albeit using a top electrode that is 
either a conductive polymer or a nano-array.[102,103]  
In this Chapter, semitransparent iTMC-LECs are developed in which ITO is used as both the top 
and bottom electrodes. ALD and PLD techniques are introduced, for the first time, in cathode 
fabrication for LECs. The top electrode was processed in a multilayer structure composed of an 
ALD-deposited tin oxide (SnO2) and a PLD-deposited indium-tin oxide (ITO). The cathode was 
directly deposited on top of the organic active layer based on a yellow iridium(III) iTMC emitter, 
[Ir(ppy)2(dtb-bpy)][PF6] (where ppy is  2-phenylpyridine and dtb-bpy is  4,4‘-di-tert-butyl-2,2‘-
dipyridyl)[66] resulting in very high transparent devices, above 75% over the visible spectra region 
(380 to 750 nm). The possible harsh effects of the ALD and PLD during processing on the organic 
underlayers were examined by optical characterization including absorption, transmission, PL and 
EL output from both the top and bottom electrodes. The devices performance was recorded under 
a pulsed current bias showing a high electroluminescence above 200 cd m-2 which implies a very 
strong on/off contrast.  
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4.2 Results and Discussion 
 
First, we developed the semitransparent top electrode for LEC devices. A fundamental condition 
for efficient light-emitting devices is to ensure the absence of shorts and leakage paths. For 
transparent top electrodes, TCOs represent the best choice because of their transparency combined 
with a high conductivity, tunable electronic properties and fabrication ease with several 
techniques. However, their deposition on organic thin films is not trivial as these materials are 
frequently deposited using harsh methods such as reactive ion sputtering or PLD. Even for ALD 
processes, the presence of reactive gasses and the needed temperatures can lead to undesired shorts. 
Additionally, it is important to have an energy matching interface between the light-emitting layer 
and the charge injection and electrode layers.[92,94] For PLD processes, the chamber pressure is a 
crucial factor because it determines how the particles pack during the layer formation and, 
therefore, affects its electrical properties. Generally, the lower the chamber pressure, the more 
conductive the TCO layer is, due to the enhanced bulk properties of the resultant film. However, 
it can also result in a higher number of shorts due to the higher kinetic energy of the TCO particles 
when impacting on the underlying layer. This effect has been recently demonstrated on perovskite 
solar cells where the ITO deposition pressure parameters were optimized.[70] Therefore, a higher 
chamber pressure must be used in the PLD process for the ITO deposition to minimize the damage 
to the samples. Based on this, we selected a chamber pressure of 0.042 mbar (with an O2 partial 
pressure of 0.0076 mbar) for the deposition of the top ITO electrode via PLD. A 140 nm ITO layer 
deposited on glass under these conditions exhibited a sheet resistance of 140 Ω/sq. However, when 
deposited directly on the organic emitting layer in the LEC stack, it produced a considerable 
number of shorted devices. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 19. XPS survey of SnO2 thin film on glass/ITO substrate. 
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To ensure there is no penetration of ITO in the thin film of the Ir(III) emitter, we employed an 
additional SnO2 electron transport layer (ETL) via ALD. SnO2 is gaining increased consideration 
for its use as a wide band gap semiconductor due to its high transmission and electrical properties 
combined with remarkable chemical stability and compatibility with several doping elements and 
fabrication techniques.[104] Regarding the ALD technique, the growth temperature and choice of 
the precursors are the key factors in order to achieve suitable film properties. However, for 
thermally sensitive materials, such as organics or organometallic semiconductors, it is imperative 
to reduce the growth temperature to a level at which this technique can be sustainably exploited. 
For our devices, we obtained SnO2 films at a growth temperature of 90°C without further annealing 
using tetrakis(diethylamino) tin (TDAT) and water as precursors.[105] The SnO2 films were 
characterized by means of Atomic Force Microscopy (AFM) and x-ray photoelectron spectroscopy 
(XPS). An AFM image of a thin SnO2 film on a glass/ITO/PEDOT:PSS/Ir substrate (Figure 20b) 
reveals a very flat surface with an estimated mean roughness of 0.6 nm. Our results are in line with 
previous reports where SnO2 was deposited at low temperature.[105–107] The XPS analysis (Figure 
19) reveals the formation of SnO2,[105] with an element ratio close to 1:2 between Sn and O. 
Topographic AFM images were also collected for Ir deposited on glass/PEDOT:PSS and for ITO 
deposited on glass/PEDOT:PSS/Ir  and glass/PEDOT:PSS/Ir/SnO2 samples (Figure 20a, 20c and 
20d respectively) showing flat surfaces in all cases with mean roughness below 1.5 nm. 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
Figure 20. AFM images of a) glass/ITO/PEDOT:PSS/Ir, b) glass/ITO/PEDOT:PSS/Ir/SnO2, c) 
glass/ITO/PEDOT:PSS/Ir/ITO and d) glass/ITO/PEDOT:PSS/Ir/SnO2/ITO. They show a mean 
roughness of 0.6 nm, 0.6 nm, 1 nm, and 1.3 nm, respectively. 
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Thereafter, the effect of the deposited top electrode on the optical properties of the device stack 
was examined on samples with and without SnO2 and ITO layers. The samples under examination 
were glass/ITO/PEDOT:PSS/Ir, glass/ITO/PEDOT:PSS/Ir/SnO2, 
glass/ITO/PEDOT:PSS/Ir/SnO2/ITO and glass/ITO/PEDOT:PSS/Ir/ITO, where Ir is the active 
layer composed of [Ir(ppy)2(dtb-bpy)][PF6] and 1-Butyl-3-
methylimidazolium hexafluorophosphate [BMIM][PF6] in a molar ratio of 1:0.25. The thicknesses 
of SnO2 and ITO were 20 and 140 nm, respectively. The absorbance and transmittance spectra of 
glass/ITO/PEDOT:PSS/Ir and glass/ITO/PEDOT:PSS/Ir/SnO2 (Figure 21a-b, black and red 
curves, respectively) are superimposable and the addition of ITO slightly increases the absorption 
of light and consequently results in a decrease in transmission (Figure 21a-b, blue and pink curves, 
respectively). The full stack (blue curve) showed an average transmittance value of 75% within 
the visible spectrum range (380 to 750 nm) with a transmittance of 82% at the electroluminescence 
peak of 563 nm (discussed later and seen in Figure 23a). These measurements give important 
information about the features of the final device, however, they do not tell much about the intrinsic 
properties of the deposited layers because of the strong effect that the glass substrate has on the 
absorption. When glass and ITO from the substrate are not taken into consideration (Figure 21c-
d), it is possible to observe that the SnO2 and ITO deposition increases (decreases) the absorption 
(transmission), especially in the lower wavelength region between 300 nm and 400 nm of the 
spectra with respect to the Ir sample (black curve). This is in line with the absorption spectra 
measured for SnO2 and ITO, green and orange curves, respectively (Figure 21a). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 21. a) Absorbance and b) transmittance of the samples, before and after the SnO2 and ITO 
layers deposition, as well as the absorbance of 20 nm SnO2 deposited by ALD and the absorption 
of 140 nm of ITO deposited by PLD on a glass substrate. c) Absorbance and d) transmittance of 
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the same samples using a glass/ITO reference sample. The measurements were corrected for the 
absorption of the glass substrate. 
 
Next, devices were fabricated in the following configuration: glass/ITO/PEDOT:PSS (80 nm)/ 
[Ir(ppy)2(dtb-bpy)][PF6]:[BMIM][PF6] (1:0.25)  (80 nm)/SnO2 (20 nm)/ITO (140 nm) (Figure 
22a). After the cathode deposition, gold was thermally evaporated at the edges to supply an 
additional low resistance path to facilitate effective charge injection from the ITO cathode. As 
mentioned before, the direct deposition of ITO resulted in a large number of shorts while SnO2 
effectively acted as a buffer layer preventing these shorts. For this reason, we will focus our 
discussion only on the device configuration that includes the SnO2 buffer layer. The 
semitransparent devices were also compared with standard fully reflective Al-cathode (100 nm) 
LECs. The iridium complex, [Ir(ppy)2(dtb-bpy)][PF6], represented in Figure 22b, has been 
previously used as a yellow light-emitting material in iTMC-LECs and has displayed high stability 
and efficiency.[66,108] Images of the semitransparent device and the standard opaque device in their 
ON and OFF states are shown in Figure 22c-f showing the transparency of the transparent devices.  
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 22. a) Architecture of the semitransparent devices, b) Chemical structure of the yellow 
Ir(III) emitter [Ir(ppy)2(dtb-bpy)][PF6] used in this work, OFF states of the c) reference and e) 
semitransparent devices and ON states of the d) reference and f) semitransparent devices. 
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Both the transparent and opaque devices were characterized by applying a pulsed driving current 
of 100 A m-2 (avg. 50 A m-2) and monitoring their luminance and voltage evolution over time. The 
pulsed bias consisted of a block wave current at a frequency of 1000 Hz with a duty cycle of 50%. 
The luminance of the transparent devices was measured from top (SnO2/ITO side) and bottom 
(glass/ITO side). The electroluminescence spectra of the standard and semitransparent devices 
through the bottom substrate were rather similar. The EL peak from the semitransparent is slightly 
blue-shifted when compared to the opaque reference device, with maxima of 563 nm and 571 nm, 
respectively. The observed blue-shift could be the result of a different light outcoupling for the 
opaque and transparent devices, where the light-emitting layer acts as a cavity in which the position 
of the emissive non-doped zone is governed by the choice of the cathode. The main figures of 
merit of both the opaque and transparent LEC are summarized in Table 3. 

 
Figure 23. a) Electroluminescence of the standard Al-cathode and semitransparent devices, b) 
luminance and voltage over time of the standard Al-cathode device at an avg. current of 50 A m-2, 
c) and d) luminance and voltage over time of the top and bottom sides of the transparent device 
driven at avg. current of 50 A m-2. 
 
The opaque device shows the evolution of luminance and voltage typical for LECs driven with a 
pulsed current (Figure 23b). The reference device reaches a maximum luminance value of 620 cd 
m-2 and a t50, referred to as the time necessary to reach half of the maximum luminance, of 1120 
hours. The high luminance and the low pulsed driving current density make this device very 
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efficient with a peak current efficiency (CE) value of 13.6 cd A-1 and a power efficiency (PE) of 
8.9 lm W-1. The semitransparent devices (Figure 23c-d), biased with the same average current 
density of 50 A m-2 and maintaining the same electrode polarity, show a similar performance. 
When measured from the bottom side, the luminance reached a value of 260 cd m-2 which is less 
than what is obtained for the opaque cells. This is primarily due to the loss of the reflecting 
electrode in the transparent devices. Indeed, when measured through the top ITO electrode a 
luminance value of 188 cd m-2 is obtained. Even though the sum of these two values is still below 
what is obtained for the opaque cell, the difference is not very large. As a result of the lower 
luminance also the current efficacy and the power efficiency are lower in the transparent devices. 
The luminance values obtained from the bottom and top side are 260 cd m-2 and 188 cd m-2 which 
leads to CE and PE values of 5.2 cd A-1 and 4.0 cd A-1, and 3.2 lm W-1 and 2.5 lm W-1, for the 
bottom and top side, respectively. Finally, the t50 for the bottom side is 176 hours while that for 
the top side is 118 hours. 
 
Table 3. Figures of merit of the standard and transparent (T) cells driven at 50 A m-2 average bias 
current. 
 

 Peak Lum. [cd m-2] T50 [h] CE [cd A-1] PE [lm W-1] 

Standard 620 1120 13.6 8.9 

T-Bottom side 260 176 5.2 3.2 

T-Top side 188 118 4.0 2.5 

T-overall 448 - 9.2 5.7 

 

Several factors can contribute to the different luminance values observed for the bottom and top 
sides of the devices. The outcoupling of photons depends strongly on the refractive index of the 
layers the emitted light must pass through in order to escape from the device. With regard to SnO2, 
several reports show that its electrical as well as optical properties depend on the deposition 
temperature and precursors used.[105,109] The refractive index is reported to be close to 1.9/2.0 when 
SnO2 is deposited from TDAT and water at low temperatures (below 100°C).[105] When driving 
the device and measuring from the bottom side (glass), the light is partially trapped because the 
glass substrate has a low refractive index of ~1.5. For commercial ITO on glass substrates the 
reported refractive index is generally 1.8 but the ITO optical properties are strictly related to its 
crystallinity, resistivity and surface morphology. For PLD deposition, these properties are 
controlled by changing chamber pressure and deposition temperature. It has been reported that 
room temperature depositions could lead to higher sheet resistance and refractive indices.[110,111] 
For our deposited ITO, due to the medium/high chamber pressure of 0.042 mbar (see experimental 
section) and room temperature, the final refractive index might be close to 2.0 or higher. The high 
refractive index of the top TCO electrode supports the outcoupling from the organic light emitting 
material into the TCO layers, however because of the large contrast in indices between the TCOs 
and air (~2 TCO:1 air) the light remains constrained within the outer TCOs layers. In order to 
exploit the advantage of using a high refractive index based outcoupling layer, nano 
arrays/lenses[112] would be required. In addition, internal reflections of the different layers of the 
stack and from the gold fingers evaporated around the device area could play an important role in 
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determining the final light output from the top and bottom side. This difference in luminance 
measured from the bottom and top sides has also been confirmed by the simultaneous measurement 
with two equidistant photodiodes of the generated photocurrent by the two sides of the same pixel 
under a constant current bias of 50 A m-2 (Figure 24). Although these results were obtained with 
a constant bias, they are in agreement with the luminance vs time data showed in Figure 23. 
Differences between top and bottom emission were also previously reported in transparent OLED 
and QD-LED and attributed to a difference in transparency between the top and bottom 
electrodes.[97,100] Finally, a rough estimation of the overall performance of the semitransparent 
device (obtained as the sum of the top and bottom measurements) can be made. The overall 
luminance is 448 cd m-2 with a CE and PE of 9.2 cd A-1 and 5.7 lm W-1.  
 

Figure 24. Normalized photocurrent from BOTTOM and UP side of a semitransparent device with 
the stack glass/ITO/PEDOT:PSS (80 nm)/ [Ir(ppy)2(dtb-bpy)][PF6]:[BMIM][PF6] (1:0.25)  (80 
nm)/SnO2 (20 nm)/ITO (140 nm). The photocurrent was simultaneously measured for 45 hours. a) 
Until 2 hours, shows the difference in turn-on time between the BOTTOM and TOP side, which 
are 6 and 4 minutes respectively, and b) shows the complete measure and the difference in t50 
between the BOTTOM and TOP side, which are ~30 and ~6.5 hours.  
 
Another factor that could play a role in the performance of the semitransparent LEC device is the 
photoluminescence (PL) quenching as a consequence of the cathode deposition. To study this, the 
photoluminescence was measured to understand the interactions between the Ir thin film and the 
SnO2 and ITO deposited layers. The PL was measured from both sides of the samples using an 
excitation wavelength of 340 nm in an integrating sphere, where bottom indicates that the sample 
was excited from the glass substrate side and top from the PLD-ITO cathode side (Figures 25a-b). 
Analyzing the bottom orientation (Figure 25a) we observe that the PL intensity suffers from both 
the ALD and PLD depositions. In the first case, a drop of the PL intensity of 19% is observed by 
the ALD-deposited SnO2 thin layer (red curve). It is well known the ability of SnO2

[113–116] and 
other metal oxides based ETLs[117,118] to quench the PL at the semiconductor/TCO interface 
through exciton trapping and non-radiative energy transfer. Furthermore, a degradation of the Ir 
complex by the action of the nucleophilic water molecules and temperature during the ALD 
deposition could play a critical role.[36,119] The ITO deposition directly on the active Ir material 
dramatically increases the quenching to about 52% (pink curve). Here, the ITO deposition could 
be too harsh for the organic active layer, as seen on the number of resulting shorted devices. 
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Surprisingly, we observe a remarkable decrease in the number of shorted cells upon SnO2 insertion 
and, at the same time, the presence of an important interaction between the iTMC and the cathode 
as suggested by the intense PL quenching, around 48%, observed in the full-stack sample 
glass/ITO/PEDOT:PSS/Ir/SnO2/ITO (blue curve). Secondly, we measured the samples from the 
top side (Figure 25b). The samples showed the same degree of quenching after the SnO2 deposition 
(red curve), as expected. The addition of ITO in the Ir/ITO and Ir/SnO2/ITO samples (pink and 
blue curves, respectively) follows the same trend as the bottom orientation, however with a higher 
degree of quenching of 74% and 65%, respectively. 
 

 
Figure 25. Photoluminescence from the a) BOTTOM side and b) TOP side obtained with an 
excitation wavelength of 340 nm of the iTMC film and with different metal oxide layers deposited 
on top of it (see legend). 

 

4.3 Conclusion 
 
In conclusion, in this Chapter we demonstrated the fabrication and characterization of iTMC-LECs 
by using a transparent top SnO2/ITO contact processed by ALD and PLD, respectively. Although 
the energy levels of SnO2 and the active material in the light-emitting layer are not aligned, thanks 
to the operation mechanism of LECs involving ion migration to the electrode interface, this is not 
a problem. Furthermore, the combination of ALD and PLD offers the advantages of adjusting the 
deposition conditions, such as pressure and temperature, to provide a high-quality film, with 
precise control over thickness and composition. As a result, the devices had a full-stack 
transparency of 75% over the visible spectrum (380 to 750 nm) with a transmittance of 82% at the 
electroluminescence peak of 563 nm. A thorough optical characterization was carried out to 
evaluate the effects of the cathode deposition on the emitting layer, which included the luminance 
output from both sides. The devices performance showed excellent on/off ratio characterized by a 
high transmittance, and a luminance up to 260 cd m-2 coupled to lifetimes up to 176 h, 
demonstrating the potential of these highly transparent light-emitting devices. 
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5. New Emitters for Light-Emitting  
Electrochemical Cells: Cu(I) and Pt(II) 
Electroluminescent Complexes 
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5.1 Introduction 
 
Ionic transition metal complexes (iTMCs) are materials of great interest as active emitters in LECs 
as they are intrinsically ionic, so they do not need auxiliary charged species to drive the device, 
and they are phosphorescent triplet emitters, which allows for higher electroluminescence 
efficiencies compared to singlet emitters.  
Early works on iTMC-LECs focused on substituted ruthenium(II) complexes, but they presented 
important color tuning limitations and only emit in the orange-red part of the visible spectra. 
Nowadays, the most versatile family of iTMCs is based on an iridium(III) core, which, thanks to 
a unique combination of physical and chemical properties, provides a huge variety of stable 
complexes, covering the visible spectrum from blue to red, and exhibiting high PLQY.[30] 
However, iridium is a rare and expensive metal, so it has become increasingly important to find 
alternatives as emitters for LEC devices. To this end, new metal centers such as copper(I) and, 
more recently, platinum(II) have been found to be interesting.  
One of the most investigated families of copper(I)-based luminophores are [Cu(P^P)(N^N)]+ 
complexes, where P^P is a chelating bisphosphane, usually a derivative of POP (POP = oxydi(2,1-
phenylene)]bis(diphenylphosphane)) or xantphos (xantphos = 9,9-dimethyl-9H-xanthene-4,5-
diyl)(bis(diphenylphosphane)), and N^N is typically a derivative of bpy (bpy = 2,2'-bipyridine) or 
phen (phen =  1,10-phenanthroline).[120–126] [Cu(P^P)(N^N)]+ complexes have the advantage of 
being suitable scaffolds for systematic investigations and tuning of energy levels of the frontier 
molecular orbitals.[58,74,127] Moreover, [Cu(P^P)(N^N)]+ complexes often exhibit thermally 
activated delayed fluorescence (TADF).[128] This leads to theoretical internal quantum efficiency 
(IQE) values of up to 100%. In contrast, purely fluorescent emitters can only harvest 25% of the 
excitons.[129,130] On the other hand, platinum(II)-based LECs have seldom been explored, with just 
a few examples found in the literature which exhibit emission only in the red region of the visible 
spectra.[46,47,131,132] The chemistry of Pt(II) with cyclometallated N-heterocyclic carbenes (NHC; 
C^C) has proven to give elevated quantum efficiencies across the visible spectra.[133–141] In this 
regard, it is important to design rigid or semi-rigid scaffolds with chelating properties and strong 
donor atoms for having high PLQY.  
With this in view, in this Chapter new iTMC emitters based on Cu(I) and Pt(II) are studied as 
active materials for LECs (Figure 26). First, we report a series of [Cu(P^P)(N^N)][A] complexes 
in which [A]- is either [PF6]- (Cu1), [BF4]- (Cu2), [BPh4]- (Cu3) or [BarF

4]- (Cu4) ([BArF
4]– = 

tetrakis(3,5-bis(trifluoromethyl)phenyl)borate), (P^P) is the bidentate xantphos ligand and (N^N) 
is the Me2bpy (6,6′-Dimethyl-2,2′-bipyridine) ancillary ligand. We combined these iTMCs with 
different commonly-used ionic liquids, and study their time response and performance. Second, 
we explore the Pt(Cbz-C^C*) system. Five complexes are investigated, [Pt(Cbz-
C^C*)(PPh3)(py)]+, [Pt(Cbz-C^C*)(P^N)]+  and [Pt(Cbz-C^C*)(P^P)]+, where Cbz-C^C* is a 
carbazole-modified cyclometallated ligand, namely 1-(4-(9H-Carbazol-9-yl)phenyl)-3-methyl-
1H-imidazole), py stands for pyridine (Pt5), (P^N) is 2-(2-(diphenylphosphino)ethyl)pyridine 
(Pt6) and (P^P) is 1,1-bis(diphenylphosphino)methane (Pt7), 1,1-bis(diphenylphosphino)ethane 
(Pt8) and 1,1-bis(diphenylphosphino)benzene (Pt9). These complexes display a blue/green 
emission with high PLQY values. 
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Figure 26: Chemical structure of the Cu(I) and Pt(II) complexes studied in this Chapter. 
 

5.2 Results and Discussion 
 
The synthesis, characterization and photophysical properties in solution and powder of the 
emitters, were carried out by the group of Prof. Dr. Edwin Constable and Prof. Dr. Catheryne 
Housecroft from the University of Basel (Cu(I)-complexes) and by the group of Prof. Dr. Violeta 
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Sicilia from the University of Zaragoza (Pt(II)-complexes). They are briefly reported in this Thesis, 
for more details we refer to the published works.[142,143] 
  
5.2.1 Photo-electrochemical properties of Cu1, Cu2, Cu3 and Cu4 
 
The redox properties of the complexes were investigated by cyclic voltammetry in dry propylene 
carbonate solution containing 0.1 mol dm–3 [nBu4N][PF6] as supporting electrolyte. The Cu+/Cu2+ 
oxidation is typically an irreversible process and the introduction of the Me2bpy ligand brings the 
oxidation potential to a higher value. As the copper center is formally oxidized from Cu(I) to 
Cu(II), the coordination geometry changes from tetrahedral to square planar. This can be 
rationalized by the two methyl substituents in Me2bpy preventing flattening of the Cu coordination 
sphere, resulting in a higher oxidation potential for the Me2bpy-containing compounds with a 
maximum value of +0.93 V for the case of Cu3. 
The absorption spectra of solutions of the complexes in CH2Cl2 exhibit intense high-energy 
absorption bands below ca. 330 nm arising from ligand-centered and, in the case of the [BPh4]– 
and [BArF

4]– salts, counterion-centered π*←π transitions.  Additionally, a lower intensity metal-
to-ligand charge transfer (MLCT) band with λmax in the range 373-381 nm.  
The normalized solution emission spectra of the complexes were obtained in deaerated CH2Cl2 
solution with excitation wavelengths in the region of their MLCT band. The emission maxima of 
the complexes are around 560 nm which gives a yellow emission. In the solid-state, the emission 
maxima of the complexes is blue-shifted, lying between 520 and 530 nm, and thus, the complexes 
are green to yellowish emitters in powdered form.  
The complexes have a high PLQY both in the solid state and solution which can be ascribed to the 
increased steric hindrance in the Cu(I) coordination sphere provided by the Me2bpy ligand. This 
impedes flattening of the tetrahedron upon excitation. Sterically protected copper centers are less 
accessible to, for example, solvent molecules. Exciton quenching by non-radiative intermolecular 
processes like collisional quenching, Förster resonance energy transfer and Dexter electron 
transfer are also expected to be reduced. The measured PLQY of the powders are 62%, 44%, 35% 
and 27% forCu1, Cu2, Cu3 and Cu4, respectively. 
 
5.2.2 Photophysical properties of Pt5, Pt6, Pt7, Pt8 and Pt9 
 
The absorption spectra of the complexes was measured in a CH2Cl2 solution. They exhibit very 
similar absorption profiles with relative intense bands around 290-350 nm that are normally 
attributed to intraligand transitions of the NHC ligand. Additionally, they show rather weak 
absorptions at λ > 370 nm that appear slightly redshifted for the diphosphine derivatives (Pt7, Pt8 
and Pt9).  
From the theoretical calculations, the optimized HOMO is centered on the cyclometallating NHC 
ligand, almost entirely on the Cbz fragment, whereas the LUMO is distributed over the ancillary 
ligands and the Pt center. This indicates that the lowest energy absorption for both is attributed to 
a mixed transition LL’CT [π(NHC) → π*(L’)] / ILCT [(NHC)] and LMCT [π(NHC) → d(Pt)]. 
The spin-density distributions in the optimized T1 states are located on the C^C* ligand and, to a 
minor extent, on the Pt center and the ancillary ligands. Therefore, the emission for all complexes 
would be attributed to metal-perturbed 3IL [C^C*] transitions. 
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The photoluminescent properties were examined in poly(methyl methacrylate) (PMMA) films at 
5 wt% doping concentration of the Pt compounds. The two complexes Pt5 and Pt6 show blue 
emission centered around 480 nm, whereas the diphosphine derivatives (Pt7-9) display a green 
colour with maxima at around 510-520 nm. Their PLQY values reach very high values under Ar 
atmosphere, especially for the disphosphine derivatives. The final values of 47%, 49%, 76%, 77% 
and 83% were obtained for Pt5, Pt6, Pt7, Pt8 and Pt9, respectively. However, these values are 
much reduced when the complexes are measured in their solid state in air, obtaining 7%, 2%, 43%, 
4% and 27%, respectively. 

 
5.2.3 Light Emitting Electrochemical Cells 
 
It has been previously reported the performances of LECs containing [Cu(POP)(Mebpy)][PF6], 
[Cu(POP)(Me2bpy)][PF6],  [Cu(xantphos)(Mebpy)][PF6] and [Cu(xantphos)(Me2bpy)][PF6] in 
their active layers, but under different device driving conditions.[121,144] These compounds exhibit 
some of the highest PLQY values for [Cu(P^P)(N^N)]+ complexes and are, therefore, good 
candidates for LECs. Here we study the electroluminescence properties of the series 
[Cu(xantphos)(Me2bpy)][PF6], [Cu(xantphos)(Me2bpy)][BF4], [Cu(xantphos)(Me2bpy)][BPh4] 
and [Cu(xantphos)(Me2bpy)][BArF

4] (Cu1, Cu2, Cu3 and Cu4). 
 

 

 

 

 

 

 

 

 

 

Figure 27. Normalized thin-film photoluminescence spectra of the [Cu(xantphos)(Me2bpy)]+ 
complexes with different counterions. 
 
The thin-film PL spectra and PLQY of complexes were measured and are shown in Figure 27 and 
Table 4. The PL spectra reveal that the four complexes do not have exactly the same PL maximum, 
consistent with the solution and powder PL spectra. Both Cu1  and Cu2  show a PL maximum at 
563 nm whereas thin-films of Cu3  and Cu4  have values of λmax

em = 548 and 552 nm, respectively. 
The PLQYs of the thin films are 44, 45, 32 and 35%, respectively, for the [PF6]–, [BF4]–, [BPh4]– 
and [BArF

4]– salts. The EL spectra of the LECs using the best performing complexes, Cu1  and 
Cu2,  were also measured with values of  λmax

em(EL) of 546 and 550 nm, respectively (Figure 
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28a). The EL is blue-shifted with respect to the PL in solution and red-shifted with respect to the 
PL in solid state.[44] Table 5 displays the active layers of the devices and LEC main figures of 
merit. The complexes were mixed with ILs (4:1 molar ratio complex : IL) containing the same and 
different counterions in order to study the behaviour of these complexes in LEC devices and the 
specific effect of the IL anion on the performance of the device. The cells were then driven under 
an average pulsed current of 50 A m–2 while monitoring the luminance and voltage behaviour. 
Device performances of LECs containing Cu1 and Cu2 mixed with [EMIM]+  (1-Ethyl-3-
methylimidazolium) ILs using the same counterion as the copper(I) complex can be seen in Figure 
28b (black and red curves, respectively). In both cases the cells have the typical LEC 
behaviour characterized by an initial high resistance and hence, a high initial voltage. As 
the electrochemical doping takes place over time, the film conductivity increases, and the 
voltage drops. The luminance increases following the electrochemical doping until a 
maximum value is reached. Then, a rapid loss of the EL intensity is observed, probably due 
to quenching caused by the growing doped zones as the voltage maintains a steady value, 
where smaller anions result in lower steady state voltage (Figure 28d).  Both devices show a fast 
turn-on time of 58 s and 15 s (the time to reach a luminance of 100 cd m–2) with a maximum 
luminance of 173 cd m–2 and 137 cd m–2 respectively. Cu2 has a faster turn-on time, as the 
[BF4]– ion has smaller radius than [PF6]–, and thus is expected to have a higher mobility in 
the device. The LECs have a maximum current efficiency (CE) of 3.5 cd A–1 and 2.7 cd A–

1, respectively (Figure 28c). Recent works explored the electroluminescent properties of 
copper complexes with similar P^P and N^N ligands: [Cu(xantphos)(4,5,6-
Me3bpy)][PF6][44] , [Cu(xantphos)(Mebpy)][PF6][144] and [Cu(BnN-
xantphos)(Me2bpy)][PF6].[145] When comparing the performances of these complexes with 
the LECs in the current investigation (Table 5) we notice similar luminance and current 
efficiencies (CE) with values of 190 cd m–2 and 3.8 cd A–1, 90 cd m–2 and 1.9 cd A–1 and 
179 cd m–2 and 3.6 cd A–1, respectively, when operated under the same driving conditions. 
It is important to notice that the added IL was not always the same in all studies, and this 
can affect the performance of the device, as we show here. Additionally, the reported Cu1 
was also previously studied[144] mixed with the IL [1-butyl-3-methylimidazolium][PF6] 
([BMIM][PF6]). The devices show a slightly lower luminance of 145 cd m–2 and CE of 3.0 
cd A–1. The performances of devices using Cu1 and Cu2 with mixed counterions 
([EMIM][BF4] and [EMIM][PF6]) can be seen in Figure 28b (blue and purple curves, 
respectively) and in Table 4. The addition of the IL with a different counterion seems to 
affect the luminance and the turn-on time of the LEC. Both the luminance of LECs 
containing Cu1 and Cu2  decrease to 132 cd m–2 and 114 cd m–2 at a maximum CE of 2.6 
cd A–1 and 2.3 cd A–1, respectively. The turn-on time (time to reach 100 cd m–2) increases 
to 47 s for Cu2, while Cu1 shows a similar turn-on time of 61 s (Table 4).  
The two complexes with larger aryl-substituted anions, Cu3 and Cu4, were also used in 
LECs. As before, two ILs with different anions were employed: one in which the anion in the IL 
([EMIM][BPh4] and [EMIM][BArF

4]) matched the anion in the complex, and another in which the 
anion in the IL is [PF6]– (IL = [EMIM][PF6]). In both cases the devices maintained a high voltage 
value of 9 V (limit of our setup) and did not turn-on after several minutes even at higher driving 
current density (avg. 100 A m–2 and 200 A m–2) and with higher IL concentrations (2:1, Cu:IL). 
The failure to turn on is an indication of low charge injection/transport efficiency within the thin 
film. In the case of large counterions, the charge injection might be less efficient due to the lower 
ionic mobility. These results indicate that mixing counterions is not likely to produce a 
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beneficial change in performance, since it reduces all the figures of merit in LECs, as shown 
for Cu1 and Cu2 (Table 4). Moreover, using ILs with smaller counterion (e.g. [PF6]–) for 
devices using big aryl-substituted complexes, such as Cu3 and Cu4  is not sufficient to turn-
on these LECs.  

 
Figure 28. a) Normalized electroluminescence spectra of the two best performing complexes 
[Cu(xantphos)(Me2bpy)][PF6] (Cu1) and [Cu(xantphos)(Me2bpy)][BF4] (Cu2). b) luminance 
values and c) current efficiency and d) voltage of Cu1 and Cu2  LECs driven at an average current 
density of 50 A m–2 with different IL counterions. 
 
Table 4. Photoluminescence properties of thin films of the [Cu(xantphos)(Me2bpy)]+ complexes.                                                                                      
 
 
 
 
 
 
 
 

Compound λmax
em [nm]  

(λexc = 365 nm) 

PLQY 

[%] 

[Cu(xantphos)(Me2bpy)][PF6]  563 44 

[Cu(xantphos)(Me2bpy)][BF4]  563 45 

[Cu(xantphos)(Me2bpy)][BPh4]  548 32 

[Cu(xantphos)(Me2bpy)][BArF
4]  552 35 
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Table 5. Performance of LECs with the [Cu(xantphos)(Me2bpy)]+ series in the active layer; cell 
architecture ITO/PEDOT:PSS/[Cu(xantphos)(Me2bpy)][A]:[EMIM][A] (4:1 molar ratio)/Al. 
LECs were measured using a pulsed current driving (average current density 50 A m–2, 1 kHz, 
50% duty cycle, block wave).    
                                                                                        

Complex Max 

Luminance 

[cd m–2] 

Max 

Current 

Efficiency 

[cd A–1]  

Turn-on 

time [s]* 

[Cu(xantphos)(Me2bpy)][PF6] 

+ [EMIM][PF6] 

173 3.5 58 

[Cu(xantphos)(Me2bpy)][BF4] 

+ [EMIM][BF4] 

137 2.7 15 

[Cu(xantphos)(Me2bpy)][PF6] 

+ [EMIM][BF4] 

132 2.6 61 

[Cu(xantphos)(Me2bpy)][BF4] 

+ [EMIM][PF6]  

114 2.3 47 

*Turn-on-time is time to time to reach a luminance of 100 cd m–2. 
 
Light-emitting electrochemical cells using complexes Pt5-9 as active materials were also 
fabricated and characterized. Like for the Cu-complexes, the same fabrication methods were 
utilized: the complexes were mixed with the IL 1-butyl-3-methyl-imidazolium-
hexafluorophosphate [BMIM]+[PF6]- in a molar ratio of 4 to 1 (iTMC:IL). In the case of complexes 
Pt7, Pt8 and Pt9 they were dissolved in two different solvents, acetonitrile (ACN) and 
dichloromethane (DCM). Due to their low solubility in these solvents, complexes Pt5 and Pt6 were 
tested in dichloroethane (DCE) solutions. The active layers (iTMC:IL) were characterized by 
means of photoluminescence (PL) and quantum yield (PLQY). Devices were then fabricated from 
the solutions adopting the archetypical stack configuration: ITO/PEDOT:PSS (80 nm)/iTMC+IL 
(90-120 nm)/Al (100 nm). Devices were tested by measuring their performance over time and their 
electroluminescence (EL) spectra were reported. We will start the discussion focusing on the 
emitters Pt7, Pt8 and Pt9. The principal figures of merit are collected in Table 6. First, the PL and 
PLQY of the active layers prepared from ACN and DCM solutions of Pt7, Pt8and Pt9 were 
measured (λex = 340 nm), showing no significant solvent effect on either the λem and PLQY (Figure 
29 and Table 6). 
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Figure 29. Photoluminescence of Pt7, Pt8 and Pt9 in ACN and DCM.  

These PLQY values are far lower than the ones obtained in PMMA, most probably due to the 
higher concentration of iTMC in the active layer. In fact, it is often observed a self-quenching 
process, taking place in highly concentrated iTMC thin films.[72] These results are in agreement 
with the lower PLQYs of solid samples of compounds 7-9 compared to those obtained in PMMA. 
The QY values are generally a good indicator of the luminance performance of the iTMC when 
employed in a light-emitting device. In view of these results, a similar peak luminance is expected 
regardless of the solvent used. 
 
Table 6. Figures of merits of the devices obtained from Pt7, Pt8 and Pt9 in ACN and DCM.  

Emitter 

in ACN 

PL λem  

[nm] 

PLQY 

[%] 

EL 

[nm] 

Peak 

Lum. 

[cd m-2] 

t50 

[min] 

CE 

[cd A-1] 

PE 

[lm/W] 

Pt7 531 11% 523 61 13 1.2 0.61 

Pt8 516 8% 528 60 35 1.2 0.61 

Pt9 521 14% 519 57 43 1.1 0.58 

Emitter 

in DCM 

PL λem  

[nm] 

PLQY 

[%] 

EL 

[nm] 

Peak 

Lum. 

[cd m-2] 

t50 

[min] 

CE 

[cd A-1] 

PE 

[lm/W] 

Pt7 525 12% 542 265 15 5.7 2.24 

Pt8 517 6% 535 187 13 3.7 1.26 

Pt9 517 11% 528 180 17 3.6 1.13 
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The LEC devices were operated under a pulsed current driving with an average current density of 
50 A m-2 (1000 Hz block-wave, 50% duty cycle with a peak current of 100 A m-2) and, contrary 
to what was expected from the PLQY results, they behaved quite differently depending on the 
solvent used to process the active layers (Figure 30). 

Figure 30: Time-dependence of the luminance [cd/m2] and average voltage [V] of LECs 
ITO/PEDOT:PSS/iTMC:IL(4:1)/Al, where iTMC are emitters Pt7 (black curve), Pt8 (red curve) 
and Pt9 (blue curve) in a)-b) ACN and c)-d) DCM. All the devices shown were driven with a 
pulsed current with an average current density of 50 A m-2. 
 
Devices made from ACN solutions (Figure 30a-b) showed in general lower efficiency with 
maximum luminance values of about 60 cd m-2 and current efficiency (CE) values of around 1.2 
cd A-1. When devices were fabricated from DCM instead, a three- to four-fold increase of the 
luminance and efficiency values were observed, achieving luminance values of 265 cd m-2, 187 cd 
m-2 and 180 cd m-2 with peak CEs of 5.7 cd A-1, 3.7 cd A-1 and 3.6 cd A-1 for compound Pt7, Pt8 
and Pt9, respectively. Lower driving currents have been shown to improve LEC device 
efficiency.[146] We biased devices fabricated from DCM and ACN using emitter Pt7 with a pulsed 
current driving with average current densities of 25 and 12.5 A m-2 (Figure 31). The results show 
that, even using these lower biases, the efficiencies remain very similar, with peak efficiencies of 
4.7 and 5.2 cd A-1 for current densities of 25 and 12.5 A m-2, respectively, which indicates that 
phenomena such as self-heating of the device is not the limiting factor on the efficiency in these 
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devices, at least in the current density range studied.[15] Regarding the lifetime, devices made from 
ACN showed t50 of 13, 35 and 43 minutes, for emitters Pt7, Pt8 and Pt9, respectively, while those 
from DCM t50 were 15, 13 and 17 minutes, respectively.  
 

Figure 31: Time-dependence of the luminance [cd/m2] and average voltage [V] of LECs 
ITO/PEDOT:PSS/iTMC:IL(4:1)/Al, where the iTMC is Pt7. the devices shown were driven with 
a pulsed current with an average current density of 25 and 12.5 A m-2. 
 
The increase in luminance together with the reduced t50 for DCM devices, despite the same PLQY 
values, could be explained by two main factors. The first point to take into consideration is the 
difference in boiling point of the two solvents, ~81°C for ACN and ~40°C for DCM and the 
temperature at which the films were annealed before the cathode vacuum deposition, 70ºC for 15 
min. These annealing conditions could allow all the DCM to evaporate and escape from the 
samples but in the case of the ACN residual solvent could remain in the active films. The effect of 
retained solvents has been reported in the past as detrimental for the devices as it can lead to 
degradation pathways or quenching.[147] In view of this, we increased the annealing conditions of 
devices prepared from ACN in terms of time and temperature. To do this, we prepared a device 
using emitter Pt7 with a longer annealing time (4 h) at the same temperature (70ºC) as well as a 
device using emitter Pt9 with a higher temperature annealing process (90ºC) and a longer time (1 
h). The performance of the device processed at 70ºC for 4h slightly improved with a maximum 
luminance of 75 cd m-2 (vs 61 cd m-2), a CE of 1.5 cd A-1 (vs 1.2 cd A-1) and a t50 of 11 min (vs 13 
min) (Figure 32a). On the other hand, the device processed at higher annealing temperature not 
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only did not improve but it decreased, showing a maximum luminance of 48 cd m-2 (vs 57 cd m-

2), a CE of 0.96 cd A-1 (vs 1.1 cd A-1) and a t50 of 7 min (vs 43 min) (Figure 32b). 
  

 
Figure 32. a) Time-dependence of the luminance of a LEC device 
ITO/PEDOT:PSS/Pt7:IL(4:1)/Al in ACN with a longer annealing time (4 h) at the same 
temperature (70ºC). b) Time-dependence of the luminance of a LEC device 
ITO/PEDOT:PSS/Pt9:IL(4:1)/Al in ACN with a higher temperature annealing process (90ºC) at a 
longer time (1 h). 
 
These results, in particular the much lower t50, could be an indication that the harsher annealing 
conditions are inducing a degradation of the emitter. The second aspect to be pointed out is the 
voltage during operation (Figure 30d). When compared, the voltage of the devices prepared from 
ACN is significantly lower than the DCM, with values between 3 V and 3.5 V for ACN and values 
between 4 V and 5 V for DCM. The origin of this effect can also be related to the residual solvent 
present on the active layer, where it has been seen that the presence of solvent decreases the 
resistance of the film, resulting in lower turn-on voltage.[147] Lower voltages notoriously allow for 
longer lifetimes, and therefore higher t50, but at the expense of lower luminance levels. All in all, 
these results point that the origin of the difference in the performance of devices processed from 
ACN and from DCM might reside in their different morphology. Indeed, in previous works it has 
been seen that morphology can affect the performance of LEC devices.[148–150] However, Atomic 
Force Microscopy (AFM) images show no significant differences between active films using 
emitter Pt7 processed from different solvents (Figure 33). Both layers are very flat and 
homogeneous with no apparent phase separation or aggregation and with just small differences in 
the root mean square (RMS) roughness of the films (0.5 nm and 0.3 nm for ACN and DCM, 
respectively). 
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Figure 33. AFM images (2 µm x 2 µm) of the active film using emitter Pt7 processed from a) ACN 
and b) DCM. 
  
Finally, EL spectra were characterized both in ACN and in DCM (Figure 34 and Table 7). In 
ACN the EL peaks of Pt7, Pt8 and Pt9 are centered at 523 nm, 528 nm and 519 nm while in DCM 
at 542 nm, 535 nm and 528 nm, respectively. The slight difference on the EL peaks between ACN- 
and DCM-processed devices is ascribed to optical effects arising from the differences in the 
thicknesses of the active layers (90 and 120 nm, respectively). The EL is very similar to the PL of 
the active layer films. In some cases, Pt8 from ACN and Pt7, Pt8 and Pt9 from DCM, a slight red-
shift of the EL can be observed. A red-shift of the EL of iTMCs can be common and was also 
previously observed in LECs based on Ir(III) and Cu(I) complexes.[143,151]  Notably, as seen by the 
EL spectra, the three devices emit in the green region. To our knowledge, these are the first 
reported green-emitting Pt(II)-based LECs. In spite of their simplicity, iTMC-LECs fabricated 
from DCM solutions of the carbazole-appended compounds, Pt7-9 showed improved performance 
than PhOLEDs based in similar complexes bearing R-C^C* (R= H, CN), since the optimal OLED, 
based on compound [Pt(H-C^C*)(dppbz)][PF6] achieved a maximum luminance of 200 cd m-2 
with a peak CE of 0.4, at 10 V.[133]  
The PLQY values of the thin films and EL spectra offers two possible ways to estimate the external 
quantum efficiency (EQE) of the device.  
 

  𝐸𝐸𝐸𝐸𝐸𝐸 =  𝐷𝐷𝐶𝐶∗ 𝜆𝜆𝑚𝑚𝑚𝑚𝑚𝑚 𝜋𝜋∗𝑐𝑐
𝑙𝑙𝐿𝐿 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑛𝑛𝑟𝑟 𝑓𝑓𝑙𝑙𝐿𝐿𝑓𝑓

                     eq. 3 

𝐸𝐸𝐸𝐸𝐸𝐸 = 𝑏𝑏𝑏𝑏
2𝑛𝑛2

                          eq. 4 

In the first method, eq. 3, uses CE and EL spectra to derive the lm radiant flux factor, where 𝜆𝜆𝐿𝐿𝑟𝑟𝑓𝑓 
is the maximum EL wavelength expressed in nanometers and c a constant. In the second method, 
eq. 4, EQE is obtained by approximating the IQE, referred to as φ, to PLQY and where n is the 
refractive index of glass and b the recombination efficiency (equals to 1 for ohmic contacts). The 
EQE values were calculated and showed in Table 7 for the emitters in ACN and DCM respectively. 
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When the EQE is calculated from PLQY, it is assumed that the internal quantum efficiency (IQE), 
that is the ratio between the number of photons produced and number of electrons injected, is equal 
to the PLQY values as metal complexes can harvest both singlet and triplet energy. Thus the PLQY 
represents the maximum conversion rate of the electrical excitons into light. In the second case 
instead, assuming a Lambertian case where the emission only occurs in one half-plane, the EQE 
can be estimated from the CE value and the EL spectra of the device. It is possible to notice a 
considerable difference between the two results, in fact the EQE derived from the EL is 
substantially lower than the EQE derived from PLQY. The main reason behind this is due to a 
quench of the IQE or PLQY in the device during operation. A possible cause could be, for example, 
due to the electric field that the iTMC is experiencing because of the impartial screening by the 
mobile ions accumulated at the electrodes, which might also induce to an unbalanced current 
injection.[31,152] Another cause, as discussed above, is the effect of the concentration that eventually 
leads to a self-quench of the emission. For iTMC-LECs this is often remedied by incorporating an 
inert polymer matrix such as PMMA or using large ligands with a higher steric hindrance.[57,58,153] 
 
Table 7. Calculated EQE from EL spectra and PLQY values of the thin films. 
 

Emitter in ACN EQE from EL 

[%] 

EQE from PLQY [%] 

Pt7 0.34 2.44 

Pt8 0.33 1.77 

Pt9 0.32 3.11 

Emitter in DCM EQE from EL 

[%] 

EQE from PLQY [%] 

Pt7 1.46 2.66 

Pt8 0.97 1.33 

Pt9 1.00 2.44 
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Figure 34: Normalized electroluminescence spectra of LEC devices 
ITO/PEDOT:PSS/iTMC:IL(4:1)/Al, where iTMC are emitters Pt7 (black curve), Pt8 (red curve) 
and Pt9 (blue curve) from a) ACN and b) DCM. 
 
Similarly, devices made from compounds Pt5 and Pt6 were also fabricated. The active layers 
(iTMC:IL) showed very low PLQY with values of 1% for both emitters. Devices made with Pt5 
and Pt6 turned-on, showing the classic voltage evolution over time of a LEC (Figure S24), however 
their performance was extremely poor. For emitter Pt6, the maximum observed luminance was 4 
cd m-2 while for emitter Pt5 the luminance was lower than the sensitivity of our LEC lifetime 
characterization setup (less than ca. 1 cd m-2). For emitter Pt6 it was also possible to measure the 
EL spectra, which showed a blue emission centered at 491 nm. The very low QY of emitters Pt5 
and Pt6 somewhat predicts the very low EL observed on these devices. 

5.3 Conclusion 
 
In this Chapter, we illustrated the photophysical and device properties of two families of iTMCs, 
based on Cu(I) and Pt(II). First, the effect of different counteranions ([PF6]–, [BF4]–, [BPh4]–, 
[BArF

4]–) was studied for a family of Cu-complexes ([Cu(xantphos)(Me2bpy)]-). The 
luminophores were mixed with [EMIM][A] ILs in which [A]– was the same or a different 
counterion than in the copper(I) complex. LECs containing [Cu(xantphos)(Me2bpy)][BPh4] and 
[Cu(xantphos)(Me2bpy)][BArF

4] failed to turn on under the LEC operating conditions, whereas 
those with the smaller [PF6]– or [BF4]– counterions had rapid turn-on times and exhibited 
maximum luminances of 173 or 137 cd m–2 and current efficiencies of 3.5 and 2.6 cd A–1, 
respectively, if the IL contained the same counterion as the luminophore. Mixing the counterions 
([PF6]– and [BF4]–) in the active complex and the IL led to a reduction in all the figures of merit of 
the LECs. Second, platinum (II) complexes bearing a new carbazole-appended cyclometallated N-
heterocyclic carbine were characterized. The presence of an electron donating group (R= Cbz) in 
the R-C^C* skeleton of these complexes, raised the energy of the HOMO bringing their emission 
into the green region. LECs were fabricated from ACN and DCM solutions of the carbazole-
appended compounds, Pt7-9. The devices made from DCM gave the best performance, driven with 
an average pulsed current of 50 A m-2 and operating within 4-5 V. The luminance values were 265, 
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187 and 180 cd m-2 with peak CEs of 5.7, 3.7 and 3.6 cd A-1 for Pt7, Pt8 and Pt9, respectively. 
From the characterization, we noticed that the devices did not perform equally when prepared from 
different solvents. Our tests pointed out that a possible reason for this behavior is the remanence 
of solvent (in this case ACN) in the active layer, which does not completely evaporate. From 
supplementary AFM tests it was not possible to clarify the discrepancy in the luminance levels. 
We believe that the solvent coordination sphere might have affected how the complexes deposit 
to form the thin film, giving rise to distinct device behaviors. This is an important aspect that needs 
to be appointed for future device generations.  
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6. Conclusion  
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LECs have attracted a vast attention thank to their simple architecture and easy manufacture 
showing immediate aptness for being the next energy-saving and low-cost solid-state lighting 
source. While the fundamental physics of these devices is nowadays well understood and accepted, 
devices performance are low and still do not meet the market requirements. In this perspective, 
more efforts are needed to improve this technology. With this in mind, this Thesis demonstrates 
the efficacy of new materials for light emission and ionic transport in LECs as well as facile unique 
architectures for innovative applications.  
Ultimately, the goal of this Thesis is also to motivate future research in the field for market-directed 
solutions.  
In Chapter 3, a fast and stable CP-LEC is demonstrated using SY as emitter and introducing a 
hyperbranched ion conductive and solvating polymer (Hybrane) and a Li salt. The role of the 
Hybrane polymer is that of supplying good ion conduction within the active layer by coordinating 
the Li+ ions. Interestingly, this also helps to reduce the PL quenching. Maintaining the mass ratio 
between SY and Hybrane to 1:0.3, we fabricated devices with 9% of LiTf content and driven with 
averaged pulsed current densities of 50 A m-2, 75 A m-2, and 100 A m-2. As a result, we obtained 
bright devices with a maximum luminance value of 480 cd m-2 and an estimated t50

 of over 2000 
hrs (under a pulsed current bias of 50 A m-2). Finally, to better understand the doped zones 
formation in our devices, we performed a new characterization method which consisted in 
measuring the PL from a pixel under electrical bias over time (i.e. under EL operation). Our results 
indicate that the PL signal drops due to the quenching induced by the operation of the LEC. After 
switching off, the PL is recovered following different timescales. The transient PL values and 
degree of recovery were dependent on the current density applied. 
In Chapter 4, a novel architecture for transparent LECs is presented, where the top electrode is 
composed of a SnO2 buffer layer and an ITO cathode, fabricated by ALD and PLD, respectively. 
To prevent damage and shorted cells due to the PLD technique, we deposited a SnO2 buffer layer 
at low temperature (90 °C) between the active layer and the top ITO. Thanks to this, we achieved 
highly transparent working devices with a maximum transmission of 82% at the EL peak (563 
nm). The devices were characterized by applying an averaged pulsed driving current of 50 A m-2 

and monitoring their luminance and voltage over time. The performance of the transparent devices 
was measured from both sides, revealing a difference in efficiency and t50. From the top side 
(through SnO2/ITO) a maximum luminance value of 188 cd m-2 was recorded (t50 = 118 h), while, 
from the bottom side (through glass/ITO) a luminance value of 260 cd m-2 was obtained (t50 = 176 
h), resulting in efficiencies of 4 cd A-1 and 5.2 cd A-1 respectively. We ascribed the difference in 
performance between top and bottom illumination to three main reasons. Firstly, the light 
outcoupling dependence on the refractive index, n. Secondly, internal reflections caused by the Au 
fingers evaporated around the active area might have affected the final light output, promoting a 
higher luminance from the bottom side. Thirdly, as a consequence of the cathode deposition, a PL 
quench of the light-emitting layer was observed. This was further confirmed by the PL study 
conducted on device stacks and irradiating from the bottom and up side. Nevertheless, the figures 
of merit of these semitransparent devices are amongst the highest reported in the literature. 
In Chapter 5, we studied the photophysical and device properties of two families of iTMCs, based 
on Cu(I) and Pt(II). First, the effect of different counteranions ([PF6]–, [BF4]–, [BPh4]–[BArF

4]–) 
was studied for the Cu-complexes and second, the effect of the introduction of carbazole-
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substituted cyclometallating ligand and the use of two different solvents (ACN and DCM) for the  
Pt-complexes. In our work, [Cu(xantphos)(Me2bpy)][A] compounds were incorporated into the 
active layers of LECs. The luminophores were mixed with [EMIM][A] ILs in which [A]– was the 
same or a different counterion than in the copper(I) complex. LECs containing the smaller [PF6]– 
or [BF4]– counterions had rapid turn-on times and exhibited maximum luminances of 173 and 137 
cd m–2 and current efficiencies of 3.5 and 2.6 cd A–1, respectively. We also found that mixing the 
counterions ([PF6]– and [BF4]–) of the active complex and the IL led to a reduction in all the figures 
of merit of the LECs. 
On the other hand, the chemistry of Pt(II) with cyclometallated N-heterocyclic carbenes (NHC; 
C^C) has proven to give elevated quantum efficiencies across the visible spectra. In this work, the 
Pt(Cbz-C^C*) system was explored and green LECs were obtained and demonstrated for the first 
time. The devices made from DCM gave the best performance, driven with an average pulsed 
current of 50 A m-2 and operating within 4-5 V. The maximum luminance value for the best emitter 
was 265 cd m-2 with peak CE of 5.7. From the characterization, we noticed that the devices do not 
perform equally when prepared with different solvents. Our tests pointed out that a possible reason 
for this behavior is the remanence of acetonitrile solvent in the active layer, which does not 
completely evaporate. Here, the solvent coordination sphere might also affect how the complexes 
deposit to form the thin film, giving rise to distinct device behaviors. This is an important aspect 
that needs to be appointed for future device generations.  
In conclusion, in this Thesis we have explored new approaches for the design of light-emitting 
electrochemical cells. The study of novel emitting materials based on Cu(I) and Pt(II) for iTMC-
LECs, the incorporation of new ionic conducting polymers for CP-LECs and new electrode 
fabrication methods to obtain semitransparent LECs.   
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7. Resumen en Español 
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7.1 Introducción 
 
Hoy en día, la iluminación consume el 20% de la energía eléctrica mundial e implica el 5% de las 
emisiones mundiales de gases de efecto invernadero. En este contexto, el uso de diodos emisores 
de luz (LEDs) como fuentes de iluminación puede ser una solución viable ya que se trata de  
dispositivos súper eficientes y más respetuosos con el medio ambiente. De hecho, según la 
Comisión Europea, con el cambio a productos de iluminación más eficientes Europa podrá ahorrar 
hasta 34 TWh de electricidad al año de aquí a 2030 y evitará la emisión de unos 7 millones de 
toneladas anuales de CO2. Según la Agencia Internacional de la Energía (AIE), el uso de LEDs ha 
aumentado sustancialmente, pasando de una cuota de mercado del 5% en 2013 a más del 50% en 
2020, y se espera que llegue al 100% en 2025 para cumplir con el escenario de cero emisiones 
netas solicitado por el Acuerdo de París (2015/2016).  
Un LED es un componente eléctrico que emite luz cuando se aplica una corriente eléctrica. La 
arquitectura del LED está compuesta por dos electrodos entre los que se intercalan una serie de 
capas finas de semiconductores inorgánicos, como se muestra en la Figura 2a (Capítulo 1). El 
proceso de emisión de luz, mostrado en la Figura 2b (Capítulo 1), se denomina 
electroluminiscencia (EL) y tiene lugar cuando se crea una unión p-n y se aplica una polarización 
positiva. La composición química del dispositivo determina su bandgap (Eg) y, por tanto, el color 
de la luz emitida por el LED. Esta tecnología ha evolucionado rápidamente desde el siglo pasado 
y, de hecho, los LEDs han encontrado rápidamente una amplia selección de aplicaciones. Las 
principales ventajas de estos dispositivos son su larga vida útil (hasta 50000 horas), su alta 
eficiencia, su rápida respuesta al encenderse/apagarse, sus dimensiones y peso reducidos, su mejor 
gestión térmica en comparación con las fuentes de luz convencionales y su capacidad de emitir en 
todo el espectro visible e infrarrojo cercano. 
Más recientemente se ha desarrollado la contrapartida orgánica de los LEDs, los diodos orgánicos 
emisores de luz (OLEDs). Los OLEDs son muy similares a los LEDs (Figura 2c, Capítulo 1). La 
diferencia radica en que los materiales semiconductores que constituyen los OLEDs son de 
naturaleza orgánica, normalmente moléculas pequeñas conjugadas y polímeros, pero también 
pueden utilizarse complejos metálicos de transición neutros e iónicos (iTMCs). Estos materiales 
son sistemas conjugados, lo que determina su semiconductividad. El ajuste de sus propiedades 
depende de su estructura química, es decir, de la elección de sus grupos funcionales y 
heteroátomos. La formación de la unión p-n y la función de trabajo (WF) de los electrodos son 
cruciales para tener  una correcta alineación energética y, por tanto, dispositivos funcionales. Esto 
significa que, normalmente, no es posible tener una electroluminiscencia eficiente en los OLEDs 
sólo utilizando una capa activa entre dos electrodos cuando trabajamos a voltajes bajos (Figura 3, 
Capítulo 1). Las grandes barreras energéticas entre la capa activa y los electrodos permitirían la 
inyección de carga sólo a voltajes altos, causando un sobrecalentamiento y una alta recombinación 
no radiativa, lo que implicaría una degradación más rápida y una eficiencia de EL pobre. Es 
necesario, por tanto, el uso de capas adicionales para tener dispositivos eficientes. 
Más recientemente, se ha desarrollado una forma más sencilla de OLED, la célula electroquímica 
emisora de luz (LEC). Los LECs poseen una arquitectura muy sencilla en la que una sola capa 
activa orgánica se deposita entre dos electrodos, lo que da lugar a una emisión de luz eficaz. Esto 
es posible gracias a su mecanismo de operación único, que combina portadores de carga eléctricos 
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y especies iónicas. Esto es, por supuesto, una ventaja, ya que reduce los costes de fabricación y la 
cantidad total de recursos utilizados por unidad. En su forma más sencilla, esta capa activa consiste 
en un semiconductor electroluminiscente orgánico mezclado con un electrolito. La presencia 
simultánea de portadores de carga eléctricos, iones móviles y excitones dentro de la misma capa 
emisora de un LEC determina un complejo principio de funcionamiento que ha sido objeto de 
debate durante mucho tiempo. Después de aplicar un determinado voltaje (o corriente) al 
dispositivo, el comportamiento típico en el tiempo muestra un aumento de la luminancia mientras 
la corriente (o voltaje) aumenta (disminuye). Generalmente, esto se explica por la presencia de 
iones móviles que, bajo un campo eléctrico, pueden reorganizarse en la capa activa y migrar hacia 
los electrodos, promoviendo la inyección de portadores de carga. Aunque esta explicación general 
es comúnmente aceptada, se describieron dos teorías diferentes, los modelos electrodinámico y 
electroquímico, para demostrar cómo se distribuyen el campo eléctrico y el voltaje a través del 
dispositivo. Clásicamente, los componentes emisores de luz que primero encontraron aplicación 
en los LECs son los polímeros conductores fluorescentes (CPs) y los iTMCs (en los llamados CP-
LEC y los iTMC-LEC, respectivamente). 
Desde su descubrimiento, los LECs siempre han estado por detrás de las dos fuentes de luz más 
eficientes, los LEDs y los OLEDs. Cuatro son las principales deficiencias que han impedido que 
los LECs cumplan los requisitos del mercado: 1) un largo tiempo de encendido , 2) una vida media 
corta, 3) una baja eficiencia y 4) una emisión de color limitada. Además, la falta de un método 
estandarizado para medir el rendimiento de los dispositivos dificulta la comparación directa entre 
los distintos dispositivos para analizar objetivamente dónde se encuentran los LECs en 
comparación con los OLEDs. En esta Tesis, exploramos diferentes enfoques para mejorar la 
tecnología LEC, con la esperanza de motivar futuras investigaciones en este campo. 

 
7.2 Objetivos 
 
El uso de nuevos materiales, como las moléculas emisoras de luz o los polímeros transportadores 
de iones, tiene una importancia fundamental a la hora de mejorar la vida útil o de conseguir altos 
niveles de luminancia en dispositivos de tipo LEC. Al mismo tiempo, los avances más recientes 
han llevado a la tecnología LED y OLED a una nueva clase de dispositivos con propiedades 
atractivas, como la flexibilidad o la transparencia, desarrollo que se ha llevado a cabo de forma 
muy limitada en los LECs. 
Teniendo esto en cuenta, el trabajo de esta Tesis se centró en la implementación de nuevos 
materiales, en particular nuevos emisores iTMC y un polímero conductor iónico, y el diseño y 
fabricación de arquitecturas que puedan habilitar nuevas aplicaciones para estos dispositivos.  
En los CP-LECs uno de los componentes esenciales de la capa es el polímero conductor iónico, de 
quien depende el rendimiento final de los dispositivos. En el Capítulo 3, se muestra cómo la 
introducción de un nuevo polímero transportador iónico híper-ramificado favorece la fabricación 
de CP-LECs con una vida media mucho más elevada. Hemos observado que la adición de dicho 
polímero reduce la disminución  de la fotoluminiscencia (PL) del CP debido a las interacciones 
con las especies iónicas y estabiliza el estado estacionario del dispositivo operado bajo una 
corriente pulsada.  
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El concepto de dispositivo transparente ha sido, hasta ahora, estudiado principalmente en LEDs y 
OLEDs.  En el Capítulo 4 se aplican por primera vez las técnicas ALD y PLD (respectivamente, 
deposición de capas atómicas y deposición por láser pulsado) para conseguir iTMC-LECs 
altamente transparentes. Aquí, se deposita una capa fina de SnO2 por ALD, con una doble función 
de capa amortiguadora y de transporte de carga, mientras que otra capa de óxido de indio y estaño 
(ITO) más gruesa se deposita por PLD y se utiliza como cátodo.  
La necesidad de nuevos materiales emisores de luz eficientes es crucial para reducir aún más los 
costes y disponer de una mayor variedad con la que fabricar dispositivos. En el Capítulo 5, se 
exploran dos nuevas familias de iTMCs basados en cobre(I) y platino(II) como materiales emisores 
alternativos a los complejos utilizados más comúnmente, pero más caros, basados en Ir(III). 

 

7.3 Fabricación y caracterización de dispositivos: 
procedimientos generales 
 
Los emisores utilizados en este trabajo pertenecen a las dos categorías de CPs y iTMCs. En el 
trabajo presentado en el Capítulo 3 se utilizó el copolímero conjugado "Super Yellow" (SY). El 
SY se considera un emisor de referencia para los CP-LECs y se puede adquirir fácilmente. En el 
Capítulo 4, se utilizó un complejo de Ir(III) para fabricar iTMC-LECs semitransparentes. En el 
Capítulo 5, se presentan nuevos complejos de Pt(II) y Cu(I) como emisores para los iTMC-LECs. 
La síntesis de los complejos de Pt(II) fue realizada por el grupo de la Prof. Dra. Violeta Sicilia del 
Departamento de Catálisis Homogénea de la Universidad de Zaragoza (España), mientras que la 
de los complejos de Cu(I) fue realizada por el grupo de los Prof. Dr. Edwin Constable y la Prof. 
Dra. Catherine Housecroft del Departamento de Química de la Universidad de Basilea (Suiza).  
La fabricación de los LECs consta de varios pasos realizados en una sala limpia de clase 10000 y 
en una caja seca de N2. Para la fabricación de los dispositivos de esta tesis se aplicaron los 
siguientes procedimientos: limpieza de los sustratos, deposición de PEDOT:PSS (poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate)) por spin-coating (solo para los iTMC-LECs), 
deposición de los emisores por spin-coating, deposición del cátodo metálico por evaporación 
térmica y, para los iTMC-LECs semitransparentes, deposición de SnO2 e ITO por ALD y PLD. 
Siempre se adoptó una arquitectura de dispositivo vertical con la siguiente configuración: sustrato 
de vídrio/ITO/SY/Al para los SY-LECs, sustrato de vidrio/ITO/PEDOT:PSS/iTMC/SnO2/ITO 
para los Ir-LECs semitransparentes y, finalmente, sustrato de /ITO/PEDOT:PSS/capa activa/Al 
para los Pt-LECs y Cu-LECs. 
Las películas finas procesadas desde disolución se caracterizaron mediante perfilometría en 
muestras de control (capa activa sobre sustrato de vidrio). En los estudios presentados en esta tesis, 
el espesor del PEDOT:PSS se mantuvo siempre entre 90-100 nm. En el caso de los iTMCs, el 
espesor puede variar en función del disolvente utilizado. Sin embargo, siempre se ha garantizado 
un espesor mínimo de 80 nm a partir de disoluciones de acetonitrilo (ACN). En el caso de los CP-
LECs, el grosor de la película polimérica se ha medido en el rango de los 130-140 nm. Tras la 
fabricación de las películas finas, los dispositivos se transfirieron a una caja de guantes para su 
recocido (annealing) y para la deposición térmica de un cátodo de aluminio bajo ultra alto vacío 
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(10-6 mbar). Se utilizó una máscara de sombra para la deposición del electrodo superior, lo que dio 
como resultado un área activa de 6 mm2. 
En el Capítulo 4, se utilizó ALD para depositar 20 nm de SnO2, con una doble función protectora 
y de capa de transporte de electrones. Para la deposición de óxidos metálicos, como el AlOx y el 
SnOx, se utilizan como precursores un oxidante (por ejemplo, H2O y O3) y un compuesto reactivo 
del metal de interés. También deben optimizarse otros parámetros para una correcta deposición de 
la película, por ejemplo, la temperatura y presión de la cámara a la que se exponen los sustratos, 
la frecuencia de los pulsos de los precursores y las características de la purga después de cada 
pulso. Para ello, la cámara de ALD se calentó a 90 °C, la botella del precursor de Sn 
(tetrakis(dimetilamino) estaño, TDAT) se calentó a 60 °C mientras que la botella del oxidante 
(agua) no se calentó, y los colectores del precursor y del oxidante se calentaron a 115 y 140 °C, 
respectivamente. Antes de la deposición, los tubos y las válvulas de los colectores se 
desgasificaron tres veces realizando una serie de 30 pulsos con las botellas cerradas manualmente. 
Los bordes de los contactos de ITO se protegieron con cinta Kapton de poliamida de Dupont y, a 
continuación, se introdujeron los sustratos en la cámara de ALD, que se evacuó. Un ciclo de ALD 
consistió en purgas consecutivas de TDAT durante 550 ms y de vapor de agua durante 200 ms, 
cada una de ellas seguida de purgas de N2 de 30 y 105 segundos, respectivamente, para asegurar 
la completa eliminación de los precursores de la cámara de ALD (crecimiento final por ciclo: 1.5 
Angs). 
La técnica de PLD se utiliza sobre todo para la deposición de óxidos conductores transparentes 
(TCO) y óxidos metálicos, tales como ITO, NiOx o SnOx. El proceso puede tener lugar en ultra 
alto vacío o en presencia de gases como O2 y Ar, dependiendo de la composición de la película 
fina de interés. Para un proceso de PLD es extremadamente importante optimizar la presión de la 
cámara y la proporción de gases de acuerdo con las propiedades deseadas de la película fina 
resultante. En el Capítulo 4, se utilizó la PLD para la deposición de ITO como cátodo para iTMC-
LECs transparentes. Los parámetros de la cámara se optimizaron previamente. Se depositaron 140 
nm de ITO con una presión de cámara de 0.042 mbar y una presión parcial de O2 de 0.0076 mbar, 
controladas por una inyección constante de una mezcla de gas de oxígeno/argón a temperatura 
ambiente. Esta herramienta de PLD está acoplada a una caja de guantes de N2, para minimizar 
cualquier efecto perjudicial del O2 y de la humedad en el rendimiento de los dispositivos 
producidos. Se empleó un láser (λ = 248 nm), fijando la tasa de repetición en 25 Hz y un flujo de 
1.5 – 1.7 J cm-2. El material fuente para la deposición de ITO fue un blanco cerámico de Sn:In2O3 
con una proporción de 2:98 %p/p. Los sustratos se fijaron con cinta adhesiva a las máscaras de 
sombra para obtener un área activa de 6 mm2. 
Las medidas de fotoluminiscencia (PL) son cruciales, ya que proporcionan información adicional 
sobre los materiales emisores. Estas medidas implican la determinación de los espectros de 
emisión y de la eficiencia de emisión (rendimiento cuántico de fotoluminiscencia, PLQY) y 
forman parte de la caracterización fundamental que se suele llevar a cabo en materiales emisores 
de luz tanto en capas aisladas como integrados en la configuración final del dispositivo. Las 
características de PL resultantes permiten predecir sus propiedades de electroluminiscencia. 
En esta tesis, las mediciones de PL se utilizan como una herramienta para investigar la interacción 
que puede generarse dentro de la capa activa o en las interfaces. Por ejemplo, en el Capítulo 3, se 
utilizó el PL para estudiar la interacción del SY con el polímero transportador de iones Hybrane y 
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la sal de litio. O en el Capítulo 4, se realizó un estudio del PL en la configuración completa del 
dispositivo para evaluar la disminución del PL de la capa emisora debido a la deposición del 
cátodo. Por último, también en el Capítulo 3, se introdujo un nuevo protocolo de medida del PL. 
Este consiste en medir el PL en el área activa del píxel mientras se aplica una corriente de diferentes 
intensidades. Para ello, se diseñó un nuevo montaje. La medición del PL mientras el dispositivo 
está funcionando nos permitió registrar en tiempo real la disminución del PL causado por el 
crecimiento de las zonas dopadas. Además, el uso de un amplificador de tipo lock-in y un 
picoamperímetro nos permitió medir simultáneamente el PL y la EL. 
Los dispositivos presentados en esta tesis fueron siempre operados bajo corrientes pulsadas 
promediadas, desde 25 A m-2 hasta 100 A m-2. Una vez aplicada la corriente, la caracterización de 
los dispositivos consistió en la monitorización del voltaje y la luminancia en función del tiempo. 
La corriente pulsada aplicada consistió en ondas de tipo bloque a una frecuencia de 1000 Hz con 
un ciclo de trabajo del 50%. Como resultado, la densidad de corriente y el voltaje medios se 
obtuvieron multiplicando los valores por el tiempo de encendido (0.5 s) y dividiéndolos por el 
tiempo de ciclo total (1 s). 
El rendimiento del dispositivo se mide en función de varios parámetros. A continuación se 
muestran los parámetros medidos habitualmente en un LEC: 

• El espectro de EL: al igual que en el caso del PL, el EL indica la región del espectro visible 
en la que el dispositivo emite cuando se aplica una polarización eléctrica.  

• Luminancia (Lum): La intensidad de la luz medida por unidad de superficie expresada en 
[cd m-2]. Describe la cantidad de luz emitida por el dispositivo en un momento dado. 

• Densidad de corriente (J): La intensidad de corriente por unidad de superficie expresada 
en [A m-2]. Para una dispositivo operado bajo corriente pulsada el valor debe promediarse. 

• Tiempo de vida media (t50): El tiempo para alcanzar la mitad de la luminancia máxima. Es 
el parámetro más utilizado para describir la estabilidad de un LEC. 

• Tiempo de encendido (ton): El tiempo necesario para alcanzar un valor determinado de 
luminancia, generalmente 100 cd m-2. A veces, también se expresa como el tiempo para 
alcanzar la luminancia máxima, independientemente de su valor. 

• Eficiencia de corriente (CE): Representa el flujo en candelas por amperio eléctrico [cd A-

1]. Se obtiene dividiendo la luminancia por la densidad de corriente. 
• Eficiencia de potencia (PE): Representa el flujo luminoso medido en lúmenes por vatio 

eléctrico [lm W-1] medido en una esfera integrada o suponiendo una emisión lambertiana. 
En el caso de los dispositivos operados bajo corriente pulsada también hay que tener en 
cuenta el ciclo de trabajo. 

• Eficiencia Cuántica Externa (EQE): Es la relación de fotones emitidos por cada electrón 
inyectado en un dispositivo determinado. Su relación con el PLQY se ha descrito 
anteriormente. 

• Coordenadas de la Commission Internationale de l'Eclairage (coordenadas CIE): Las 
coordenadas pueden calcularse a partir de los espectros de EL y dan una definición exacta 
del color de emisión según los estándares internacionales. Las coordenadas CIE se 
expresan (x,y) y se colocan en un gráfico 2D.  
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7.4 Capítulo 3 

 
Como se mencionó en la introducción, el mecanismo de funcionamiento de los LECs se basa en 
la presencia de conductores electrónicos e iónicos. En el caso de los CP-LECs, la introducción de 
un electrolito polimérico es una forma de añadir conductores iónicos, desempeñando un papel 
determinante en el rendimiento global. Un electrolito polimérico está formado por una sal y un 
polímero coordinador que disuelve y coordina los iones gracias a sus centros donantes de 
electrones. 
En este Capítulo, se desarrollaron LECs basados en el emisor SY combinado con un nuevo 
polímero solvente de iones híper-ramificado, Hybrane DEO750 8500 (Hy) y con la sal  
trifluorometanosulfonato de litio (LiCF3SO3, LiTf).  
El estudio se presenta y se divide en dos partes: la primera se centra en la caracterización de los 
LECs que utilizan esta nueva composición en su capa activa. Los dispositivos mostraron un t50 
extrapolado de más de 2000 horas (con una luminancia inicial superior a 480 cd m-2) y una 
eficiencia de potencia máxima de 12.6 lm W-1 con tiempos de encendido inferiores al minuto. 
Estos valores se encuentran entre los más altos registrados en la literatura para CP-LECs. La 
segunda parte se centra en el estudio de las interacciones entre los materiales de la capa activa, el 
SY, el electrolito polimérico Hybrane y la sal de Li. Esto se llevó a cabo, en primer lugar, 
realizando mediciones de PL en estado estacionario que revelaron que la introducción del  Hybrane 
en la capa activa disminuyó el quenching al ser capaz de coordinar los átomos de Li+. En segundo 
lugar, en un intento de comprender el efecto de la formación de zonas dopadas en la estabilidad 
del dispositivo, realizamos mediciones de la fotoluminiscencia durante la operación eléctrica del 
dispositivo en estado estacionario. Esto permitió seguir la evolución de la fotoluminiscencia 
durante el funcionamiento del LEC, analizando directamente cómo los iones libres interactúan con 
la matriz polimérica en las diferentes etapas de funcionamiento de los LECs. Nuestros resultados 
sugieren que este método puede emplearse para modelar el mecanismo de funcionamiento de los 
LECs y otros dispositivos iónicos, correlacionarlo con la composición de la capa activa y mejorar 
el rendimiento de los dispositivos. 

 
7.5 Capítulo 4 

 
En los últimos años, impulsado por la aparición  de nuevos productos, ha surgido la necesidad de 
desarrollar dispositivos OLED que presentan nuevas propiedades como superficies grandes, 
elasticidad o transparencia. En particular, para los OLEDs semitransparentes, los requisitos para 
el cátodo son una alta transmitancia de luz (más del 80%) y una baja resistencia de superficie (Rs). 
Los materiales y estructuras más comunes en el uso como electrodos transparentes son los óxidos 
conductores transparentes (TCOs). Los TCOs son los materiales más utilizados ya que poseen una 
alta conductividad y apenas existen limitaciones al procesarlos, puesto que suelen depositarse 
sobre sustratos de vidrio o plástico que soportan las duras condiciones a las que se les somete 
durante la deposición de TCO mediante, por ejemplo, el sputtering de magnetrón. Sin embargo, el 
uso de TCOs como electrodos superiores transparentes en dispositivos basados en 
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semiconductores orgánicos finos requiere más cuidado, ya que, por ejemplo, la pulverización del 
TCO directamente sobre los dispositivos puede dañar las capas de transporte de carga o los propios 
materiales activos, reduciendo su rendimiento y su vida útil. Además, es importante la alineación 
de la banda de conducción del TCO con la energía de los orbitales moleculares del semiconductor 
orgánico. Estos requisitos han limitado el uso generalizado de los TCO como electrodos superiores 
en dispositivos semiconductores orgánicos. El uso de ITO como electrodo superior en dispositivos 
semitransparentes ya se ha estudiado en los LEDs y los OLEDs. Sin embargo, la bibliografía sobre 
los LECs semitransparentes sigue siendo relativamente escasa. 
En este Capítulo se presentan iTMC-LECs semitransparentes en los que se utiliza ITO como 
electrodo superior e inferior y en los que, por primera vez, se introducen las técnicas de ALD y 
PLD en la fabricación de cátodos para LECs. El electrodo superior se procesó en una estructura 
multicapa compuesta por SnO2 depositado por ALD e ITO depositado por PLD. El cátodo se 
depositó directamente sobre la capa activa orgánica basada en un emisor amarillo de iridio(III), 
[Ir(ppy)2(dtb-bpy)][PF6] (donde ppy es 2-fenilpiridina y dtb-bpy es 4,4'-di-tert-butil-2,2'-
dipiridilo), dando lugar a dispositivos con una transparencia muy alta, superior al 75% en la región 
del espectro visible (380 a 750 nm). Los posibles efectos adversos del ALD y el PLD durante el 
procesamiento de las capas orgánicas inferiores se examinaron mediante caracterización óptica y 
eléctrica, incluyendo  absorción,  transmisión, PL y la respuesta de EL medida tanto desde el lado 
superior como el lado inferior de los dispositivos. 
Aunque los niveles de energía del SnO2 y del material activo en la capa emisora de luz no están 
alineados, esto no supone un problema en los LECs, gracias a su mecanismo de funcionamiento 
que implica la migración de iones a la interfaz del electrodo. Además, la combinación de ALD y 
PLD ofrece la posibilidad de ajustar las condiciones de deposición, como la presión y la 
temperatura, para obtener una película de alta calidad, con un control preciso del espesor y la 
composición. Como resultado, los dispositivos poseían una transparencia total del 75% en el 
espectro visible (380 a 750 nm) con una transmitancia del 82% en el pico de electroluminiscencia 
de 563 nm. Finalmente, el rendimiento de los dispositivos mostró una excelente relación de 
encendido/apagado caracterizada por una alta transmitancia, y una luminancia de hasta 260 cd m-

2 unida a tiempos de vida de hasta 176 h demostrando el potencial de estos dispositivos bifaciales 
emisores de luz altamente transparentes. 
 

7.6 Capítulo 5 
 

Los iTMCs son de gran interés en el campo de los LECs, ya que son intrínsecamente iónicos y no 
necesitan especies cargadas auxiliares para operar el dispositivo. Además, son emisores 
fosforescentes triplete, lo que permite mayores eficiencias de electroluminiscencia en comparación 
con los emisores singlete.  
Los primeros trabajos sobre los iTMC-LECs se centraron en complejos de rutenio(II) sustituidos. 
Estos materiales poseen limitaciones importantes en el color de emisión, emitiendo tan solo en la 
parte naranja-roja del espectro visible. Hoy en día, la familia más versátil y más utilizada de iTMCs 
es la del iridio(III), que, gracias a una combinación única de propiedades físicas y químicas, 
proporciona una enorme variedad de complejos estables, cubriendo el espectro visible del azul al 
rojo, con una elevada PLQY. Esto ha sido posible gracias al diseño cuidadoso del ligando que ha 
permitido optimizar la energía de los orbitales moleculares y, al mismo tiempo, reducir las 
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interacciones intermoleculares que afectan negativamente al rendimiento cuántico. Sin embargo, 
el Ir es raro y caro, por lo que es importante encontrar alternativas para la fabricación de 
dispositivos. Con este fin, nuevos iTMCs basados en el cobre(I) y, más recientemente, el 
platino(II), son interesantes para los dispositivos emisores de luz.  
En este Capítulo se presentan nuevos emisores iTMC basados en centros de Cu(I) y Pt(II) para 
dispositivos de tipo LEC. Entre los tipos más investigados de luminóforos basados en cobre(I) se 
encuentran los complejos [Cu(P^P)(N^N)]+ donde P^P es un bifosfano quelante, normalmente un 
derivado de POP (POP = oxidi(2,1-fenileno)]bis(difenilfosfano)) o xantphos (xantphos = 9,9-
dimetil-9H-xanteno-4,5-diil)(bis(difenilfosfano)) y N^N suele ser un derivado de bpy (bpy = 2,2'-
bipiridina) o phen (phen = 1,10-fenantrolina). Los complejos [Cu(P^P)(N^N)]+ tienen la ventaja 
de ser estructuras adecuadas para las investigaciones sistemáticas y para el ajuste de los niveles de 
energía de los orbitales moleculares frontera. Además, los complejos [Cu(P^P)(N^N)]+ presentan 
a menudo fluorescencia retardada activada térmicamente (TADF), lo que conduce a valores 
teóricos de eficiencia cuántica interna (IQE) de hasta el 100%. En este trabajo presentamos una 
serie de complejos [Cu(P^P)(N^N)][A] en los que [A]- es [PF6]- (Cu1), [BF4]- (Cu2), [BPh4]- 

(Cu3) o [BarF4]- (Cu4) ([BArF
4]- = tetrakis(3, 5-bis(trifluorometil)fenil)borato), (P^P) es el ligando 

xantphos bidentado y (N^N) es el ligando auxiliar Me2bpy (6,6′-Dimetil-2,2′-bipiridina). 
Combinamos estos iTMCs con diferentes líquidos iónicos, que se utilizan habitualmente en LECs, 
para estudiar sus diferentes características y rendimientos.  
Por último, en este capítulo también se presenta un segundo grupo de complejos de Pt(II). Los 
LECs basados en platino han sido raramente explorados, con sólo unos pocos ejemplos 
encontrados en la literatura, que emiten  en la región roja del espectro visible. La química del Pt(II) 
con carbenos N-heterocíclicos ciclometalizados (NHC; C^C) ha demostrado dar elevadas 
eficiencias cuánticas en todo el espectro visible. En este sentido, es importante diseñar estructuras 
rígidas o semirrígidas con propiedades quelantes y átomos donantes fuertes para tener una PLQY 
elevada. Teniendo en cuenta esto, en este Capítulo también exploramos el sistema Pt(Cbz-C^C*), 
sus propiedades y su aplicación en dispositivos LECs. Se investigaron cinco complejos, [Pt(Cbz-
C^C*)(PPh3)(py)]+, [Pt(Cbz-C^C*)(P^N)]+ y [Pt(Cbz-C^C*)(P^P)]+, donde, Cbz-C^C* es un 
ligando ciclometalado modificado con carbazol, 1-(4-(9H-Carbazol-9-il)fenil)-3-metil-1H-
imidazol), py es piridina (Pt5), (P^N) es 2-(2-(difenilfosfino)etil)piridina (Pt6), y (P^P) es, para 
tres complejos diferentes, 1,1-bis(difenilfosfino)metano (Pt7), 1,1-bis(difenilfosfino)etano (Pt8) y 
1,1-bis(difenilfosfino)benceno (Pt9). Estos complejos mostraron, por primera vez, una emisión 
azul/verde en LECs basados en complejos de Pt(II) con altos valores de PLQY. 

 
7.7 Conclusiones 

 
Los LEC han atraído una gran atención gracias a su sencilla arquitectura y fácil fabricación, 
mostrando una aptitud inmediata para ser la próxima fuente de iluminación de estado sólido de 
bajo coste y ahorro energético. Aunque hoy en día la física fundamental de estos dispositivos está 
bien entendida y aceptada, su rendimiento es bajo y aún no cumple los requisitos del mercado. 
Desde esta perspectiva, es necesario redoblar los esfuerzos para mejorar esta tecnología. Teniendo 
esto en cuenta, esta Tesis demuestra la eficacia de nuevos materiales para la emisión de luz o el 
transporte iónico en LECs y arquitecturas únicas para aplicaciones innovadoras.  
En última instancia, el objetivo de esta Tesis es también motivar futuras investigaciones en este 
campo para obtener soluciones orientadas al mercado. 
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En el Capítulo 3 se demuestra un CP-LEC rápido y estable utilizando SY como emisor e 
introduciendo un polímero conductor y solvente de iones híper-ramificado (Hybrane) y una sal de 
Li. El papel del polímero es el de suministrar una buena conducción de iones dentro de la capa 
activa. Manteniendo la relación de masas entre SY e Hybrane en 1:0.3 fabricamos dispositivos con 
el contenido de la sal de LiTf al  9% en peso, que se operaron con una densidad de corriente pulsada 
media de 50 A m-2, 75 A m-2 y 100 A m-2. Como resultado, obtuvimos dispositivos brillantes con 
una luminancia máxima de 480 cd m-2 y un t50 estimado de más de 2000 horas (bajo corriente 
pulsada de 50 A m-2). Finalmente, para tener una mejor idea de la formación de zonas dopadas en 
nuestros dispositivos, diseñamos un protocolo de caracterización que consistió en medir el PL de 
un píxel bajo operación eléctrica a lo largo del tiempo. Nuestros resultados indicaron que la señal 
de PL cae debido al quenching inducido por el funcionamiento del LEC. Tras dejar de operar el 
dispositivo, el PL se recupera siguiendo diferentes escalas de tiempo. Los valores de PL medidos 
y el grado de recuperación dependieron de la densidad de corriente aplicada. 
En el Capítulo 4 se presenta una nueva arquitectura para LECs transparentes, donde el electrodo 
superior está compuesto por una capa de SnO2 y un cátodo de ITO, fabricados por ALD y PLD, 
respectivamente. Para evitar daños y cortocircuitos en los dispositivos, depositamos una capa 
amortiguadora de SnO2 a baja temperatura (90 °C) entre la capa activa y el electrodo de ITO 
superior. Gracias a ello, conseguimos dispositivos altamente transparentes con una transmisión 
máxima del 82% en el pico de EL (563 nm). 
Los dispositivos se caracterizaron aplicando una corriente pulsada promediada de 50 A m-2 y 
monitorizando su luminancia y voltaje a lo largo del tiempo. El rendimiento de los dispositivos 
transparentes se midió desde ambos lados, revelando una diferencia en la eficiencia. Desde la cara 
superior (a través del SnO2/ITO) se registró un valor máximo de luminancia de 188 cd m-2, 
mientras que, desde la cara inferior (a través del sustrato de vidrio/ITO) se obtuvo un valor de 
luminancia de 260 cd m-2, lo que dio lugar a eficiencias de 4 cd A-1 y 5.2 cd A-1 respectivamente. 
Finalmente, el t50 era de 118 h y 176 h para la cara superior e inferior, respectivamente. La 
diferencia de rendimiento entre la iluminación superior y la inferior se debe a tres razones 
principales. En primer lugar, del índice de refracción, n. En segundo lugar, las reflexiones internas 
causadas por los dedos de Au evaporados alrededor de la zona activa podrían haber afectado a la 
salida de luz final, promoviendo una mayor luminancia desde el lado inferior. En tercer lugar, 
como consecuencia de la deposición catódica, se observó una disminución del PL de la capa 
emisora de luz. Esto quedó confirmado por el estudio de PL realizado sobre muestras irradiando 
desde abajo y desde arriba. No obstante, el rendimiento de estos dispositivos semitransparentes se 
encuentra entre los más elevados de los reportados en la literatura. 
En el Capítulo 5, ilustramos las propiedades fotofísicas y de dispositivo de dos familias de iTMCs, 
basadas en Cu(I) y Pt(II). En primer lugar, se estudió el efecto de diferentes contraaniones ([PF6]-

, [BF4]-, [BPh4]- [BArF4]-) para los complejos de Cu(I) y, en segundo lugar, el efecto de la 
introducción del ligando ciclometalante sustituido por carbazol y el uso de dos disolventes 
diferentes, acetonitrilo y diclorometano (ACN y DCM) para la fabricación de dispositivos basados 
en complejos de Pt(II). 
Los luminóforos se mezclaron con líquidos iónicos [EMIM][A] (1-Ethyl-3-methylimidazolium) 
en los que [A]- era el mismo o un contraanión diferente que en el complejo de cobre(I). Los LECs 
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que contenían [los contraiones más pequeños [PF6]- o [BF4]- se encendieron rápidamente y 
mostraron luminancias máximas de 173 o 137 cd m-2 y eficiencias de corriente de 3.5 y 2.6 cd A-

1, respectivamente. También se observó que la mezcla de los contraaniones ([PF6]- y [BF4]-) en el 
emisor y el IL conducía a una reducción del rendimiento de los LECs. 
Por otro lado, para los complejos de Pt(II) se obtuvieron y caracterizaron por primera vez LECs 
verdes. Los dispositivos fabricados a partir de DCM ofrecieron el mejor rendimiento, operados 
con una corriente pulsada media de 50 A m-2. Los dispositivos alcanzaron valores de luminancia 
máxima de 265 cd m-2 con CEs de 5.7 cd A-1, para el mejor emisor. A partir de la caracterización, 
observamos que los dispositivos no rinden igual cuando se preparan con distintos disolventes, 
obteniendo rendimientos peores al prepararlos desde ACN. Nuestras pruebas señalaron que una 
posible razón de este comportamiento es la permanencia de ACN en la capa activa, al no 
evaporarse completamente. En este caso, la esfera de coordinación del disolvente también podría 
afectar a la forma en que los complejos se depositan para formar la película fina, dando lugar a 
comportamientos distintos. Se trata de un aspecto importante que hay que tener en cuenta para el 
desarrollo de futuras generaciones de dispositivos.  
En conclusión, en esta Tesis se han explorado nuevos enfoques para el diseño de LECs. El estudio 
de materiales emisores basados en Cu(I) y Pt(II) para iTMC-LECs, el uso de polímeros 
conductores iónicos para mejorar las propiedades en CP-LECs y nuevas técnicas de procesado de 
electrodos para la obtención de LECs semitransparentes. 
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9.1 Index of Figures  
 
Figure 1. Market trend of different lighting technologies with particular emphasis on LEDs and 
their expected progression until 2030. (Source: International Energy Agency) 
 
Figure 2. a) and b) respectively show the stacked architecture of a LED and its energy band 
diagram, while c) and d) the stacked architecture af an OLED and the energy levels for each layer. 
 
Figure 3. Single active layer sandwiched between two low work-function electrodes as 
archetypical LEC architecture. 
 
Figure 4. Simplified diagrams of the a) electrodynamical model and b) electrochemical model. 
 
Figure 5. Electrostatic potential and light-emission profiles in planar LECs during operation and 
voltage dependence on the interfacial potential drop. Typical steady-state potential profiles of an 
LEC during operation at V = 8 V in a), the noninjection-limited and b), the injection-limited 
regime. The pictures behind the graphs are UV/PL images in steady state, on the same horizontal 
scale. Figure taken from ref. 9. 
 
Figure 6. Temporal evolution of a LEC under pulsed current bias. When the time is expressed in 
logarithmic scale it possible to observe each phase of the device lifetime. 
 
Figure 7. List of light-emitting materials used as active materials in LECs in this Thesis. 
 
Figure 8. Schematic representation of the device architectures presented in this Thesis. 
 
Figure 9. Simplified schematic illustration of an ALD cycle: first half cycle (metal precursor 
injection) and second half cycle (oxidizer precursor injection). 
 
Figure 10. Simplified schematic illustration of a PLD cycle. 
 
Figure 11. Experimental setup that allowed us to measure the PL of a pixel under an electrical bias. 
 
Figure 12. Typical temporal evolution of a LEC under a pulsed current bias. 
 
Figure 13. Commission Internationale de l’Eclairage coordinates (CIE coordinates) diagram that 
links the wavelengths of the visible spectra with the physiologically perceived colors in human 
vision.  
 
Figure 14. Scheme of the final device architecture and chemical structure of the components of the 
active layer: the ion dissolving hyperbranched polymer (Hybrane), the lithium 
trifluoromethanesulfonate salt and the semiconducting polymer Super Yellow (SY). 
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Figure 15. AFM images (5 μm x 5 μm) of a) pristine SY and b) SY + 30 % Hybrane + 9% LiTf 
coated on glass/ITO substrates. c) Photoluminescence spectra of SY and SY mixed with Hybrane, 
Hybrane+LiTf and LiTf only. 
Figure 16. a) Luminance and b) driving voltage of the LECs driven at a constant current density 
of 75 A m-2. Time is expressed in the log scale. 

Figure 17. Performance of the 1:0.3:0.09 SY/Hybrane/LiTf ratio devices under an average pulsed 
current density of 50/75/100 A m-2. a) Luminance b) Avg. Voltage c) Current efficiency. 
Luminance is expressed in the log scale. 
 
Figure 18. a) Photoluminescence (PL) and electroluminescence (EL) evolution in the first 4 
minutes of device operation at 50 A m-2. b) Normalized PL intensity, LEC devices biased with a 
constant current density of 25/50/100/200/500 A m-2. The cells driven at 25 and 500 A m-2 were 
left to recover overnight for about 20 hours and measured again. Both measures were taken under 
a 500 nm light probe. 
 
Figure 19. XPS survey of SnO2 thin film on glass/ITO substrate. 
 
Figure 20. AFM images of a) glass/ITO/PEDOT:PSS/Ir, b) glass/ITO/PEDOT:PSS/Ir/SnO2, c) 
glass/ITO/PEDOT:PSS/Ir/ITO and d) glass/ITO/PEDOT:PSS/Ir/SnO2/ITO. They show a mean 
roughness of 0.6 nm, 0.6 nm, 1 nm, and 1.3 nm, respectively. 
 
Figure 21. a) Absorbance and b) transmittance of the samples, before and after the SnO2 and ITO 
layers deposition, as well as the absorbance of 20 nm SnO2 deposited by ALD and the absorption 
of 140 nm of ITO deposited by PLD on a glass substrate. c) Absorbance and d) transmittance of 
the same samples using a glass/ITO reference sample. The measurements were corrected for the 
absorption of the glass substrate. 
 
Figure 22. a) Architecture of the semitransparent devices, b) Chemical structure of the yellow 
Ir(III) emitter [Ir(ppy)2(dtb-bpy)][PF6] used in this work, OFF states of the c) reference and e) 
semitransparent devices and ON states of the d) reference and f) semitransparent devices. 
 
Figure 23. a) Electroluminescence of the standard Al-cathode and semitransparent devices, b) 
luminance and voltage over time of the standard Al-cathode device at an avg. current of 50 A m-2, 
c) and d) luminance and voltage over time of the top and bottom sides of the transparent device 
driven at avg. current of 50 A m-2. 
 
Figure 24. Normalized photocurrent from BOTTOM and UP side of a semitransparent device with 
the stack glass/ITO/PEDOT:PSS (80 nm)/ [Ir(ppy)2(dtb-bpy)][PF6]:[BMIM][PF6] (1:0.25)  (80 
nm)/SnO2 (20 nm)/ITO (140 nm). The photocurrent was simultaneously measured for 45 hours. a) 
Until 2 hours, shows the difference in turn-on time between the BOTTOM and TOP side, which 
are 6 and 4 minutes respectively, and b) shows the complete measure and the difference in t50 
between the BOTTOM and TOP side, which are ~30 and ~6.5 hours. 
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Figure 25. Photoluminescence from the a) BOTTOM side and b) TOP side obtained with an 
excitation wavelength of 340 nm of the iTMC film and with different metal oxide layers deposited 
on top of it (see legend). 
 
Figure 26: Chemical structure of the Cu(I) and Pt(II) complexes studied in this Chapter. 
Figure 27. Normalized thin-film photoluminescence spectra of the [Cu(xantphos)(Me2bpy)]+ 
complexes with different counterions. 
 
Figure 28. a) Normalized electroluminescence spectra of the two best performing complexes 
[Cu(xantphos)(Me2bpy)][PF6] (Cu1) and [Cu(xantphos)(Me2bpy)][BF4] (Cu2). b) luminance 
values and c) current efficiency and d) voltage of Cu1 and Cu2  LECs driven at an average current 
density of 50 A m–2 with different IL counterions. 
 
Figure 29. Photoluminescence of Pt7, Pt8 and Pt9 in ACN and DCM. 
 
Figure 30: Time-dependence of the luminance [cd/m2] and average voltage [V] of LECs 
ITO/PEDOT:PSS/iTMC:IL(4:1)/Al, where iTMC are emitters Pt7 (black curve), Pt8 (red curve) 
and Pt9 (blue curve) in a)-b) ACN and c)-d) DCM. All the devices shown were driven with a 
pulsed current with an average current density of 50 A m-2. 
 
Figure 31: Time-dependence of the luminance [cd/m2] and average voltage [V] of LECs 
ITO/PEDOT:PSS/iTMC:IL(4:1)/Al, where the iTMC is Pt7. the devices shown were driven with 
a pulsed current with an average current density of 25 and 12.5 A m-2. 
 
Figure 32. a) Time-dependence of the luminance of a LEC device 
ITO/PEDOT:PSS/Pt7:IL(4:1)/Al in ACN with a longer annealing time (4 h) at the same 
temperature (70ºC). b) Time-dependence of the luminance of a LEC device 
ITO/PEDOT:PSS/Pt9:IL(4:1)/Al in ACN with a higher temperature annealing process (90ºC) at a 
longer time (1 h). 
 
Figure 33. AFM images (2 µm x 2 µm) of the active film using emitter Pt7 processed from a) ACN 
and b) DCM. 
 
Figure 34: Normalized electroluminescence spectra of LEC devices 
ITO/PEDOT:PSS/iTMC:IL(4:1)/Al, where iTMC are emitters Pt7 (black curve), Pt8 (red curve) 
and Pt9 (blue curve) from a) ACN and b) DCM. 
 

9.2 Index of Tables 
 
Table 1. Main performances of LECs under a constant current bias of 75 A m-2. 

Table 2. Main performance parameters of representative LECs under pulsed current average bias 
of 50/75/100 A m-2. 
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Table 3. Figures of merit of the standard and transparent (T) cells driven at 50 A m-2 average bias 
current. 
 
Table 4. Photoluminescence properties of thin films of the [Cu(xantphos)(Me2bpy)]+ complexes. 
 
Table 5. Performance of LECs with the [Cu(xantphos)(Me2bpy)]+ series in the active layer; cell 
architecture ITO/PEDOT:PSS/[Cu(xantphos)(Me2bpy)][A]:[EMIM][A] (4:1 molar ratio)/Al. 
LECs were measured using a pulsed current driving (average current density 50 A m–2, 1 kHz, 
50% duty cycle, block wave).    
 
Table 6. Figures of merits of the devices obtained from Pt7, Pt8 and Pt9 in ACN and DCM. 
 
Table 7. Calculated EQE from EL spectra and PLQY values of the thin films. 
 

9.3 Index of Abbreviations 
 
In order of appearance:  
 
LED  Light-Emiting Diode 
IEA  International Energy Agency 
NZE  Net Zero Scenario 
EL   Electroluminescence 
OLED  Organic Light-Emitting Diode 
iTMC  ionic Transition Metal Complex 
CB  Conduction Band 
HOMO Highest Occupied Molecular Orbital 
VB  Valence Band 
LUMO  Lowest Unoccupied Molecular Orbital 
WF  Work Function 
LEC  Light-Emitting Electrochemical Cell 
CP  Conductive Polymer  
EDL  Electronic Double Layer 
SM   Small Molecule 
PEO  Polyethilene Oxide 
TMPE  Trimethyilpropane Ethoxylate 
EQE  External Quantum Efficiency 
TADF  Thermally Activated Delayed Fluorescence 
TTA  Triplet-Triplet Annihilation 
HLCT  Hybridized Local Charge Transfer 
IL  Ionic Liquid 
PLQY  Photoluminescence Quantum Yeld 
TPQ  Triplet-Polaron Quenching 
ALD  Atomic Layer Deposition 
PLD  Pulsed Laser Deposition 
SY  Super Yellow 
PEDOT.PSS  Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate 
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ACN   Acetonitrile 
DCM  Dichloromethane 
CHN  Cyclohexanone 
ETL  Electron Transport Layer 
TCO  Transparent Conductive Oxide 
ITO  Indium Tin Oxide 
PL  Photoluminescence 
Lum  Luminescence 
t50  Time at which half of the maximum luminance is reached 
ton  Turn-on time 
CE  Current Efficiency 
PE  Power Efficiency 
CIE  Commission Internationale de l’Éclairage 
PTMC  Polytrimethylene Carbonate 
AFM  Atomic Force Microscopy 
Rs  Sheet Resistance 
QD-LED Quantum Dot-LED 
TDAT  Tetrakis(diethylammino) tin 
XPS  X-ray Photoelectron Spectroscopy 
BMIM PF6 1-Butyl-3-methylimidazolium Hexafluorophosfate 
SSL  Solid State Lighting  
POP  Oxydi(2,1-phenylene)]bis(diphenylphosphane) 
Xantphos 9,9-dimethyl-9H-xanthene-4,5-diyl)(bis(diphenylphosphane) 
Bpy  2,2'-bipyridine 
Phen  1,10-phenanthroline 
IQE  Internal Quantum Yeld 
Me2bpy 6,6’-Dimethyl-2,2'-bipyridine 
NHC  N-heterocyclic carbene 
Cbz  Carbazole 
Py  Pyride 
MLCT  Metal to Ligand Charge Transfer 
LLCT  Ligand to Ligand Charge Transfer 
ILCT  Intra-Ligand Charge Transfer 
LMCT  Ligand to Metal Charge Transfer 
PMMA Poly(methylmethacrylate) 
EMIM  1-Ethyl-3-methylimidazolium 
DCE  Dichloroethane 
NMR  Nuclear Magnetic Resonance 
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