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Introduction: 
 
Nowadays, LED technology is a booming field with a key role in the sustainable development. 

The famous and classic 

technology, which is more economic, more efficient and more sustainable for our society. As 

illustrated in the state of the art chapter, several LED technologies are existing and are under 

development. These lasts present lots of advantages and drawbacks, that require deeper 

investigations to face the future challenges, such as: 

- The large scale production of LEDs, which is possible using both liquid and evaporation 

methods (organic light emitting diode for instance). 

- The low cost manufacturing of the LEDs thanks to the liquid deposition approach instead of 

the evaporation one. Indeed, the liquid approach is more economic, as it does not require high 

vacuum level, like in evaporation method. 

- The quality of the emitted light, such as the quantum dot LEDs, that present higher spectral 

purity compared to the OLED, but they mainly used as photoluminescent compounds in LED 

devices and not as electroluminescent ones. 

- The nature of the emitter, as it can be fluorescent with 25% of the charges converted to light 

emission, or phosphorescent with 75% of conversion or more recently thermally active delayed 

fluorescence that is able to transform 100% of the charges into light emission. 

- The green / non-toxic property of the used emissive materials, with potential problems for 

instance using the perovskites materials that are very efficient but toxic. 

- The abundance of materials (iridium complexes are very efficient nowadays but are rare 

materials). 

- The stability of the LED devices, such as perovskites or OLED devices, that are known to be 

quite unstable under air, moisture and UV, therefore requiring an encapsulation of the device. 

To face these challenges, original approaches are needed for both the material side and the 

device elaboration, combining the advantages of several LED technologies, for instance the 

combination of polymer host matrix including emissive guests. Indeed, guest-host structures 

are known in the OLED field but still suffer from severe drawbacks such as emitter phase 

segregation for both solution and evaporation processes. The morphology control of organic 

emitters within a matrix by solution process is of peculiar interest in the field. 
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The present work lies in this context. It was possible thanks to the ANR project Fluohyb , that 

started in 2017 and finished in 2022. The ANR project was led by Pr. Muriel Hissler from Institut 

des Sciences Chimiques de Rennes, with her PhD student, Nicolas Ledos, who was in charge 

to synthesize the graftable organic emitters. The collaborators Dr. Bernard Geffroy, Dr. Denis 

Tondelier and the post-doc Dr. Payal Manzhi from Laboratoire de Physique des Interfaces et 

Couches Minces (LPICM) were in charge of the characterizations of the optimized LED devices 

that were routinely elaborated in Centre Interdisciplinaire de Nanosciences de Marseille 

(CINaM). My work was done under the supervision of Dr. Olivier Margeat and Dr. Jörg 

Ackermann. It was firstly about synthesizing inorganic nanoparticles that could be grafted with 

various organic emitters from Pr. Muriel Hissler group to create organic-inorganic nanohybrids. 

The study was done first at the liquid state, and then, once the nanohybrid structures were 

well-dispersed, they were used as electroluminescent layer to build LED devices. My first goal 

was to do a proof of concept of LED using these nanohybrids, and the second was to optimize 

these systems to demonstrate that the color is easily tunable thanks to the nanohybrid 

composition, by presenting blue, green and red emitting LEDs. The final goal was to achieve 

white emission LEDs using these nanohybrids as electroluminescent layer. Therefore, the 

presented work explores an original alternative to some drawbacks of OLED which are mostly 

done via evaporation process. This work is divided in five chapters, with a first one discussing 

the state of the art in the field of materials used in LED, and then four experimental chapters: 

- Chapter 1 focuses on the building of inorganic-organic nanohybrid structures, that are done 

with ZnO nanocrystals of 5 nm in diameter grafted with emissive organic fluorophores via self-

assembly at the liquid state. Once the nanohybrids were synthesized and controlled in solution, 

they were used as electroluminescent layer in a regular architecture of LED devices, as a proof 

of concept. Charge transport limitations forced us to envisage the use of an embedding matrix 

for such a role. 

- Chapter 2 studies therefore the incorporation of emissive nanohybrids as guests inside a 

solution of polymer host matrix. The new emissive materials were characterized and then used 

as electroluminescent layer in a regular architecture of LED devices, and showed an 

improvement compared to the pure nanohybrids employed in the chapter 1. The new LED 

devices were afterward optimized thanks to morphology control of the materials composing 

the electroluminescent layer. 

- Chapter 3 highlights the use of new nanohybrids of different colors, assumed to be more 

efficient than the 1st emitter used in the chapters 1 and 2. These new nanohybrids are 

characterized and used in LED devices, allowing for blue, green, red and yellow emitting LEDs, 

as proof of concept, and follow the same optimization process as in chapter 2. 



 

3 
 

- Chapter 4 is finally dedicated to the design of different white LEDs using white emissive 

nanohybrids, namely cold white, warm white and pure white. That was done by the co-grafting 

of the different organic emitters from chapter 3 on same ZnO nanocrystal surface, and then 

incorporated to the polymer host matrix. The adjustments to obtain a white display were done 

by changing the composition of the luminescent nanohybrids before adding them to the matrix. 

Finally, a general conclusion gives a summary of the most important points raised by this work, 

together with some outlooks for future related work. 
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State of the Art 
 

1) The nanosciences 

 a)   History of the first nanomaterials 

 
During the 4th century after the death of Jesus Christ, the glassmakers of the Roman Empire 

created the first known nanomaterial in history, without knowing it, which is one of the most 

interesting examples of nanotechnology and still observable at the British Museum. The 

Lycurgus Cup was done by working glass in presence of metal salts of gold, silver, and copper, 

which then formed nanoparticle alloys. [1 6]. As shown by the following figure bellow, 

depending on the lighting conditions, the Lycurgus Cup changes color, as it appears red when 

light is transmitted through the glass and opaque green in direct incidence by the reflected 

light. In the end of 20th century, investigations were done by Transmission Electron 

Microscopy and X-Ray Diffraction to know more about the secret behind the colors of the 

Lycurgus Cup [6]. The analyses revealed that the colors were due to the presence of Ag-Au-

Cu nanoalloys, with different diameters from 50 to 100 nm incorporated in a glass matrix [3, 

6].  The opaque green color is related to the light scattering of the Ag nanoparticles while the 

gold ones, which absorb at 520 nm, induce the red color of the cup. 

 

Figure 1 : Lycurgus Cup, Left : Opaque green, reflected light due to Ag nanoparticles, Right : Red transmitted 

light due to Au nanoparticles. 

Over the centuries other nanotechnology skills were found. Not only nanoparticle alloys were 

used in medieval church windows to add vibrant colors [2, 7], but also with shiny ceramic 

lusters in Islamic World between the 9th and 17th centuries. [2, 7, 8] Italian Renaissance 

ceramics were also examples of a nanotechnology use in the 15th-16th centuries, by coloured 

glazes, which were thin films used for ceramics as lusters, potteries [2, 9, 10]. Even if 

nanotechnology was first used for decorative aspect, the Ottoman Damascus Empire used it 
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to perform weapons from the 13th to 18th centuries. They were using carbon nanotubes and 

cementite nanowires to increase the strength, toughness, and sharpness of their sabers over 

the time. [2, 11] These ancient artists, scientists, forgers were using nanotechnology with 

intention, but they could not explain why these objects exhibited these properties. The first 

explanations came out in 1857, thanks to Michael Faraday who did voluntarily the synthesis 

of « red » gold nanoparticles, by reducing the gold salts with the white phosphorous [2, 12

14]. Depending on the light conditions Michael Faraday explored the optical and electronic 

properties of the Au nanoparticle, which is one of the most interesting. Moreover, these stable 

solutions are still observable at the Faraday Museum in London. Subsequently, many new 

characterization techniques emerged to deeper investigate the secrets of nanosciences. For 

instance, X-Ray Diffraction in 1895 for crystalline structures investigations ; RAMAN 

spectrometry for molecular and external compositions of a material in 1928 ; Scanning 

Electron or Transmission Electron Microscopies that allow « direct » observation of physical 

and chemical characterizations of many materials since 1937-1938; XPS (X-Ray 

Photoelectron Spectrometry) for studying the energy levels and their transitions at the atomic 

scale since 1969 ; STM Scanning Tunneling Microscopy in 1981 and AFM (Atomic Force 

Microscopy) for surface characterizations in 1982. [2] 

 

 b)    The origins of nanotechnologies  

 
In 1959, the famous physicist Richard Feynman, during the American Society Conference, 

introduced the concept of nanoscience by a talk « There is Plenty of Room at the Bottom », 

where he meant the storage of many informations in a very small area and that science could 

achieve machine construction at the molecular level. He described the interests of the 

nanotechnologies and how scientists could control it, namely atoms or molecules. [2, 7, 15]. 

Richard Feynman is considered as a pioneer of nanosciences as far as he brought significant 

improvements in the field, describing mainly two approaches to synthesize nano compounds, 

« bottom up » and « top down ». However, the definition of this new field first appeared in a 

a conference from British Society in London, written by Norio Tanigushi 

[16]. Nanotechnology was created from the Greek word Nannos which means very small. 

Nano is the unit of length in metric system which correspond to 1 billion times smaller than a 

meter. [7] To put in perspecrtive, a tennis ball is around 100,000,000 nm while the diameter of 

carbon nanotubes used by Ottoman Damascus Empire for their sabers was around 1 nm [17]. 

The development of nanoscience can be traced to the time of the Greeks and Democritus in 

the 5th century before christ, when scientists considered the question of whether matter is 

continuous, and thus infinitely divisible into smaller pieces, or composed of small, indivisible, 
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and indestructible particles, which scientists now call atoms. Nowadays, the official scientist 

convention says that one object is considered nano  if at least one of the dimensions is below 

100 nm. Moreover, the nanoscience is defined as the investigation of structures at the 

nanoscale, while the nanotechnologies are the applications using these structures. [1] 

 

 

Figure 2 : Top : different objects, different sizes (nm unit) [7] Bottom : surface/volume ratio of nanoparticules and 

% of atoms in surface according to their diameter [18] 

Nanomaterials take their special properties due to quantum effects, or to the surface / volume 

ratio, which is higher than for microscale objects (figure 2), there are many different possible 

shapes, and even some exotic combinaisons such as micelle for instance, [1, 19 21] 

depending on the synthesis conditions. 
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c) Synthesis approaches of nanocompounds 

 

The nanocompounds used in these technologies are made via two methods and are presented 

in the following figure 3. 

 

Figure 3 : Bottom Up vs Top Down nanoparticles synthesis approaches [2] 

The most conventional method is the Top down approach. It is easy to process, as the 

synthesis starts from a bulk material and end with nanoparticles. For instance, the first 

nanomaterials in history were made by mechanical and thermal processes, when ancient 

scientists took bulk sands and mixed it with metallic salts in order to create gold-silver-copper 

nanoparticles over 50 nm. [2] However, the Sputtering and Chemical Etching are quite recent, 

and can be very accurate for nanodesign engineering, for example in microelectronic using 

Electronic Lithography to write many informations in a very small area, thanks to ion or electron 

beam. The case of memory cards in smart phones refers to it, by developing the technology 

to enhance their performances while decreasing their sizes. In another hand, the bottom-up 

approach is more recent, and it has been used to build nanoparticles from 1 to 100 nm, 

aggregate by aggregate, molecules by molecules or atoms by atoms via physical or chemical 

way and controlled by self-assembly of atoms or molecules. This creates highly pure 

nanomaterials in solid (Electrochemical), or in solution (Sol-Gel). [2, 19 21] Indeed, through 

bottom up electrochemical synthesis, it is possible to grow TiO2 nanotubes on a titanium 

surface by anodization process, for instance in the medical field, to improve the performances 

-lifetime, mechanical stress, fixation to the body, anticorrosion property- of the actual 

prosthesis. [22, 23] The Sol-Gel synthesis may begin with a metal precursor, a solvant and a 
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reactant to generate highly pure crystalline metal oxide nanoparticles such as ZnO, ZrO2, TiO2, 

SiO2, with homogeneous shape and size. The reaction is driven by self-assembly. [24, 25] 

Moreover, during the synthesis or in the end, the use of surface ligand is sometimes used, 

[26] in order to stabilize the nanocompounds synthesized via self-assembly and to take 

advantages from the different entities. Other bottom-up approaches to synthesize nanoparticle 

exist such as co precipitation method. [27, 28] 

 

d) Toxicity of nanoparticles 

 

Nanoparticles are widely used as benefits for our society improvements, and health 

technology. For instance, the most efficient process to unpolluate water is based on the use 

of aluminum and iron nanoparticles from 2 to 2.5 nm of diameter obtained by precipitation of 

aluminum (Al13) and iron (Fe24) salts incorporated in polymers. These technics predate the 

« nano » fash [29 31]. In the biomedical applications, the size and the 

physicochemical properties of the nano iron oxides are significant because they can strongly 

affect the residing time of nanoparticles in the blood and their bioavailability [32]. For example, 

nanoparticles of size between 10 and 100 nm have an optimal residence time in the blood 

circulation, while particles of 200 nm, or smaller than 10 nm are retained by the spleen or renal 

system respectively (drug delivery systems). Indeed, the case of silver nanoparticles is 

sometimes compared to trojans capable of crossing biological barriers and certain cell walls, 

thus accumulating in different organs. [33] The development of nanotechnology was initially 

launched without a full analysis of the risks that nanomaterials can represent on human health 

and the environment. This lack of risk assessment was initially based on toxicological 

knowledge of macroscopic sized materials of the same nature, as the example of solar creams 

with TiO2. The investigations of the risks are becoming important with the developing field of 

nanotechnologies and the increasing number of products containing nanomaterials in their 

composition. The emission of manufactured nanomaterials into the environment, during 

production or degradation of products containing nanomaterials is a recognized fact [34]. 

Concentrations were measured of 8 µg/L of TiO2 particles between 20 and 300 nm sizes in 

urban surface water, due to the deterioration of the paintings of the buildings and various 

objects. It was shown that the toxicity depends on the size, on the morphology but also on the 

stability of the nanoparticles, capable for example to transform into metallic ions by 

degradation (oxidation) processes [33, 35]. 
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Figure 4 :  number of listed products over the year and by categories (in 2010) [18] 

In the same way, antimicrobial textiles containing silver nanoparticles can release up to 45 % 

of their total content in silver, in the form of metal ions, nanoparticles and macroparticles of 

silver, during the washing or sweat exposure. Effectively, different types of nanomaterials are 

used and are on rise of production in the market today. The most used nanomaterials are 

metallic nanoparticles such as silver, metal oxides, gold, quantum dots and carbon-based 

nanomaterials like nanotubes of carbon and fullerenes and known to be toxic [36]. Due to their 

reactivity, nanomaterials interact quickly with the environmental matrix. Generally, 

nanomaterials are poorly mobile as they are quickly agglomerated with the components of the 

environment. Nevertheless, the interaction between nanomaterials and the environment is 

influenced by various factors that can modify the reactivity and stability of nanomaterials. For 

example in the literature, nanoparticles of ZnO or TiO2 incorporated in a polymer are more 

mobile in soils and can contaminate them due to their higher stability [37, 38]. However, it is 

still difficult to assess the level of contamination by nanomaterials in the environment because 

of the complexity of analytical methods at the nano scale, and the difficulty to distinguish 

artificial nanoparticles from natural colloids present in ecosystems and the great diversity of 

existing nanomaterials [39]. Therefore, each nanomaterial has its own toxicological profile. 

Knowledges about their effects on human health are not precise enough, but studies suggest 

the possible occurrence of inflammatory, respiratory, cardiovascular, or neurological effects. 

[40] 
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e) Applications and interests of nanoparticles 

 

Even if the nanotechnology may represent nonvisible objects and therefore a possible 

unknown danger, the nanotechnology is the most growing and promising field of the 21st 

century, it is involved in various applications which are presented briefly in the following 

scheme. 

 

Figure 5 : Fields and applications of the nanoparticles [19] 

In , nanotechnology faced controversy and public mistrust. Twenty years after, the 

modern nanotechnology progresses in every field of the science but also in the society. [2] In 

the common use, the field of the textile is taking advantage from the nanotechnology. 

Nowadays, clothes can be connected, and are even more suitable for certain sports than the 

regular clothes with aerodynamic or anti sweat properties, such as swimming, athletism or 

hiking. Moreover, the nanotechnologies are very often more economic because less materials 

are required compared to the traditional macro methods. [41] Agriculture and food are a major 

question of the 21st century, as far as the Earth population is increasing year after year, and 

nanotechnology is a promising solution against the lack of food thanks to the smart food 
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packaging [42]. Recently, nanotechnologies are applied in the medical health domain and 

show remarquable progress for the treatment of cancer by the creation of « nanomachines ». 

Such examples include the improvements of prosthesis, drug delivery systems, imaging, and 

antibacterial property. [2, 19, 22, 23] 

The biggest challenge of our era is probably related to the global warming effect, which is due 

to the destructive human activity on Earth. The nanotechnologies bring encouraging solutions 

to slow down this natural phenomenon. The first alternative consists of reducing the emission 

of the toxic gases which trap the sun rays into the atmosphere and produces the global 

warming effect. These lasts are mainly emitted via extracting, producing, transforming, and 

consuming resources. The renewable energies are a part of the solution, as the idea is to 

transit from fossil fuel energies to the renewable ones which sometimes use 

nanotechnologies, such as hydraulic, biomass, wind and photovoltaïc. This solution is 

sustainable and shows huge progress over the last years, but still it is consuming precious 

materials which are not unlimited on Earth, therefore improvements need to be done. The 

increase of the global warming effect is also related to the consumption of energy which grows 

year after year simultaneously with the technology. A part of the problem is related to the 

waste of energies and thus resources

of our society about the environment and particularly the reduction of power consumption has 

led to a very strong growth in the field of energy. It is important to improve the way of 

consuming, for instance the optoelectronic devices such as TV, smartphones, boards, and 

public space lighting in cities can be improved with nanotechnologies. The different areas 

addressed by light emitting diodes (LEDs) are the energy saving via the public lighting one 

company has developed electricity free glowing plants for public park and garden- [43], the 

medical field, the automotive market, the information and communication technologies and 

many others. Currently the LEDs covers the emission wavelength from ultraviolet 350 nm to 

infrared 2,000 nm. [44, 45] In the 21st century, different technologies are competing for the 

public lighting market (Figure 6). 



12 
 

 

Figure 6 : Bottom :Public lighting revenues (109

technologies : blue : LED ; red : energetically economical lamp ; green : traditionnal lamps [44] ; Top : Different 

luminous intensities (lm/W) of lighting devices and their evolution in the end of 20th century [45] 

Additionally, the competition of the lighting market also takes place inside LED technologies 

because of the numerous existing technologies under development. For instance, organic light 

emitting diode OLED is a very promising nanotechnology, bringing new properties such as 

flexible substrate, low cost and large manufacturating with organic renewable- materials. 

Some other LED technologies are very efficient, but they use rare or toxic materials, and will 

be discussed in the following parts. 

 



13 
 

2) History of LEDs 

 a)   Fondamental functioning of light emission in light emitting diode 

 

The radiation emitted by LEDs is no longer produced by temperature such as the tradionnal 

incandescent lamp but by a completely different phenomenon, which does not involve 

temperature rising like for a tungsten filament. Therefore, this is a huge benefit concerning the 

efficiency of the LED devices which is widely better. The lighting phenomenon is related to the 

quantum physics of semi-conductors. The semi-conductors like silicon carbide, GaAs or metal 

oxides (ZnO TiO2 having an energy bandgap, unlike metals and insulators. 

 

Figure 7 : Schematic representation of band diagram of Insulator (plastic), Semiconductor (ZnO, GaAs

Conductor (metals) [46] 

All kinds of atoms have electron(s) around the nucleus. There are mainly two bands, which 

are responsible for atomic bonds in molecules, these lasts are called valence bands. The 

external band contains free electrons, which can conduct electric current. This band is the 

conduction band. For a metal (conductor) the conduction band is not empty and contains 

electrons which is enough for certain electrons to be conductors. In an insulator such as glass, 

there are no free electrons that can access to the conduction band. In order to make a material 

conductor, it is possible to force the electron to go from valence to conduction band, by giving 

enough energy to the electron « travel ». This is done for instance by applying electrical 

voltage to the material, or thermal energy or light. In a semi-conductor, the application of a low 

voltage is enough to move electrons from the valence to the conduction band, and therefore 

to make it conductive. In an insulator, a very high voltage is required, well above the usual 

limits. For example, 220V is not enough for the rubber to be conductive, that is why it is a very 

practical insulator.  
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In a light emitting diode, the light is obtained at the junction, at the precise moment when an 

electron fills a hole, known as the hole electron recombination. It corresponds to an electron 

which passes from the conduction to the valence band, in other words it goes from an excited 

state (high energy level) to the ground state (lower energy level). Therefore, during the hole 

electron recombination, the excited electron loses a certain amount of energy to go back to 

the ground state. The energy loss can be then transformed in a photon. If this photon is in the 

visible range, the diode emits coloured light. In the case of LED, the light comes from the 

injection of the charges followed by the stabilization of the semiconductor by the electron hole 

recombination. 

 

Figure 8 : Jablonski diagram illustrating absorbance (blue), fluorescence (green) and phosphorescence (red) 

according to the energy level transitions 

There are four kinds of phenomenons presented in the Jablonski diagram, which concern the 

emission of light. First, there is a passage on a higher energy level when an atom or a molecule 

absorbs energy which corresponds to an excited state. It can be electronic for atoms, 

electronic and/or vibrational for molecules. The excited state is thermodynamically unstable, 

atoms and molecules will very quickly restore the energy received and return to the stable 

ground state. The time interval between the absorbance and the release of energy is called 

the lifetime of the excited state. Usually, these are very short times, 10-12s for the vibration 

state, 10-8 to 10-9s for the electronic state. The energy restitution takes place with two different 

processes: by photon emission via radiative processes which concern the luminescence 

phenomenon; or by heat emission via non-radiative processes (internal conversion or 
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vibrational relaxation). The radiative processes depend on the physical process which caused 

the excitation of the atom or molecule: 

- Chemiluminescence : energy is created by an exothermic chemical reaction. 

- Thermoluminescence : energy is created by heating. 

- Bioluminescence : energy is created by reactions in living organisms (bacterias, plants and 

animals). 

- Electroluminescence : energy is created by an electric discharge. 

- Photoluminescence : energy is created by the absorbance of photons (fluorescence, 

phosphorescence, thermally activated delayed fluorescence). 

The photoluminescence fluorescence  appears when the excited atom or 

molecule is in an excited singlet state energy level, and returns to the ground state via photon 

emission. In this case there is a big loss of energy due to the intersystem crossing from the 

excited singlet to the triplet state (~75% for organic fluorescent emitter), resulting that only 

25% of the charges can potentially be transformed in photon from the excited singlet to the 

ground state. The phosphorescence phenomenon is close to the fluorescence one, but the 

excited singlet state is not the final state before emission. Indeed, by intersystem crossing, the 

charges pass from singlet to triplet excited state before producing the light emission. The 

phosphorent materials are visible for longer time than fluorescent compounds after interruption 

of the excitation source, because phosphorescent lifetime are longer than fluorescent one [47]. 

An internal quantum efficiency of 100% can ideally be achieved from phosphorescent emitting 

materials, whereas it is much less for fluorescent emitters because of the loss of the charges. 

[48 51] The last radiative process discovered and understood respectively in 1961 and 1986 

is the Thermally Activated Delayed Fluorescence (TADF). It presents much higher lifetime 

than phosphorescent and fluorescent processes. [52 55] Indeed, the process involves an 

emission of light due to the electron transition from excited singlet to the ground state. The 

difference with fluorescence is that TADF phenomenon uses intermediate transitions between 

excited singlet and excited triplet states which are called intersystem crossing (singlet to triplet) 

and reverse intersystem crossing (triplet to singlet). This way of light emitting avoids the loss 

of charges from singlet to triplet excited states, and then it increases the theoritical external 

and internal quantum effiencies of the materials. 
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 b) The history of light emitting diodes 

 

The first concept of electroluminescence was discovered in 1907 by Henry Joseph Round, 

when he applied 10 volts on SiC crystal which produced a yellow light and showed that semi-

conductors (used for radio) emit light under electrical current. In 1921, Oleg Lossev confirmed 

the observations of Henry Joseph Round, as he created the first diode with SiC and ZnO 

crystals and wrote the first LED patent in 1927. Georges Destriau investigated the emission 

of ZnS by applying electrical current in 1936 and gave the meaning of the word 

electroluminescence. From 1955 to 1961, Rubin Braunstein discovered infrared emission from 

GaAs and other semi-conductors, and the infrared LED was created in 1961 by Bob Biard and 

Gary Pittman from Texas Instruments. Today, infrared LEDs are still used for remote control. 

Then in 1962, Nick Holonyak, considered as a father of LED technology, invented the first 

usable visible spectrum LED which was red, predicting that the light emitting diode will replace 

one day the classic incandescent bulbs of Thomas Edison. Additionally, Nick Holonyak 

communicated on the major breakthrough and interests of the LED, which are more 

sustainable, more efficient, and almost 80% more economic than the other technologies. Ten 

years after, George Craford made the first yellow LED by the development of nitrogen doped 

GaAsP [56], which was 10 times brighter than the red one. The green LED were also invented 

thanks to the GaP semi-conductor [57, 58]. In t  the first 

efficient blue LED by replacing the classic SiC with GaN semi-conductor which opened the 

way for white LEDs used in common lighting. White LEDs have transformed illumination 

technology, including architectural lighting, indoor and outdoor lighting, traffic, and railway 

signaling. In another hand, Shuji Nakamura was also the inventor of the UV LED, which was 

used to purify water. [59, 60] At the same time, several new electroluminescent displays have 

emerged and are still under development nowadays, for instance: the organic LED (invented 

in 1987 by Ching W. Tang and Steven V. Slyke) [61], the iridium complex LED, the quantum 

dot LED, the perovskite LED and others, with their own benefits and drawbacks.  

 

 c)  Architecture and functioning of modern optoelectronic LED device using 

  nanotechnologies 

 

A common and regular optoelectronic architecture made in nanotechnology is illustrated by 

the upper figure. It is composed of different thin layers which all play important roles in the well 

functionning of the device. The whole device thickness is generally from 100 to 5000 nm, 
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depending on the way the materials were build, and on the final application. For instance, in 

LED, a voltage is applied at the electrodes to inject charges in the device. The charges travel 

separately from each electrode (blue) and are transported via the interfacial transport layers 

(orange), until they arrive in the emissive layer (green), where the recombination process 

operates and thus creates light emission. The light is emitted through the glass substrate, 

which means that the electrode on this side has to be a transparent electrode. In order to 

respect the efficient recombination of the holes and electrons in the emissive layer, it is 

important to have coherent thicknesses regarding the different materials which compose the 

device. The quality of the coated films must be as perfect as possible, namely smooth (pin-

hole free together with low roughness). If the morphology of the layers is rough, meaning 

composed by aggregates, holes or defects, this leads to major electrical issues in the device, 

such as electrical shortages, electrical breakdowns, intense Joule effect and premature 

degradation of the materials. [61]  

  

Figure 9 : Regular optoelectronic device architecture, blue : electrodes ; orange : interfacial charge transport 

layers ; green : active layer 

Also, the architecture can be inverted, as the polarity can be reversed by switching the hole 

by the eletron transport layer. This kind of structure is used to improve some parameters of 

the device, such as stability which remains a challenge for development of many new LED 

technologies. [61] Such optoelectronic devices are characterized according to electrical values 

describing the behavior of the diode. For instance, the threshold voltage or working tension 

(volt) gives a value for which the LED lights up, andv  is often reported as the beginning of the 

exponential intensity-voltage curve. The luminous efficacy (lumen/W) is the amount of light 

produced for each watt of electricity consumed. Another important value is the current 

efficiency given in candela/A. In the literature, luminance is characterized by value in 

candela/m², and it is important to note that candela unit takes in consideration the human eye 

sensitivity, therefore, green light has higher candela luminance values than red or blue emitting 

devices, at constant efficacy. Thus, electroluminescence spectra or photopic coefficient must 

be evaluated in order to compare precisely two different LED perfomances. The external 
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quantum efficiency EQE is the most represented performance indicator to compare different 

LED. It gives the ratio of the emitted photons over injected charges. [62] The EQE(%) can be 

expressed as the product of four main influencing parameters: 

EQE(%) =  · rad,eff · S/T · out,eff = IQE (%) · out,eff 

The first factor, , represents the electrical efficiency. It is linked to the injected charges that 

do not contribute to the recombination process for the light emission. Generally,  is 

considered as the charge balance, and it depends on the transport charge properties of the 

different layers which compose the device. Furthermore, rad,eff the second factor is the 

effective radiative efficiency representing the competition between the nonradiative and 

radiative rates of the emitter. This can be either a singlet (fluorescence/TADF) or a triplet state 

(phosphorescence). The third factor, S/T relates the exciton rate that can unexcite radiatively 

due to the quantum mechanics spin selection rule. The factor out,eff is the outcoupling 

efficiency. It depends on the optical environment and on the orientation of the transition dipole 

moment of the emitters. [62] Internal quantum efficiency IQE is the ratio of electronic charges 

collected to the incident and absorbed photons. Other efficiency appellations are found in the 

literature such as the photoluminescence quantum yield PL, which is translated as the ratio 

of the number of emitted photons to the number of absorbed photons per unit time.  

Furthermore, the color of the emitted light is evaluated using the CIE (Commission 

Internationale de l'Eclairage) diagram, as presented by the following figure 10. The window to 

achieve white (warm or cold) light display is very narrow and the proportion of blue, green and 

red emitters must be accurate. 

 

Figure 10 : Commission Internationale de l'Eclairage CIE diagram [63] 
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3) Deposition techniques and interfacial materials 

a) Deposition technics of the layers 

 

In perspective of building an optoelectronic device, the nanosciences and nanotechnologies 

are very useful thanks to their special properties. The as-synthesized molecules or 

nanoparticles can be used as emissive layer material, as interfacial layer, or even as electrode 

(transparent conductive oxides, metal, graphene oxide). [64, 65] The nanotechnology skills 

allow a very precise and controlled elaboration. In research field, one of the most used 

technics is the (thermal) evaporation, which allows the construction of smooth and 

homogeneous layer with an extreme accuracy regarding the thickness. The solid source is 

heated until the material turns into a gas phase and then condenses on the surface of the 

substrate. Even if evaporation process is very advantageous by the quality aspects, it remains 

highly energy consuming, because a high vaccum (~10-6 mbar) is required to avoid any 

contamination. The evaporation process can operate at a large scale, but it demands huge 

amount of energy, which is contrary to the ideas about reducing energy consumption and 

global warming effect [66, 67]. To reduce the manufacturing costs, solution processing of 

materials is widely considered. There are mainly four techniques among others (figure 11) to 

deposit nanomaterials by solution process : spin-coating for small area, doctor blade coating, 

screen-printing and ink-jet printing for larger surfaces. These elaboration techniques are 

represented by the following figure.  

 

 

Figure 11 : Deposition techniques by solution process, for elaboration of optoelectronic devices, (a) spin-coating ; 

(b) doctor blade coating ; (c) screen-printing ; (d) ink-jet printing copyright 2011, Royal Society of Chemistry. 

 

Concerning the morphology of the thin film, these liquid methods highly depend on the 

deposition speed and the time of the process, also on the viscosity and the concentration of 

the coated solutions, and finally on the drying speed. The solution process has the advantage 
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to be more economic because it consumes less energy, but still the morphology of the film 

remains smoother for the evaporation method. [68 70] All the processes can be operated in 

air, or for better stability and performances in a controlled inert atmosphere (glovebox). 

 

b) Materials for light emitting diode made by nanotechnologies and their 

processes 

 

In LED device, interfacial transport layers are not mandory, but they help to enhance the 

performances, such as the brightness, the threshold voltage and the other parameters. The 

thickness of the transport layers is generally thin, typically below 40 nm. These materials must 

be as transparent as possible, to avoid photon absorption / emission, and also be highly 

conductive to provide efficient charge transport. For instance, metal oxide nanoparticle 

solutions are widely used in optoelectronic devices as electron or hole transport layers 

because of their transparency and conductivity properties: ZnO, NiOx, ZrO2, TiO2, HfO2, SnO2, 

WOx nanoparticles are mainly reported. [71 76] For examples ZnO, TiO2 and SnO2 are low 

work-function and n-type oxides, which offer electron transporting and hole blocking properties 

and thereby can be applied as electron transport layers. Nevertheless, WOx, V2O5, and MoOx 

are n-type oxides but with high workfunction, these oxides do not have the electron block 

property, and are commonly used as hole transport layer. In opposite, the NiOx is a p-type 

semiconductor with a wide bandgap and work function, it has the properties of hole 

transporting and electron blocking and thus is used as hole transport layer. [77 79] However, 

very often, to be well-processed, these metal oxide nanoparticles need to be stabilized in 

solution by surface ligand in order to have homogeneous sized nanoparticles and make 

smooth thin films. Few strategies have been developped and are presentend in the following 

figure 12 to avoid aggregation of the nanoparticles in solution. 
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Figure 12 : Different strategies to graft ligand on surface of nanoparticle, A : Covalent ligand bond ; B : 

Amphiphilic polymer assembly ; C : Electrostatic layer-by-layer assembly ; D : In situ ligand coating during 

synthesis ; E : Host-guest supramolecular ligand self-assembly ; F : Lipid shell coating. [80] 

 

Effectively, the previously presented metal oxides such as ZnO nanoparticles can be 

functionalized by covalent ligand bond. In another hand, it is common to add surface ligand 

during synthesis process for instance in the case of inorganic quantum dots perovskites. The 

grafting unit of the ligand is often a hydroxy group from a carboxilic or a phosphonic acid. 

Moreover, in literature, efficient ligand are often composed of long alkyl chain [81, 82]. The 

Layer-by-Layer Assembly process is more often used for the medical field, to build dendrimers 

to treat cancers and strong diseases [2, 26].  

Depending on the process, the metal oxide nanoparticles require surface stabilization thanks 

to a ligand. Most often, for solution process metal oxides, a stabilization needs to be done to 

have homogeneous objects in solution and to obtain further smooth layer. However, for 

evaporated metal oxides it does not need surface stabilization, it is the case of MoOx.  

Hole transport materials: 

Suitable polymers are also widely used as transport layers, for instance the poly(3,4-

ethylenedioxythiophene) polystyrene sulfonate (PEDOT :PSS) or N,N -Di(1-naphthyl)-N,N -

diphenyl-(1,1 -biphenyl)-4,4 -diamine (NPB) for hole transport. Metal oxides (nanoparticles) 

such as NiOX, WOx, MoOx and else are also employed as hole transport materials. 
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Electron transport materials: 

Some polymers are used as electron transport / injection materials in LED device, such as the 

2,2',2''-(1,3,5-Benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) (TPBi), Poly(9,9- -(N,N-

dimethyl)-N-ethylammoinium-propyl-2,7-fluorene)-alt-2,7-(9,9-dioctylfluorene)) (PFN) and 

N,N'-Bis(N,N-dimethylpropan-1-amine oxide)perylene-3,4,9,10-tetracarboxylic diimide 

(PDINO). [83]  

Metals or metallic complexes can also play the role of transport layer such as calcium, cesium, 

tris(8-hydroxyquinoléine) aluminium (III) (Alq3), Copper(II) phthalocyanine (CuPc). 

Furthermore, buffer layers are sometimes employed as additional films to enhance the 

performances and allow a better electrical behavior in the device, avoiding recombination 

charges in an undesired place, for instance in the interfacial layers. The main used ones for 

LED are bathocuproine (BCP), lithium fluoride (LiF), cesium fluoride (CsF), and some metal 

oxides nanoparticles [77 79, 84, 85] Metal oxides nanoparticles such as ZrO2, ZnO, SnO2, 

TiO2 and else are also employed as hole transport materials. 

Electrode materials: 

According to the literature, the silver and aluminium are the most used materials as top 

electrode in LED device. The ITO Indium Tin Oxide is widely employed as transparent 

electrode  ITO is a rare material 

which cannot be used in the future as the quantities are limited. However, it is the most suitable 

material nowadays because of its easy manufacturing, transparency and conductivity 

properties. [86] Consequently, investigations have been done to replace ITO, and the best 

candidates are graphene oxide, silver nanowires, Fluorinated Tin Oxide FTO and carbon 

nanotubes [64, 65, 86 89]. 

The energy levels of these materials are shown by the energy diagram of the figure 13. 

 

Figure 13: energy diagram (eV) of the hole and electron injection materials, and the different used top electrodes. 
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The different materials used for the electroluminescent active layer in LED are presented in 

the following part which highlights the different LED technologies with their advantages and 

drawbacks. 

 

4) The different emissive materials in LED technologies 

 

Silicium carbide and gallium doped semiconductors were the first inorganic electroluminescent 

materials discovered. Since then, strong improvements of the performances and properties in 

LED technology have been done. In recent years, new solution processed semiconductors 

such as TiO2, ZnO and others have achieved rapid progresses due to their high performances 

and low cost compared to the commercially available semiconductors such as galium 

derivatives.  

Different LED technologies are presented in this part with their advantages and drawbacks, 

as well as the methods to build white LED. They can be classified in three families of emissive 

layer, namely the inorganic LED, the organic ones and finally the hybrid organic-inorganic 

devices. Some differences exist between inorganic LEDs and organic LEDs. The first one is 

the architecture of the device. According to the literature, inorganic LEDs are fabricated by 

growing inorganic layers on substrates of sapphire, silicon, or GaAs wafers [90], while OLEDs 

are built by the stacking of organic carbon-based electroluminescent materials on a glass or 

plastic substrate. Moreover, OLEDs can be processed on larger area, they are surface lights, 

and thanks to the properties of organic material, they can be made very thin (below 500 nm 

device thickness) and flexible. The flexibility of the devices is an additionnal problem as far as 

the substrate is unstable, and it degradates by time and under ambient conditions. [91] 

Additionally, in the case of OLED, the influence of the temperature is less significant than in 

inorganic LEDs, a reason for this being their large surface area, which improves the thermal 

convection and provides a low voltage application. Therefore, the OLEDs are intended to 

replace large scale light sources for indoor lighting but also for decorative and mood lighting 

applications. Regarding the manufacturing, OLEDs are recyclable and cheap because of the 

abundance of the materials. On another hand, inorganic LEDs present higher performance 

and better spectral purity than OLED. Their manufacturing costs remain also higher with higher 

energy consumption than OLED. Also, inorganic LEDs are used very often as point light 

sources (µLED) [92], and are mainly applied in residential, commercial, and street lighting. 

[93] 
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The following sub-sections will now introduce the different LED technologies, with their 

advantages, drawbacks and also their performances. 

 

i) Heavy metal polymer complexes 

 

Iridium based electroluminescent materials are known to be very efficient and therefore used 

as fluorescent, phosphorescent or TADF emitter in LED. Usually, the heavy metal is 

incorporated as a host in a polymer matrix (guest). Thanks to the energy transfer from the 

matrix to the iridium complex, the light is emitted. Ir(III) emitters can harvest both singlet and 

triplet excitons for light emission with theoretical internal quantum efficiency IQE of 100%, the 

characteristic of TADF effect. [94] The iridium materials present many advantages in terms of 

electrical performances, such as a long lifetime, a spectral purity with narrow emission band, 

a high brightness thanks to the property of the heavy metal, a high efficiency and a good 

stability requiring minimal encapsulation compared to classic organic LEDs. For instance, in 

the literature, it is often found EQE value around 30 %, with luminance values about 50.000 

cd/m² [95] for turn-on voltage of 3,0 volts and high stability above 50.000 hours [96]. The wide 

interest for heavy metals such as iridium [96], ruthenium [97], copper [98], europium, platinium 

[99] integrated inside a polymer to form an emissive complex lead toward a fast development 

of the technology. Therefore, there is a large panel of synthesized and used iridium complexes 

which covers the full visible light spectrum, with some examples illustrated in the following 

figure 14 : iridium complexes blue [100, 101], green [102] and red [95]. 

 

Figure 14 : structure of iridium complexes with spectral emission in the region of a) blue, b) green c) red [95, 100, 

102] 

 

As previously explained, one of the main goals for LED development is to achieve a white 

LED. As the literature shows, the color is tunable according to the structure of the complex, 

and there are mainly three approaches to build white inorganic iridium-based LED. The first is 
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the combination of one phosphorescent iridium complex (most often yellow, orange or red) on 

a blue emissive GaN chip. Then, double or triple colored phosphorescent organometallic 

complexes can be associated with blue GaN chips. The building of the device is processed by 

mixing the organometallic complexes with an epoxy resin and then coated on the surface of 

blue GaN chips. Also, it can be vaccum deposited or spincoated as emissive material on 

PEDOT:PSS hole transport layer (see below organic LED part). [99, 103 109] However, even 

if this lighting technology is very attractive and efficient, it remains very challenging for future 

because of important drawbacks. Indeed, this LED technology faces moisture sensitivity, 

thermal degradation, and quenching sometimes even at low temperatures, depending on the 

structure of the organometallic complex. Another significant disadvantage is linked to the 

combined thicknesses of many emissive layers in the device which causes an increase in 

operating voltage. [104, 110]. The major issue is related to the heavy metals themselves. The 

purchasing price is high because these materials are very rare and not abondant on Earth. 

Also, it is very polluting to harvest and transform these heavy metals from raw to usable 

materials for LED. Consequently, the large-scale manufacturing process for white LED is not 

easy to implement and is hard to operate even at a small scale, especially with the limited 

quantites of GaN chips and other rare compounds (heavy metals, electrodes, 

semiconductors . On another hand, some other metal ions such as Cu+, Eu3+, or Pr3+ are 

used to face the lack of iridium and show encouraging results [111, 112]. 

 

 

ii) QDLEDs Quantum Dot LEDs 

 

Quantum Dot (QD) nanocrystals are a class of nanomaterials with in general a size between 

1 nm and few tens of nm. The combination of several inorganic materials, for instance Zn, Cd, 

Pb with S, Se or others leads to an emissive semiconductor nanocrystal. There are various 

existing QD materials such as ZnS, ZnSe, CdS, CdSe PbS, CdSe, InP and many others, 

briefly illustrated by the transmission electron microscopy images below [113]: 
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Figure 15 : transmission electron microscopy images : (a,b) : CdSe QDs (c,d) CdSe/ZnS core shell QDs [113], (e) 

external quantum efficiency evolution of QDLED red, green, blue over the years [114] 

 

QD technology is very promising approach for future LED applications as it uses the benefits 

of the nanoscale and more precisely the increasing surface/volume ratio compared to micro 

materials, in order to gain electrical and optical properties. Also, the color is easily tunable 

from ultraviolet to near infrared wavelengths, opening the way to a wide panel of applications. 

These QDs are characterized by narrow emission peaks with a width of 50 nm for some 

materials which is difficult to achieve by other technologies (organic or conventional 

phosphorescent emitters). According to the structural and composition parameters of the QD, 

the color can be tuned, for instance CdSe nanocrystals cover the full visible light spectrum by 

variation of the nanoparticle size : 1 nm diameter gives blue emission while 5 nm gives red. 

[96, 115] Additionally, the association of two inorganic materials in certain cases can be named 

a core-shell nanoparticle. The QD LEDs using core shell structures extends 

photoluminescence lifetime and minimizes drastically non radiative Auger recombination of 

the charges by separation of hole electron pairs in the core (CdSe) from surface defects on 

the shell (CdS, ZnS, PbS). [116 118] With optimized surface chemistry, core shell  QDs  show  

near 100% photoluminescence yield and represent the best choice as emissive materials for 

QDLEDs, especially for commercialized products such as quantum dot TV or flexible 

smartphone from Samsung [95, 118]. Indeed, due to their quantum properties, the QDs are 

known in the literature to be highly emissive materials with excellent colour tunability and 
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saturation, high photoluminescence quantum yield with electrical and thermal stabilities [119

122]. The commercial QDs are known to be very efficient in photoluminescence, but it is not 

the case about their electroluminescence properties which are still under development. During 

the last ten years, the QDLED is among the best lighting technologies with low operating 

voltage and EQE above 20% for red, green and blue emitters (figure 15E) with more than 

10,000 cd/m² for each. It is important to take in consideration, in order to build white QDLED, 

that most often, blue QDs offer lower performances than red and green QDs when used in 

device, namely EQE and luminance values [123]. In 2019, huge luminance peak values were 

achieve in the literature [123], for instance 350,000 ; 650,000 and 60,000 cd/m² respectively 

for red, green and blue QDLEDs [124 129]. More importantly, the total thickness of QDLEDs 

is generally below 300 nm and QD are solution processable, promising low cost and large-

scale manufacturing into solid state devices, for instance via printing. [130] However, the large-

scale process remains challenging for this technology even if the materials are abundant, due 

to the toxicity of some materials such as Pb, Cd and the employed solvents. Also, the inkjet 

printing, which is used to deposit the electroluminescent layers has many problems such as 

low resolution, poor uniformity, and is far from mature for mass-producing QDLEDs. [131, 132]  

Additionally, according to their optical properties and sizes, a same QD material presents 

different degradation speeds. Indeed, the blue QD represents generally smaller size and lower 

stability due to the increasing surface quantum effect compared to the red and green ones, 

leading to premature degradations of the nanocompounds. Consequently, blue QDLEDs are 

complicated to process as the blue QDs are unstable. The stability depends also on the used 

QDs, for instance ZnS nanocrystals are known to be very stable, but some other QDs can 

degrade by time, UV exposure and oxygen contamination [133]. To face this stability problem, 

some technics have emerged such as the employment of better covalent grafted ligand, most 

often carboxilic or phosphonic acid on the surface of the QDs. [132, 134 137] 

The white QDLED is often manufactured by the stacking of RGB layers [119], by RGB « pixels 

» for micro QDLED [138], or by the combination of different QDs in a same photoluminescent 

solution. [139] Today, the QDs are mainly efficient in photoluminescence, but it is not the case 

regarding the electroluminescence, which induces an important research mobilization. 

 

iii) PeLEDs Perovskite LEDs 

 

Perovskite nanocrystals are a class of QD materials with a size between 1 and 15 nm, that 

can be fully inorganic, or organic-inorganic hybrid with ABX3 structure, where A is an organic 
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or inorganic cation, B is usually Pb, and X is a halide (Cl-, Br- or I-). The full inorganic perovskite 

structure adopts the cubic or orthorhombic crystalline phase. Their cubic crystalline structures 

are competitive and used in a wide range of applications such as optoelectronic devices: 

lasers, solar cells, photodetectors, and LEDs. The orthorhombic phase is more stable 

thermodynamically below T < 320°C and thus, under ambient conditions, the cubic phase 

transforms via oxygen contamination, UV exposure and time. [133] The following figure 16 

illustrates the different existing materials for perovskite structures and shows transmission 

electron microscopy image from red cubic CsPbI3 and their emission properties. 

 

Figure 16 : A : perovskite structure with the different existing materials [140] ; B : transmission electron 

microscopy image from red cubic CsPbI3 [133] ; C : [140] ; D : [141] perovskite QD emission according to their 

structures. 

 

Advantages: 

Syntheses of perovskite QDs, nanowires, or quantum wells are possible via simple colloidal 

methods. [133] Metal halide perovskites are emerging nanomaterials with potential for low 

cost manufacturing from abundant raw materials compared to the commercially available 

semiconductors and with a high energy efficiency. Metal halide perovskites are direct band 

gap semiconductors, and thanks to their defect tolerant properties, these materials are highly 

efficient in electroluminescence with large charge carrier diffusion length, long carrier lifetime 

and high quantum yield efficiency. The emission of the perovskites is very pure and narrow 

with 10 to 100 nm spectral width depending on the size dispersion and on the chosen 
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compounds. The emitted colour is controlled from violet to near infrared by changing the size 

of the QDs, their dimensions (3D, 2D) and the halide composition, thus allowing an « easy » 

white PeLED manufacturing [133, 140, 141]. Moreover, these nanomaterials are solution 

processable with low device thickness (below 300 nm), meaning low building prices which 

open an easy large-scale production. Additionally, the quantum properties of the perovskites 

and the thin film thickness allow the construction of flexible devices [128]. These 

characteristics make perovskites competitive with currently existing light-emitting 

optoelectronic devices such as OLED and QDLED, and some of them are presented in the 

following figure 17. [133] 

 

 

Figure 17 : Performance comparisons over the years of organic OLED, quantum dots QDLED and perovskites 

PeLED (a) maximum EQE % (b) maximum brightness cd/m². [140 144] (c) average peak EQE % depending on 

the color of PeLED in the last 5 years [145] 

 

Drawbacks: 

In another hand, this technology suffers from several disadvantages such as stability: 

perovskites materials are highly sensitive from moisture and UV exposure and are redox active 

[146]. The premature degradation of the nanocrystals occurs by the transformation of the cubic 

crystalline structure, to the orthorhombic phase for the cesium lead halide perovskites. Some 

strategies have appeared to use surface ligand in order to stabilize the cubic phase, to 

increase the charge carrier confinement and to limit the formation of defects and the ions 
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migration. The surface ligand directly influences the aggregation growth and the optical 

properties of the perovskites. [147] Additionally, it was shown that mixed halide or cation 

perovskite structures demonstrate higher ambient stability. [148, 149] The stability of PeLED 

can be improved by recent new approach as the reduction of the dimension of the material. 

Indeed, morphology engineering has been developed such as 2D PeLED to limit the density 

of the defects and also for their better stability under moisture condition due to their higher 

formation energy. In details, the 2D structure leads to an increase of the quantum and 

dielectric confinements thanks to the large molecules (it mainly uses long-chain ammonium 

inserted between perovskites such as phenylethylammonium, naphtylmethylammonium, 

butylammonium) which allow to separate the structure into 2D sheets/arrays, which are 

insulating materials and with a dielectric constant strongly different from the perovskite crystal. 

Therefore, this makes possible to confine the charge carriers in the sheets. [147, 150 152] 

Also, the higher exciton binding energy of 2D perovskites leads to the improvement of the 

electroluminescence efficiency of PeLED [153]. In addition, the large-scale manufacturing is 

not only affected by the stability of the PeLED but also by the toxicity of the elements such as 

Pb which is highly soluble in water. 

Performances: 

In terms of device performances, all inorganic cesium lead halide QDs attracted much 

attention due to their improved thermal stability. [154] The scientists have achieved EQE 

values above 20% for red and green QDs, and below 20 % concerning blue perovskite QD. 

Low operating voltages about 2,0 to 3,0 V and maximum brightness over 100,000 cd/m² have 

been reported for the PeLED [140 144]. Moreover, the blue QDs presents lower performances 

than the red and green emitters, that can be explained by the smaller size of the QDs and the 

higher defect density. It is known that the phase stability of these nanocrystals is directly 

associated to the composition of the perovskite material. [155] Approaches have been carried 

out in the literature to develop Pb free perovskites as Cs3Cu2I5, Rb2CuX3, K2CuX3

CsSnX3 

perovskites even if their PeLED performances remain lower [145, 156 159]. 

White PeLED: 

The white PeLED can be built with three methods: the first is to used perovskite QDs as 

individual pixels RGB, the second is to mix the emitters together in a same solution and to 

coat them, or the third is to build RGB multilayers. [160 162] 
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iv) Organic LED OLED 

 

In 1960, Martin Pope from New York University first developed an injecting ohmic electrode in 

contact with an organic crystal of anthracene, and three years later he observed the 

electroluminescence under vacuum from this kind of organic crystal, using silver electrode and 

small area device [163, 164]. This first achieved OLED had poor performances and ultra high 

operational voltage, noneoftheless this was a proof of concept. Later, in 1987, the first double 

layer OLED with separate hole and electron transporting layers was reported [165]. In this 

device, by applying an electric field in an OLED, holes are injected through the highest 

occupied molecular orbit (HOMO) while electrons through the lowest unoccupied molecular 

orbit (LUMO). In the end, the charges recombine in the organic emissive molecules (in the 

emissive layer).  

Material characteristics: 

The emission band is usually determined by the type and the structure of organic molecule in 

the active layer, but also by the energy difference of the HOMO and LUMO levels of the 

organic material. Namely, high energy represents the blue color, while low energy a red 

emission [166] 

The OLEDs are classified in three families: the first generation are the fluorescent compounds, 

such as anthracene which are the less efficient [163, 164], the second is related to the 

phosphorescent emission process, and more recently the performant thermally activated 

delayed fluorescence (TADF) materials. The OLED families are classified depending on the 

emission phenomenon, but also on the values of internal efficiency. For instance, fluorescent 

emitters are generally less emissive than phosphorescent or TADF ones, even if there are 

fluorescent emitters with almost 100% photoluminescence quantum yield treated in the results 

part. Independently of their efficiency limitation (due to 25% singlet against 75% triplet loss), 

the fluorescent materials take advantage of long lifetimes for stable blue emitters [167]. Some 

examples of phosphorescent or TADF emitters are organo metallic complexes presented 

before, but also, it exists TADF [168 170] or phosphorescent efficient molecules without any 

heavy metals [171, 172].  

Moreover, the organic emitters can be arranged in three kinds of materials: conjugated 

dendrimers, conjugated polymers, and small molecules. Small molecules are usually 

evaporated materials with low molecular weight, for instance the Biphen, AlQ3, or CuPC. 

Conjugated polymers are semi crystalline and widely used in the literature, such as the 

solution processable poly(n-vinylcarbazole) PVK, or Poly(9,9-dioctylfluorene-alt-
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benzothiadiazole) F8BT, that can be employed as pure active layer, or as emissive host matrix 

for the incorporation of additional emissive compounds (guests), such as dyes or QDs. [173, 

174] Dendrimers are amorphous branched molecules consisting of light emitting cores to 

which one or more branches (dendrons) are attached. The dendrimer composition allows 

accurate modifications of the core for the managment of the emitted light. The branching 

groups are there to control the charge transport, and the processing / solubilization properties 

can be modified by the utilisation of surface groups. [166] Dendrimer nanocompounds are 

often used in the medical or biological field to treat strong deseases. [175] 

 

Figure 18 : different generations of OLED over the years, classified by internal efficiency %, blue fluorescence, 

green phosphorescence, red TADF [176] 

Over the past 25 years (figure 18), the research and development of OLEDs became very 

important for industry and academia. OLED is one of the most efficient and sustainable LED 

technology for the future challenges of our society, such as global warming. OLED displays 

offer some features that grant them superior properties against approved technologies such 

as liquid crystal displays (LCD), because OLEDs do not require a backlight system in 

comparison to LCDs. [177, 178] Also, some organic emitters are very cheap and often eco 

friendly materials, in addition to be easily recyclable in comparison to all other LED 

technologies.  

 

 



33 
 

Performances of the OLEDs: 

The manufactured OLEDs are usually very thin, below 500 nm, with wide viewing angles, high 

contrast colors, and fast response time. The most performant emissive materials are still 

processed via evaporation method, but some emissive materials are solution processable, 

which makes this technology very attractive for large scale production, with the different 

printing skills.. Additionally, organic light emitting technology opens the possibility to realize 

transparent and flexible devices. For instance, nowadays commercial high-end smartphone, 

smartwatches, or smart OLED TV show that OLEDs are already present in our life. Even if 

this technology has been developed until commercial applications, it suffers from several 

drawbacks, and need to be improved to continue the competition. Indeed, the luminescence 

emission of organic compounds is wide and less pure than QDs meaning that the white OLEDs 

have worst quality than the other technologies such as QDLEDs or PeLEDs, as illustrated in 

the following figure 19.  

 

Figure 19: QDLEDs (continuous) vs OLEDs (dashes) emission field comparison [114] 

 

The major disadvantage is related to the organic compounds which are highly UV and 

moisture sensitive, unstable chemically and thermally, requiring encapsulation of each device. 

Additionally, the blue organic emitters offer worse stability than green and red ones. In the 

literature [179, 180], some investigations have been found about the stability of different 

coloured fluorescent and phosphorescent emitters used in OLEDs.  
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Table 1 : half lifetime T50 (hours) of organic emitters red green blue (phosphorescent/fluorescent) and their CIE 

coordinates [179, 180] 

 

As expected by theory, phosphorescent emitters are globally more stable than fluorescent 

ones and the blue emitters are less stable than the two other colors. This can be explained by 

the homo lumo energy difference, which is higher for the blue emitters [181]. This high energy 

leads to problems regarding the operation lifetime because of the too fast degradation of the 

material. Also, blue emitters face more electrical issue and performance losses under a high 

voltage [182]. Therefore, the reduction of the operational voltage is crucial to improve power 

conversion effiency and to avoid early degradation phenomenons. The stability of OLEDs is 

worse than the QDLEDs, because of the organic nature of the compounds, but it can be 

improved by the engineering of the device architecture, by encapsulation of the OLED, or by 

the chosen materials.  

In 2021, most of the OLEDs are still limited between 20 to 35% EQE [178, 183] due to the 

outcoupling efficiency factor, the different refractive indexes and the absorption of the layers 

composing the device. However, in the literature, some OLEDs were achieved with very high 

EQE, sometimes above 50% with low operating voltage around 3V thanks to the use of 

oriented emitters [184]. Some examples of organic emitters used as electroluminescent 

material in OLED, from the 1st to the 3rd generation are presented with their EQE in the 

following figure 20. 
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Figure 20 : OLED emissive molecules, from 1st to 3rd generation with their associated EQE. 

 

 



36 
 

White OLED: 

The color of the emitted light strongly depends on the chemical composition of the polymer 

and the nature of the side groups which can be emissive dyes, thus the emitted color is easily 

 white OLED manufacturing. The combination and the engineering 

of the organic polymers allow an easy color tunability with high brightness devices over 

100,000 cd/m² (Figure 20), thus opening the way to easy process white OLEDs, and to a wide 

panel of applications. White OLED can be processed via two approaches, the first is the co 

evaporation of small molecules at the same time, which gives high quality of layers, but which 

requires high energy and technology for a deep vacuum level. The second is the solution 

approach, which is much easier and processable, but with a drop of quality compared to the 

first one. The white emissive layer can be built by mixing polymers together, or by the 

consecutive stacking of RGB emissive layers. [185 188] 

 

5)  Solution for future LED technology 

 

A part of the solution for future LED technology is a sustainable development of the LED. For 

that, the solution process materials are the best candidates to reduce the manufacturing costs 

and to open the way to easier large-scale production compared to the most used evaporated 

ones. Moreover, in the case of OLED, the new TADF emitters from the 3rd generation emitters 

show higher performances compared to phosphorescent and fluorescent emitters, as far as it 

can harvest 100 % of the injected charges for luminescence phenomenon. In addition, it was 

previously studied that the combination of different materials / technologies of LED can lead 

to very efficient optoelectronic devices. For instance, the combination of the organic materials 

(for instance polymers used in OLEDs) with inorganic QDs to take benefit from both entities. 

[189 191] 

 

i) TADF Polymers 

 

TADF polymers are very promising emissive materials as they are able to convert 100% of 

the charges in light emission, in constrast with fluorescent (25% convertion) or 

phosphorescent (75% convertion) materials. Although most of the TADF materials are usually 

small organic molecules due to a direct design for their electronic structures, the processing 
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is expensive (evaporation method) and cannot be used for large manufacturing. Compared 

with small molecules, polymers are widely suitable for solution processing, showing a great 

potential in low cost processing and large scale production. [192 194] However, unlike small 

molecule, TADF polymers have different molecular weights, and present defects in the 

structure. Nowadays, TADF polymers still face many issues, such as complex synthesis, 

limited variety, and relatively low efficiency of devices using TADF compounds. In addition, 

due to the charge transfer effect of the conjugated structure, the emission wavelength of TADF 

polymer shows a large red shift, leading to the majority of TADF polymer emission 

concentrated in orange and green light emission, which is unfavorable for achieving blue light 

emission of TADF polymer neither white light emission. [194, 195] 

 

ii) Aggregation Induced Emission AIE: 

 

The Aggregation Induced Emission (AIE) phenomenon is very promising and original for the 

light emission. Indeed, the molecules which are nonemissive or weakly emissive in the solution 

state are found to emit strongly in the aggregate form or in solid state. The phenomenon is 

explained by the restriction of intramolecular rotation, for instance the phenyl groups of the 

emissive molecule (such as HPS). Thus, blocking non-radiative desexcitation pathways 

benefit to the radiative ones [196, 197] . The opposite phenomenon is called Aggregation 

Caused Quenching (ACQ), met when  -  stacking occurs between the emissive molecules 

(such as Perylene), and is represented by the following figure 21. 
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Figure 21 : A) Aggregation Caused Quenching vs B) Aggregation Induced Emission phenomenons from liquid to 

solid state [197 199] 

 

The construction of highly emissive emitters is hampered by the energy gap law and the ACQ 

effect. Aggregation induced emission (AIE) molecules could avoid the undesirable ACQ effect 

and emit intense light in the aggregated state, which is one of the most promising class of 

materials to fabricate high performance OLED with a high external quantum efficiency and low 

turn on voltage. As presented in the literature [198, 199], the first AIE molecules were 

processed by evaporation method, and could not be combined with quantum dots for instance. 

The AIE technology is very promising because by changing the electronic structure of the 

molecule, the emitted color is controlled. However, the development of red and near infrared 

(NIR) AIE molecules remains challenging due to the intrinsic narrow bandgap [200, 201]. 
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Figure 22: Different AIE molecules for different color in CIE diagram [202] 

 

The AIE emitters are difficult to process via liquid approach, because of the agglomeration of 

the molecules. This problem can be avoided by the modification of the AIE structure itself, or 

thanks to the grafting of the AIE molecules with for instance, nanocrystals. For this purpose, 

the AIE molecule should have a grafting unit, such as the presented examples in figure 22, 

where a modification of the phosphorous group for a POOH group could be such a grafting 

unit. Indeed, the POOH attach groupment is known to be better, more robust, and stable than 

the classic carboxylate COOH on nanocrystal surface. [81, 136, 203] The solution process of 

AIE molecule, or hybrid nanocrystal-AIE will open a cheaper and more economic large scale 

manufacturing.  Additionally, the method to build a white LED is easier with the liquid approach 

through colloidal self assembly and should help to avoid phase segregation of the different 

emitters, which is difficult with regular OLED emitters by evaporation. The interest of doing 

hybrid nanocrystal AIE structures is to use the properties of the AIE molecule, usually 

transporting holes and responsible for the emitted color, with the inorganic nanocrystals, 

possibly providing electron transport. Also, the inorganic core can be involved in the emission, 

for instance by using emissive metal halide perovskites. The combination of both entities can 

possibly create a hybrid ambipolar structure, which could be used as pure, or even 

incorporated in a host matrix as it is widely done by recent approaches in LED technologies. 

Such a strategy using grafted emitters on nanocrystal is the main purpose of this thesis. The 

following chapters will explore the possibilities: 

- Chapter 1: Introduction to nanohybrids using AIE phenomenon 

- Chapter 2: Controlling the morphology of nanohybrids within a matrix 

- Chapter 3: Blue, green and red nanohybrids used as a tool to control the light emission 

in LED devices 

- Chapter 4: Co-grafting of several emitters on nanocrystal towards white emission 
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Chapter 1: Introduction to nanohybrids using 
AIE phenomenon 

 
In this chapter, we will explore the possibilities to associate an organic emitter displaying 

Aggregation Induced Emission (AIE) properties and to bond it with a nanocrystal (NC) 

structure. The optical and morphological properties of this new nanohybrid material will be 

investigated, in order to achieve a LED using pure nanohybrids as emissive layer. 

 

1) The AIE nanohybrid composition 

 

Firstly, we describe the strategy to design AIE nanohybrids. A nanohybrid is composed of an 

inorganic core with an organic shell which emits light according to the AIE phenomenon. For 

instance, inorganic cores can be based on nanocrystals of various sizes and shapes, such as 

spherical metal oxide nanoparticles, cubic perovskites or even metallic nanowires. The core 

may play the role of electron transporter in thin films, and also, depending on the materials, it 

may participate in light emission. The organic part is based on an emitting compound, in this 

chapter using AIE phenomenon, playing the role of surface ligand for the inorganic nanocrystal. 

The AIE effect is expected to be even more efficient when the AIE organic molecule is grafted 

to the surface of the inorganic nanocrystals, therefore this molecule needs both a grafting 

group and AIE generation groups (such as phenyl groups that may have their rotation frozen 

upon grafting). Moreover, the organic shell should be designed as a hole transporter in thin 

film, meaning that the inorganic organic nanohybrid could display ambipolar transport, and 

thus being theoretically usable as electroluminescent active layer in optoelectronic devices. 

The combination of organic and inorganic parts is very promising because the properties from 

both entities can be unified in a single compound. This liquid colloidal approach may solve 

some technical issues related to other LED technologies such as the conception of white LED, 

lifetime issues and manufacturing costs. The different tested materials and their properties are 

presented in the following part. 

 

 



 

57 
 

a) Inorganic core 

In this part, two metal oxide nanoparticles widely studied in literature were selected ZnO and 

ZrO2- in order to be easily functionnalizable on their surface by COOH or POOH groupment. 

i) ZnO 

 

The ZnO nanoparticles were synthesized via hydrothermal synthesis: alcoholysis of acetate 

zinc precursor in a basic solution (methanol and KOH). The ZnO nanoparticles are synthesized 

voluntarily without adding any surface ligand stabilizer. However, on the surface of ZnO some 

OH and residual acetate groupments remain.  

 

Morphological aspects: 

Pure synthesized ZnO nanocrystals are first characterized in morphology via TEM images 

presented in figure 1. 

 

 
Figure 1 : A) TEM image of ZnO B) Diffraction pattern of ZnO 

 

The TEM measurements show that the synthesized ZnO nanoparticles are homogeneous in 

size and shape, these lasts take a spherical form with an average diameter of 5 nm. In another 

hand, the TEM image reveals that the nanocrystals present a relatively low size distribution. 

 

The crystalline structure of the ZnO nanoparticle were investigated further using XRD 

measurements and the observations show that the nanocrystals adopt the classic hexagonal 

wurtzite structure according to JCPDS files (annexe 1). The ZnO nanocrystal has different 

orientations / plans. However, the calculous of the crystal sizes was done thanks to Scherrer 
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equation and show that the ZnO is crystalline with crystal sizes from 5.1 to 8.3 nm. The favorite 

growth crystal plan is then [002]. These results confirm the first observations done in TEM.  

 

Scherrer Equation for the crystal size 

 
with K=0.89 shape factor, =1.5418Å from 1/2 of Copper ;  et FWMH in radian. 

 

 

 
Figure 2 : XRD powder of ZnO NCs and its crystalline parameters 

 

The hexagonal wurtzite structure, according to the bibliography [1] is the most stable form of 

ZnO. It would provide piezo/pyroelectric properties because it does not have central symmetry. 

Moreover, this metal oxide nanoparticle is known to be an n-type semi-conductor, thus can be 

be beneficial for the envisaged LED system or for other applications. 
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Optical properties: 

The optical behavior of the ZnO nanocrystals (NCs) is investigated by UV-visible absorbance 

and correlated fluorescence spectroscopies, as presented in figure 3: 

 
Figure 3 : A)absorbance B)fluorescence ( ) spectra of pure ZnO (black) and ZnO stabilized with 

oleic acid (red) in solutions 

 

The UV Vis absorbance spectra show that the absorption threshold are close to 350 nm, thus 

evaluating an optical bandgap of E = 3.31 eV, which correspond to the ZnO wurtzite 

nanoparticle (5 nm diameter) found in literature [1] with : 

 

 

 

The absorbance curves show that the solution of pure ZnO (black curve) has light scattering 

signal over 400 nm, due to high aggregation of the nanocrystals in solution. On the contrary, 

the monodisperse and stabilized ZnO NCs with oleic acid (red curve) present no light scattering 

signal related to aggregation. Interestingly, the objects inside the pure ZnO NCs which are 

aggregated show a lower emission in fluorescence intensity than the smallest monodisperse 

ZnO oleic acid, in the same ZnO concentration. According to these results, the oleic acid allows 

a stabilization of the ZnO nanoparticle but also an increase in the photoluminescence 

properties of the ZnO, which emits in the green region when excited at 350 nm. As the ZnO 

NCs were synthesized under basic conditions due to KOH reactant, the surface of the metal 

oxide has many hydroxy groups (OH), which will allow the grafting with an organic surface 

emitter. Therefore, the choice of ZnO to compose an electroluminescent layer is relevant 

because it is a transparent material, in addition to have interesting electrical properties for 

optoelectronic applications [2] 
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ii)  ZrO2 

 

The ZrO2 nanoparticles were synthesized via alcoholysis of a zirconia precursor (zirconium 

isopropoxide) in a basic solution of benzyl alcohol. The ZrO2 nanoparticles are synthesized 

voluntarily without surface ligand stabilizer, even if on surface of zirconia nanoparticles, some 

hydroxy groups and residual zirconium isopropoxide groups remain. [3] 

 

 

Morphological aspects : 

 

 
Figure 4 : A) TEM image B) diffraction image of ZrO2 nanocrystals 

 

 

The morphological characterizations of the synthesized ZrO2 were done with TEM and XRD. 

The TEM pictures reveal, as for ZnO NCs, a spherical nanoparticle shape with an average 

diameter of 4 nm. The size and shape distributions of the NCs are very homogeneous. 

Moreover, the diffraction TEM picture shows that the ZrO2 is composed of diffraction rings, 

thus crystalline ZrO2 with different orientations/plans. The crystallinity of the particles is 

investigated further by XRD.  
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Figure 5 : XRD powder of ZrO2 NCs and its crystalline parameters 

 

It is deduced that we have monocrystals of ZrO2 taking the cubic crystalline structure (cf. 

JCPDS annexe 2). The diffraction peaks are roughly of the same width, indicating that there is 

no preferential plan of crystal growth, thus, according to Scherrer equation, cubic ZrO2 NCs 

sizes are about 3.9 to 4.3 nm. Therefore, correlated to TEM images, this may suggest a 

complete crystallization of the ZrO2 nanoparticle. 

 

Optical properties: 

The cubic ZrO2 material is known to be a non-emissive semi-conductor because of  high 

bandgap, compared to ZnO, for instance. However, cubic ZrO2 is used in literature for 

optoelectronic devices, as interfacial layer in photovoltaic [4] or for sensor [5] applications. At 

first, absorbance investigations were done in order to check if it was possible to obtain well-

dispersed ZrO2 NCs in solution. Indeed, many carboxylic surface ligands were tried, with 

different length of alkyl chain, namely, oleic acid (18C), stearic acid (18C), dodecanoic acid 

(12C) and citric acid (6C), and the related solutions measured by absorbance spectroscopy in 

figure 6. 
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Figure 6 : absorbance spectra of ZrO2 NCs grafted with different carboxylic acids with various length of alkyl chain 

 

The same behavior as ZnO NCs has been observed, as the oleic acid represents an efficient 

surface ligand to stabilize the nanoparticle of zirconia: there is no light scattering signal in the 

visible region, in comparison with the other ligands. Moreover, the absorption threshold of the 

cubic ZrO2 NCs is reported at 280 nm, equivalent to an optical bandgap of 4.31 eV, thus, 

explaining why the material is non emissive. In contrast, the ZnO NCs also absorb in UV area, 

but it emits light in the visible range because of his structural defects, that is different for ZrO2 

NCs. 

 

iii) Inorganic halogenated perovskites CsPbI3 

Optical properties: 

The choice of red emissive CsPbI3 perovskites is interesting because of the complicated 

synthesis of efficient red organic emitters. Indeed, the more the material is characterized by 

red or infrared emission, the lower the bandgap of the emitters. Therefore, it is easier to pass 

this energy barrier by non-radiative relaxation (loss of energy by vibration of the molecule). 

The inorganic CsPbI3 are then ideal candidates to build a hybrid electroluminescent material. 

They are known as highly emissive materials, and the use of iode provides a red emission. In 

addition, the stabilization of these NCs is insured by the stabilization with organic surface 

ligands. Thus, it is essential to clean the surface in order to synthesize the nanohybrids, namely 

to graft emitters on the CsPbI3 surface. On the other hand, the perovskite materials have a low 

stability under atmospheric conditions and UV exposure. The synthesized CsPbI3 were first 

stored outside the glovebox, to avoid any contamination. Many sizes of quantum dots 
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containing iode were synthesized and optically analyzed, ranging from 3.5 to 12.5 nm, 

according to the temperature of the synthesis (from 60 to 185°C), cf. Table 1 [6, 7]. 
 

Table 1 : synthesis temperature of CsPbI3 related to the size of the quantum dots 

 

 
Figure 7 : absorbance and fluorescence 450 nm spectra of CsPbI3 NCs, comparing optical properties of different 

sizes of the quantum dots.  

 

According to the literature [8], and to the optical measurements, the main absorption band 

related to CsPbI3 NCs is found at 450 nm. According to the size of the perovskites NCs, the 

color shifts from orange for the smallest sizes to dark red for the bigger ones. Therefore, this 

material is really relevant as emitter, as far as the emitted color is controlled via the temperature 

in the synthesis process. Then, the NCs were analyzed in morphology with TEM, and optically, 

at different times after the end of the synthesis in order to investigate their stability. The 

synthesized CsPbI3 of 12.5 nm were divided in two solutions, one stored in the dark, one stored 

under fume hood (indoor light), their emission spectra are presented by the figure 8. 
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Figure 8 : emission spectra 450 nm of as synthesized 12.5 nm diameter CsPbI3 NCs (blue curve) and 

evolving after 1 month (dark (black curve) vs indoor light storage (red curve)) 

 

The quantum dots were excited at 450 nm, the main absorbance peak of CsPbI3. After one 

month, the fluorescence intensity of the CsPbI3 had decreased, this may be due to oxygen 

penetration inside the storage vial. However, this is also explained in the literature by ions 

migration [6, 7]. Contrastingly, the influence of the light is important on the degradation 

mechanism. Indeed, the CsPbI3 NCs stored in the dark display more intense fluorescence and 

are thus more stable after 1 month than the other solution. The other NCs sizes follow the 

same degradation trend as the bigger NCs, in addition, the smaller sizes degradate faster.  

 

 

Morphological aspects : 

 

According to the literature [8], the highly emissive form of CsPbI3 is cubic, while the most stable 

under ambient conditions is the orthorhombic crystalline structure. Therefore, TEM pictures 

were realized in order to check the evolving shape and crystalline phase of the quantum dots, 

cf. figure 9. 



 

65 
 

 
Figure 9 : TEM image + diffraction image of A) As synthesized CsPbI3 at 180°C B) CsPbI3 + 1 month  

 

The TEM and diffraction images confirm the observations done in the previous fluorescence 

spectra. Indeed, the synthesized CsPbI3 are quite homogeneous in size and shape with cubic 

shape about 10 nm, and the diffraction image reveals a very pure and mono crystalline order. 

However, as predicted, after 1 month, the crystalline phase evolves from cubic to probably 

orthorhombic structure. [6, 7] In addition, the size and shape distributions are very broad: some 

CsPbI3 are cubic and about 15 nm, some others are smaller around 5 nm and non-cubic.  

Finally, due to the poor stability of the perovskites, we decided to not include them to create 

the hybrid structure. However, this material has a huge potential for future efficient and stable 

hybrid LED. 

 

 

b) Organic AIE emitters (1st generation) 
 

The first generation of organic emitters using AIE effect (made by the group of Pr. Muriel 

Hissler at Institut des Sciences Chimiques de Rennes) are organic molecules with POOH 

grafting unit (or POPh (Ph=Phenyl) and thus non graftable unit, as reference). The presented 

molecules in this part are bluish-green emitters, and their optical properties will be shown in 

the next parts. 
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Table 2: Photophysical datas of the AIE molecules 1 to 4 with [a] measured in DCM solution (c = 10-5 

M). [b] Measured relative to quinine sulfate (H2SO4, 0.1 M), ref= 0.54. [c] Measured relative to 

anthracene in ethanol, ref= 0.27 [d] Measured in powder. [e] absolute quantum yield measured in 

Hamamatsu integration sphere 

 

 
Figure 10: AIE molecules, green emitters with different structures and graftable/non graftable unit 

 

The first conclusion of these 4 organic emitters is that the photoluminescence quantum yield 

is not so high at the solid state. The second conclusion is found comparing the molecule 3 and 

4, knowing that these molecules are similar but the molecule 4 is non graftable onto metal 

oxide surface. We observe that the hydroxy grafting unit is known to be non-radiative pathway 

as expected [9], and this is why 3 has only 15 % photoluminescence yield while 4 has 46%. In 

theory, with an ideal grafting by combining 3 with ZnO NCs, it should be possible to reach the 

photoluminescence yield of the non graftable 4. The advantage of using nanohybrids ZnO:3 is 

very important, because it unlocks the solution process, while 4 can be only processed by 

evaporation method (to obtain homogeneous and smooth surface), and cannot be linked with 

NCs. 
 

In addition, some other 1st generation AIE emitters were done previously by the group of Pr. 

Muriel Hissler and have different structures than 1, 2, 3 and 4. The color of 5 is bluish-green 

but 6 is in the yellow orange area, and their excitation / emission fluorescence spectra are 

shown in figure 11. 
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Figure 11 : emission / excitation spectra of the different AIE emitters, 5 (left) ; 6 (right). 

 

 

2) Nanohybrid synthesis in solution (self-assembly) 

 

The nanohybrids are built via self-assembly by mixing the organic emitter and the inorganic 

NCs solutions in chlorobenzene and chloroform solvents. The process is described by the 

following figure 12. The grafting rate/speed can also be increased by stirring and temperature. 

 
Figure 12 : a) Molecular structures of the AIE fluorescent molecules (1, 2, 3) bearing phosphole unit to 

bind to ZnO surface; molecule 4 is a reference phosphole without grafting unit. b) Zinc oxide 

nanoparticles used for the study. c) Scheme of the aggregation-induced emission (AIE) effect when 

molecules are grafted onto ZnO nanoparticles forming highly emissive materials, used as layer on a 

substrate or aggregates in solution. 
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The building of the nanohybrids occurs in solution, which is a major advantage of this 

approach, thus allowing a large scale production of thin films by solution processes. However, 

the self-assembly of both entities can lead to nanohybrid aggregate formation, which is highly 

undesirable to prepare homogeneous thin films and to move toward efficient solution 

processable LED device. The solution becomes processable as electroluminescent active 

layer only once we have theoretically well-dispersed nanohybrids, otherwise the opposite case 

leads to electrical issues such as short cut or fast degradation under voltage application. 

 

 

3) Analyses of the grafting 
 

a) Density Functional Theory (DFT), Fourier Transfer Infrared (FTIR) and X-

Ray photoelectron spectrometry (XPS) analyses  
 

The DFT calculations and the XPS analyses of the nanohybrids were investigated in order to 

know if the grafting between the organic and inorganic part was efficient, but also to analyze if 

the AIE effect really occurs as expected. The study was done with ZnO NCs. The grafting 

mode of the AIE molecule onto metal oxide surface of a nanoparticle was studied by DFT 

calculations thanks to a collaboration with Dr. Alessandro Mattoni (Cagliari University) below 

and correlated FTIR analyses, cf. figure 13. 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 13 : Left scheme : DFT calculations AIE molecule 2 (cyan) + metal oxide surface (red), Right scheme: 

FTIR absorption spectra of ZnO (black) ; AIE molecule 2 (blue) ; nanohybrid (red) 
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Theoretical calculations were realized by density functional theory (DFT) to study the different 

possible binding modes of 2 onto ZnO surfaces. The band alignment in the case of 2 bonded 

on the non-polar (01-10) crystalline ZnO surface has been calculated (annexe 3). The DFT 

calculations suggest a bidentate grafting mode of the AIE molecule on the metal oxide surface, 

by covalent bond with the proton spontaneously moving from the POOH group to the surface, 

reacting with the surface hydroxy groups. Also, it shows that the rotations of the phenyl 

groupments of the emissive molecule are stopped once attached on the metal oxide surface, 

as expected by AIE phenomenon. In addition, the FTIR spectra of the different species reveal 

that the POOH grafting unit (stretching mode P-OH at 950 cm-1) of the AIE molecule (blue) 

disappeared when the emitter is combined with the inorganic NC. The bidentate grafting mode 

is also predicted by the PO- stretching mode appearing peak at 1100 cm-1. Therefore, thanks 

to DFT model and FTIR spectra it is found that we created colloidal solution of nanohybrid, 

inducing a stabilization of the ZnO NC by the organic AIE emitter 2.  

 

The grafting between the two parts was investigated from the energy level by XPS 

measurements, looking for carbon and oxygen 1s levels, thanks to a collaboration with Pr. 

Mats Fahlman (Linkoping University), cf. figure 14. 

 

 
Figure 14 : XPS spectra of compounds 2 and ZnO:2, A) C1s level B) O1s level. 

 

 

A downshift of the molecular levels is found with a weak charge displacement only visible at 

the O-Zn bond. The XPS analyses suggest the occurrence of charge transfer from the ZnO to 

the ligand 2 during grafting as a more electron rich environment in the molecule produces a 

shift toward lower binding energy in the XPS core level spectra. Also, the XPS analysis of 

nanohybrids ZnO:2 compared to the non-grafted ligand 2 show a new shoulder for C1s peak 
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at lower binding energy after grafting (annexe 4). This shift is most likely due to charge transfer 

from the ZnO nanoparticle surface to carbon atoms. [10] 
 

b) Optical analyses of the nanohybrids in solution   
 

 

The impact of the combination of organic and inorganic part is studied via UV-visible absorption 

measurements. The absorption and emission spectra of the AIE molecules 1 to 4, before and 

after adding ZnO in the chloroform solution were studied in figure 15 / 16 / 17. The table 2 of 

photophysical datas summarizes the optical parameters of the ligands.  

 

 

 
Figure 15 : Top: absorption spectra (a) and emission spectra at ex = 380 nm (b) of 2 and ZnO:2 in chloroform solution. 

Bottom: absorption spectra (c) and emission spectra at ex = 380 nm (d) of 3 and ZnO:3 in chloroform solution. 

 

 

The AIE ligands 2 to 4 exhibit * absorption band centered around 380 to 410 nm in the 

UV-visible region (Figure 15; Figure 16), which is blue-shifted down to 280 nm for ligand 1 

(Figure 17a). As anticipated, compounds 2 4 present a very weak emission in solution 

centered around 500 530 nm while compound 1, as expected from its planar structure, 

displays in solution a higher emission at 360 nm (Table photophysical data).  
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Figure 16 : a) absorption and b) fluorescence spectra at ex=400 nm of the non graftable molecule 4 

(black curves) and the ZnO mixed with 4 (red curves). 

 

Then, the effects of their grafting on ZnO nanoparticles on the optical properties have been 

investigated. When the concentration of ZnO nanoparticles was increased (monitored by UV 

absorption  Figure 17b) in a chloroform solution of 1, a severe quenching of the characteristic 

emission of the ligand was observed (Figure 17c). The grafting of 1 onto ZnO nanoparticles 

leads to strong aggregation caused quenching (ACQ) effect due to the  stacking at the 

ZnO surface. [11] Then finally, by continuing the addition of ZnO, the classical ZnO defect 

emission at 550 nm gradually appeared. [12] 

 

 
Figure 17 : a) Absorption spectrum (in green), emission spectrum at ex=280 nm (in red) and excitation spectrum 

measured at m=360 nm (in blue) for molecule 1 in solution. b) Absorption spectra of nanohybrids ZnO:1 when 

increasing the ZnO concentration. c) Fluorescence spectra at ex=280 nm of the molecule 1 and the nanohybrids 

ZnO:1 when increasing the ZnO concentration. Increase of ZnO in the solution increases the amount of grafted 1 

but the emission of 1 is quenched due to the intermolecular interaction (ACQ effect). 
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Interestingly, the grafting of ligands 2 and 3 showed a completely different behavior. Indeed, 

in these cases, an emission enhancement was observed. The mass ratio between ZnO 

nanoparticles and the organic compounds was optimized to generate the highest emission and 

was found equal to ZnO:emissive molecule = 2:1.  

 

The emission of ligand 2 is enhanced by a factor up to 500 by the injection of ZnO into the 

solution. Additionally, there is a strong light scattering signal appearing in the absorption 

spectrum of ZnO:2 indicating the formation of large nanohybrids aggregates while grafting 

(Figure 15a). Morphological analyses confirmed the presence of these tens to hundreds of 

nanometers large aggregates in solution, and will be shown in the following part. 

 

In contrast, grafting of 3 leads to nanohybrids ZnO:3 which are highly soluble in chloroform, as 

validated by DLS / TEM analyses and the absence of any noticeable scattering signal (Figure 

15b). It can be explained by the presence of alkyl chains on the four phenyl groupments. Ligand 

3 only shows an emission enhancement in the range of 6 to 10 (Figures 15b,d). In the case of 

compound 4, the reference molecule without grafting unit, there is no change in absorption and 

emission introduced by the presence of ZnO nanoparticles (Figure 16).  

 

This indicates clearly that the optical changes observed for ligands 2 and 3 are directly related 

to their grafting onto ZnO nanoparticle surfaces. Due to the fact that both ligands 2 and 3 are 

composed of the same hydroxyoxophosphole grafting unit and only differ by the presence of 

long alkyl chains in the case of 3, it may be supposed that the much higher emission 

enhancement in solution in the case of ZnO:2 compared to ZnO:3 is related to the restriction 

of phenyl ring rotation through the interactions between nanohybrids inside the large 

aggregates. Moreover, the nanohybrid structures (ZnO:2 and ZnO:3) have a shift in emission 

towards smaller wavelengths compare to the AIE molecules alone, about 30 nm, which 

indicates a modification of the electronical and structural properties and thus an efficient bond 

between organic and inorganic parts. Same shifts were observed for molecules 5 and 6 

(annexe 5). 

 

In order to understand the grafting process and the cause of strong AIE effect in depth, the 

time evolution of the luminescence spectra was studied for the nanohybrids ZnO:2 and ZnO:3, 

right after injection of the ZnO nanoparticles in solution. Simultaneously, the time evolution of 

their absorption spectra was recorded at 600 nm, namely, at a wavelength without ligand 

absorption but well located to measure the optical signal related to light scattering upon 

aggregates formation (Figure 18). 
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Figure 18 : Time resolved absorbance measured at 600 nm (black lines) and fluorescence intensity ex=400 nm (red 

lines) of ZnO:2 (a) and ZnO:3 (b) nanohybrids. Zero minute corresponds to the time when ZnO was injected into 

molecules solution in chloroform. 

 

After injection of ZnO nanoparticles, both nanohybrids ZnO:2 and ZnO:3 showed, first, a weak 

decrease in light scattering during the first minutes (black curves), indicating that the grafting 

of the molecules weakly reduced the cluster size of ZnO nanoparticles. In the case of 

nanohybrids ZnO:3, the light scattering signal remained then stable thanks to the solubility of 

these nanohybrids in solution, whereas the fluorescence intensity increased to reach the stable 

emission enhancement in a factor of 6 to 10. This moderate increase can be rationalized on 

the basis of the chemical modification of the fluorophore upon grafting (loss of the O-H 

vibrator). Interestingly, in the case of nanohybrids ZnO:2, a different behavior with two phases 

was observed. During the first 15 min (see vertical dotted line as eye guide in Figure 18a), the 

first phase was similar for both nanohybrids as the fluorescence intensity of ZnO:2 increased 

by the same typical factor of 8 to 12. After these 15 min, during the second phase, the 

scattering signal started to increase strongly and saturated in intensity after 30 min, indicating 

the formation of ZnO:2 nanohybrids large aggregates. The corresponding fluorescence 

intensity increased quickly and simultaneously by another factor of 10 with the large 

aggregates formation. The later emission enhancement during this second phase can be 

directly addressed to the restriction of phenyl ring rotation during the large aggregates 

formation, namely, the AIE effect. 

 

c) Dynamic Light Scattering DLS analyses of the nanohybrids   
 

DLS analyses helped to characterize the initial ZnO solution, especially to determine whether 

ZnO nanoparticle clusters about 100 nm large were present in the starting solution. 

Considering that the size of the ZnO nanoparticles is 5 nm (±1 nm), there are small clusters 



 

74 
 

already present in solution before grafting. Even though the nanohybrids ZnO:3 were observed 

in absorbance without scattering signal, the solution of the hybrid structures is analyzed and 

presented in the following figure. 

 

 
Figure 19 : DLS in time after grafting, red : ZnO:3 + 1min ; green : ZnO:3+ 15min, A) Size distribution by 

Number B) Size distribution by Volume. 

 

The observations in DLS show that the nanohybrids ZnO:3 are not well-dispersed. Considering 

that the DLS radius is higher than the real one (Stokes-Einstein equation), the DLS size of 

ZnO:3 cannot be higher than 10 to 15 nm. The datas show that the biggest nanohybrid 

population measures from 20 to 40 nm 1 minute after grafting. In addition, there is no aggregate 

formation over 100 nm, and the solution does not evolve much in number after 15 minutes 

(Figure 19A). However, in volume, after 15 minutes, very large nanohybrid clusters are merging 

over microns, which are highly undesirable for thin film elaboration and efficient LED device 

and large-scale production because of electrical issues, as short cut and performances losses. 

Furthermore, emitters 5 or 6 associated with ZnO were also analyzed, and the results were 

similar than the nanohybrid ZnO:3 but the aggregate formation evolved faster upon 15 minutes 

(annexes 6). It is assumed that the ZnO:3 solution is processable for few minutes (<15 minutes) 

to obtain smooth and, in theory, homogeneous surface before the formation of large 

nanohybrid clusters. 
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Figure 20 : DLS in time after grafting, red : ZrO2:3 + 1 min ; green : ZrO2:3 + 15 min, A) Size distribution by 

Number B) Size distribution by Volume. 

 

In contrast, the inorganic core ZrO2 combined with 3 gave very high amount of aggegates in 

number (Figure 20) after 1 minute (red). After 15 minutes, in volume it is more than 20% of 

large clusters above 2 microns. Therefore, it is assumed that it is linked directly to the surface 

of ZrO2 which is less accessible than the ZnO one. Indeed, the pH of the solution during the 

synthesis is more basic for ZnO, meaning more hydroxyl (OH) groups are present on the 

surface. Despite the ZrO2:3 induces an increase in fluorescence intensity, as ZnO:3 and as 

expected by the AIE phenomenon (annexe 7), it was decided for morphology and stability 

reasons that the ZnO is the best of the three candidates (ZnO, ZrO2, CsPbI3) as inorganic core 

to build efficient emissive nanohybrid structure.  

 

d) Optical analyses of the nanohybrids as thin films   
 

Thin nanohybrid films can be processed once the solution is transparent and without any 

aggregate. Related to the previous observations, it is only the case of ZnO:3 within the first 

minutes. The electroluminescent solution of ZnO:3 was spin coated on a glass substrate and 

analyzed by fluorescence spectroscopy (Figure 21). The enhancement of the fluorescence 

intensity shows clearly that ligand 3, even grafted onto ZnO nanoparticles, still owns 

intramolecular rotation of phenyl rings in solution, but processing into thin films definitely 

freezes phenyl rotations via intermolecular interactions and thus generates a stronger AIE 

effect. 
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Figure 21 : A) emissive layers under source light (400 nm excitation) B) thin film emission ex=400 nm of ZnO:3 ; 

ZnO (dotted) ; 3. 

 

In order to deduce if the AIE effect is efficient, the photoluminescence quantum yield (PLQY) 

was investigated in the Table 3 on ZnO or ZrO2 combined with 3. The PLQY increases by a 

factor 3 for the hybrid ZnO:3 compared to 3, which is a witness of the AIE phenomenon. The 

maximum PLQY of the molecule 4, which is the non graftable version of 3, has 45%, meaning 

in theory that the grafting between both entities is not perfect. In opposite, the PLQY of ZrO2:3 

remains comparable to the free molecule 3, showing that the grafting of 3 on ZrO2 NCs may 

be not as efficient as on ZnO NCs. Moreover, all the electroluminescent layers were stored in 

dark under atmospheric conditions, but still their PLQY did not decrease after 20 weeks, 

proving a good stability in air. 

 
Table 3 : Photoluminescence quantum yield for thin films : 3 ; ZnO:3 ; ZrO2:3 

PLQY +/- 10% Measurement 1 week after Measurement 20 weeks after 

3 11+/-1 12+/-1 

ZnO:3 34+/-3 31+/-3 

ZrO2:3 14+/-1 16+/-2 

 

 

e) Morphological analyses of the thin nanohybrids films by TEM and AFM 
 

Transmission Electron Microscopy (TEM): 

TEM images confirm the aforementioned ZrO2:3 gave large aggregates in solution, ranging 

from 100 to 600 nm. Moreover, the ZnO:3 film has a nice average morphology but still it 
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remains some smaller and less concentrated nanohybrid aggregates about 100 nm. The 

luminescent solution of ZnO:3 will then be studied in classic LED device. 

 
Figure 22 : TEM images from solutions of A,B) ZnO:3 ; C,D) ZrO2:3 

 

Atomic Force Microscopy AFM: 

The morphology of the luminescent films was investigated thanks to AFM measurements, the 

morphology of the nanohybrids ZnO:3, ZnO:2 ; ZrO2:3 ; ZrO2:2 was investigated. The layers 

were spin-coated from solutions about 12 mg/mL in order to have a relevant thickness (table 

4). 

 
Table 4 : thickness of thin films coated from nanohybrids solutions at 12 mg/mL (determined by profilometry). 

Layers ZnO:5 ZnO:6 ZnO:3 ZrO2:3 

Thickness (nm) 47+/-4 32+/-4 65+/-4 35+/-4 

 

As predicted by the previous optical observations (figure 15a), the ZnO:2 gives an aggregated 

morphology with a quite high roughness (RMS > 7.0 nm). The ZnO:3, which previously showed 

a better quality of dispersion in solution (no light scattering signal in absorbance visible, narrow 

peak in DLS), has a RMS roughness of 2.5 nm, which is suitable to be used in LED device. 

However, the ZrO2:2 and ZrO2:3 nanohybrids follow the same trend as ZnO nanohybrids, but 

with a poorer surface quality and higher RMS roughness (17.3 and 5.1 nm respectively). 

Indeed, the ZnO nanohybrid layers are quite homogeneous on 5 x 5 µm surface range, 

whereas it is not the case of the ZrO2 nanohybrids. The surface homogeneity is very important 

in order to avoid electrical issues in the working optoelectronic device. Therefore, this shows 
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that ZnO is the best candidate among the three presented NCs, for suitable and reproducible 

LEDs. Some others nanohybrids were investigated, such as ZnO:5 ; ZnO:6, and gave high 

roughness (RMS > 6,0 nm) but are quite homogeneous. (annexe 8) As luminescent solution 

for LED elaboration, the ZnO :3 is the most suitable to build an efficient LED device 

 

 
Figure 23 : AFM images (5 x 5 µm range) of A) ZnO:3 B) ZnO:2 C) ZrO2:3 D) ZrO2:2 

 

 

4) LED devices using pure AIE nanohybrids as 
electroluminescent layer 

 

While ZnO:2 films were not suitable for device application due to their poor quality, thanks to 

the acceptable optical quality of nanohybrids ZnO:3 thin films, the electroluminescent 

properties of this material were studied as light emitting layer in simple LED structures. The 

device structure (Figure 24c) is ITO / CuPc / HTL / ZnO:3 / mCP / Alq3 / LiF / Al with CuPc as 

the hole injection layer and mCP as the hole blocking layer, to avoid emission from Alq3. The 
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hole transport layer (HTL) is a 20 nm thick film of polyvinylcarbazole used to reduce the 

leakage current within the device, potentially caused by nanohybrid aggregates. The emitting 

layer ZnO:3 is solution processed on the stack from concentrated nanohybrids solution, and 

gave medium surface homogeneity (1 layer out 4 without nanohybrids clusters). 

 

 
Figure 24 : a) Electroluminescent J V L curves of the light emitting diodes (LEDs) devices. b) Radiance spectra of the 

LED devices as a function of current density c) Scheme of the structure of the LED devices. 

 

The current density voltage luminance (J V L) curves of the diode (Figure 24a) show a 

threshold voltage near 4V with a maximum emission at 90 cd m 2 for a current density of 100 

mA cm 2. Inset shows two photograph images of the diode working at 30 and 50 mA cm 2, 

respectively, having homogeneous emission over the whole emitting surface (0.28 cm2). The 

electroluminescence spectrum is very similar to the photoluminescence spectrum of 

nanohybrid ZnO:3 (maximum at 514 nm) proving that the emission comes from the nanohybrid 

layer (Figure 24b). The reproducibility of this LED device is medium, because of the presence 

of ZnO:3 aggregates about 100 nm, that appear quickly in solution and cause short-cuts. These 

results show that this new class of nanohybrid material is able to act as emissive layer in 

solution-processed LED devices, even though the low luminance and its saturation at high 

current densities deserve optimizations in the following chapter. 
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5) Conclusions about pure ZnO:3  
 

To summarize, novel fluorescent nanohybrids, based on -extended hydroxyoxophosphole 

ligands grafted onto ZnO surface, were designed and studied. The restriction of the 

intramolecular motions of the organic fluorophore, through either aggregates formation in 

solution or processing into thin films, is found to form highly emissive materials due to a strong 

AIE effect. Theoretical calculations and XPS analysis show that electronic coupling between 

the AIE ligands and the ZnO nanoparticles occurs leading to partial charge transfer to the 

ligand from the ZnO core. Preliminary results on the use of these nanohybrids as solution 

processed emissive layers for lighting applications indicate high quantum efficiencies in the 

thin films allowing electroluminescence, but also medium LED reproducibility/homogeneity 

because of nanohybrid clusters appearing in solution. This allowed us to publish these results 

in Advanced Materials Technologies [13]. The next chapters will explore the potential of these 

nanohybrids by stabilizing them with a surface co-ligand. The best candidate is the OA which 

is known to stabilize ZnO NCs and to increase the fluorescence intensity of the nanoparticles. 

Indeed, we expected that the OA could increase the homogeneity of the hybrids ZnO:3 to go 

towards lower surface roughness and thus reproducible LED devices. Also, in order to increase 

the LED performances, more efficient charge transport layers should be used together with 

multicolor highly emissive graftable AIE molecules, possibly leading to major advances 

compared to pure organic materials or inorganic nanoparticles for lighting devices. 

 
6) The use of OA for reproducible and homogeneous LED device 

 

The oleic acid is a monounsaturated fatty acid with 18 carbon atoms, its name comes from the 

Latin oleum which means "oil". It is the most abundant fatty acid in nature.  

 
Figure 25: oleic acid structure C H O  

 

The oleic acid is very often used as surface ligand during synthesis, or post synthesis, in order 

to stabilize nanoparticles and to avoid aggregation and degradation of the particles, as shown 
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on figure 3a, the use of OA with ZnO NCs induces a drastic decrease of the light scattering 

signal in the visible area. The OA shows a very nice grafting of the metal oxides presented, 

and in this part is combined with ZnO:3 or ZrO2:3 in order to increase the solubility of the 

nanohybrids, and to have reproducible LED devices. In the beginning, we started from previous 

studies [14] and decided that 5 mg/mL of pure ZnO solution may be stabilized with 1 µL of pure 

OA to have well-dispersed nanoparticles. The same amount of OA was therefore initially tried 

with ZnO:3, and the impact of the OA concentration will be investigated in the following part, 

with a new structure named ZnO:3:OA. 

 

The oleic acid (OA) is compared (for morphology reasons) to the molecule 3 because it is an 

efficient surface ligand to stabilize the ZnO, or ZrO2 nanoparticles, according to the previous 

absorbance results (figures 3a / 6). 

 
Figure 26 : DLS in time after grafting, red : ZnO:OA + 1min ; green : ZnO:OA + 15min, A) Size distribution by 

Number B) Size distribution by Volume. 

 

As expected, the OA induces a nice quality of grafting with the ZnO surface. Moreover, even 

after 15 minutes in contact with the air, the solution remains quite stable. Indeed, the main 

peaks by volume and number are relatively low and narrow 10 to 15 nm, thus about single to 

double nanohybrids with a low rate of aggregate formation, namely less than 5% above 1000 

nm after 15 minutes.   
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It is important to have in mind that the grafting kinetic of 3 with ZnO varies a lot from one (ZnO 

or 3) batch to another. The reproducibility was considered as medium. Thus, it explains the 

difficulty to have a total control of the objects in solution and thus to control the surface 

roughness of the thin films. Therefore, the OA as co surface ligand was used and investigated 

with the hybrid NCs also as a tool to gain in reproducibility. 

 

ZnO:3 OA 

The optical properties of ZnO:3:OA were analyzed thanks to fluorescence measurements, and 

the related Table 5 of PLQY in thin films. 

 
Table 5 of B) PLQY in solid state 

 
Figure 27 : A) Fluorescence spectra in solution of molecule 3 ; ZnO:3 ; ZnO:3:OA excited at 400 nm and related 

to the B) Table 5 of PLQY in solid state 

 

According to the figure 27, the important AIE effect of ZnO:3 is related to large aggregate 

formation as far as the solution was turbid and a partial grafting between organic and inorganic 

parts. Indeed, a factor 10 in fluorescence intensity is noted between 3 and nanohybrid ZnO:3. 

Furthermore, adding OA with the ZnO:3 did not change much the emission spectrum. There is 

a slight shift, this time towards the higher wavelengths compare to 3. The ZnO does not emit 

light when excited at 400 nm, namely on the main absorbance peak of 3, meaning that the 

emission of ZnO:3:OA and ZnO:3 is due to the hybrid structures. The quantification of the 

photoluminescence is illustrated by the table 5, and it is observed that the ZnO:3 is poorly 

grafted with 3 as far as the PLQY increases only from 8 to 24% (+/- 2%). Thus, it means that 

ZnO:3 at this time is still composed of potentially non-grafted emitters. However, by adding OA 

to the nanohybrids, the PLQY increases up to 40% (+/- 4%), which is the value of the non 

graftable version of 3 (4). Therefore, it means that adding OA involves a better dispersion of 

the NCs, allowing for a more efficient grafting of emitters. 
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The nanohybrids ZnO:3:OA were investigated with TEM and AFM images as shown in figure 

28. 

 

 
Figure 28 : A) AFM image 5x5 µm range B) 3D AFM image C) TEM image of ZnO:3:OA 

 

Compared with the previous AFM and TEM observations, for ZnO:3 sample, the addition of 

OA to these nanohybrids lead to very smooth surface. Indeed, the AFM measurement gives a 

RMS roughness about only 0.5 nm, with a very high homogeneity over the whole surface, 

without any noticeable clusters (Figure 28). The same observation was done with the TEM 

image. The analyzed surface is still very small, 5 x 5 µm range in AFM and nearly 1 x 1 µm in 

TEM, but many areas were observed and give the same results, proving the absence of 

aggregates. It was concluded that adding OA with ZnO:3 leads to reproducible and very 

smooth layers, meaning near well-dispersed nanohybrids. Moreover, the adding of OA does 

not change significantly the emission spectrum, and it increases the PLQY (compared with the 

molecule 3). Therefore, this new electroluminescent material is tested in a serie of LED 

devices. 
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This time, a more classic and simple device architecture was used, namely, ITO with coated 

PEDOT:PSS (40 nm) as hole transport layer, the electroluminescent material based on pure 

ZnO:3:OA (80 nm), and followed by lithium fluoride (1 nm) barrier layer with aluminium 

electrode (100nm).  

 

 
Figure 29 : JVL measurement of LED device containing ZnO:3:OA active layer. 

 

The optoelectronic devices show an honorable working tension approximately around 6V 

(Figure 29). However, the light was generated only close to 15V, which is a very high voltage 

compared to the literature [15 19]. Furthermore, the power is very low, bellow 0.001 µW, which 

means that the generated light is very weak. At least, the devices were reproducible, and all 

the devices of the serie were functioning, showing that the combination of OA with the 

nanohybrids ZnO:3 leads to convenient surface morphology. The maximum emission peak of 

these LEDs was reported at 530 nm, thus corresponding to the emission of the nanohybrids 

ZnO:3:OA (bluish green color). However, only 5 % of the active areas were shining, indicating 

the presence of few aggregates and an insulating behavior. The insulating behavior is 

attributed to the OA which is a fatty compound that may reduce the transport properties of the 

initial nanohybrids. 
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ZrO2:3:OA 

 

The ZrO2:3 is a turbid solution attributed to the presence of big aggregates in solution as seen 

before. In another hand, adding OA to these nanohybrid lead to transparent solution, and no 

light scattering signal was found. Thus, in theory, the solution is not composed of large 

aggregates, but the PLQY of ZrO2:3:OA is still very low and close to the value of molecule 3 

(Table 5). Consequently, it is assumed that the OA is mostly grafted with ZrO2 NCs, which is 

not the case of 3. We may again think that molecule 3 grafting does not occur on ZrO2 NCs. 

The morphology of ZrO2:3:OA film was very smooth and almost without aggregates, but the 

previous results showed that the ZrO2 is grafted with OA, thus molecule 3 should be in 

periphery around ZrO2:OA.  

 

The ZrO2:3:OA was also tried in LED device as emissive layer, and the surface morphology 

was reproducible, being as good as the ZnO:3:OA layers. However, the behavior of such LEDs 

using these nanohybrids was totally insulating, even worse than the LEDs using ZnO:3:OA. 

Indeed, no light emission, neither diode behavior (non exponential intensity voltage curve) 

were measured (annexe 9). Working with the ZrO2 was definitely cancelled in the following 

chapters. 

 

7) Conclusions about pure ZnO:3 :OA 
 

According to the previous results, it is evident that to have reproducible devices with smooth 

and homogeneous layers, the OA is required as additional ligand to the nanohybrids. Indeed, 

the OA breaks the nanohybrid clusters in order to have ideal well-dispersed nanohybrids in 

solution. Interestingly, the OA increases the PLQY of the nanohybrids, thanks to a better ability 

of grafting for the AIE emitter within these well-dispersed solutions. On another hand, LED 

devices with OA were tried, and even if the devices are reproducible, it suffers from insulating 

behavior from the fatty acid. Therefore, new investigations were done in the following chapters, 

by including the nanohybrids in a polymer host matrix, in order to increase the transport 

properties, and also to improve the solubility of the electroluminescent nanohybrid materials. 

In addition, the performances of the devices can be improved by using more efficient AIE 

molecule, or by using more convenient NCs. The transport charge layers in the device can 

also be optimized to have better efficiencies. 
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Annexes : 

1) JCPDS ZnO 
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2) JCPDS ZrO2 
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3) XPS  

 

DFT calculation of the interactions of 2and the ZnO surface to form ZnO:2 nanohybrids.Top: Grafted molecule on 

the surface (right) and charge energy difference upon grafting (inset). Bottom: Band alignment of the molecular 

levels with respect to the surface for the case of separated components (upper panels) and after grafting (lower 

panels). Green (brown) shadowed regions indicate the empty (full) electronic levels of the molecule and the 

surface. Using the marker atom method, the electronic levels have been aligned. It is found a downshift of the 

molecular levels upon grafting 
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Energy profile calculated by MD during the anchoring of the de-protonated tetraphenylhydroxyoxoposphole in the 

bi-dentate configuration on top of the (10-10) ZnO surface. The bidentate bound state occurs through the 

subsequent formation of two O(mol)-Zn(surface) links each providing a binding energy of about 2.5-2.8 eV 

(according to the classical force field). 

4)  XPS  

 

XPS wide scan of compounds 2 and ZnO:2 
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5) Fluorescence spectras of A) ZnO:5 and 5 ( ) B) ZnO:6 and 6 ( 400 

nm) bonded with ZnO NCs 

 

Note: Molecule 6 presents higher intense emission than the ZnO:6, but this is due to the very 

low solubility of 6 in solution 

 

6) DLS size distribution of ZnO:6 A) by number B) by volume 
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DLS size distribution of ZnO:5 A) by number B) by volume 

 

7) ZrO2:3, 3 fluorescence spectra  
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8)  AFM on thin films of B) ZnO:5 A) ZnO:6 at 2x2 µm range 

 

 

 

9) JVL curve of LED device using ZrO2:3:OA as emissive layer  
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Chapter 2: Nanohybrids incorporated as guests 
in a polymer host matrix 

 
1) The interest of host-guest structure using a polymer matrix  

 
  

Currently, luminescent polymers are the major choice to fabricate economical optoelectronic 

devices. Narrow bandgap polymers with robust, high film-forming properties have emerged, 

which is extremely beneficial for simple solution processing. [1 3] However, these polymers 

still suffer from dispersion in the structure and reproducibility issues, in addition to metal 

catalyst residues that, in many cases, result in low purity including defects, which limit their 

electroluminescent performances. [4] In contrast, small molecules have the advantages of 

clearly defined structures, easy purification and better photoluminescence performance. In the 

past few years, tremendous progresses have been made in the design of solution processable 

TADF molecular emitters and the corresponding solution processed TADF OLEDs have 

achieved state of the art EQEs over 20% for several color ranges. [5 7] As the TADF 

molecules involve the triplet excited state in their emission channel and as the triplet state has 

a significantly longer lifetime than the singlet excited state, the former is easily perturbed by 

external factors such as concentration quenching, exciton migration or triplet triplet 

annihilation. [8] Consequently, the devices made from neat film of molecular emitters often 

exhibit poor performances due to these detrimental effects. To overcome this issue, the 

emitters are generally dispersed as guests into host materials in suitable concentrations. [9] 

The appropriate guest / host combination selection plays a key role in determining the emissive 

characteristics in the film state. However, the solution processing of guest / host doped OLEDs 

faces well known phase separation problems, inducing serious aggregation of the molecules 

and resulting in emission quenching effects. [10, 11] Although some specific approaches have 

shown how to avoid this problem, [12, 13] controlling the dispersion of organic emitters in a 

host matrix by solution method remains a key challenge in the field. Indeed, a tool to control 

the arrangement of various types of emitters in the host material would allow for the 

unrestricted use of all promising types of emitters (thermally-activated delayed fluorescence, 

[3, 5] multi resonance TADF, [14] aggregation induced delayed fluorescence [15, 16]). In the 

previous chapter, we showed that nanohybrids made from the grafting of organic emitters 

(hydroxyoxophospholes) onto zinc oxide (ZnO) nanocrystals were presenting aggregation 

induced emission effect allowing for highly photoluminescent thin films. [17] The LED devices 
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made from neat films of these nanohybrids as emissive layer led to limited performances, 

mainly attributed to charge transport properties limitations in the layer. However, in this 

chapter, it is shown that this grafting technique can be used to control the spatial arrangement 

of the organic emitters in a polymer host material, when using dispersion of these nanohybrids 

as guests into such host. The dispersion of the organic emitters within the host material is 

indeed directly connected in this case to the dispersion of the emitter carriers (i.e. the 

nanohybrids) within the host material. To sum up, the advantages of the incorporation of the 

nanohybrids in a host matrix are numerous: 

- Better control of the morphology, including surface morphology, to avoid the cluster formation 

- Increase the transport properties in comparison with the use of pristine nanohybrids ZnO:3 

OA 

- Possible energy transfer from the matrix to the hybrid NCs 

- If the matrix is a luminescent material, it can also play a role regarding the emitted color. 

 

2) The choice of PVK polymer and OXD as host matrix  
 

Upon polymerization, N-vinylcarbazole monomer gives polyvinylcarbazole (PVK) which is 

thermally and chemically stable and has photoconductive properties as well as low dielectric 

loss. Polyvinylcarbazole is a temperature resistant thermoplastic polymer. It is photoconductive 

and therefore forms the basis of photorefractive polymers and light emitting diodes. [18] The 

PVK is reported in literature as a hole transporting material. [19, 20] Oxadiazoles (OXD) are a 

class of heterocyclic aromatic chemical compound of the azole family with the molecular 

formula C H N O, OXD is able to transport the electrons. [21, 22] PVK material has energy 

levels from -2.2 to -5.8 eV, while OXD from -3.0 to -6.3 eV. [23, 24] Therefore, the combination 

of PVK and OXD leads to an ambipolar material, which can be used as electroluminescent 

material, and as a host matrix for various organic emitters [25 28] (and for the nanohybrids in 

our case). As established in literature, the PVK, or the PVK:OXD blends are blue 

electroluminescent compound used as 1st generation material for OLED, with moderate-to-low 

performances. [23] The choice of PVK:OXD as polymer host matrix is relevant in our case, 

because this material is well-known and has been widely studied in literature. Moreover, the 

luminous performances displayed by the matrix PVK:OXD are in the range of the ones given 

by the molecules developed by our collaborators from Sciences Chimiques Rennes.  
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Figure 1 : Chemical structure of Polyvinylcarbazole (PVK) and oxadiazole (OXD) 

 

3) Incorporated nanohybrids in the matrix: the effect of OA 
 

The preparation of the electroluminescent layer is illustrated by the figure 2. The host matrix 

PVK:OXD (referred as M) is prepared one day in advance in solution of chlorobenzene and 

chloroform (volume ratio 4:1), with concentrations of 20:10 mg/mL (PVK:OXD). The next day, 

once the M solution is clear, the nanohybrids N are prepared as shown before in colloidal 

solution via self-assembly. The nanohybrids are added into the M solution, in a specific 

concentration referred as X% of the PVK mass. After 5 minutes of stirring and hybrid structure 

assembly, the OA may be added in solution. 

 

 
Figure 2 : Schemes of a) the individual organic emitter 3 and ZnO NCs, b) the nanohybrids N, and c) the emissive layers 

using dispersed nanohybrids within the host material with (M:N:OA) or w/o (M:N) the use of oleic acid. 

 

 

To investigate the properties of this new electroluminescent material, different parameters 

were tried, namely: 
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- The thickness of the active layer by controlling the amount of PVK. Indeed, it is often found 

in literature that electroluminescent OLED layer should be about 40 nm thick, as thicker active 

layer leads to bigger threshold voltage 

- The ratio of PVK:OXD, which is correlated to the ambipolar property of the matrix M 

- The amount of nanohybrids N (ZnO:3) added in M, namely X = 5% ; 10% ; 15% (and the 

resulting sample will be referred as M:NX) 

- The amount of OA, which may induce insulative behavior in the device. An additional question 

is also whether OA is still required to obtain reproducible smooth surface morphology. The 

presence of OA in the sample will be identified in the sample name (i.e. M:NX:OA) 

 

A) Morphological characterizations of M:N films with or without OA 

 

In order to investigate the morphology of the layer and to directly visualize the spatial 

arrangement of the nanohybrids N within the host layer M, Transmission Electron Microscopy 

(TEM) was employed. For sample preparation, a modification of the floating-layer technique 

was applied. [29] Firstly, a sacrificial PEDOT:PSS material was spin-coated on a substrate 

before the M:N emissive layer was spin-coated on top of it. After a brief annealing to dry the 

layers, the PEDOT:PSS film was dissolved in deionized water. Floating thin films of the 

emissive layer M:N (OA) were then recovered and deposited on a holey carbon coated TEM 

grid as shown in Figure 3a.  

The emissive layer presented in the following part is referred as M:N10 sample, as a solution 

containing 10% w/w of nanohybrids with respect to the host matrix was prepared and spin-

coated. The resulting TEM images are represented in Figures 3b/c at two different 

magnifications. From the large area in Figure 3b, the layer M:N10 reveals nanohybrid 

aggregates over a micron scale, highlighted on the picture by the white dotted circles. The 

presence of high amounts of aggregated nanohybrid structures is confirmed in Figure 3c, 

proving the poor ability of the nanohybrids to be homogeneously dispersed within the host 

matrix. These undesirable aggregates may cause recurring electrical short circuits in 

corresponding LED devices and therefore need to be removed to obtain functional and 

reproducible LED devices. For this purpose, to avoid the agglomerate formation and improve 

the homogeneous dispersion of the nanohybrids within the host layer, a low amount of an 

additional surfactant was used as additive to the M:N10 solution. In this respect, as discussed 

in chapter 1, oleic acid was chosen as it is known as a classical surfactant used during 
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nanocrystal synthesis and also very efficient to ensure the dispersion and stability of 

nanocrystals in solution. [30] 

 

Figure 3: a) Scheme of the floating-layer technique used for depositing film on the holey carbon coated TEM grid. 
b-c) TEM images of the layer M:N10 at two magnifications. d-e) TEM images of the layer M:N10:OA at two 

magnifications. 

 

The layer referred as M:N10:OA corresponds to the blend including the oleic acid treatment in 

solution (addition of 0.2% v/v). The resulting TEM images are represented in Figures 3d/e 

again at two different magnifications. Interestingly, the M:N10:OA layer morphology is 

completely different from the one obtained with M:N10. Even if slightly denser areas composed 

of nanohybrids are noticeable, no aggregate can be found over the whole layer. The oleic acid 

treatment appears to be an efficient method to avoid the formation of aggregates and to ensure 

the homogeneous dispersion of the nanohybrids within the entire layer. Moreover, the same 

trends were observed when using other quantities of nanohybrids, as in the case of solutions 

containing 5 or 15% w/w of nanohybrids with respect to the host matrix, layers referred as M:N5 

and M:N15, that present the same morphology improvement using OA, i.e. M:N5:OA and 

M:N15:OA, respectively, as shown in Figure 4.  
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Figure 4 : a-b) TEM images of the layer M:N5:OA. c-d) TEM images of the layer M:N15:OA. 

 

The spatial distribution of the nanohybrids within the layer was also studied using Secondary-

Electron Microscopy (SEM) on a cross-section of the sample (Figure 5) to determine whether 

the nanohybrids were simply homogeneously spread at the top or bottom interface or vertically 

well dispersed. Even if the contrast is very light, the nanohybrids N appear as bright spots, 

present over the whole 50 nm thick layer, with slightly denser areas at the top of the layer, 

however ruling out any clear vertical segregation. 

 

Figure 5 : Spatial distribution of the nanohybrids N:OA0.2% in M using Secondary or Backscattered Electron 
Microscopy (SEM) on a cross-section of the sample 



101 
 

The surface morphology was further studied by Atomic Force Microscopy. AFM images from 

the layer containing 10% of nanohybrids N are presented in Figure 6, with or without the use 

of OA in the spin-coated solution, while the related roughness values of the layers are given in 

Table 1. In the absence of OA in the solution, M:N10 layer surface shows the presence of 

irregular nanohybrid aggregates within the host matrix, large on a micron scale and as height 

as 80 nm (Figures 6a/b). This inhomogeneous surface is characterized by a very high 

roughness, measured at 11.1 nm from the 10 x 10 µm image. On the opposite, the M:N10:OA 

emissive layer presents a very smooth surface morphology, without any noticeable aggregate 

over the whole surface (Figures 6c/d), as already pointed out by the TEM and SEM cross-

section image. The surface roughness is, as expected, much lower and measured at 1.1 nm 

from the same 10 x 10 µm scale.  

 

 
Figure 6 : AFM images of the layer M:N10 at 10 x 10 µm scale (a) and 5 x 5 µm scale (b). AFM images of the layer 

M:N10:OA at 10 x 10 µm scale (c) and 5 x 5 µm scale (d). 

 

The same trends were observed with the other amounts of incorporated nanohybrids in the 

matrix M, cf. Figure 7 and Table 1. The M:N5 and M:N15 thin films, based on the neat host/ 

guest materials, present high roughness values of 6.0 and 4.8 nm, respectively, caused by the 
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presence of underlying aggregates. After OA addition in the solution, the roughness of the 

resulting thin films decreases significantly to reach RMS = 1.4 nm (M:N5:OA) and 1.6 nm 

(M:N15:OA). These low roughness values are in the range of those obtained in other spin-

coated guest-host films used in electroluminescent OLED devices. [31, 32] 

 

Table 1. Root mean square roughness obtained from 10 x 10 µm AFM measurements of layers containing 5, 10 

and 15% of nanohybrids N, with or w/o using OA in the spin-coated solution. 

 

  

Figure 7 : AFM images of the layer M:N5 at 10 x 10 µm scale (a) M:N5:OA (b). AFM images of the layer M:N15 at 

10 x 10 µm scale (c) M:N15:OA (d). 
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It was observed that increasing the amount of OA in the solution does not further improve the 

morphology of the layer, as shown in Figure 8. However, employing lower amounts of OA in 

solution gave rise to the formation of aggregates of various sizes.  

To conclude, the use of a low amount of OA as additional surfactant appears as a mandatory 

treatment of the host/guest solution, in order to avoid nanohybrids aggregates and ensure the 

homogeneous dispersion of the nanohybrids within the matrix in thin films. Thus, this treatment 

is perfectly adapted to obtain smooth film with low roughness, as required to elaborate 

reproducible and functional LED devices. The following part will focus on analyzing the optical 

properties of these layers, to evaluate the effects of both the matrix M and the OA treatment 

on these nanohybrids. 

 

 

 

Figure 8 : a-c) TEM and AFM 10 x 10 µm images of M:N10:OA0.4% b-d) TEM and AFM 10x10 µm images of 

M:N10:OA0.6% 
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B) Optical characterizations 

 

i) Matrix M, emissive molecule 3 and ZnO NCs in solution: 

 

It is important to know what are the optical properties of the different materials which compose 

the electroluminescent layer. Preliminary tests were done on the pure nanohybrid structure N, 

studied at the liquid state. As shown in the chapter 1, the emitter 3 has a maximum absorbance 

peak at 400 nm, and the same spectral shape was observed for nanohybrids N with a blue 

shift about 20 nm. The ZnO würtzite nanocrystal absorption threshold is reported close to 350 

nm, and the ZnO as a green [33] or blue luminescent material [34], depending on the used 

surface ligand. The host matrix M is also referenced with an absorption at 350 and 250 nm 

and known as blue emitter (Figure 9a). 

 

Figure 9 : Fluorescence spectra in liquid state of a) PVK:OXD (M) at different excitation wavelengths b) M:3 c) 

M:ZnO excited at 350 and 400 nm 

 

Firstly, in figure 9a, the emission peaks of the matrix M observed at 500 and 600 nm are 

considered as artefacts. The matrix M emits light when excited at 350 nm or less, and M does 

not emit light when excited at 400 nm, and the same behavior is observed for ZnO and M:ZnO 
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(Figure 9c). Therefore, in figure 9b, the contrast of the M:3 emission is notable between 

excitation wavelengths at 350 and 400 nm. The excitation at 400 nm reveals the emission of 

the single molecule 3 with a maximum peak around 510 nm  as expected. When excited at 

350 nm, thus on the matrix M, an emission band from 350 to 600 nm is observed, 

corresponding to a bluish-green color. It was assumed that a partial energy transfer occurs 

from the matrix M to the emissive molecule 3, explaining the broader emission of M:3 

compared to M. 

 

ii) Luminescent materials in thin films (excited at 400 nm): 

The M:N10 samples absorbance spectra are illustrated by the Figure 10. The spectra are 

normalized from 0 to 1 in the range of 330 to 430 nm. All the samples had the same thickness, 

namely 100 +/- 5 nm according to profilometry measurements. 

 

Figure 10 : Thin films A) Normalized absorbance B) Normalized intensity fluorescence spectra excited at 400 nm 
C) normalized intensity fluorescence spectra excited at 400 nm of M(black); M:ZnO(red); M:3(blue); M:N(pink); 

M:N:OA(green). 
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As shown by Figure 10a, all the curves present similar absorption spectral shape, it is related 

to the host matrix M largely predominant in front of the amount of guest, respectively 10% of 

N, ZnO and emissive molecule 3. The first information is the absence of light scattering signal 

of the luminescent layers in the visible area, which is characteristic of an aggregate-free layer 

and appreciated to go toward efficient LED devices. Even though the absorbance tends to 0 

at 400 nm and further, the black curve representing M is the lowest one, which is coherent 

because it represents the host matrix without any guest. Therefore, the M:N, M:ZnO and M:3 

curves have higher absorbance at 400 nm. Also, the M:N absorbance value at 400 nm is lower 

than M:ZnO and M:3, and it be may due to the presence of aggregates, from the molecule 3, 

or from the ZnO which reduces the light transmission through the substrate 

In another hand, absorbance matrix M absorption threshold is reported at 350 nm, [35] which 

is the same as for ZnO würtzite nanoparticles. [34] Indeed, at 350 nm, the red curve 

representing M:ZnO is more intense than the matrix M (black) or the M:N (pink) ones. This 

may be attributed to the presence of aggregated ZnO nanoparticles which absorb more than 

theoretically well dispersed nanohybrid N, where ZnO should be stabilized by the emitter 3. 

Thus, the corresponding morphology and absorbance analyses confirm the presence of 

clusters of few hundreds nanometers in M:N. 

Emissive property of the luminescent layers was studied by fluorescence spectrophotometry. 

Thanks to preliminary absorbance measurements, the main absorbance peak of the emitter 3, 

and even N was reported at 400 nm. Early emission tests (excitation at 400 nm) at the liquid 

state were performed on pure N and emitter 3 before their incorporation in the matrix (cf. 

chapter 1). Indeed, an emission range between 440 to 660 nm, representing a bluish green 

emission color was observed, and the pure N showed higher intensity than the emitter 3, which 

confirmed the AIE effect from the liquid to the solid states (cf. chapter 1). These observations 

should correspond to an efficient grafting between the organic and the inorganic structures. 

The following studies focus on the emissive property of the different luminescent layers excited 

at 400 nm, namely M ; M:N ; M:ZnO ; M:3 ; M:N:OA which are presented by the Figures 10b/c. 

As before, the same thicknesses and error 100 +/- 5 nm of the luminescent layers are 

measured. The noise was very consequent on the spectra, and some artefacts are listed at 

480 and 540 nm, related to the spectrophotometer. 

As shown by the Figure 10b, M and M:ZnO luminescent layers were not emissive when excited 

at 400 nm. This is correlated to the absorbance of these materials, being below their absorption 

threshold when excited at 400 nm. However, M:N and M:3 presented emission range from 440 

to 650 nm, and this behavior was also illustrated by the fluorescence of pure nanohybrids N in 

the chapter 1. Even if these luminescent layers showed bluish-green light emission when 
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excited at 400 nm, no shift was observed between M:3 and M:N as it was noticed before for 

pure emitter 3 and N in the chapter 1. On the other hand, by adding OA (sample M:N:OA), a 

shift towards higher wavelengths was observed in emission, about 20 nm, as shown by the 

behavior of pure N OA, thus indicating a similar modification of the electronic structure of the 

nanohybrids N (Figure 10c). 

 

iii) Emission in thin films (excited at 350 nm): 

Furthermore, when the luminescent samples were excited at 350 nm, namely on the 

absorbance peak attributed to ZnO nanoparticles and M, various behaviors were observed 

(Figure 11). Indeed, a blue emission was noted for M:ZnO and M as already proven in the 

literature, [35] between 330 to 550 nm.  

 

Figure 11 : Normalized intensity fluorescence spectra, thin films excited at 350 nm of M:3 ; M:ZnO ; M:N ; M:N 

OA ; M. 

 

Interestingly, the matrix film containing the emitter 3 shows a broader emission band compared 

with M, i.e. from 330 to 650 nm, which means that an energy transfer occurs between the 

matrix M and the emitter 3 under excitation at 350 nm. In addition, different light intensities are 

observed between M:N and M:3 at 420 and 500 nm (figure 11). This may be explained either 

by aggregation of the nanohybrids N, or by the aggregation of ZnO nanoparticles, possibly not 

well bonded with the emitter 3. Thus, in this case, ZnO nanoparticles should contribute even 

more to blue emission with M and hide the bluish green emission of the emitter 3. We observed 
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that the energy transfer from M to N was even better while adding OA. Indeed, the emissions 

of the matrix and the ZnO decreased for a higher intensity in the bluish green area. It is 

important to mention again that the lowest amount of OA (0.2% v/v) in the luminescent layer 

cannot be decreased, otherwise aggregates would appear in the solution / substrate. 

Theoretically, the OA should be co-grafted together with the emitter 3, possibly in competition, 

on the surface of the ZnO nanoparticles. In addition it is reported that ZnO:OA NCs present 

strong blue emission, [34] while the N display a bluish-green color.  

For the other amounts of N incorporated to the matrix M, same behaviors as N = 10% were 

observed, when the samples were excited at 400 nm (annexes 1/2). However, the energy 

transfer when excited at 350 nm from the matrix M to the nanohybrids N was weaker for N = 

5%; while being more important for N = 15%, compared to N = 10%. It was found that 10% 

was a good compromise in terms of morphology and emissive properties.   

 

iv) Photoluminescence Quantum Yield (PLQY): 

The luminescence datas are completed by Table 2 showing the PLQY of the different materials 

used, excited at 400 nm. PLQY was deduced according to « John de Mello » method, [36] 

which do not depend on the thickness of the measured layer. The Table 2 is focused on the 

impact of the amounts of incorporated guests in the matrix M, namely X = 5%; 10% and 15%, 

comparing the luminescent materials: M:3X, M:NX and M:NX:OA. 

 

Table 2 : Thin films PLQY of M:3X ; M:NX ; M:NX:OA with X = 5% ;10% ;15% of luminescent materials added to 

the matrix M 

 

From the Table 2, it is noted that the PLQY for X = 5% ;10% follow approximately the same 

increasing trend for each material namely M:3, M:N and M:N:OA. Indeed, for these amounts, 

M:3 and M:N films have very close PLQY about (10 to 18 +/-1%) which probably means that 

the bond between the organic emitter 3 and the inorganic ZnO nanoparticle is weakly efficient. 

As previous morphology images have confirmed, aggregated nanohybrids are on the surface 

of M:N films. In contrast, for X = 5% ;10%, the addition of OA (films referred as M:NX:OA)  
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induces a higher PLQY, which is about (31 to 37 +/- 3%), proving that well-dispersed 

nanohybrids N in the matrix M, and a better grafting help to enhance -approximately by factor 

3- the PLQY compared to M:3 and M:N. In the Table 2, the amount X = 15% presents the same 

trend in the increasing of the PLQY as the other incorporated quantities. The difference 

remains in the PLQY of M:3 and M:N films, as they present twice higher PLQY compared with 

X = 5%, namely (22 to 24 +/- 2%). However, the maximum recorded PLQY for M:N15:OA is the 

same as the other amounts (33 +/- 3%). To sum up, for X = 15%, an enhancement of the PLQY 

by a factor 1.5 is observed with the OA treatment. In conclusion, OA in M:N helps to obtain 

smooth films and then to enhance the luminescence property of the layer, without changing 

the emission spectrum of M:3.  

Furthermore, the impact of the OA quantity in M:N:OA is studied in Table 3, by comparing 

PLQY of three electroluminescent films, namely M:N:OA, M:N:OA2 and M:N:OA3, containing 

respectively OA = 0.2% ;0.4% ;0.6% v/v. 

 

Table 3. Thin films PLQY depending on three amounts (Y = OA ;Y = OA2 ;Y = OA3) of OA in M:N10:OAY. 

 

 

Firstly, fluorescence studies were done and revealed that the emission spectra do not change 

by adding more OA in M:N:OA, compared with M:3 luminescent films (annexe 3). Also, adding 

OA to the molecule 3 does not increase the PLQY (10 +/- 1 %). In Table 3, it is observed that 

the amount of OA added in M:N:OA also does not affect the PLQY of the luminescent layers 

and is about (35 +/- 3%), namely three times higher than that of M:3 or M:N films. In the same 

way, the increasing quantity of OA in M:N:OA does not change significantly the surface 

morphology (Figure 8). The study is completed in the following part by comparing the 

performances of several LED devices. 
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4) LED devices using N incorporated in the matrix M as 
electroluminescent layers  

 

LED performances are investigated in this part by electroluminescence spectra giving 

maximum radiance peak used to record intensity-voltage-luminance (JVL) curves. As proven 

before, M:N material cannot be used in LED device due to its high surface roughness. 

Preliminary devices were done with M:N electroluminescent layer but the devices presented 

high statistics of short-circuits and, when device was efficient, some non-homogeneous 

surface luminescence were observed. This is characteristic of bad performances and not 

associated to normal LED behavior. In contrast, the OA treatment in M:N solution leads to very 

reproducible and homogeneous emission of LEDs, as 100% of the devices were usually 

obtained and measurable. Devices were done using the following architecture: ITO / 

PEDOT:PSS (coated hole transport layer) / Electroluminescent layer / evaporated BCP (hole 

blocking layer) / evaporated Alq3 (electron transport layer) / Lithium Fluoride / Aluminium. The 

stack is represented by the following figure 12a.  

 

 

Figure 12 : a) Architecture of the studied LED devices, with yellow : electrodes, grey :substrate ;blue :interfacial 

transport / blocking layers ;brown :electroluminescent hybrid layer c) Radiance spectrum of LEDs containing M 

(PVK:OXD) as the active layer, recorded at 50 mA/cm². 
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i) Impact of the OXD in M: 

The first investigations were lead using pure PVK and PVK:OXD (M) as reference 

electroluminescent layers, at a concentration of 12:0 and 12:6 (mass ratio PVK:OXD = 2:1) 

mg/mL respectively, corresponding to a thickness of 50 +/- 5 nm. As described in literature and 

by the radiance spectrum of the figure 12b, M shows quite low performances and is reported 

as blue OLED. The PVK:OXD is an ambipolar electroluminescent film used for first generation 

OLED [37 40], and with the LED architecture of Figure 12a, it presented an EQE = 0.18%, a 

luminance efficiency of 0.28 cd/A and 0.12 lm/W for the power efficiency. These performances, 

which are quite low, are summarized by the following Table 4, annexe 4 and the figure 12b 

showing the radiance spectrum of M recorded at 50 mA/cm². 

  

Table 4 : reference LED performances, namely of the PVK and PVK:OXD (M) 

 

 

The performances of the host matrix confirm that the OXD is required to obtain efficient 

ambipolar film and to assure the transport properties of the luminescent layer. Indeed, without 

OXD in the PVK, the EQE (0.1%), the power efficiency (0.05 lm/W) and the luminance 

efficiency (0.13 cd/A) are approximately two times lower than with the presence of OXD (EQE 

= 0.18%).  
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ii) Effect of the electroluminescent layer thickness: 

 

Figure 13:  a) Radiance spectrum of LEDs containing molecule 3 in the active layer, recorded at 50 mA/cm². b) 

Picture of LED device using M:N10:OA 50 nm thick as electroluminescent layer, recorded at 50 mA/cm²  

 

All the LEDs done with molecule 3 in the matrix M present a main emission peak at 535 nm 

and a very similar radiance spectrum (figures 13 a/b). This is addressed to the emission of the 

3 / ZnO:3 / ZnO:3:OA materials. In addition, it is well known in literature that the thickness of 

the organic electroluminescent layer has a big impact on the threshold voltage of the device. 

This parameter is studied for M:N10:OA with mass ratio of PVK:OXD = 2:1 in the Table 5. 

 

Table 5 : Thickness of the electroluminescent layer M:N10:OA and associated device performances. Thicknesses 

measured via profilometry measurement with error +/- 5 nm 
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Figure 14 : JV curves of the devices presented in the table 5 

 

The Table 5 and Figure 14 show that the thinner is the active layer is and the smaller is the 

threshold voltage of the device. For this electroluminescent system, the best performances are 

obtained for the 50 nm thick layer, with an EQE close to 0.7% with associated luminance 

efficiency of 1.84 cd/A and 0.82 lm/W for power efficiency. These performances are honorable 

regarding the literature of the 1st generation of LED which present EQE < 5% for the best 1st 

generation OLED materials [41]. As expected [42, 43], a big drop in performances is observed 

for the active layers above 50 nm thickness, with EQE going from 0.7% to 0.35%. Moreover, 

the LED performances recorded for 40 nm thickness are quite close to the ones at 50 nm, but 

the devices degraded faster under high voltage and the reproducibility was medium, which 

may be attributed to the active layer which was too thin. Therefore, it can be concluded that 

for these luminescent materials, the optimal electroluminescent layer thickness is 50 +/- 5 nm. 

This optimal thickness is used for the next study which is focused on the ratio of PVK:OXD in 

the Table 6 and Figure 15. 
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iii) Effect of the PVK:OXD ratio: 

By keeping the electroluminescent layer at 50 nm thick, the impact of PVK:OXD ratio 

composing M as ambipolar polymer host matrix has been also studied on LED devices, as 

shown by the Figure 15 and the associated Table 6. Different ratio of PVK:OXD were tried 

namely 4:1 / 2:1 / 1.5:1, respectively 12:3 ; 12:6 ; 12:9 mg/mL, and reveal that the best ratio is 

PVK:OXD = 2:1. Indeed, as shown by Table 6, changing the ratio PVK:OXD can drastically 

decrease the performances, namely, the EQE dropped by half when adding twice more, or 

twice less (from 0.71 to 0.5%) OXD with the 12 mg/mL PVK. The threshold voltage is also 

higher (5,5 to 6V) when increasing or decreasing the optimal 2 :1 ratio (4V) of the matrix M. 

 

Table 6 : PVK:OXD ratio of the electroluminescent layer M:N10:OA and associated device performances.  

 

 

Figure 15 : JV curves of the devices presented in the table 6 
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iv) Effect of the amount (X%) of incorporated nanohybrids NX in the matrix M: 

Another important parameter is the amount of nanohybrids in the matrix M which has been 

investigated across the Table 7 showing the performances of the devices. These devices were 

realized according to the previous optimized parameters (50 nm thick electroluminescent layer 

and mass ratio 2:1 = PVK:OXD). Firstly, 0% is the reference M as neat electroluminescent 

layer. The obtained results are summarized by the figure 16 and table 7. 

 

Table 7 : % N OA incorporated to M, with 50 nm thickness, associated device performances. 

 

 

Figure 16 : JV curves of the devices presented in the table 7 
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By adding more than 10% nanohybrids N in the matrix M, the threshold voltage consequently 

increases from 4V (N10) to more than 9V (N20), but not necessarily the luminescence as shown 

in the Table 7. It was found that the optimal amount is 10% of nanohybrids N in M, while adding 

15% or 20% lead to important drop in EQE, from 0.71% to 0.58% or 0.34%, respectively. Also, 

the luminance efficiency is affected, namely from 1.84 cd/A for N10 to 1.20 cd/A for N20. The 

same decrease is observed regarding the power efficiency, which goes from 0.82 lm/W for N10 

down to 0.24 lm/W for N20. This is explained by the aggregation phenomenon of the 

nanohybrids which is more intense for N20 than N10, as it was proved by TEM that adding more 

than 10% N in the matrix M leads to poor surface morphology. However, adding less than 10% 

of nanohybrids N induces also a detrimental shift in threshold voltage but not in power or 

luminance efficiencies. Indeed, the threshold voltage goes from 4V (M:N10:OA and M) to 6V 

(M:N5:OA), while the EQE of M:N5:OA remains the same than the LED done with M:N10:OA as 

electroluminescent layer. The next parameter studied is the concentration of OA in M:N:OA, 

by keeping N = 10%, and an electroluminescent film thickness about 50 nm, with a mass ratio 

of PVK:OXD = 2:1. 

 

v) Effect of OA (Y) concentration in M:N10:OAY: 

 

In the previous parts, it was clearly established that the OA treatment is highly recommended 

in M:N electroluminescent material in order to obtain smooth and reproducible LED devices. 

The impact of the concentration of OA in M:N:OA is studied with Table 8 and Figure 17. This 

study reveals that increasing the OA concentration provokes small decreases in performances. 

Nevertheless, upon increasing OA amount, the threshold voltage is shifted from 4V to 7V, the 

EQE from 0.71% to 0.34% and the luminance efficiency from 1.84 cd/A to 1.32 cd/A. The 

biggest loss concerns power efficiency, dropping from 0.82 lm/W to 0.27 lm/W. These 

performance losses are understandable as far as OA is known to be a fatty acid, behaving as 

an insulating material. In another hand, reducing the OA concentration in the active layer does 

not affect much the EQE, luminance, neither the power efficiencies, but it induces a clear 

degradation of the electroluminescent layer morphology, lowering the possibilities to get 

homogeneous and reproducible performances. 
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Table 8 : OA concentration in M:N10:OAY and the associated LED performances. 

 

 

Figure 17 : JV curves of the devices presented in the table 8 

 

In the end, for this device architecture presented in the figure 12a, the better optimized 

parameters are: 

- Mass ratio PVK:OXD = 2:1 

- Electroluminescent film thickness about 50 nm 

- 10% N incorporated in the matrix M 

- Concentration of OA in M:N:OA = 0.2% v/v 
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The JVL curve of this optimized system is presented by the figure 18, where the threshold 

voltage is noted at 4V, as demonstrated before, and the maximum luminance value is recorded 

at 10V, corresponding to 1000 cd/m².  

 

 

Figure 18: JVL curve of the LED containing M:N10:OA 50nm thick as electroluminescent layer 

 

vi) Full solution approach to build LED: 

Based on the previous optimizations done, full solution processed LED devices were tried in 

Marseille, and gave the same electrical behavior and characteristics than the ones done in 

Palaiseau with evaporated interfacial layers. All the investigations were done with ZnO 

nanoparticles grafted with EtNH (ethanolamine) ligand, such a material playing the role of 

electron transport layer instead of the evaporated BCP / Alq3 / LiF [44]. The stacking is 

represented in the figure 19, with a working LED containing M:N10:OA 50 nm thick, as 

electroluminescent material. 
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Figure 19: left: stacking of the full solution processed LED; right: full solution processed LED using M:N10:OA 

recorded at 50 mA/cm². 

 

Some other references such as M, M:ZnO and M:ZnO:OA with 100 nm active layer thickness 

are presented in annexe 5, which gave blue LEDs with relatively low intensity of luminance. 

As expected, the M:ZnO presents worst performances than M:ZnO:OA because of the high 

amount of aggregated ZnO in the layer based on M:ZnO, thus bringing bad surface morphology 

and electrical issues. 

For the LED containing the compound 3 or the hybrids N, with the matrix M, a bluish-green 

emission is still noted, namely a maximum emission peak at 530 nm which corresponds to the 

maximum emission peak of the molecule 3, as well as a low threshold voltage bellow 5V for 

the optimal thickness (50 nm). The reproducibility of the full solution processed LEDs is very 

high (90%), thus proving that a large scale manufacturing is possible, for instance with ink jet 

printing. On the same way, the stability under air of non-encapsulated LEDs was investigated 

over a week, and the statistics were very similar (+/- 1V variation) (Figure 20). These last 

results show quite stable LEDs after 1 week under air with similar emission and electrical 

behaviors. Certainly, the stability has to be investigated further for longer durations. 
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Figure 20: stability after 1 week under air of the non-encapsulated ITO/PEDOT:PSS/M:N10:OA/ZnO ETNH/Al 

LEDs. 

 

5) Conclusions of PVK:OXD used as host embedding 
nanohybrids as guests 

 

In conclusion, nanohybrids in solution were well combined with PVK:OXD host matrix allowing 

to obtain reproducible LED devices. Indeed, the use of the matrix M increases the transport 

properties of the emissive nanohybrids, without changing the PLQY, neither significantly 

altering the optical properties of the pure nanohybrids N. On another hand, the nanohybrids in 

the matrix still need the OA treatment, in order to increase the PLQY, to avoid cluster 

formations and electrical issues in the working devices. Many parameters were studied to 

optimize the LED performances, namely: 

- The thickness of the electroluminescent layer, the best being close to 50 nm 

- The ambipolar property of the matrix M, by changing the ratio of PVK to OXD, the best 

being 2 :1 

- The concentration of the nanohybrids incorporated in the matrix, in optical 

performances and morphology the most convenient being 10% 

- The quantity of OA with the nanohybrids, which helps to obtain smooth and 

reproducible layer, the best performances being obtained for OA = 0,2% v/v 

- The devices with full solution approach were obtained and worked close to the devices 

done in LPICM with evaporated BCP / Alq3 / LiF interfacial layers, thus, proving that a 

large scale manufacturing is conceivable. 
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To sum up, honorable reproducible performances were obtained with this device architecture, 

with an EQEmax of 0.71%, but also with a working tension of 4V which is comparable with the 

literature value for other technologies as OLED or QLED. 

Now that a solid protocol to build reproducible LEDs has been developed, more performant 

graftable emitters will be investigated in the following chapter. Indeed, the objective of the ANR 

project was to obtain multi-colored LEDs, namely to achieve blue, green and red LEDs in the 

perspective to build a white LED by co-grafting of different graftable emitters on the 

nanoparticle surface. Therefore, the next part is focused on the building and the studies of the 

optical and morphological properties of new green, blue and red nanohybrids in solution and 

in thin films.  
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ANNEXES: 
 

1 : Fluorescence spectra excited at 350 nm with N = 5% (a) ; 15% (b) 

 

 

2 : Fluorescence spectra excited at 400 nm with N = 5% (a) ; 15% (b) 
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3 : Fluorescence spectra excited at 400 nm with 10% of luminescent materials in the matrix 
M 

 

4 : JV curves of the reference LEDs associated to Table 4 
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5 : Reference solution processed LEDs represented by JV curves, compliance level at 0.18 
A/cm² 
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Chapter 3: Blue, green and red nanohybrids 
used as a tool to control the light emission in 

LED devices 
 

1) Presentation of the new molecules (B, G, R, Y) 
 

All the organic emitters presented in this part were synthesized by Nicolas Ledos, PhD student 

in the group of Pr. Muriel Hissler at Institut des Sciences Chimiques de Rennes. The choice of 

these molecules is related to their optical properties and to the fact that big amount (over a 

gram) of these materials can be synthesized. The synthesis of blue, green, and red (with harder 

protocol) emitters were achieved. To remind, the more we move towards red or infrared 

emission wavelengths, the lower the bandgap of the emitters. Therefore, it is also easier to 

pass the energy barrier by non-radiative relaxation (loss of energy by vibration of the molecule).  

 

Figure 1: Structure of the new emitters, B=blue ;G=green ;R=red ;Y=yellow, in reference to their respective 

emission spectra. 

 

According to the patent [1], by changing the structure of the emissive molecule, the emitted 

colour is also changed. The optical properties of these different emissive molecules are 
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presented in the figure 2. The main absorbance (in solution) and emission (in powder) peaks 

are listed, even tough the maximum peaks can be shifted according to the used solvent: 

- B: absorbance = 340 nm ; emission = 460 nm 

- G: absorbance = 410 nm ; emission = 560 nm 

- R: absorbance = 440 nm ; emission = 640 nm 

- Y: absorbance = 425 nm ; emission = 610 nm 

It is important to note that the emitter R is not really emitting in the red region, but more in the 

orange, however, a red-shift may be expected while grafting the COOH unit of R with ZnO 

surface (as discussed later in this chapter) 

 

 

Figure 2: A) absorbance in solution (graph legend for solvents) B) emission in powder of the presented molecules 

from Figure 1, B=350nm ; G=410nm; R=450nm; Y=420nm. 

 

The same questions raised in the previous parts remain open for each new emitter, namely: is 

the grafting between NCs and the emissive molecule efficient? Is there an AIE effect? Are they 

usable as electroluminescent layer for LED device? Is OA still required to obtain reproducible 

surface morphology? Is the OA still increasing the PLQY of the nanohybrids? We will therefore 

deeply study the optical and morphological properties of the nanohybrids in the following 

sections. 
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PLQY of the B; G ;R ;Y (graftable and non graftable) molecules : 

Table 1: PLQY in powder and in solution of the B, G, R, Y, graftable and non graftable versions [2] 

 

The PLQY are investigated thanks to an integrative sphere and the recorded value is about 

10% relative error. It is relevant to compare the behaviors between the liquid and the solid 

states (to know the presence of an AIE effect), and between the graftable and the non graftable 

versions of B, G, R and Y emitters (to know the effect of the OH vibrator). The PLQY of the 

non graftable version of the molecules are always higher than the graftable ones, because the 

stretching hydroxy grafting unit is a well-known non-radiative pathway, and it is important to 

quantify this effect. For the non-graftable emitters, the POOH (or COOH in the case of R) 

group, is replaced by deprotaned (POO- or COO-), or by ester group. 

First of all, the emitter B does not present PLQY at the liquid state, however, in powder, high 

PLQY are obtained, as the motion of the phenyl groups of the molecule is highly restricted, 

therefore this molecule presents a strong AIE effect. Also, the measured PLQY of the graftable 

B is about 82% while the non graftable one reaches 100%. 

The emitter G, which is visually the shiniest molecule from the serie, has a medium PLQY in 

solution, over 17% for the graftable version, while the double was observed for the non 

graftable G, namely 34%. Nevertheless, in the solid state, these values are higher, namely, 

the graftable G is about 34% while the non graftable one about 100%, proving the strong AIE 

effect of this molecule 

The emitter Y is in competition with the R, because the final objective is to combine, two or 

three emitters together to generate a white light, and these two emitters have close emission 

spectra. The Y presents very low PLQY at the liquid state, over 3% with OH grafting unit while 

9% for the non graftable one. However, in solid state these values increase, namely it was 

recorded PLQY about 17% for graftable Y and 65% for the non graftable version, showing 

again, for this third hydroxyoxophosphole of the list, an AIE effect. 

The emitter R is different from the other emissive molecules, because of the COOH grafting 

unit instead of the POOH. In solution, the PLQY value of the graftable R is about 44% which 

is very high (the PLQY of the non graftable version of R was not measured). However, in 
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powder form, the PLQY value of the graftable R is really low (3 %) in comparison with the liquid 

state PLQY (44 %), thus showing an ACQ effect. The non graftable R shows an interesting 

PLQY = 58 +/- 5 % at the solid state. More in details, it was expected that the R molecule 

presents TADF properties [2], and this will be discussed later in the part 4d. 

In the end, it is observed that the candidates have different PLQY, and these values must be 

considered with precaution to build a quality white hybrid LED. 

 

2) Preparation of the nanohybrids 

 
Table 2: molar masses of the different used emitters, and corresponding masses at mol quantity constant 

 

 

The different structures of these new emissive molecules induce some changes in the initial 

preparation of the nanohybrids. The respective solutions of these emissive molecules are 

poorly soluble with the chlorobenzene / chloroform solvent mix, and therefore, a raise of 

temperature was needed to solubilize the molecules. The studied amount of emitter to graft 

with the ZnO NCs is calculated in coherence with the molar mass of compound 3 used in 

chapters 1 and 2, to be equimolar, namely a ratio (1:1) (1 mg ZnO : 1 mg 3 ; ~1 mg G ; ~0.5 

mg B ; ~1.2 mg Y ; ~0.8 mg R). The pure nanohybrids (even with OA) are still unusable as 

electroluminescent layer for LED device because of cluster formations or weak transport 

properties, as it will be shown in the introduction of the section 6 in this chapter. The preparation 

still requires their incorporation in the host matrix M. Indeed, after the incorporation of ZnO and 

emissive molecule in the matrix M, the grafting quality can be increased by a stirring under 100 

°C. The luminescent solution goes from turbid to clear under the influence of temperature, by 

breaking the cluster formations via self-assembly. However, it was generally observed that OA 

is still required to avoid the aggregation of the nanohybrids and further electrical problems. The 

OA is added once the solution is clear, and then, the luminescent M:N:OA solution can be spin-

coated. The amount of OA with the nanohybrids incorporated in the matrix M was studied in 

the previous chapter, and the best quantity determined with the emitter 3 (i.e. OA = 0.2% v/v) 

will be kept constant in the following studies. 
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3) Optical properties in solution  

 

In this part, the optical properties of the luminescent solutions containing either 10% of B ; G ; 

R or Y, with or without ZnO at ratio (1:1), incorporated in the host matrix M, are studied. The 

new nanohybrids are respectively named: NB
 ;NG

 ;NR
 ;NY and, when incorporated in the matrix 

M, are named M:NX with X = B; G; R; Y. 

 

a) Emitter B 

 

 

Figure 3: A) absorbance B)  fluorescence in solution of B ; NB ; NB OA 

 

The red curve (NB) presented in figure 3A shows a high rate of light scattering. Indeed, as 

mentioned, the B ; G ; R and Y are poorly soluble in solution, leading to turbid suspension at 

ambient temperature. However, the trend is analyzed with a maximum absorbance peak close 

to 350 nm, as displayed by Figure 2A. Also, a shift towards higher wavelengths is observed by 

grafting B with ZnO (NB). The OA treatment with NB decreases drastically the scattering signal 

at 500 nm, meaning that OA helps to solubilize and break the nanohybrid clusters when excited 

at 350, the maximum emission peak is noted at 460 nm, in the blue region. In addition, no AIE 

neither OA caused luminescence enhancement effect was observed in the Figure 3B, as well 

as no shift in emission between B; NB and NB OA. Previous observations on emissive 

compound 3 brought the conclusion that the AIE effect is stronger while freezing the motion of 
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phenyl group by going through the solid state. The same effect stands with this emitter B in 

solution. 

When the B materials are incorporated in the matrix M in solution, no scattering signal is 

observed anymore in Figure 4A, meaning that both the molecules / nanohybrids are now well 

dispersed and solubilized in the matrix M. The maximum absorbance peak is noted at 360 nm, 

almost the same as in Figure 3A.  

 

 

Figure 4: A) absorbance B) fluorescence in solution of M:B ; M:NB ; M:NB:OA 

 

In emission, the M:NB:OA is slightly less intense. This is explained by the objects (nanohybrids) 

in solution which are smaller than without OA treatment. However, the emission spectrum is 

not the same anymore. The emission of pure B materials was from 400 to 650 nm, and once 

incorporated in matrix M from 300 to 500 nm. When excited at 350 nm, there is a strong energy 

transfer that occurs from the matrix M to the hybrids material, that is explained by the 

absorbance peak of PVK:OXD which is also at 350 nm. Thus, both material M and B are 

strongly emitting light when excited at 350 nm. However, even incorporated in matrix M, no 

enhancement of light intensity was recorded by adding ZnO or OA with B. Some investigations 

in solid state (thin films) are then presented in the next part to evaluate whether the lighting 

phenomenon occurs with B.  
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b) Emitter G 

 

 

Figure 5: A) absorbance B) fluorescence in solution of G ; NG ; NG OA 

 

The main absorbance and emission peaks are reported near 420 nm as maximum absorbance 

and 560 nm for the maximum emission (corresponding to a green emission). Because of the 

poor solubility of G, the light scattering signal is very important for G and NG materials. 

However, by adding OA with NG, the light scattering signal at 600 nm disappears (Figure 5A), 

thus well-dispersed nanohybrids are present instead of the aggregates for NG. This goes in 

line with the experimental observations, as the NG solution became clear after adding OA, and 

stirring at 100 °C with a solution that remains then stable with time. These observations are 

confirmed with the Figure 5B showing the normalized intensity of the emission. Indeed, a shift 

towards smaller wavelengths is noted while adding ZnO with G, and this shift is even stronger 

with the OA treatment. It means that the G molecules were not all grafted onto the ZnO surface 

before the OA treatment. The OA treatment helps the NCs dispersion and vies more accessible 

surface to the emitters for grafting. For this molecule, the emission shift is the witness of the 

electronic modification i.e., the grafting between the organic and inorganic parts. The optical 

properties of this new green emitter incorporated in the matrix M are investigated in the Figure 

6. 
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Figure 6: A) absorbance B)  fluorescence in solution of M:G ; M:NG ; M:NG:OA 

 

The absorbance of materials G incorporated in the matrix M shows no light scattering signal 

at all, as the solutions were clear and proving that the matrix helps in solubilizing the molecules. 

In absorbance, as for pure G materials, shifts are observed by adding ZnO nanocrystals with 

G, and are even stronger by adding OA in M:NG. The maximum absorbance wavelength 

recorded at 390 nm is smaller than the pure G (410 nm), because of the influence of the matrix 

M (Figure 6A). The same is observed for the emission, M:NG:OA maximum emission peak is 

noted at 540 nm instead of 560 nm for NG OA. The influence of the matrix M shifts the emission 

toward the blue region. In conclusion, as with the pure nanohybrids NB, the OA treatment in 

M:NB (giving M:NB:OA) leads to the same blue shift in emission, which suggests that the OA 

still helps to increase the quality of the grafting between ZnO NCs and B molecule. 

 

c) Emitter R 

 

Figure 7: A) absorbance B)  440 nm fluorescence in solution of R ; NR ; NR OA 
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The emitter R is different from the emitters B, G and Y because the grafting unit is a carboxylic 

acid COOH instead of POOH, and therefore different behavior may be suspected. The 

absorbance (Figure 7A) reveals a maximum absorbance peak at 440 nm, and is shifted toward 

higher wavelengths once grafted with ZnO or ZnO OA, proving that there is a modification of 

the electronic structure of the nanohybrids. Moreover, it was noted an important light scattering 

signal for NR. No shift is present in emission (Figure 7B), with a maximum emission noted at 

640 nm for the three compounds. Thus, investigations in the matrix M must complete these 

observations. 

 

Figure 8: A) absorbance B) fluorescence in solution of M:R ; M:NR ; M:NR:OA 

 

Figure 8A shows the absorbance behavior of the materials R incorporated in the matrix M. It 

is observed that the maximum absorbance peak is still at 440 nm after incorporation of the 

nanohybrids in the matrix M, but the absorbance of these solutions is shifted in the red region, 

indicating the modification of the structure and the energy levels of the molecule R. No light 

scattering signal was recorded for R compounds, the same was observed for M:G and M:B 

materials (Figures 8A / 6A / 4A). However, the absorbance peaks are broader than the pure 

materials with emitter R. Moreover, the materials containing molecule R require higher 

temperature (120 °C) of stirring for the self-assembly and the optimum grafting between 

organic and inorganic parts. On another hand, as the correlated emission of these materials in 

Figure 8B are weakly shifted (5 nm) towards the red region, we can ask ourselves if the grafting 

of R really occurs in the liquid state. The differences may be due to the grafting unit of R which 

is more in periphery compared to the other emitters (B, G and Y). Thus, the grafting of R with 

ZnO nanocrystals should have less influence on the electronic structure of the molecule. 
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d) Emitter Y 

The emitter Y was optically investigated in solution, but at first, it was not the best candidate 

to generate later a white emission by co-grafting with blue, green and red emitters together on 

ZnO surface. Indeed, the emitter Y has been named as it emits a yellow light, but thanks to the 

grafting with the ZnO nanoparticle, a shift towards red region may be possible. The emitter Y 

could be then in competition with the emitter R for further experiments. As presented in Figure 

9A, the emitter Y has a main absorbance peak at 420 nm which is blue-shifted once grafted 

with ZnO. However, the NY shows an important light scattering signal in absorbance, which 

suggests important cluster formations, whereas the light scattering signal disappeared thanks 

to the OA treatment in NY OA. The figure 9B confirms that the grafting between ZnO and Y is 

even more efficient with OA treatment. Indeed, there is a blue shift of the emission when Y is 

grafted on ZnO surface and the shift is more important with OA than without. This proves again 

that OA helps to avoid aggregate formation, and meantime promotes the molecular grafting of 

the emitters on the better accessible ZnO surface. On another hand, the maximum emission 

peak of Y is noted close to 610 nm, and once linked with ZnO and OA, it drastically shifts to 

the green region. Therefore, the maximum of emission of NY OA is 570 nm, in the yellow green 

area. The NY OA emission band does not cover the red region; which may be problematic to 

build later a white LED. The same emissions and shifts are observed by including the 

nanohybrids NY OA in the matrix M (Figure 9C). Compared with R, the molecule Y is not the 

best candidate for further investigations to generate white emission (annexe 1). 

 

Figure 9: A) absorbance B) fluorescence  C) fluorescence in matrix ; in solution of Y ; NY ; NY OA.  
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4) Optical properties in thin films 

 

The luminescent solutions were spin-coated onto glass substrates with a corresponding 

thickness of approximately 50 nm, as presented before in the previous chapters. 

The light emission in the solid state of the thin films was normalized because the angle from 

the incident beam to the sample and the detector was hard to reproduce with precision. 

Therefore, the emission intensities cannot be quantified between the samples, in addition to 

the point that the films do not have exactly the same thickness. Therefore, the shift in emission 

is observed with attention as a proof of grafting between the organic emitter and the inorganic 

nanoparticle, as it is a witness regarding the modification of the energy levels of the organic 

emitter. Quantitative studies of the respective emission of the thin films will then be analyzed 

in the part 4d, where PLQY measurements will be obtained in an integrative sphere thanks to 

a thickness-independent method. [3] 

 

a) Emitter B 

 

Figure 10: A) absorbance B)  fluorescence in thin films of B ; NB ; NB OA 

 

In the thin film state, the main absorbance peak of the B films is reported at 340 nm, which is 

slightly blue shifted compared to the solution one (~360 nm). This may be due to the nature 

and polarity of the used solvent in solution. In contrast with the liquid state (Figure 3B), by 

grafting ZnO or ZnO OA with B, a red shift in light emission about 20 nm is observed with a 

maximum emission peak for the nanohybrids at 460 nm. This suggests that there is a slight 
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modification of the energy levels, witness of the link between organic and inorganic parts in 

the film.  

 

 

 

Figure 11: A) absorbance B)  fluorescence in thin films of M:B ; M:NB ; M:NB:OA 

 

According to the Figure 11A, adding the pure B; NB ; NB OA with the matrix M does not change 

the main absorbance peak at 340 nm, neither the emission. As remind, the matrix M has an 

important absorbance peak at 350 nm, the absorbance of B is then mingled with the M one. 

Indeed, there is a shift to the higher wavelengths by adding ZnO or ZnO OA with M:B for a 

maximum emission at 460 nm. It was assumed regarding the B emitter, that the AIE effect 

appears more obviously at the solid state because of the light emission shift, but this does not 

occur at the liquid state. In conclusion, when the B samples are excited at 350 nm, in figure 4B 

(solution) the emission is attributed to the matrix M, while in figure 11B (thin films) the emission 

is mostly attributed to the molecule B corresponding to an AIE effect signature (because in thin 

films, the motion of phenyls in B is more frozen which was not the case in solution). 
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b) Emitter G 

 

Figure 12: A) absorbance B)  410 nm fluorescence in thin films of G ; NG ; NG OA 

 

Pure materials containing G were investigated in thin films in the Figure 12. The absorbance 

behavior in thin films is close enough to the optical observations done in the liquid state. The 

maximum absorbance of G is reported at 400-410 nm. The coated layer of emitter G was 

opaque as the G needs temperature and stirring to be soluble in solution, and thus light 

scattering signal is observed at 600 nm and further. The NG OA layer globally absorbs less in 

the visible region than NG, meaning that the oleic acid treatment induces a better surface 

morphology, i.e., well-dispersed nanohybrids. Regarding the light emission, when excited at 

, the emitted color is green with a maximum at 540 nm. In addition, a shift is 

clearly identified between NG and NG OA toward smaller wavelengths. In another hand, the 

emission spectrum of G is narrower (from 475 to 700 nm) than NG or NG OA (from 450 to 700 

nm), meaning that the energy levels of G are modified thanks to the bond with the inorganic 

NCs. The nanohybrids NG were then incorporated in the matrix M and optically investigated in 

the Figure 13. 
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Figure 13: A) absorbance B)  fluorescence in thin films of M:G ; M:NG ; M:NG:OA 

 

All the coated materials of G in the matrix M gave transparent films thus having a smooth 

surface morphology. Indeed, in Figure 13A, no light scattering signal was observed. The 

absorption threshold of G at 410 nm, was not seen neither and it may be due to the thickness 

of the analyzed layers which is probably too low, together with the concentration of G which is 

much lower than M. However, in Figure 13B, a shift in light emission is noted between M:G 

(max at 550 nm) on one side, and M:NG and M:NG:OA (max at 520 nm) on the other side, 

which is a proof of an efficient grafting between the organic and inorganic parts inside the 

matrix M. In the end, it has been concluded that adding NG in the matrix M helps to increase 

the link between the organic and inorganic parts and thus to obtain smooth and homogeneous 

surfaces. 

 

c) Emitter R 

In the liquid state, the R materials did not present any shift in emission upon grafting (Figure 

7B), that we could attribute to a grafting unit located at the periphery of the molecule (thus 

having limited impact on the electronic structure). Contrarily to the other emissive molecules 

presented in this manuscript, we observed that an ACQ effect was present using this emitter. 

The nanohybrids containing emitter R are now investigated at the solid state in thin films in 

Figure 14. 
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Figure 14: A) absorbance B) fluorescence in thin films of R ; NR ; NR OA 

 

The layer of pure R was very opaque, as the emissive molecule is not stabilized with ZnO in 

order to obtain smooth and homogeneous surface morphology. Thus, in Figure 14A, the 

absorbance light scattering signal of emitter R is huge, and the absorption threshold of the 

molecule at 440 nm is not visible. However, by bonding the molecule R with ZnO surface, the 

absorption threshold of the nanohybrids is visible and reported at 450 nm. The OA treatment 

in NR OA helps to decrease the absorbance signal in the visible, compared with NR. In addition, 

the emission spectra of molecule R is in the yellow / orange region from 500 to 700 nm, but 

the grafting with the ZnO NCs brings an important red-shift about 80 nm. The emission spectra 

of NR and NR
 OA are the same, namely from 525 to almost 750 nm, with a maximum at 640 

nm, exactly the same as the ones obtained in solution for these three materials. We can 

therefore conclude that the thin film composed by emitter R alone presents strong 

intermolecular coupling (possibly partial -  stacking) that modifies strongly the emission 

spectra (maximum at 560 nm). On the contrary, thin films of NR and NR OA still present the 

same emission spectra as in solution, as no intermolecular interactions may occur. 
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Figure 15: A) absorbance B) fluorescence in thin films of M:R ; M:NR ; M:NR:OA 

 

As presented by the Figures 15A/B, the incorporation of the R materials in the matrix M does 

not change significantly the optical behaviors compared to pure materials. Indeed, the 

absorption threshold of the hybrids is still observed at 450 nm, and the important emission shift 

is still occurring between M:R on one side, and M:NR / M:NR:OA on the other side, presenting 

finally an orange / red emitted color for the nanohybrid structures. 

Optically, in order to build solution-processed white nanohybrids for further applications, it was 

deduced that the emitters B, G and R can be used as organic emitters when combined with 

ZnO NCs and incorporated to the matrix M. 

 

d) Photoluminescence Quantum Yield (PLQY) 

 

The PLQY of the new nanohybrids at the solid state were investigated, sometimes in and out 

of the matrix M at different incorporated hybrid percentages (10% ;15% ;20%), and at different 

mass ratios of ZnO:emissive molecule. Quantitative studies of the respective emission of the 

thin films will then be analyzed in this part, where PLQY measurements are obtained in an 

integrative sphere thanks to a thickness-independent method. [3] This allows for a direct 

comparison of the photoluminescent properties of the different materials. 
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Emitter B 

Table 3: PLQY(%) in thin films of the pure B materials, with ratio (1:1) ZnO:B deposited on glass substrate. 

(Measured by Nicolas Ledos, PhD student from Pr. Muriel Hissler group at Institut Sciences Chimiques de 

Rennes). 

 

The PLQY presented in the Table 3 of the pure molecule B in thin film does not follow the the 

same behavior as observed in the powder form (Table 1). Indeed, the pure B reaches only 

PLQY = 39 +/- 4% instead of 82% in powder displayed by Table 1. However, the morphology 

of pure B coated on glass substrate was bad, with inhomogeneous parts and globally opaque. 

By adding ZnO NCs to emitter B, the PLQY decreases drastically by a factor two (PLQY = 19 

+/- 2 %), and the same result was obtained with OA treatment in NB (PLQY = 22 +/- 2%), even 

though the layers were homogeneous and transparent. However, we know that emitter B in 

solution does not present any noticeable emission (PLQY < 1% from Table 1), and therefore 

we note an AIE effect in thin films based on the nanohybrids. Even if the PLQY are rather 

limited and far from the PLQY (39 +- 4%) of the pure molecule films, the PLQY values at 19% 

(NB) and 22% (NB OA) attest of this emission enhancement. 

 

Emitter G 

The PLQY of the G materials were investigated first as pure materials, and then when 10% 

mass were incorporated to the matrix M (Table 4). 

 

Table 4: PLQY(%) in thin films of the G materials in and outside the matrix M (materials incorporated at 10%), 

with ratio (1:1) to (1:4) NG OA, measured on glass substrate coated with luminescent thin films. 

 

 

The PLQY in thin films of the G molecule is about 32 +/- 3 % which is coherent with the value 

obtained in power in the Table 1. After self-assembly, by mixing emitter G with ZnO NCs, the 

PLQY increases to 43 +/- 4 %, in a similar phenomenon observed with molecule 3 in chapter 
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1. The quality of NG solution contains nanohybrid clusters, thus the grafting between organic 

and inorganic materials is not optimal. However, adding OA with NG increases the PLQY to 60 

+/- 6 %, and it was established that the nanohybrids were well dispersed, and the 

corresponding surface morphology of the film was homogeneous in roughness. Additionally, 

by changing the ratio of NG, the PLQY value increases to more than 70 % for the ratio (1:3). 

Therefore, the PLQY values reflect that the motions of the phenyl groups of the emitter G are 

even better blocked when a higher amount of molecules is present on ZnO NCs surface. 

Once incorporated at 10% mass regarding PVK in the matrix M, the G materials follow the 

same trend as without the matrix. However, in the matrix M, some PLQY values, such as the 

best ratio (1:3) NG or the G emitter, are a bit higher than without the matrix, with PLQY = 85 +/- 

8 % and PLQY = 43 +/- 4 % respectively. This may be due to an effect of the matrix M which 

constrains the motion of the molecules. To complete the PLQY (thin films) study with G 

materials, different amounts of nanohybrids (1:3) NG were incorporated in the matrix M and are 

presented by the Table 5. 

 

Table 5: PLQY(%) in thin films of the G materials with various amounts (X%=10% ;15% ;20%) in the matrix M, 

with ratio (1:3) NG OA measured on glass substrate coated with luminescent thin films. 

 

 

The PLQY values presented in the Table 5 are very high, and reach the values from the non 

graftable G in powder form, that was about 100 % PLQY (Table 1). Indeed, with 15% or 20% 

incorporated (1:3) NG OA in the matrix M, the maximum PLQY reaches 98 +/- 10%. Therefore, 

it may be assumed that the G emitter is fully grafted on ZnO surface for 20% hybrids in the 

matrix M at the ratio (1:3) NG. In literature, it is shown that with optimized surface chemistry, 

core shell quantum dots can present near 100% PLQY and therefore represent the best 

choices as emissive materials for QDLEDs. [4] However, in our case, too much hybrid 

materials in the matrix M can lead to easier cluster formations and electrical issues such as: 

short cuts due to aggregates or increase of threshold voltage in the LED device. The 

electroluminescent properties of the G materials will be evaluated in a serie of LED devices 

comparing their performances in the section 6. 
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Emitter R: 

In contrast with the other emitters, the PLQY of the R materials were not well reproducible. 

The PLQY of the R materials in and out of the matrix M (at 10% hybrids incorporated), at 

different (ZnO:R) ratios were investigated, and are presented by the Table 6 : 

 

Table 6: PLQY(%) in thin films of the R materials in and outside the matrix M, with ratio (1:1) to (1:3) of ZnO:R, 

(materials incorporated at 10% in M), measured on glass substrate coated with luminescent thin films. 

 

 

Without the matrix M, the PLQY of R is at the lowest 1%, as measured in powder form from 

the Table 1. Furthermore, by linking the ZnO surface with the emitter R, a very small increase 

of PLQY is noted (4 +/- 1 %) and it remains the same and still very low with OA treatment. 

However, by changing from the initial (1:1) = ZnO:R mass ratio to (1:2), the PLQY increases 

to 13 +/- 1%. 

Once incorporated in the matrix M at 10% mass (with respect to PVK), the same trend is 

observed, with the best PLQY = 17 +/- 2 % which is noted for M:(1:2)N10
R:OA. On another 

hand, the ratio (2:1) of ZnO:R has a PLQY value about 16 +/- 2 %, but this one presents cluster 

formations, as there are more unstabilized ZnO than graftable emitter R. From the Table 

7 presenting PLQY in thin films, different amounts of nanohybrids were incorporated at a ratio 

(1:2) of ZnO:R in the matrix, and it shows clearly that adding more than 10% hybrids in the 

matrix leads to a decrease in the PLQY values, 10% being thus the optimized load. The PLQY 

values displayed by the R materials are low, but it is observed that the ACQ effect can be 

reduced by mixing the emissive molecule R with ZnO NCs. 

 

Table 7: PLQY(%) in thin films of the R materials in various amounts (X%=10% ;15% ;20%) in the matrix M, with 

ratio (1:3) of ZnO:R, measured on glass substrate coated with luminescent thin films. 
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Importantly, the TADF property of the R materials was investigated on thin films in collaboration 

with Nicolas Ledos working with the group of Pr. Muriel Hissler in Institut Sciences Chimiques 

de Rennes, and is presented by the following Table 8 and Figure 16. Measurements were 

done at 298 K and 77 K to determine if the process is dependent of the temperature, to 

distinguish the TTA (triplet triplet annihilation) from the TADF behavior. Moreover, the lifetime 

values D and P are extracted using a decreasing exponential fit thanks to the software of the 

machine [5].  

 

Table 8: TADF measurements on luminescent films, with measured P (ns) lifetime direct (prompt) fluorescence, 

D (µs) delayed lifetime fluorescence, id/ip ratio of the delayed fluorescence over the direct fluorescence. 

 

 

Figure 16: Associated TADF investigations lifetime-normalized intensity curves 
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Firstly, the R molecule was suspected to present TADF property thanks to the anthraquinone 

derivative group. [2] Indeed, in the literature, this groupment together with the spirobifluorene 

group are known to exhibit TADF property [6]. On the table 8, the signal of the R compound 

was too low to be considered therefore meaning that no TADF behavior is present with emitter 

R. Indeed, a compound is considered as TADF efficient if the ratio of the fluorescent intensities 

id/ip > 1. However, by grafting the ZnO NCs with R at a ratio (1:3), interesting TADF property 

was recorded. Indeed, the ratio of the fluorescent intensities is recorded at 6.6. The removal 

of the OH group from the R molecule by grafting the R with ZnO NCs together with constraints 

from ZnO surface induce an increase of the TADF property.  

This effect is extremely interesting and important as it opens the way to create TADF films from 

materials that do not present TADF effect in the pure form. On another hand, the incorporation 

of the red TADF nanohybrids in a matrix, for instance PMMA (id/ip = 1.70) or M (id/ip = 0.85) 

leads to a decrease of the fluorescent intensity ratio. Thus, it is concluded that the choice of 

the matrix has an influence on the TADF property of the red nanohybrids. Also, OA treatment 

was applied in the M:(1:3)N10
R luminescent material and it was observed that the intensity ratio 

was close of 0 (id/ip = 0.11 may be attributed to an artefact), meaning that the use of OA with 

the red TADF nanohybrid decreased strongly his TADF property. 

To conclude, the nanohybrids approach may be powerful to design TADF materials, however 

a careful choice of host matrix and required co-ligands are extremely important. The 

electroluminescence properties of the films need to be investigated by comparing device 

performances in section 6. 

 

5) Morphological properties of the nanohybrids 

 

Optical observations have shown that the B, G and R emissive molecules are good candidates 

once linked with ZnO NCs to generate light, but the morphology of the thin films must be 

analyzed to go toward efficient and reproducible LED devices. Therefore, TEM and AFM 

analyses were done with layers containing nanohybrids at 10% mass regarding PVK in the 

matrix M. The study is focused on the presence of nanohybrid clusters with and without OA 

treatment. For sample preparation, a modification of the floating-layer technique was applied. 

[7] Firstly, a sacrificial PEDOT:PSS material was coated on a substrate before the M:NX 

emissive layer was spin-coated on top of it. After a brief annealing to dry the layers, the 

PEDOT:PSS film was dissolved in deionized water. Floating thin films of the emissive layer 
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were then recovered and deposited on a holey carbon coated TEM grid as shown in Chapter 

2 (Figure 3a).  

 

a) M:N10B 

 

Figure 17: TEM images on holey grid A) M:NB:OA B) M:NB 

 

The TEM images presented by Figure 17 show the films of M:NB (OA), and the TEM image is 

a projection of the 50 nm thick film. It is clearly noted that the OA treatment is required even 

when the NB are dispersed in the matrix M. Indeed, the morphology of M:NB is illustrated by 

cluster formation such as the ones observed over 200 x 200 nm scale on figure 17B. On 

another hand, the TEM image of M:NB:OA presents some very small particle stacks (about 1 

to 3 nanohybrids) which is suitable to be processed as electroluminescent material.  

The AFM images at wider scale (10 x 10 µm) are displayed by Figure 18 to confirm these 

observations. Figure 18B confirms the presence of aggregates over 100 nm height and 200 x 

200 nm wide, with a RMS roughness above 5,0 nm which is high for M:NB film. Therefore, this 

will not be suitable to have a further efficient working LED device, as the optimal thickness of 

active layer determined in the previous chapter was below 100 nm (50 nm was the optimal for 

M:N3:OA). As usual, the OA treatment helps to obtain smooth and homogeneous morphology 

at 10 x 10 µm scale. Indeed, no aggregate was found, and the RMS roughness is about 1,2 

nm. To sum up, the observations done by TEM are confirmed by the AFM measurements. 
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Figure 18: AFM images at 10 x 10 µm A) M:NB:OA B) M:NB 

 

 

b) M:N10G 

 

 

Figure 19: TEM images on holey grid A) M:NG:OA B) M:NG 

 

The morphology of M:NG and M:NG:OA films is first investigated by TEM (Figures 19A/B). The 

M:NG film is characterized by several small / medium stacks of nanohybrids of different ranges. 

Indeed, very small stacks of few nanohybrids (10-20 nm) are observed, but also bigger ones 

about 40 nm. However, these stacks are much smaller than the previous ones observed with 

emitter B, and they do not appear problematic to build a working LED device, as far as the 
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analyzed surface looks quite homogeneous. Nevertheless, the OA treatment of M:NG brings a 

better homogeneity, and the Figure 19A shows very small stacks of nanohybrids (less than 20 

nm). 

Furthermore, AFM images of these films at a wider scale (20 x 20 µm) are presented by the 

following figure. The M:NG roughness is analyzed via Figure 20B, where nanohybrid clusters 

are observed with a height over 100 nm, and 1 x 1 µm wide, even though this was not observed 

in the TEM images (Figure 19B). The corresponding RMS roughness is then high, namely 

RMS = 4,9 nm. In opposite, the OA treatment in M:NG improves the roughness, as the RMS 

drastically decreases at 1,7 nm, with only very small aggregate visible on the image (a perfect 

surface morphology is very hard to obtain at a large scale with nanoparticles). Therefore, it 

was deduced that M:NG:OA solution is suitable to be used as electroluminescent material for 

reproducible LED device.  

 

 

Figure 20: AFM images at 20 x 20 µm A) M:NG:OA B) M:NG 
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c) M:N10R 

 

 

Figure 21: TEM images on holey grid A) M:NR:OA B) M:NR 

 

The morphology of M:NR and M:NR:OA films is analyzed by TEM in the Figure 21. First 

observations of M:NR and M:NR:OA led us to conclude that with or without the OA treatment, 

the homogeneity of the surface was excellent, without any considerable, visible nanohybrid 

aggregates contrarily to the both previous cases with emitters B and G. The AFM images are 

presented in the following figure 22 to confirm these observations at a wider scale, namely 5 x 

5 µm. 

 

 

Figure 22: AFM images at 5 x 5 µm A) M:NR:OA B) M:NR 
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The roughness was investigated in AFM over the figure 22, and it confirms the observations 

done with TEM images in figure 21. Indeed, the M:NR layer presents a very low surface 

roughness with a RMS = 1,3 nm. The layer is very smooth and homogeneous, as displayed 

by Figure 22B. However, the OA treatment with M:NR still helps to obtain a lower surface 

roughness namely RMS = 0,7 nm. Finally, it is concluded that the OA is maybe not required to 

obtain efficient reproducible red LED devices. Both with and without OA were then tried as 

electroluminescent films in further devices (section 6). 

To sum up, all the new nanohybrids NB, NG and NR with OA treatment give lower RMS 

roughness values and thus are in the range of those obtained by other spin-coated guest-host 

films used in electroluminescent OLED devices [8 10]. 

 

 

6) Hybrid RGB LED devices as proof of concept and optimization  

 

Most of the commercial OLEDs are made by evaporation process, but some are done in liquid 

approach [11, 12] as it presents many advantages such as the large scale production or the 

low cost manufacturing compared with evaporated OLEDs. The architectures of the LED 

devices used in this part are presented by the Figure 23. Full solution processed LED devices 

were done in CINaM Marseille and gave the same electrical behavior than the ones done in 

LPICM Palaiseau with evaporated interfacial layers. All the investigations were first done with 

ZnO EtNH (ethanolamine) as electron transport layer instead of evaporated BCP/Alq3/LiF. The 

figure 23A represents the fully characterized (JVL) devices done in Palaiseau LPICM, while 

the figure 23B shows the full solution processed LED characterized only by JV curves. 

Chronologically, the liquid approach LEDs were first done in CINaM Marseille and were 

optimized thanks to their visual aspect and their electrical behavior (morphology, homogeneity 

of the shining, intensity of the emitted light). Afterwards, the optimized devices were made by 

myself in LPICM Palaiseau by changing the solution processed ZnO EtNH ETL by the more 

convenient evaporated interfacial layers, such as BCP, Alq3 and LiF, with expected better 

performances. [13 16] In the previous chapter, the optimal electroluminescent layer thickness 

was studied and deduced for 50 nm, and therefore it remains the same for the three new 

luminescent materials. The same stands for the mass ratio PVK:OXD = 2:1 composing M, that 

will also be kept constant in this chapter. 
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Figure 23: architecture of LED devices A) with evaporated interfacial layers B) in full solution process 

 

As in chapter 1, pure nanohybrids without the matrix were employed as electroluminescent 

layer in LED device. The concentration of the coated luminescent solutions was about 15 

mg/mL with a ratio (ZnO:R, G) = (1:3). The device architecture was the one presented by the 

figure 23B. In order to avoid short cut and electrical problems linked to the nanohybrid cluster 

formations, the size of the active area was decreased from 27 mm² to 15 mm². 

 

Figure 24: JV curves of hybrid LEDs containing pure nanohybrids (1:3) ZnO:G OA and (1:3) ZnO:R OA 
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Firstly, the blue nanohybrids were unusable in their pure forms without the matrix as 

electroluminescent layer (presence of too many aggregates). Several concentrations and 

ratios were tried of NB OA and the corresponding LEDs were not shining. On another hand, 

the green and red nanohybrids worked as electroluminescent layer. The green LED presented 

nice performances such as very low threshold voltage (1 volt) and has nice luminescence 

intensity. The reproducibility of the green LEDs was about 8 out of 10 samples but this was 

attributed to a lower active area, in order to avoid aggregates presence (as widely studied) and 

to increase the performances. Same observations were done on the pure red nanohybrids 

without the matrix, as electroluminescent layer, namely a threshold voltage of 3V and 

homogeneous surface lightning were noted. In addition, the reproducibility of the red LEDs 

was perfect, about 10 out 10 samples, and this may be explained by the better surface 

interaction between R and ZnO NCs, as TEM and AFM pictures showed. In the end, it was 

globally concluded that the incorporation of the nanohybrids in a matrix should lead to better 

LED performances, as for the nanohybrid using the molecule 3 (chapters 1 and 2) thanks to 

better transport properties of the materials. 

 

a) Emitter B 
i)  Electroluminescent properties 

A serie of blue LEDs (ITO/PEDOT:PSS/M:NB:OA/BCP/Alq3/LiF) was done to investigate the 

electrical and luminous performances between the molecule B, and the nanohybrids at 

different ratio (ZnO:B) incorporated in the matrix M. These performances are presented by the 

Table 9 and the corresponding figure 25. 

Table 9: LED performances with B materials incorporated at 10% in the matrix M, variation of the ratio ZnO:B 

from (1:1) to (1:3) 
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Figure 25: JV curves of the blue LED devices presented in the Table 9. 

 

Firstly, it is observed that the M:B10 reference and all the ratios ZnO:B in M present the same 

threshold voltage, namely 5V, which is in the range of OLED literature as honorable working 

tension [17]. In terms of reproducibility, the M:B electroluminescent layer is low. The power 

efficiency varies from 0.11 to 0.26 lm/W on a same LED serie, while the EQE gives broad 

distributions from 0.17% to 0.31%. These discrepancies can be explained by the morphology 

of the electroluminescent film of M:B which was not optimal, due to the low solubility of emitter 

B when non-grafted. However, by adding ZnO NCs and OA with M:B, the performances of the 

LEDs are reproducible as the electroluminescent layer morphology is now homogeneous 

(statistics show success rate for 9 out 10 samples). Indeed, for the ratio ZnO:B = (1:3), the 

power efficiency reaches 0.24 to 0.31 lm/W (similar to the M:B), and a maximum EQE about 

0.44% which is 1.5 times higher than the M:B reference. Even if the measured EQE are quite 

low, it is in the range of the literature for fluorescent OLED blue emitters, which are generally 

considered as the first generation of OLED emitters with an EQE < 5 % [18]. On another hand, 

from the ratio ZnO:B = (1:1) to (1:3), the electrical and luminous performances are very close, 

even if the M:(1:3)N10
B:OA appears to be the best. In the end, it can be concluded that adding 

blue hybrid structures (ZnO:OA combined with B molecule) in the matrix M helps to obtain 

reproducible LED devices with higher performances and homogeneity compared to the M:B 

reference.  
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The next study is based on the amount of incorporated nanohybrids NB in the matrix M, namely 

10%, 15% or 20% with a ratio ZnO:B = (1:1). The corresponding performances are presented 

by the Table 10 and the associated figure 26. 

 

Table 10: LED performances with B materials incorporated at different amounts in the matrix M (10% ;15% ;20%) 

at a ratio (1:1) = ZnO:B. 

 

 

Figure 26: JV curves of the blue LED devices presented in the Table 10. 
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As it could be expected, the threshold voltage increases by adding more nanohybrid materials 

NB OA in the matrix M [19]. Indeed, in the Figure 26, the working tension goes from 5 to 6V 

between 10% and 20% hybrid materials added in matrix M. The M:(1:1)N20
B:OA presents a 

small leakage current between 1 and 5 volts because of the high amounts of nanohybrids in 

the matrix M, thus probably inducing higher cluster formations than in the lower amounts (as it 

was already proven in the chapter 2 with the molecule 3). Also, the luminous performances 

decrease drastically by adding more NB OA in M. Indeed, for M:(1:1)N10
B:OA a power efficiency 

of 0.26 lm/W and EQE = 0.42 % is noted while only 0.14 - 0.18 lm/W and EQE = 0.20 % is 

obtained for M:(1:1)N20
B:OA. Even if the performances drop by adding more emissive 

compounds in the matrix M, the reproducibility of such electroluminescent hybrid layers 

remains very good, as 9 samples out of 10 were homogeneous (which was not the case using 

the reference M:B). Therefore, the use of ZnO NCs and OA with the emitter B in the matrix is 

relevant as it opens the way to reproducible and smooth electroluminescent layers for further 

LED elaboration. 

 

ii) Shift in emitted color from M:B reference to M:NB:OA : 

Because the electroluminescence process is different than the fluorescence one, the radiance 

spectra of the devices M:B and M:(1:3)N10
B:OA are displayed to investigate the emission 

spectra of these LEDs by the following figure 27. Fluorescence spectra previously showed that 

M:B presents a slightly broader emission band, more pronounced on the blue region, 

compared to M:(1:3)N10
B:OA. 

 

Figure 27: Radiance spectra recorded at 50 mA/cm² A) M:B10 ; B) M:(1:3)N10B:OA 
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It is clearly observable that there is a difference in the emitted color between LED based on 

M:B10 and LED based on M:(1:3)N10
B:OA. Indeed, in Figure 27A, the emission spectrum is 

noted from 360 to 750 nm with a maximum at 500 nm, thus giving a bluish green color to the 

LED based on M:B10. On another hand, the LED based on M:(1:3)N10
B:OA emits light from 380 

to 700 nm with a maximum at 490 nm, with a narrower emission band than the reference LED. 

The color seems therefore purer in the blue color.  

 

b) Emitter G 
i) Electroluminescent properties 

 

A serie of green LEDs (ITO/PEDOT:PSS/M:NG:OA/BCP/Alq3/LiF) was done to investigate the 

electrical and luminous performances between the molecule G and the nanohybrids at different 

ratio (ZnO:G) incorporated in the matrix M. These performances are presented by the Table 

11 and the corresponding figure 28. 

 

Table 11: LED performances with G materials incorporated at 10% in the matrix M, variation of the ratio ZnO:G 

from (1:1) to (1:3) 
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Figure 28: JV curves of the green LED devices presented in the Table 11 

 

From Figure 28 and Table 11, it is observed that the threshold voltages are not the same for 

all the LEDs. Indeed, M:G working tension is about 6V, while it is progressively getting 

improved by increasing the ZnO:G ratio from (1:1) to (1:3), respectively from 5 to 4V. These 

values are in the range of OLED literature. Furthermore, the M:G LED presents important 

leakage current about 0.5 mA/cm² from 1 to 5 volts (Figure 28), which is probably related to 

the surface morphology that is quite rough. Even if the performances are reproducible, the 

molecule G, when non grafted, offers poor solubility and is subject to aggregate formation, thus 

leading to considerable leakage current. It is well known that the solution processing of host 

guest doped OLEDs faces phase separation problems, inducing important aggregation of the 

luminescent molecules (for instance B, G and R in our case) and resulting in emission 

quenching effects [20, 21]. As for the performances, it was recorded a power efficiency of 0.36 

 0.41 lm/W with corresponding EQE = 0.50 - 0.52 %.  

On another hand, adding ZnO:OA with G molecule in the matrix leads to better morphology of 

electroluminescent films and therefore to better electrical and luminescent performances of the 

LEDs. Indeed, M:(1:1)N10
G:OA presents a power efficiency of 1.10 to 1.14 lm/W and an 

associated  EQE = 1.18 %, which is 2.5 times higher than the reference M:G10. In addition, the 

increase of the ratio ZnO:G from (1:1) to (1:3) leads also to improvements in electrical and 
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luminous performances. For the ratio (1:3), a threshold voltage of 4V is noted while the power 

efficiency increases to 1.42 lm/W with EQE as high as 1.35 %. The maximum recorded EQE 

of 1.35 % is fully in the range of the first generation green fluorescent OLED emitters (the green 

Alq3 is an example with an EQE about 1 % [22]). However, a ratio (1:4) = ZnO:G was also 

tried, but it gives rough surface morphology, as far as the G molecule starts to be less and less 

soluble, thus less reproducible. It was determined that the best ratio of ZnO:G to incorporate 

in the matrix M is (1:3) in terms of performances, morphology and reproducibility. For the ratios 

(1:1), (1:2) and (1:3), statistics showed that 9 coated layers out of 10 were optically and 

physically the same. 

The next parameter studied is the variation of incorporated nanohybrids NG OA in the matrix 

M, namely 10%,15% or 20% with ratio ZnO:G = (1:1) and are presented by the figure 29 and 

the associated LED performances Table 12. 

 

Table 12: LED performances with G materials incorporated at different amounts in the matrix M (10% ;15% ;20%) 

at a ratio (1:1) = ZnO:G. 
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Figure 29: JV curves of the green LED devices presented in the Table 12 

 

As for the nanohybrids N3 OA (chapter 2) or NB OA, by increasing the amounts of incorporated 

nanohybrids in the matrix M, the threshold voltage should also increase. Nevertheless, it is not 

the case for the G materials: by increasing the percentage of NG OA in M, the working tension 

remains the same, i.e. 5V. However, the performances drastically decrease by comparing the 

N10
G OA sample with N20

G OA. Respectively, the power efficiency goes from 1.10 to 0.80 lm/W 

and EQE from 1.18 to 0.81 %. Therefore, it was concluded that the best amount of NG OA in 

M for efficient LED device is 10% with a ratio ZnO:G = (1:3). It is clear that ZnO and OA 

treatment are required to obtain smooth reproducible and efficient electroluminescent films 

with the molecule G.  

 

ii) Shift in emitted color from M:G reference to M:NG:OA : 

Fluorescence spectra previously showed that a shift in emission is observed between M:G and 

M:NG:OA toward the smaller wavelengths. Because the electroluminescence process is 

different than the fluorescence one, the radiance spectra of the devices M:G and 

M:(1:3)N10
G:OA are displayed to investigate the change of emission of these LEDs, as shown 

by the following figure 30. 
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Figure 30: Radiance spectra recorded at 50 mA/cm² A) M:G10 ; B) M:(1:3)N10G:OA 

 

The emission spectra recorded at 50 mA/cm² for the reference M:G10 is slightly different from 

the electroluminescent layers containing green nanohybrids, for instance M:(1:3)N10
G:OA. 

Indeed, the reference emission spectra ranges from 460 to 760 nm, with a maximum radiance 

peak at 555 nm (yellowish green color), while the LED composed of M:(1:3)N10
G:OA 

electroluminescent layer has a narrower emission spectra with a maximum radiance peak 

recorded at 530 nm (green color).  

 

c) Emitter R 

i) Electroluminescent properties 

 

A serie of red LEDs (ITO/PEDOT:PSS/M:NR:OA/BCP/Alq3/LiF) was done to investigate the 

electrical and luminous performances between the molecule R, and the nanohybrids at 

different ratio (ZnO:R) incorporated in the matrix M. These performances are presented by the 

Table 13 and the corresponding figure 31. 
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Table 13: LED performances with R materials incorporated at 10% in the matrix M, variation of the ratio ZnO:R 

from (1:1) to (1:3) 

 

 

Figure 31: JV curves of the red LED devices presented in the Table 13 

 

As for the G emitters used in LED devices, it is observed that the threshold voltages decrease 

by increasing the ratio ZnO:R from (1:1) to (1:3), with the working tension shifting from 6 to 5V. 

The reference LED with M:R10 active layer presents a higher threshold voltage about 7V, and, 
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as for the M:G LED, an important leakage current is recorded from 1 to 6 volts which is the 

consequence of a non-homogeneous surface roughness. Again, it suffers from medium 

reproducibility and poor solubility. However, by mixing NR OA with the matrix M, almost no 

leakage current and surface defects have been detected, and the reproducibility of the 

electroluminescent layers was excellent (10 out of 10 samples). In addition, by increasing the 

ratio ZnO:R, the performances were also improved. For a ratio (1:1) = ZnO:R, the power 

efficiency is about 0.2 lm/W and EQE = 0.34 %, while the ratio (1:3) is almost twice better with 

a power efficiency of 0.36 lm/W and EQE = 0.58 %. Nevertheless, the phenomenon is different 

from the other emitters (B and G). Indeed, the reference M:R10 presents the best luminous 

performances of the serie presented in the table 13; with a power efficiency of 0.45 lm/W and 

EQE = 0.65 %, which is close to the best red hybrid LED done with M:(1:3)N10
R:OA 

electroluminescent film. Even if the measured EQE are below 1 %, it is in the range of the 

literature for fluorescent red emitters used in OLED, which are generally hard to synthesized 

due to their small bandgap [23] and considered as the first generation of OLED emitters with 

an EQE < 5 %. For instance, in 1989, two orange / red emitters were used and presented EQE 

about 2,3 %. [24] 

The next parameter studied is the variation of incorporated nanohybrids NR OA in the matrix 

M, namely 10% ;15% ;20% with ratio ZnO:R = (1:1) and are presented by the figure 32 with 

the associated LED performances in Table 14. 

 

Table 14: LED performances with R materials incorporated at different amounts in the matrix M (10% ;15% ;20%) 

at a ratio (1:1) = ZnO:R. 
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Figure 32: JV curves of the red LED devices presented in the Table 14 

In contrast with B luminescent materials, and similarly to the G ones, increasing the amount of 

NR OA in M do not rise the threshold voltage, which is noted about 6 volts for all the 

incorporated quantities. On another hand, increasing the amount of NR OA in M leads to better 

electrical and luminous performances. For example, M:N10
R:OA gives a power efficiency about 

0.2 lm/W and EQE = 0.34 % with a good reproducibility. However, for 20% of red nanohybrid 

materials incorporated in M, it presents higher performances, namely power efficiency of 0.35 

lm/W and EQE = 0.49 %. However, the reproducibility is medium in this case (5 out of 10 

samples were working). This is probably due to the easier hybrid cluster formations, leading to 

defects in the active layer and thus further short cuts / electrical problems [25].   

Finally, it is concluded that the use of NR OA instead of R in the matrix M leads to better 

reproducibility (10 out of 10 samples for M:NR:OA while only 5 out of 10 samples for M:R). 

Also, it was assumed that the best ratio ZnO:R is (1:3) but its performances are not as high as 

the reference M:R. It has to be kept in mind that, for this emitter R, both OA addition and the 

matrix M itself were proven to have detrimental effects on the TADF properties. Careful choice 

nanohybrids.  
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ii) Shift in emitted color from M:R reference to M:NR:OA : 

 

In the perspective to build a white LED by combining the different colored nanohybrids, it is 

important to look at the emission in radiance spectra of M:NR:OA samples, in comparison with 

M:R. Fluorescence spectra previously showed that an important red-shift about 80 nm in light 

emission is observed between M:R and M:NR OA. The radiance spectrum of M:R and 

M:(1:3)N10
R:OA are shown in the following figure 33. 

 

 

Figure 33: Radiance spectra recorded at 50 mA/cm² A) M:R10; B) M:(1:3)N10R:OA 

 

The radiance spectra recorded at 50 mA/cm² for the reference M:R10 is again different from 

the electroluminescent nanohybrids layers M:(1:3)N10
R:OA. Indeed, the reference M:R10 

emission spectrum ranges from 440 to approximately 800 nm with a maximum radiance peak 

at 580 nm (yellow orange color), while the LED composed of M:(1:3)N10
R:OA 

electroluminescent layer presents a broader emission range in the red region, with a maximum 

radiance peak recorded at 630 nm (reddish orange color). However, the radiance spectra of 

the LEDs containing NR OA show a shoulder at low wavelengths in the green region. Several 

hypotheses can be done to explain this phenomenon, as it may be due to the green emission 

of residual ZnO NCs, or more probably due to a small rate of charge recombination in the 

green Alq3 interfacial layer. Moreover, the emission of M:NR:OA is not really red, but it might 

be enough to generate a further white emission in LED device. In conclusion, the LEDs based 

M:NR:OA layer emit more in the red area than the ones based with M:R, thus M:NR:OA is more 

suitable for white light emission when it will combined to blue and green emitters, compared 

with LEDs based on M:NY:OA emitting in the yellow area (annexe 1). 
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7) Additional characterizations of the emissive nanohybrid layers  

 

a) Space Charge Limited Current (SCLC) mobility measurements 

The SCLC is a method to determine the vertical mobilities of electrons and holes in thin films. 

The SCLC devices were done by myself at CINaM, and the extraction of mobility from the 

measured JV curves was done in collaboration with Pr. B. Geffroy and Dr. Payal Manzhi, and 

is presented in the following Table 15. The fabrication process and the associated device 

architectures are explained in the experimental section. The measurement was realized on 

several active layers, for each emitters (with and without OA treatment), for the optimized 

electroluminescent layers, meaning 10% incorporated in the matrix M at a ratio (1:3) = 

ZnO:emitter. 

 

Table 15: SCLC, Extracted hole and electron mobilities in cm²/Vs for each optimized (RGB) electroluminescent 

layer. 

 

 

As literature already shown, the hole mobility of M is quite low, around 10-8 to 10-9 cm²/Vs [26], 

and according to table 15, the hole mobility of M is here a little bit higher than in literature, close 

to 2 * 10-7 cm²/Vs and about 5 * 10-5 cm²/Vs for the electron. The incorporation at 10% of (1:3) 

NB ; NG or NR in the matrix M leads to a slight decrease of the hole mobility value by a factor 

10, while even smaller variations of the electron mobility were noted, i.e. 5 * 10-6 cm²/Vs for 

NB, 1 * 10-5 cm²/Vs for NG and 1 * 10-6 cm²/Vs for NR. On another hand, when OA treatment 

was applied in the matrix M containing the blue and green nanohybrids, the hole mobility came 

back close to the reference value of pure M, namely 2 * 10-8 cm²/Vs. In addition, the electron 

mobility value for green and blue nanohybrids with OA treatment remains the same as the pure 
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matrix M, i.e. 2 * 10-5 cm²/Vs. However, while OA treatment was applied to the red nanohybrids, 

the hole mobility surprisingly increased by a factor 100 (1 * 10-5 cm²/Vs), while the electron 

mobility did not change much (1 * 10-6 cm²/Vs) in comparison with the pure matrix M. In the 

end, it may be assumed that the incorporation of blue and green nanohybrids in the matrix M 

had no considerable impact on the hole and electron mobilities, except for the red nanohybrids 

which increased the hole mobility. 

 

b) Post annealing of the LEDs: 

With devices done by solution process, it is relevant to try to post annealing of the LED once 

the last layer aluminium electrode- is deposited. Indeed, it can induce a better solvent 

evaporation, as solvent may be trapped in the different coated layers: water for PEDOT:PSS, 

chlorobenzene / chloroform regarding the electroluminescent layer or isopropanol and 

ethanolamine (EtNH) for the ZnO EtNH electron transport layer. The post annealing was tried 

at several temperatures, on the luminescent systems: M:(1:3)N10
X:OA with X = B;G;R, from 

140 to 200 °C. The case of LEDs based on M:(1:3)N10G:OA is summarized by the following 

JV curves in Figure 34. 

 

Figure 34: JV curves of M:(1:3)N10G:OA, black curve : measured after post annealing at 180 °C for 10 minutes, 

red curve : measured after aluminium evaporation 

 

It was observed that the biggest gain in threshold voltage correspond to 10 minutes post 

annealing at 180 °C, and this for the three emitters. In the Figure 34, the compliance level set 

at 0.2 mA/cm² is reached 1 volt before for the post annealing LED at 180 °C (10 minutes). 
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However, the luminescence intensity of the LED is never improved whatever the temperature 

ranges from 140 to 180 °C. Lower annealing temperatures induce a very low decrease in the 

threshold voltage. However, to post anneal more than 10 minutes or at more than 180 °C 

involves changes in morphology and considerable losses in luminance.  

 

c) Encapsulation of LEDs based on M:(1:3)N10G:OA as electroluminescent layer 

Atomic Layer Deposition (ALD) was used in a collaboration at CINaM with Dr. Lionel Santinacci 

and Dr. Clémence Badie, in order to encapsulate the LED devices. LED device was 

encapsulated with a first layer of alumina 10 +/- 1 nm followed by titania 10 +/- 1 nm processed 

at 90°C and the device was then stored in air under atmospheric conditions for 2 months. 

 

Figure 35: JV curves of LED with M:(1:3)N10G:OA as electroluminescent layer, black : measured before 

encapsulation, red : No encapsulation measured after 2 months storage under N2 in glovebox, blue : ALD 

encapsulation measured after 2 months storage under O2 in air. 

 

For this study, LED devices were done with M:(1:3)N10
G:OA used as electroluminescent layer. 

In the figure 35, before encapsulation, the LED presents a nice electrical behavior, with a very 

low threshold voltage about 2 volts (compliance level reached at 8 volts), and a homogeneous 

and intense shining. However, without encapsulation, when the device was stored under N2 

atmosphere (in glovebox) and was then measured after 2 months, it shows important drops in 
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performances. Even if the threshold voltage increases to 4 volts and the compliance level is 

reached at 11 volts, a big loss in luminance was observed. On another hand the ALD 

encapsulated device presents still nice electrical answer, with a low threshold voltage of 4 volts 

and a compliance level reached at 9 volts, but more importantly, the intensity of luminance is 

close to the freshly prepared devices before encapsulation. 

 

8) Conclusions & Perspectives for hybrid white LED 

 

In conclusion, we could demonstrate that the nanohybrids could serve as a tool to manufacture 

homogeneously dispersed various organic emitters in a matrix-based layer by solution 

deposition. This approach is very convenient especially when the emitters are non-soluble (or 

may have a tendency to aggregate), in order to avoid costly evaporation processes.  

The beneficial effect of OA with the nanohybrids has been generalized to other emitters. For 

all of them, the morphology of the thin films was improved, thanks to an efficient size reduction 

of the aggregates. For all of them, the OA also helped for a better grafting of the emitters and 

thus gave higher PLQY for thin films than the references without OA. Importantly, we could 

also show that nanohybrid formation could create TADF effect that was not initially present on 

the emitter before grafting. In this case, OA did quench the TADF effect and therefore future 

developments should improve this aspect. 

These new nanohybrids were also incorporated in a matrix, and thus processed as 

electroluminescent layer in different LED architectures. A new panel of colored LED was 

obtained, from the deep blue to the orange-red area. Three new nanohybrids were selected in 

order to create a further white emission, and white LED: these nanohybrids are NB, NG and NR 

with OA treatment incorporated in the matrix M. The building of the white emission can be 

imagined by the co-grafting of two or three emitters (B ;G ;R), together on the same ZnO 

nanoparticle surface. These possibilities will be explored in the last chapter.  

The different structures used and their emitted color in LED are presented briefly in the 

following figure 36. 



173 
 

 
Figure 36:  Electroluminescent materials used as active layer with corresponding powered LED device 
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ANNEXES: 

 
1) Yellow LED with M:NY:OA : 

 

Characterized optically at the liquid state in the previous part, the M:(1:1)N10
Y:OA solution emits 

a greenish yellow color while M:Y10 a yellow one. This material has been tried as 

electroluminescent layer in LED device, their JV curves are presented in the Figure 36. 

 

Figure 37: JV curves of the LED with A) M:Y10 ; B) M:(1:1)N10Y:OA as electroluminescent layer. 

In the Figure 37, the threshold voltage of the reference M:Y10 is noted at 7V, that is higher than 

the 5V recorded for M:(1:1)N10
Y:OA. Electrically the electroluminescent nanohybrid layer is 

more suitable for LED than the pure organic M:Y10. Indeed, the morphology of M:N10
Y:OA was 

smoother than the reference. It is assumed that the bonding between Y and ZnO OA is efficient 

because of the shift regarding the emitted color  yellow for M:Y10 and greenish yellow for 

M:(1:1)N10
Y:OA-, which may be translated by the modification of the energy levels of the Y 

molecule. By eyes, the intensity of both devices was close enough. 
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Chapter 4: Co-grafting of several emitters on 
nanocrystals, towards white emission 

 
1) Elaboration of white emissive nanohybrids in solution  

 
In the previous chapter, different organic emitters were widely studied and selected as 

candidates in order to generate a white emission in further LED device. Thus, the molecules 

B, G and R were chosen. Principally, it exists two kinds of white light, a warm white which is 

illustrated by a yellow-white emission (night mode screen in smartphone) [1, 2], or a cold white 

illustrated by a blue-white color (TV, car fl [2, 3]. The color 

coordinates are often described in literature by CIE diagram and Kelvin unit. There are many 

methods which can be applied to obtain white light emission. The state of the art chapter 

mentionned the different approaches to achieve a white LED device. For instance, in literature, 

it is often reported that a consecutive stacking of single blue, single green and single red 

electroluminescent layers may be built [4, 5]. Another regular and widely used method is the 

simultaneous co-evaporation of different organic emitters, in OLED for example, but these 

approaches remain complicated, costly and hard to process [6, 7]. Indeed, the co-evaporation 

of small molecules at the same time gives high quality of layers, but it requires high energy 

and technology for a deep vacuum level. The solution approach is much easier and suitable, 

but with a drop of quality compare to the evaporated process. Indeed, for QDLED technology, 

white electroluminescent devices are built by the mixing of single red, green and blue QDs in 

a same solution [8], however this technology is used so far as photoluminescent layer and not 

electroluminescent one. The creation of white light requires deep study of the amount of blue, 

green and red emitters. Usually, the blue emitter are predominant in front of the green and the 

red one, but it depends also on their respective PLQY and electroluminescence properties. In 

this chapter is presented a solution processable white electroluminescent material, which 

opens the way for further and easier large scale production. Therefore, we focused on two 

methods to obtain white LED devices : 

 - combination of nanohybrids NB and NR with OA treatment in the matrix M 

 - combination of nanohybrids NB, NG and NR with OA treatment in the matrix M  

The new nanohybrids formed are then named such as NBX/GY/RZ with X = a.u. of incorporated 

B; Y = a.u. of G ; Z = a.u. of R emitters. This notation will help to clearly see the volume ratios 

of the different emitters in the nanohybrids sample. The experimental section gives a Table 



178 
 

with the corresponding mass of the different quantities used for the building of the new 

nanohybrids. Experimentally, the host matrix M solution is still prepared using a mass ratio 2:1 

= PVK:OXD, and the ZnO is added at 10% w / w (related to PVK) to the luminescent solution. 

Separately, the organic emitters are combined together and, after a while, added to the M:ZnO 

solution. Thus, the self assembly takes place under stirring and heating the solution at 80 °C. 

Once the luminescent solution becomes more clear, the OA is added at 0.2% v/v, and the 

solution is then ready to be processed as thin film. The thickness of the electroluminescent 

layer remains the same as in chapter 3, namely 50 nm. The different architectures presented 

in this chapter are illustrated in the figure 1. 

 

 

Figure 1: Architecture of the white LED A) with evaporated electron injection layers B) with solution processable 

electron injection layers. 

 

As figure 1 shows, in this part, different electron injection layers are tried, namely evaporated 

TPBi and LiF [9, 10], and one solution processed Poly(9,9- -(N,N-dimethyl)-N-

ethylammoinium-propyl-2,7-fluorene)-alt-2,7-(9,9-dioctylfluorene))dibromide referred as PFN-

Br [11, 12] which are both widely used in literature for OLED device fabrication. Thus, the 

influence of the interfacial layers will be studied.  
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2) Matrix M combined with two or three emissive nanohybrids 

 
i) White LED devices using TPBi and LiF as electron transport material 

 

ZnO Co-grafting with 2 emitters in the matrix M: 

 

A serie of white LEDs was done with 10% w / w of ZnO in the matrix, with various quantities of 

B and R molecules, thus giving two different nanohybrids in M, namely NB OA and NR OA. The 

main goal was to obtain a white LED and to investigate the electrical and the luminous 

performances according to the different nanohybrid compositions incorporated in the matrix M. 

In this serie, two B quantities were fixed, namely 40 or 50, and variations of R were done from 

3 to 25, thus giving the volume ratio of these emitters. These performances are presented by 

the Table 1 and the corresponding figure 3. The precise measure of the emitted color was 

recorded with working LED device at 50 mA/cm² thanks to the CIE Diagram and the associated 

coordinates. 

 

Table 1: performances of white LEDs done with two nanohybrids NB OA and NR OA in the matrix M, with their CIE 

coordinates recorded at 50 mA/cm². 
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Figure 3: A) JVL curve B) Performances cd/A and lm/W with current density mA/cm² and luminance in cd/m² of 

M:NB40/R3:OA  

 

First of all, it is observed that the serie of white LED with 2 nanohybrid emitters in matrix M are 

very reproducible and the different tried compositions gave close emission spectra and 

performances. Indeed, the EQE is at 0.8 % for all the LEDs. Only the M:NB40/R7:OA presents a 

slightly lower EQE = 0.64 % but it can be explained by the presence of inhomogeneities in its 

active area. Indeed, the threshold voltage is noted at 7.0 volts, while for the other 

electroluminescent layer compositions, only 5.0 volts threshold voltage is noted. On another 

hand, the luminance efficiency measured is close to 2.00 cd/A for all the compositions. The 

maximum luminance value recorded was 700 cd/m² at 50 mA/cm², even though in the 

literature, it is often found values that can reached 100,000 of cd/m² in OLED devices [13, 14]. 

The obtained performances in Table 1 are then not the best of the literature but it is in the 

range of the 1st generation OLED devices. [13, 15] 

On another hand, as the main goal was to obtain white LED, the CIE coordinates were 

investigated. Comparing from M:NB40/R3:OA to M:NB40/R7:OA, the coordinates shift a little bit 

from (x = 0.395 y = 0.434) to (x = 0.408 y = 0.435), which are both in the warm white area, 

close to the border with the greenish yellow area (figure 6 CIE diagram). For B = 50, bigger R 

variation was done, from R = 8 to R = 25. Therefore, the noted CIE coordinates for M:NB50/R8:OA 

were (x = 0.416 y = 0.443) while for M:NB50/R25:OA were measured (x = 0.43 y = 0.45), the 

corresponding color for both being even closer of the borderline with the greenish yellow area. 

As expected, adding more R emitter in the hybrid composition leads to a shift in the device 

emission, toward the warm colors. Therefore, in order to obtain a purer white color (ideally CIE 

x = 0.35 y = 0.35), the emitter R was kept constant at R = 3 while the emitter B was decreased 

from 40 to 20. Their performances are displayed over the Table 2 and the Figure 4. 
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Table 2: performances of white LEDs done with two nanohybrids NB OA and NR OA in the matrix M, with their CIE 

coordinates recorded at 50 mA/cm². 

 

 
Figure 4: A) JVL curve B) Performances cd/A and lm/W with current density mA/cm² and luminance in cd/m² of 

M:NB20/R3:OA  

 

As previously mentioned, the M:NB40/R3:OA electroluminescent layer used in LED presents a 

quite low threshold voltage of 5.0 volts. By decreasing the amount of B molecule from 40 to 20 

it leads to slightly lower performances as the ones observed in the Table 1, namely an EQE = 

0.69 %, luminance efficiency of 1.75 cd/A and a threshold voltage of 5.0 volts. Nevertheless, 

the Figure 4A show in the JVL curve that before the working tension, there are some small 

leakage current about 0.05 to 0.1 mA/cm² indicating the presence of possible rough active 

surface, and explaining the small drop of performances in comparison with the other LEDs 

shown in the table 1. 

As comparison, the datas presented in the chapter 3 regarding the blue and red (as single) 

emitters in devices, gave similar threshold voltage values, around 5 volts. Moreover, the 

maximum EQE value recorded for blue and green hybrid LEDs were respectively EQEmaxB = 

0.44 %; EQEmaxR=0.60 %. Therefore, it is concluded that the combination of both nanohybrid 

emitters in the matrix M leads to more efficient LED devices, in addition to shine white (without 

exceeding the ratio 1:3, to 1:4 for instance). 
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Concerning the emitted color, the decrease of the B amount in the luminescent solution leads 

to a small shift toward the center of the white area. Indeed, the CIE coordinates goes from x = 

0.395 y = 0.434 (M:NB40/R3:OA) to x = 0.376 y = 0.426 (M:NB20/R3:OA), which is in between the 

center white and the yellow green area. By adding less nanohybrids (NR OA or NB OA) in matrix 

M, it cannot be excluded that the matrix M participates more intensely to the 

electroluminescence emission, leading to a shift toward the smaller wavelengths / CIE 

coordinates.  

 

ZnO Co-grafting with 3 emitters in the matrix M: 

 

Even if the previous LEDs with 2 nanohybrids emitters in the matrix M over table 1 and 2 are 

in the same CIE diagram area, the proof of concept for (warm) white LED using nanohybrids 

was realized. The following figure 5 and table 3 present performances of LED with 3 

nanohybrids emitters incorporated to the matrix M, namely NB OA, NG OA and NR OA. The goal 

is to prove that it is possible to achieve white LED by, in theory, the co-grafting of 3 emitters 

(BGR) on the surface of ZnO nanoparticle. The first tried luminescent solution used to build a 

LED device was chosen arbitrarily as M:NB30/G6/R14:OA, and then, according to the emitted color, 

the quantities of the 3 emitters were ajusted. Indeed, because the previous LEDs without the 

emitter G were close to the yellow green area, and because the NG material is much more 

electroluminescent than NB and NR (cf. chapter 3), the quantity of G was then fixed at 1. Thus, 

the other compositions are M:NB50/G1/R6:OA, M:NB60/G1/R8:OA and M:NB40/G1/R5:OA. First of all, it 

is observed that the performances in Table 3 are lower than the combination of matrix M with 

two emitters. The quality of the layers was good but maybe containing more agreggates or 

bigger objects, or probably because of the grafting competition between all the molecules 

(BGR) on the ZnO surface. Even for the best composition M:NB40/G1/R5:OA in figure 5A, it is 

observed a considerable leakage current below 1 mA/cm², probably due to agreggates 

presence in the active area of the device. Consequently, higher threshold voltages were 

generally observed between 6.0 and 7.0 volts, with EQEs from 0.6 to 0.73 % (while it was 

previously 5.0 volts as working tensions and 0.8 % EQEs for the combination of matrix M with 

two nanohybrid emitters). As comparison, the most optimized LED using single nanohybrid 

green emitter in the matrix M, presented threshold voltage about 4.0 volts for EQE = 1.35 %, 

while 5.0 volts for blue and red emitters with respectively EQE = 0.44 % and 0.60 % (cf. chapter 

3). 
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Table 3: performances of white LEDs done with three nanohybrids NB OA; NG OA; NR OA in the matrix M, with 

their CIE coordinates recorded at 50 mA/cm². 

 

 

 
Figure 5: A) JVL curve B) Performances cd/A and lm/W with current density mA/cm² and luminance in cd/m² of 

M:NB40/G1/R5:OA  

 

 

Thanks to CIE coordinates, it was shown that the first composition M:NB30/G6/R14:OA was 

emitting too much in the yellow area (x = 0.456 y = 0.479), as expected. The same was 

observed for M:NB60/G1/R8:OA, with associated CIE (x = 0.440 y = 0.466). The other 

compositions containing less G and R emitters are closer to the white color but still too much 

present in the yellow-green area. For instance, the best composition with 3 nanohybrid emitters 

is M:NB40/G1/R5 with associated CIE (x = 0.383 y = 0.445). As figure 6 shows, it is just at the 

border between white and yellow green colors. In the end, it is assumed that the control of the 

light may be harder with three nanohybrid emitters than two, as far as molecule G is far too 

emissive in the green region, even at very low concentration. 
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Figure 6: CIE diagram associated to Table 1, 2 and 3, cross = M + 2 nanohybrids emitters; circle = M + 3 

nanohybrids emitters. 

 

To sum up, it is concluded that solution processable warm white LEDs were achieved by co-

grafting two or three emissive organic molecules on ZnO surface added together in the matrix 

M. The reproducibility was good enough and homogeneous light was obtained over the whole 

active area of the device. However, only the warm white was achieved with this device 

architecture (figure 1A). Further advanced experiments are required in order to generate a very 

pure white LED, or a colder white LED. The influence of the electron interfacial layer and the 

choice of the matrix are investigated in the following parts.  

 

ii) Optical analyzes of M:NB40/R3:OA films: 

 

An electroluminescent film of M:NB40/R3:OA was coated on glass substrate in order to analyze 

its photoluminescence property when excited at 350 nm (thus on the matrix M and NB
 main 

absorbance peak) to create an absorption / emission cascade. The same film was used and 

presented as warm white LED device in the upper part, when its electroluminescence spectrum 
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was recorded at 50 mA/cm². The comparison between photoluminescence and 

electroluminescence spectra is presented by the Figure 7. 

 

 
Figure 7: A) absorbance and fluorescence (excited at 350 nm) of M:NB40/R3:OA film, B) associated 

electroluminescence radiance spectrum of LED containing M:NB40/R3:OA as electroluminescent layer recorded at 
50 mA/cm². 

 

The figure 7A shows a photoluminescence spectrum from 400 to 750 nm with a high dominant 

part in the warm colors. The electroluminescence spectrum shows a broad emission area from 

400 to 780 nm, with also a dominant part in the warm colors. This confirms the recorded CIE 

coordinates of the warm white M:NB40/R3:OA film used in LED. 

 

 

iii) Morphology of M:NB40/R3 films: 

 

The morphology of the same electroluminescent films composed of M:NB40/R3
 was investigated 

by TEM images on holey grid in figure 8. The comparison is done with and without OA 

treatment of the solution. 
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Figure 8: TEM images on holey grid of the thin films composed of A) M:NB40/R3:OA B) M:NB40/R3 (films obtained by 

floating layer technic). 

 

On the film without OA treatment, the image at 2 µm scale on the figure 8B shows the presence 

of aggregate over 500 nm (white dotted squares). At 200 nm scale, no aggregate was found 

and the spreading of the nanohybrids in the matrix M seems quite homogeneous. This may be 

attributed to the good surface affinity between emitter R and ZnO nanoparticle, which was 

demonstrated in chapter 3 as smooth and homogeneous, even without OA treatment. On 

another hand, with OA treatment in the luminescent solution, the corresponding film did not 

present any cluster formation at 2 µm scale (Figure 8A). Moreover, the magnification shows 

better spread nanohybrids in the matrix M in comparison with M:NB40/R3. It is concluded that the 

OA treatment is still required to obtain better surface morphology and is more suitable for 

further efficient LED devices. 
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iv) Morphology of M:NB120/G1/R5 films: 

 

The morphology of electroluminescent films composed of M:NB120/G1/R5 was investigated by 

TEM images on holey grid in figure 9. Again, the comparison is done with and without OA 

treatment. 

 

 

Figure 9: TEM images on holey grid of the thin films composed of A) M:NB120/G1/R5:OA B) M:NB120/G1/R5 

 

On the film without OA treatment, in opposite with the electroluminescent layer composed of 2 

nanohybrid emitters incorporated at 10% in the matrix M, it seems that with 3 emitters in the 

matrix M the cluster formation is more important. Indeed, as presented by the figure 9B at 2 

µm scale, the presence of aggregates over 2 µm is detected (white dotted squares), and when 

the scale was decreased to 200 nm, the nanohybrids form also small clusters of 10 to 30 nm. 

Nevertheless, the OA treatment presented in Figure 9A shows a very smooth morphology 

without any aggregate detected at 2 µm scale. In addition, at 200 nm scale, the small 

nanohybrid clusters seem to be better dispersed in the matrix M. In conclusion, with three 

nanohybrid emitters in the matrix M, it is again highly recommended to use OA treatment in 

order to have more suitable electroluminescent layer for LED device. 
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3) Matrix F (F8:F8BT) combined with two emissive nanohybrids 
 

Previously, all the characterizations were done with M (PVK:OXD) host matrix, but the 

(F8:F8BT) matrix referred as F, is also briefly studied in this chapter using the figure 1A 

architecture. The mass ratio of F8:F8BT is 19:1 for a total of 10 mg / mL luminescent solution 

[16].  The matrix F is a green emitter, also widely used in OLED literature, and is a combination 

of two polymers from 1st generation OLED (fluorescent polymers) when both materials (F8 and 

F8BT) are associated [16 20]. The green F matrix is therefore much more efficient in electrical 

and luminance properties in comparison with blue M matrix. However, because the F matrix 

strongly emits in the green area, the 10% incorporated nanohybrids were NB OA and NR OA, 

as far as NG OA emission is replaced by F matrix, thus hiding the nanohybrids emission (which 

was not the case of the M matrix). Indeed, the M matrix is more transparent regarding the 

nanohybrid emission as far as it emits in the deep blue region and the transport properties are 

weaker than F matrix. The chemical structures of F8 and F8BT are illustrated in the figure 2. 

 

Figure 2: F8BT and F8 chemical structures leading to F matrix, shining in green light emitting diode with 

ITO/PEDOT:PSS/TFB/F8BT/F8imBT-Br*/Ca/Al [16, 20] 

 

i) ZnO Co-grafting with 2 emitters in the matrix F: 

 

As for matrix M, a serie of theoritical white LEDs was done with 10% w / w of ZnO with various 

quantities of B and R molecules, thus giving two different nanohybrids in F, namely F:NB:OA 

and F:NR:OA. The main goal was to obtain a white LED and to investigate the electrical and 

the luminous performances according to the different nanohybrid compositions incorporated in 

the matrix F. In this serie, two B quantities were tried, namely 100 or 50, with two amounts of 

R from 80 to 25, together with ZnO, OA and the matrix F. The last device on the right of the 
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Table 4 (F:NB50/R25
:OA), contains an electroluminescent layer which is twice thicker than the 

regular F:NB50/R25:OA, in order to see the influence on the electroluminescence properties. 

These performances are presented by the Table 4 and the corresponding figure 10. 

 

Table 4: performances of white LEDs done with three nanohybrids NB OA; NR OA in the matrix F, with their CIE 

coordinates recorded at 50 mA/cm². 

 

 
Figure 10: A) JVL curve B) Performances cd/A and lm/W with current density mA/cm² and luminance in cd/m² of 

F:NB50/R25:OA  

 

According to the table 4, the device performances varied a lot from F:NB100/R80
:OA to 

F:NB50/R25:OA. Indeed, the first cause which explains the difference is the surface morphology 

which was not as good as with the matrix M. Indeed, the device done with F:NB100/R80:OA 

electroluminescent layer contains large aggregates leading to leakage current and electrical 

problem. The recorded performances are then very low, EQE = 0.04 %; threshold voltage of 8 

volts and luminous efficiency of 0.96 cd/A. The device using F:NB50/R25:OA contains less 
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emitters and more homogeneous layers could be obtained.  However, by comparing the 

devices done with F:NB50/R25:OA and F:NB50/R25:OA (twice thicker), logically the threshold 

voltages increased from 6 to 14 volts, with a significant drop in performances as predicted by 

literature [21, 22]. Indeed, the EQE for the thinner electroluminescent layer was 1.71 % and 

dropped to 0.86 % when the thickness was twice higher. In addition, the F matrix gives higher 

EQE performances as predicted in comparison with M matrix, where the maximum EQE was 

measured for optimized M:(1:3)N10
G:OA, close to EQE = 1.35 %. 

 

The translated CIE coordinates displayed in the Table 4 are illustrated by the figure 11, 

representing the F:NBX/RZ:OA devices at 50 mA/cm² in CIE Diagram. It is observed that the 

composition F:NB100/R80:OA electroluminescent layer used in device was very far from the white 

color, CIE (x = 0.41 y = 0.544), thus in the yellow green area. In addition, the active layer 

composition F:NB50/R25:OA was still far from the center white, with CIE (x = 0.324 y = 0.447) in 

the yellowish green color. However, by getting twice thicker electroluminescent F:NB50/R25:OA 

layer, the emitted color at 50 mA/cm² is very close to the center white area, with CIE (x = 0.305 

y = 0.370), and except the high threshold voltage noted at 14 volts, the performances are not 

so bad regarding the 1st generation OLEDs. 

 
Figure 11: CIE diagram associated to Table 4, triangle = F + 2 nanohybrids emitters. 
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To sum up, it is concluded that solution processable white LEDs was achieved by co grafting 

two emissive organic molecules on ZnO surface together added in a more efficient matrix F. 

This time the reproducibility was medium (6 out of 10 samples) and highly depends on the 

quantity of mixed organic emitters with ZnO. It was also confirmed that the matrix F (green 

emitter) is much more efficient than matrix M (blue emitter), but consequently, the nanohybrids 

emission is hidden by the matrix F. On this serie of LEDs based on F:N:OA electroluminescent 

layer, it was concluded that the matrix F was the main emitter of the device, presenting a green 

emission. Even by adding important quantities of emitters B and R (respectively 100 and 80) 

within the matrix F, the emitted light is not further shifted to the white, but to the green area, in 

opposite with the LEDs based on M:N:OA. This may be assumed by the morphology of the 

layers based on F:N:OA, which contained large aggregates despite the OA treatment (see 

bellow). The charges are thus ineffectively injected from the matrix F to the nanohybrids, and 

the emission of the nanohybrids may be very low compared to the matrix F. To avoid this 

aggregation problem, it may be supposed that the twice thicker electroluminescent layer 

minimizes the loss of charges in N, but it induces a higher threshold voltage. Further advanced 

experiments are required in order to have a better control of the emitted light of the nanohybrids 

and the matrix F with lower threshold voltage values.  

 

ii) Morphology of F:NB50/R25 films: 

The morphology of electroluminescent films composed of F:NB50/R25
 was investigated by TEM 

images on holey grid in figure 12. The comparison is done with and without OA treatment. 

 

Figure 12: TEM images on holey grid of the thin films composed of A) F:NB50/R25:OA B) F:NB50/R25. 
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First of all, the performances displayed by LED using F:NB50/R25
:OA as electroluminescent layer 

show medium reproducibility. In cause, the aggregates are present over the whole active area 

of the devices. The figures 12A/B at 5 and 2 µm scales present high concentration of 

nanohybrid clusters in the film. The same observations were done at 200 nm scale. It is 

observed that the electroluminescent film which did not contain OA presented even bigger 

aggregates, namely 200 x 200 nm for F:NB50/R25 and 40 x 40 nm for F:NB50/R25:OA. Interestingly, 

this is the first time that the OA treatment is only weakly efficient to disperse the nanohybrids. 

This treatment is therefore dependent from the host matrix used.  

 

4) SCLC mobility measurements 
 

The SCLC devices were done at CINaM in collaboration with Dr. Payal Manzhi and Dr. Bernard 

Geffroy from LPICM, and the extraction of mobility from the measured JV curves (recorded 

from 0 to 10 volts) was done by Payal Manzhi and is presented in the following Table 5. The 

fabrication process and the associated device architectures are detailed in the experimental 

section. The measurement was based on the composition of the white electroluminescent 

layer, including either two or three nanohybrid emitters, with and without OA treatment included 

in the matrix M. 

 

Table 5: SCLC, Extracted hole and electron mobilities in cm²/Vs for white electroluminescent layer, including 

either two or three nanohybrid emitters, JV curves recorded from 0 to 10 volts (R/G/B). 

 

 

In comparison with the pure matrix M, the M:NB40/R3 and M:NB120/G1/R5 electroluminescent 

materials have their hole mobilities which decreased by almost a factor 100, respectively 9 * 

10-9 cm²/Vs and 3 * 10-9 cm²/Vs. Their electron mobilities also decreased by a factor 10 in 

comparison with the pure matrix M. In addition, the OA treatment was applied in these 

electroluminescent layers and led to various hole mobility values from 10-6 to 10-9 cm²/Vs, 
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which could be attributed to the presence of aggregates in the active area. However, the 

electron mobilities of the electroluminescent layers which contained OA are close enough to 

the pure matrix M, in the range of 10-5 cm²/Vs. According to the mobility results presented in 

the chapter 3 and in table 5, it may be assumed that adding more than one nanohybrid emitter 

in the matrix M leads to a drastic decrease of the hole mobility, while the electron mobility 

remained the same in comparison with the single matrix M. This behavior may explain the 

difficulties to obtain better performing devices when using several emitters at the same time, 

compared to the use of single emitter within the matrix M. 

 

5) Effect of the interfacial layers 

 
i) ZnO Co-grafting with 2 emitters in the matrix M: 

 

Chronologically, the first white LED devices were done with ZnO EtNH electron injection layer. 

The obtained results / colors from such devices are very close to the ones with evaporated 

TPBi / LiF electron injection materials: namely a warm white emission. In order to reach a cold 

white LED, the influence of this interfacial layer was investigated. Indeed, these two injection 

layers were replaced by solution processed PFN-Br. Therefore, a serie of white LED was done 

with two nanohybrids emitters (NB OA and NR OA) incorporated to the matrix M. The LEDs 

were made in CINaM Marseille then sent for characterization in LPICM Palaiseau. The 

luminescence of the devices was visible but their performances remained very low. Even if the 

recorded threshold voltages were about 4 to 5 volts with high reproducibility, the corresponding 

luminance values were below 5 cd/m². Because the JV curves of the LEDs are electrically 

good, namely such as exponential diode behavior, it was assumed that the loss of luminance 

may come from charge recombinations in the injection layer. Indeed, the PFN-Br is known to 

be a blue emissive material [23] and may process to this phenomenon. Table 6 and the figure 

13 illustrate the different active layer compositions with their related CIE coordinates, for 10% 

w / w of ZnO co-grafted with B and R emitters, and OA incorporated in the matrix M. 
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Table 6: CIE coordinates recorded at 50 mA/cm² of cold white LEDs done with two nanohybrids NB OA and NR 

OA in the matrix M. 

 

 
Figure 13: CIE diagram associated to Table 6, square = M + 2 nanohybrids emitters. 

 

The first analyze was done by keeping R = 8 and decreasing the quantity of B from 100 to 80 

then 40 in M:NBX/R8:OA. The higher amount of B = 100 gave CIE coordinates (x = 0.243 y = 

0.234) which is in the cold white area close to the blue border, as seen in the figure 13. When 

B = 80, the CIE coordinates shifted at x = 0.269 y = 0.260, in between the purple and blue 

white. And for B = 40, the value of CIE (x = 0.303 y = 0.285) corresponds to a reddish purple 

white. Therefore, by decreasing the amount of B in M:NBX/R8:OA, it shifts the emission color 

from cold white to a reddish purple white color, closer to the pure white (namely CIE 

coordinates x = 0.35 y = 0.35). The second comparison was established by changing the active 

layer composition, namely keeping B = 80, and varying the amount of R from 20 to 40. Indeed, 

the M:NB80/R20:OA presents CIE coordinates (x = 0.308 y = 0.296), which corresponds almost 
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to a pure white color, while for R = 40, the emitted color is more in the purplish pink white area 

CIE (x = 0.357 y = 0.303), as seen in the figure 8. 

To sum up, low performances and reproducible cold white LEDs were achieved using full 

solution process LED devices, using PFN-Br as electron injection layer and two nanohybrids 

emitters in the matrix M as electroluminescent material. The shift of the emission to a colder 

white region (together with drop of performances) may be attributed to the blueish participation 

of the emission from the PFN-Br injection layer. 

 

ii) ZnO Co-grafting with 3 emitters in the matrix M: 

 

The same study was reproduced but with 3 emitters B, G and R grafted on the surface of ZnO, 

and added to the matrix M. Finally, it was expected with the 3 emitters to reach a central white 

LED, namely CIE (x = 0.35 y = 0.35). Therefore, different compositions of active layer were 

tried in LED devices, and their emission were recorded at 50 mA/cm² (Figure 14, Table 7). The 

previous observations on the electrical performances of the LEDs containing two nanohybrid 

emitters are the same with three nanohybrid emitters in the matrix M, namely high 

reproducilibity, low threshold voltages and low luminance performances, again attributed to the 

PFN-Br injection layer which may be not suitable for such system. 

 

Table 7: CIE coordinates recorded at 50 mA/cm² of white LEDs done with three nanohybrids NB OA; NG OA; NR 

OA in the matrix M. 
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Figure 14: CIE diagram associated to Table 7, diamond = M + 3 nanohybrids emitters. 

 

The first comparison was done by keeping B = 80 and G = 1 constant, and by varying R = 3 to 

8. Indeed, as presented in the figure 14, for R = 8, the CIE (x = 0.417 y = 0.410) corresponds 

to a warm white emission close to the greenish yellow area. When R was decreased to 3, the 

CIE coordinates shifted a little bit to (x = 0.399 y = 0.416), but the observed color was the same 

(warm white). The second comparison was done by keeping B = 120 and G = 1 and varying 

the quantity of R from 3 to 6, then 10 in the luminescent solution. The observed color for 

M:NB120/G1/R3:OA was a cold white (CIE x = 0.270 y = 0.271), while, when R = 6, the previous 

observed cold white shifted to blue-purple white emission (CIE x = 0.292 y = 0.303). Finally, 

the last composition M:NB120/G1/R10:OA gave a perfect central white LED emission, with 

associated CIE coordinates of (x = 0.352 y = 0.344). 

To sum up, low performances and reproducible cold white, warm white and pure white LEDs 

were achieved using full solution process LED devices, using PFN-Br as electron injection 

layer and three nanohybrids emitters in the matrix M as electroluminescent material. Even 

though the emitter G was used, the blueish contribution from PFN-Br injection layer allows 

emission in the white region and limits the participation to the emission of the 

electroluminescent layer (which was not the case when using other interfaces such as ZnO 

EtNH or TPBi / LiF). However, this good color rendering has a huge cost as the performances 

are very low. 
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6) Conclusions 

 
Finally, it is concluded that white LEDs were obtained with two or three nanohybrid emitters 

incorporated to the matrix M, or to the matrix F. The solution of the matrix M containing two or 

three nanohybrids was used as electroluminescent layer in LED device and gave honorable 

performances compared with 1st generation material for OLED, for a corresponding warm white 

color with evaporated injection layers. 

The matrix F shows better electrical and luminous performances than matrix M, but the 

morphological analyzes of the films F:N:OA show high amount of aggregates above 200 x 200 

nm size. The OA treatment on F:N was weakly efficient compared with the OA treatment in 

M:N. The presence of large aggregates in F:N:OA induced a very weak emission of the 

nanohybrids N, as far as the charges were inefficiently injected in the nanohybrids. Therefore, 

a peculiar attention must be given to the nanohybrids morphology within the matrix, as only a 

good morphology guarantees an emission from the nanohybrids. 

The other shades of white were obtained by changing the composition of the 

electroluminescent layer, but also by changing the electron injection layer by solution 

processed PFN-Br. Even if the performances of the full solution process white LEDs were quite 

low, the total control of the emitted color was proved and could be improved in the future, by 

choosing suitable interfacial layers allowing a better charge injection in the electroluminescent 

layer and avoiding undesirable charge recombination. 
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General conclusion:  
 
In the chapter 1, nanohybrids using ZnO nanocrystals combined with a fluorescent compound 

were synthesized and used as electroluminescent layer in LED devices. However, due to the 

presence of undesirable aggregates, the reproducibility of such layers was poor. The co-

grafting of ZnO with this emissive molecule together with oleic acid led to very homogeneous 

and smooth electroluminescent layers. The use of oleic acid has been shown to be very 

important as far as it helped to obtain very smooth layers and also to improve strongly the 

PLQY of the emissive materials, thanks to a better grafting of the emitters on the more 

accessible surface. The new hybrid material, with the help of oleic acid, was used as 

electroluminescent layer, and the performances were very reproducible but remained very low 

as the charge transport properties of such material were inadequate. This problem of transport 

was solved in the chapter 2, as far as the nanohybrids were dispersed as guests in a polymer 

host matrix of PVK:OXD. Thus, the performances of the LED using such an electroluminescent 

layer were improved compared to the ones without matrix assistance. 

The third chapter focused on generalizing this approach to other emitters and to tune the light 

with different nanohybrids, using ZnO and different new graftable fluorescent organic emitters 

incorporated in the matrix M. The study showed that the oleic acid treatment is still required to 

obtain smooth, homogeneous electroluminescent layer and also to improve systematically the 

PLQY of the emissive organic material. Therefore, blue, green, yellow and red LEDs were built, 

optimized and characterized. Their performances were modest, but were comparable to the 

1st generation of organic emitter used in OLED. The study revealed also that the red organic 

emitter could spontaneously obtain TADF property in the nanohybrid form, which was 

negatively affected by both the oleic acid treatment and the matrix assistance. 

In the last chapter, different kind of white (cold, warm, pure) LEDs were successfully built 

thanks to the combination of different graftable organic emitters on ZnO nanocrystal, after been 

incorporated to different matrices. Even if the performances were not always recordable, warm 

white LEDs were achieved with almost 1% EQE and low threshold voltage, using ZnO co-

grafted with two or three organic emitters using oleic acid and dispersed in a matrix. The effect 

of the nature of the matrix and interfacial materials were also studied and showed various 

consequences on performances and emitted color. 

In a future work, this new approach using solution-processed nanohybrids could be improved 

in many ways, such as: 

- To use better appropriate, and more efficient polymer host matrix. 
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- To use more efficient graftable organic emitter, using for example the TADF light 

phenomenon, which is for the moment the most promising one, compared to fluorescent and 

phosphorescent phenomenon, having in mind that the nanohybrids combination could improve 

the TADF response. 

- To use more convenient interfacial layers related to the LED architecture itself, as presented 

in the state of the art chapter, to enhance the EQE of LED devices with better out-coupling 

properties thanks to oriented interfacial layers, in the way to not lose the emitted light on the 

sides of the device. 

- To build better adapted architectures, in the way to reduce the energy barriers of the energy 

diagram of the LED structure. 

- To use more efficient inorganic nanoparticle, for instance the CsPbX3 perovskites, which 

present high and pure light intensity, with a narrow emission width of 20-30 nm. 
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Experiment section 

Synthesis of nanomaterials: 

 

1) Synthesis of ZnO 

The ZnO nanoparticles were prepared as published elsewhere [1, 2]. Briefly, the hydrothermal 

synthesis is carried out by taking 2 flasks, the first of 500 mL containing the precursor 

(SigmaAldrich Zinc Acetate 99.99% trace metals basis) with corresponding mass mZnOacetate = 

4.101 g in a volume of methanol (Alfa Aesar Methanol Anhydrous 99.9%) VMeOH = 210 mL. The 

second 250 mL flask contains KOH (SigmaAldrich Potassium hydroxide 99.99% trace metals 

basis) playing the role of the base with correlated mass mKOH = 2.2075 g in a volume of 

methanol VMeOH = 115 mL. 

The first flask is warmed up to 60 °C in an oil bath, while the distilled water is added in it with 

a corresponding volume of VH2O = 1.25 mL, in order to initiate hydrolysis reaction thus forming 

Zn(OH)2. The KOH is added drop by drop via a column under a flow of argon or N2 for 20 

minutes. The second step consists in stirring for 3 hours at 60 °C. Phase changes are observed 

during the condensation steps, as the solution will become alternately transparent then 

covered. Centrifugation at 

7800rpm for 12min is carried out in order to recover only the ZnO nanoparticles which will be 

dispersed in methanol and then stored in a glove box. The centrifugation step also helps to 

remove any residual compounds from the synthesis. To be applied in optoelectronic 

applications, the ZnO solution is centrifuged again to transfer from methanol to the desired 

solvent, and is then ready for grafting with specific surface ligand in order to have 

monodisperse particles. 
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2) Synthesis of ZrO2 

 

The protocol followed is in accordance with the literature [3], it used a precursor of zirconium 

Zirconium (IV) isopropoxide isopropanol complex (SigmaAldrich) in an amount of 0.2268 g 

mixed with 4.5 mL of solvent Benzyl Alcohol 99% (Alfa Aesar). This solution is prepared in a 

glove box under an inert atmosphere in a 10mL glass vial, closed with a PTFE / Teflon cap. 

The sealed tube is then taken out of the glove box and is inserted inside the microwave SP 

Discover CEM WAVES. 

The advantage of using the microwave rather than an autoclave in an oven is important here. 

Indeed, the reaction time goes from 2 days to 4 hours [3 6]. This is explained by the way the 

microwave heats the vial, which is more homogeneous than oven. The reaction is started by 

raising the temperature in the microwave. A first step of stirring at temperature 60 °C is carried 

out for 30 minutes, and is continued with a second step of stirring at 250 °C for 4 hours. 

4 complex in the first 

step. In the second step, there is an elimination of ether thus forming ZrR3-O-ZrR3 and the 

residual product Bn-O-Bn. This allows the surface stabilization of the ZrO2 crystal thus 

optimizing the synthesis and more particularly the purity of the ZrO2 nanocrystals [19] [22]. At 

the end of these steps, the ZrO2 nanoparticles should exhibit cubic crystallization, due to the 

choice of parameters and reaction species [3]. 

 

 

 

Once the reaction is complete, a white milky precipitate is recovered which is washed 3 times 

with 2 mL of (Sigma Aldrich> 99.5%) diethyl ether by ultrasonic baths, vortexing and 

centrifuging at 2500 rpm for 2 minutes. The final solution is thus dispersed in a chloroform type 

solvent (Sigma Aldrich CHROMASOLV® for HPLC> 99.8%) or chlorobenzene (Sigma Aldrich 

anhydrous 99.8%). As for the ZnO nanoparticles, ZrO2 solution needs to be stabilized by 

grafting with surface ligand in order to have monodisperse particles and to go toward 

applications. 
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3) Synthesis of CsPbX3  

 

In the glove box, under a Nitrogen inert atmosphere, the precursor PbI2 (0.087 g, 18.87 mmol) 

is introduced into a 150 mL three-necked flask. A magnetic bar and 5 mL of octadecene are 

introduced in the balloon which is then taken out of the glove box. The flask is placed in a 

120°C oil bath under vacuum for 1 hour. Then, the flask is placed under an argon atmosphere 

for 10 minutes, in order to remove all traces of oxygen inside the balloon. A solution of organic 

ligand is previously heated up to 85°C containing oleic acid (0.5 mL) and oleylamine (0.5 mL) 

and is injected into the flask, in order to stabilize and form homogeneous CsPbX3 nanocrystals 

[7]. The balloon is then placed under vacuum for 30 minutes until the PbI2 is completely 

dissolved in the octadecene. The temperature is modified according to the desired size for the 

quantum dots (60°C for 3.4 nm, 130°C for 5 nm or 185°C for 12.5 nm). The cesium oleate 

precursor (0.4 mL) previously heated at 85°C is then injected. The solution changes color 

depending on the size of the quantum dots (from deep red for 12.5 nm to light orange for 3.4 

nm). The reaction is stopped with an ice bath 5 seconds after addition of the cesium oleate 

precursor, as the reaction is then frozen and complete. All the washing steps are carried out 

in the glove box, avoiding any oxygen contamination. The methyl acetate (20 mL) is introduced 

into the flask. The reaction crude is transferred to a Falcon tube and then centrifuged at 7800 

rpm for 5 minutes. The supernatant is removed and the quantum dots are dispersed in hexane 

(0.3 mL) and methyl acetate (0.3 mL) is added. The solution is centrifuged at 7800 rpm for 2 

minutes. The supernatant is again removed, the hexane (2 mL) added and then the tube is 

centrifuged at 4000 rpm for 5 minutes. The solution is transferred into a tube and placed in the 

dark at 4°C for 48 hours, to remove the last undesirable species. Finally, the solution is 

centrifuged at 4000 rpm for 5 minutes, and the as synthesized quantum dots solution is stored 

into a tube in the dark.  

 

 Figure 1: different synthesis of CsPbI3 done at different temperatures, according to [7] 
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Optical characterization: 

 

1) Absorption 

 

The UV-visible absorption spectroscopy measurements presented in this manuscript were 

carried out using a Cary 5000 UV-vis-NIR type spectrophotometer. They were done for both 

diluted solutions and films deposited on glass substrates. 

UV-Visible spectroscopy is the study of the interaction of the visible and part of the UV 

radiations with chemical species. Visible light consists of wavelengths ranging from 380 nm 

(blue violet) to 720 nm (red). Light travels in packets of energy called photons. Each photon 

has a specific energy related to a certain frequency or wavelength (E = h  = hc/ ). If only a 

portion of the light is absorbed and the rest is transmitted, the color of the sample is determined 

by the transmitted light. The colorless substances have an absorption spectrum which takes 

place in the infrared or the ultraviolet region and not in the visible region. The following figure 

illustrates the relationship between the light absorbed by a sample and its corresponding color.  

 

Table 1: The relation between the color of the substance with respect to the absorbed light [8].  

 

 

The light energy absorbed by a compound must match exactly the energy required to cause 

the movement of an electron from the ground state to the excited state, a phenomena known 

as electronic transition. The more easily excited the electrons (i.e. lower energy gap between 
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the occupied and the non-occupied levels), the longer the wavelength of light it can absorb. 

Transmittance of the surface of a material is another property that can be deduced from the 

UV-vis spectrophotometer. It is the fraction of the incident electromagnetic power that is 

transmitted through a sample. And it is defined as bellow: 

 

 

 

Thus, the absorbance (A) is defined as the negative logarithm of the transmittance. 

 

 

 

2) Fluorescence 

 

Fluorescence investigations were carried out on solutions and layers using a CARY Eclipse 

Spectrometer. Photoluminescence is a type of luminescence that corresponds to the light 

emitted from a material after the absorption of photons. The photoexcitation causes an electron 

to move from the ground state to the excited state. Various relaxation processes typically occur 

after the excitation and may include either radiative processes like the emission of light or non-

radiative processes. The emitted light is usually of a lower energy compared to the absorbed 

light (Eexc>EPL) (Stokes shift), thus it is of higher wavelength [9]. However, anti-stokes exists 

too. 

 

3) FTIR 

 

The IR spectra of the solid samples were recorded at room temperature using a Perkin-Elmer 

FT-IR Paragon 1000 PC spectrometer in a range between 4000-400 cm-1. 

IR spectroscopy deals with the infrared light of the electromagnetic spectrum that has a longer 

wavelength than the visible light. This spectroscopy involves the interaction of the infrared 
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radiation with the matter under study. This technique is mainly used to identify the composition 

of a substance by providing information on the nature of the chemical bonds and the functional 

groups present in both organic and inorganic (metal complexes) species. Samples of several 

physical states (solid, liquid, and gas) can be analyzed by Infrared Spectroscopy. This method 

is conducted using an infrared spectrometer capable of producing an infrared spectrum. This 

IR spectrum can be obtained by simply plotting the intensity of the infrared light absorbed or 

transmitted vs. wavenumbers in (cm 1) or wavelength ( m). The energy required to excite and 

vibrate the bonds of a molecule occurs in the Infrared region, where the sample is subjected 

to a frequency range between 400 and 4000 cm 1. When the frequency of the IR is the same 

as the vibrational frequency of a bond, the energy of the incident wave is absorbed with respect 

to the selection rules. Different functional groups absorb specific frequencies of IR radiation, 

hence give the characteristics peak value; thus the IR spectrum is the fingerprint of the 

molecule. There are 2 types of molecular vibrations. The first type is the stretching vibration 

that occurs at high energy (4000-1250 cm-1) along the line of a bond. They consist of 

symmetrical and asymmetrical stretchings. The symmetrical stretching is when two bonds 

increase or decrease in length simultaneously while the asymmetrical stretching occurs when 

one bond length is increased and the other is decreased. The second type is the bending 

vibration, also called deformations. These vibrations occur at low energy (1400-666 cm-1) but 

not along the line of the bond, only the bond angle is altered. They are of 2 types: the in-plane 

bending (scissoring and rocking) and the out of plane bending (wagging and twisting) [9]. 

 

4) PLQY integrative sphere (Palaiseau LPICM) 

 

The integrating sphere is an instrument used to perform various optical measurements (Figure 

2). It is an object with spherical geometry which allows the integration of light over its entire 

internal surface. The sphere used has a diameter of 6 inches. It has 7 openings: an opening 

for placing the supports (located on the top of the sphere), an opening of 0.5 inch (1.27 cm) in 

diameter allowing the placement of the sensors (located under the sphere) and 5 openings 1 

(2.54 cm) or 1.25 inch (3.175 cm) in diameter for various purposes depending on handling. 

The inside coating of the sphere is a white Teflon-based paint called "spectralon" very diffusing, 

usable from 250 nm to 2500 nm, robust and stable over time. This coating thus causes multiple 

reflections of the incident flux in the sphere which, by virtue of its geometry, will somehow 

average this flux on the internal surface. For some manipulation, we need to open the sphere 

through one of the holes (this is the case with photoluminescence measurements). It is said in 

the documentation of this sphere that the measurements therefore the integration remain 
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correct as long as less than 5% of the internal surface is not covered with spectralon [10]. Thus 

the sensor located below the sphere will only receive part of the light but we can deduce the 

total light from it. This makes possible to know the total luminous flux of a sample diffusing in 

all directions of space. Also, if the sample diffuses light directly on the sensor, the 

measurement will be false since these rays will not have time to integrate; this is why there are 

panels near the photodiode (Figure 2C) to prevent this phenomenon. 

 

 

Figure 2: A) picture of the integrative sphere B) sample holder C) scheme of integrative sphere from above 

 

Principle of measurement: 

One of the qualitative evaluation methods for OLED materials is photoluminescence quantum 

Yield (PLQY), which can be easily obtained in solution since they have an isotropic angular 

distribution. However, it is not like this for thin film measurement (anisotropy in the angular 

distribution, wave-guiding effects, etc.). 

 in the following equation. 
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For this measurement, we use the Integrating Sphere. In the ideal case, we can suppose that 

the light is redistributed isotopically over the inner sphere surface regardless of the angular 

dependence of the emission. So,  is total photons detected over a solid angle , we can 

express detected a number of photons like this. 

 

 

 

 
Figure 3: Schematics of integrated sphere. 

 

We have to do six measurements for obtaining PLQY. (a) No sample & filter (a') No sample & 

no filter (b) placed sample to strike laser directly & filter (b') placed sample to strike laser directly 

& no filter (c) placed sample to avoid laser directly & filter (c') placed sample to avoid laser 

directly & no filter. If A is a fraction that is a part of the incident light absorbed by the sample. 

Then, (1-A) will be transmitted or reflected by the sample. Moreover, B is a fraction that 

scattered light is absorbed by the sample.  are then the value of output laser light 

intensity  are the value of emitted light intensity. 
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Then, the absorption coefficient is: 

 

 

 

Also, the total amount of photon that strikes to the detector with absorption fraction is 

represented by the scattered laser light, and the following equation: 

 

 

 

 

Finally, we can calculate  with: 

 

 

 

In this measurement, we used glass with coated electroluminescent thin film as sample. 

 

Figure 4: Measurement machines (excitation source : laser diode 405 nm). 
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Morphological characterizations: 

 

1) Dynamic Light Scattering (DLS) 

 

The size distribution and the charge surface of the nanoparticles within the solution were 

determined using a Nano ZetaSizer DLS from Malvern Instruments. DLS is a non-destructive 

technique that determines the size distribution profile and the zeta potential of small dispersed 

particles in a diluted suspension. The basic principle is illuminating the small particles within 

the solution with a monochromatic light source, usually a laser through a polarizer. This causes 

the light to scatter in all directions (Rayleigh scattering) in case the particles are small 

compared to the wavelength (bellow 250 nm). The scattered light then passes through a 

second polarizer where it is collected by a photomultiplier and the resulting image is projected 

onto a screen. This technique measures the intensity of the light scattered by the particles over 

time. Although the light source is monochromatic and coherent, the scattering intensity 

fluctuates over time leading to a change in the distance between the scatterers in the solution. 

These fluctuations are due to the Brownian motion of the small molecules in solution (which is 

the random motion of particles in a fluid resulting from their collision with the fast moving 

molecules). These movements depend on the viscosity of the surrounding medium, its 

temperature and the size of particles. Thus, analyzing the variations of the intensity of the 

diffused light will provide an information about certain characteristics of these particles, such 

as their sizes. The coefficient of diffusion D is often used to calculate the hydrodynamic radius 

Rh of a spherical particle using the Stokes-Einstein equation:   

 

 

 

 is the dynamic viscosity. It is 

important to mention that the size of the particles determined by DLS includes any other 

molecules or solvent molecules moving with the particles. The results are given according to 

three different displays, the size distribution of the studied compounds in number, in volume 

and in intensity. [9] 
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2) Transmission Electron Microscopy (TEM) 

 

TEM is a microscopic technique based on visualizing a specimen with a high energy beam of 

electrons. These electrons are emitted upon heating a tungsten filament and they can be 

accelerated by a voltage between 200 and 1000 kV. An image is formed due to the interaction 

of the electrons with the sample when the beam is transmitted through the  

specimen. This image is then magnified and focused onto an imaging device. The difference 

in the electron density causes contrast difference on the image, thus the darker areas of the  

image correspond to those areas of the sample where few electrons are transmitted through,  

while the lighter areas represent the inverse. Indeed, the high energy electrons (300kV) 

deflected by the crystal lattice of the nanoparticles will give a black image, while the transmitted 

electrons will give a white image (organic ligand). Furthermore, only the inorganic part is visible 

in the image, even if organic films can also be observed with specific sample preparation (holey 

grid). 

The basic principles of the TEM are close to those of the optical microscope but uses electrons 

instead of light. Thus, they are capable of imaging at higher resolution than the light 

microscopes, this is due to the smaller de Broglie wavelength of electrons compared to the 

wavelength of light. This enables the instrument to capture fine details of internal structure 

even thousands of times smaller than a resolvable object seen in a light microscope (TEM can 

reveal the crystal structure). By adjusting the magnetic lenses, an electron diffraction patterns 

can be generated. The diffraction patterns give an information about the crystallinity of the 

material, thus a pattern of dots is an indication of a single crystal while a series of rings reveals 

a polycrystalline material. Chemical analysis can also be performed [9]. The TEM images were 

captured with a JEOL JEM-3010 microscope operating at 300 kV and a JEOL JEM-2010 

operating at 200 kV. The samples were prepared by drop-casting a 

diluted solution onto the grid. The grids used were carbon-coated copper S160-3s from Oxford 

Instruments. In another way, the electroluminescent active layers were studied, by coating of 

PEDOT:PSS on ITO or glass substrate, then the luminescent layer was spin-coated on top of 

this polymer injection hole layer. After annealing of the different coated layers, PEDOT:PSS 

film was dissolved in deionized water bath, to collect only the electroluminescent film via the 

s147-3 holey carbon film mesh copper  
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Figure 5: TEM sample preparation on Holey grid  

 

3)  Scanning Electron Microscopy (SEM) 

 

The SEM images were detected using a Jeol JSM 7900F microscope. SEM is a type of electron 

microscopy that produces images of a sample after scanning the surface with a focused beam 

of electrons. After the interaction of the electrons with the atoms in the sample, various signals 

will be produced. This process will provide information about the surface topography of the 

sample. The SEM can provide three dimensional images and it offers two million as a 

maximum level of magnification. 

 

4)  Atomic Force Microscopy (AFM) 

 

AFM is a scanning technique which demonstrate the resolution on the order of a nanometer 

and is commonly used to study the surface morphology of the organic semiconductor films. Its 

principle is based on a probe which constitutes a cantilever accompanied with a sharp tip that 

interacts with the sample to scan its surface. The cantilever could be either silicon or silicon 

nitride with a tip of nanometric radius. When the tip is in contact with the sample surface, the 

. Thus, 

AFM measures the mechanical contact forces, van der Waals forces, chemical bonding, 

electrostatic forces, magnetic forces, and others. The reaction of the probe to the forces 

imposed by the sample can be used to form a three-dimensional image (topography) of the 

sample surface at a high resolution. The AFM is also essential for measuring the surface 

roughness (Ra, or average absolute deviation) over a wide range: from Ra = 0.03 nm to 500 

nm. Also, the root mean square roughness (RMS) can be detected. In general, AFM can be 

operated using different modes depending on the application. Possible imaging modes are 

divided into static (also called contact) modes and other dynamic (non-contact or "tapping") 

modes [9]. AFM images were recorded with a NTEGRA Prima of the brand NT-MDT in tapping 
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mode. The tips used were MicroMasch HQ:NSC15 / AL BS. The layers were deposited by spin 

coating the solutions on ITO substrates or photoactive blends. 

 

5)  Profilometry  

 

Profilometry is an instrument used to identify the thickness of the layers. It consists of a 

diamond stylus with a radius ranging from 20 nm up to 50 m. To scan the surface of the 

sample, this stylus moves laterally across the sample with a specified distance and speed by 

applying a specific contact force. By the vertical stylus displacement as function of the position, 

a profilometer can measure small surface variations. The height position of the diamond stylus 

generates an analog signal which is converted into a digital signal that is stored, analyzed, and 

displayed 7.  The profilometer used in our studies was of type Dektak XTS (Bruker, Germany) 

equipped with a stylus of 2 m radius. A scratch was done on the film using a wooden tip, thus 

creating a channel corresponding to the thickness of the layer. 

 

6) X-Ray Photoelectron Spectroscopy (XPS) (collaboration with Mats Fahlman 

University of Linkoping) 

 

The measurements were calibrated by referencing to Fermi level and Au 4f 7/2 peak position 

of the Ar+ ion sputter-clean gold foil. The samples were prepared by spin coating the solution 

 

It is a surface-sensitive quantitative spectroscopic technique that is used to measure  

the elemental composition, the empirical formula (which is the integer ratio of the atoms  

found in a chemical compound), the chemical state (known as the oxidation state when  

referred to metal cations) and the density of the electronic states of the elements that exist  

within a material. It is mainly used to analyze inorganic compounds, metal alloys,  

semiconductors, polymers and many others. In principle, XPS detects all elements with an  

atomic number (Z) above or equal to 3, thus hydrogen (Z = 1) or helium (Z = 2) cannot be 

easily detected. XPS is used to analyze the surface chemistry of a material as it is or after 

some treatments and exposures to heat or UV. The principle is based on the simultaneous 

measurement of the kinetic energy and the number of electrons escaping from the sample 

surface after being irradiated with a beam of X-rays. Thus, the XPS spectrum is a plot of the 

number of electrons detected as function of the binding energy of the electrons. XPS requires 
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high vacuum (P ~ 10 8 millibar) or ultra-high vacuum (UHV; P < 10 9 millibar) conditions. Each 

element produces a characteristic set of XPS peaks at characteristic binding energy values 

that directly identify each element existing in or on the surface of the material under study. 

These characteristic spectral peaks correspond to the electron configuration of the electrons 

within the atoms, e.g., 1s, 2s, 2p, 3s, etc. XPS can detect only the electrons that escape from 

the sample surface into the vacuum of the instrument, and reach the detector. However, the 

photo-emitted electrons can undergo recombination or can be trapped in various excited states 

within the material, all of which can reduce the number of escaping photoelectrons. Thus, the 

results depend on the thickness of the layers 13. XPS measurements were performed in an 

ultrahigh vacuum (UHV) surface analysis system with a Scienta-200 hemispherical analyzer 

and a monochromatized Al K  source (h  = 1486.6 eV). 

 

7)  X-Ray Diffraction (XRD) 

 

XRD is one of the nondestructive analytical techniques which is considered rapid. It is  

principally used for identifying the phase of an unknown crystalline material (e.g. minerals,  

inorganic compounds). It can provide information about the unit cell dimensions, average  

grain size, crystallinity and sample purity.  

The X-rays of the diffractometer are generated in an X-ray tube and filtrated to produce  

monochromatic radiations, which are concentrated and directed toward the sample. These  

diffracted X-rays are then detected, processed and counted. When conditions sa  

law (n =2dsin( )), the interaction of the incident rays with the sample will produce  

constructive interference. This law relates the wavelength of electromagnetic radiation  to  

the diffraction angle  (which is the angle between the incident and the diffracted rays) and  

the lattice spacing in a crystalline sample d. By scanning the sample through a range of 2   

angles, all possible diffraction directions of the lattice should be attained due to the random  

orientation of the powdered material. The obtained diffraction peaks are converted into d- 

spacing to identify the unknown material as each has its own characteristic set of d-spacing.  

Typically, this is achieved by comparing the obtained d-spacing to the standard reference  

patterns [9]. The crystallinity of the nanoparticles was measured by using an X-Ray diffraction 

device mounted on Cu rotating anode, Rigaku RU 200BH. 
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Devices elaboration: 

 

1) Cleaning of ITO substrate ultrasonic baths and UV ozone: 

 

The ITO substrates purchased from LUMTEC company were cleaned before use. This process 

is highly recommended to remove organic compounds, impurities or any dust particles from 

the ITO surface. The handling of the substrates was done using metal tweezers to avoid any 

further contamination. The cleaning process of the ITO substrates consists of many steps.  

The substrates were first placed in a specific sample holder as shown by the figure 6a below. 

To ensure that the spin coating was done on the ITO surface and not on the glass surface, a 

digital multimeter was used to check the conductivity of the surface before the substrates were 

placed into the holder. The holder was immersed into a glass container with enough deionized 

water to cover the glass ITO substrates. The container was then placed in an ultrasonic bath 

at room temperature for 15 minutes. The ultrasonication cleaning process helps in removing 

any traces of contaminants that can be adhered on the ITO surface. For further cleaning and 

removal of organic residues, the holder was submerged in another container filled with 

acetone. This container is placed in an ultrasonic bath at room temperature for 30 minutes. 

The holder was taken out of the acetone and submerged in ethanol for 10 minutes with 

ultrasonication. Finally, the substrates were placed in isopropanol for the last 15 minutes in 

ultrasonic treatment. The purpose of this step is to remove any traces of acetone and ethanol 

that would leave marks on the ITO surface when dried. The last step of the cleaning process 

is to place the substrates inside a UV ozone cleaner for 15 minutes at 80 °C, in order to clean 

the surface but also to activate hydroxy groups on the surface for the well coating of the 

deposited solutions. The UV ozone machine presented in the figure 6b was purchased from 

NOVASCAN and is referenced PSD Pro Series Digital UV Ozone System. 

 

Figure 6: (a) ITO sample holder (b) UV ozone cleaner with his ozone pumping system bellow 
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2) Glovebox 

 

The glovebox is referenced MB 200B and is used in particular to prepare materials for 

synthesis, to deposit solutions on layer with spin-coater or to measure optoelectronic devices, 

thus providing a minimal contamination rate (O2 <100ppm; H2O <0.1ppm) since the 

atmosphere is inert and under Nitrogen. 

 

 

Figure 7: Glovebox room 

 

3) Centrifuge machine 

 

This apparatus is referenced SigmaAldrich 2-16P. The machine is used for the step of 

purification in the end of a synthesis. This can be done at different rotational speeds 0 to 7800 

rpm and variable duration. The centrifugation is useful to recover the nanoparticles aggregated 

at the bottom of a sample holder, and/or to change the initial solvent. 
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4) Preparation of LED device  

 

Spin coater 

The spin coating process was used for the deposition of the solution-processed layers.  

In general, this process consists of several steps as shown by the figure 8 below. Starting from 

the deposition of a solution on top of a glass, silicon, or ITO substrate, followed by spinning at 

a specific speed for a period of time, resulting in a precise controlled thickness. The thickness 

of the layer can be optimized by the speed of rotation and the viscosity of the solution. The last 

step is the evaporation of the solvent either by thermal annealing or under vacuum. The 

laboratory has one spin coater which is exposed to atmospheric condition, and another inside 

the glovebox.  

 

Figure 8 : How to spin coat a solution on a solid substrate 

 

Evaporator, masks and current density voltage measurements (Marseille CINaM) 

The mask was used to define the active area to 0.27 cm². The current density voltage (JV) 

characteristics of the devices were measured using a Keithley 238 Source Measure Unit with. 

The shadow mask and the MBRAUN evaporator used for the deposition of the electrodes are 

shown by the figure 9c. The different evaporations were done at a pressure of 10-6 mbar. The 

active area 0.27 cm² will generate the light phenomenon of the LEDs and is represented by 

the shining part of the figure 9b. 
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Figure 9: A) Evaporator B) LED shining (active area 27 mm²) C) Evaporator mask 

 

Evaporator, masks (Palaiseau LPICM) 

The evaporations done in Palaiseau LPICM are done with MECA-2000 evaporator and 

concern the following materials: CuPc, TPBi, AlQ3, BCP, LiF and Aluminium, the process is 

done at pressure of 10-8 mbar. The design of the cathode is circular, in order to be measured 

by the camera SpectraScan, and then to deduce the important values describing LED 

performances. 

 

Figure 10: A) Evaporator B) LED shining (active area 25 mm²) C) Evaporator mask 

 

5) Preparation of a regular architecture LED 

 

Hybrid LEDs having the regular device structures were processed as follow: the PEDOT:PSS 

HTLs were spin coated inside the glovebox on the pre-cleaned ITO glass substrates at a speed 

of 4000 RPM for 1 minute followed by heating on a hot plate at 130 °C for 15 minutes. The 

PEDOT:PSS can also be deposited in the spin coater outside, giving the same film quality. 
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Polyvinylcarbazole (PVK) + oxadiazole (OXD) composing M (or F8 + F8BT composing F) 

electroluminescent blends were spin coated at a speed of 4000 to 5000 RPM for 45 seconds, 

respectively. The layers were annealed with a hot plate at 150°C for 5 minutes on average. 

Interlayers of ZnO nanoparticles and ethanolamine were processed by spin coating ZnO 

(synthesized) solutions with a concentration of 5 mg/mL on top of the active layers at 2000 

RPM for 1 minute followed by annealing at 100 °C for 2 minutes. Other solutions of electron 

injection layers were used as 0.5 mg/mL PFN-BR (or 5 mg/mL ZrO2  with methoxy-ethoxy-

acetic acid). Finally, the samples were put into MBRAUN evaporator inside the glovebox, in 

which Al metal was thermally evaporated at 2 × 10 6 mbar pressure through a shadow mask 

up to 100 nm thickness. 

 

6) Preparation of hybrid active layers 

 

The matrixes M or F were prepared at different concentration one day before the deposition of 

the different layers composing the LED. Indeed, the matrixes were dissolved in a solution of 

chloborenzen:choloform = 4:1 volume, at 50°C over one night. The next day, half an hour 

before the deposition of the electroluminescent layer, ZnO nanoparticles, emissive molecules 

are added to the matrix, creating a solution of matrix containing nanohybrids N. The solution 

of M:N or F:N is then stirred and heated at 100°C in order to increase the grafting rate between 

ZnO and the emissive molecules. Once the luminescent solution is transparent (aggregate-

free assumed), the OA is added to the solution of M:N or F:N, thus giving the M:N:OA or 

F:N:OA. Finally, 1 more minute of stirring is useful to homogenize the luminescent solution 

which can be afterward coated.   

 

7) Preparation of SCLC devices 

 

The SCLC devices were done by Payal Manzhi and Jonathan Phelipot. The architectures of 

the SCLC devices are presented by the figure bellow (the electroluminescent layer is about 

100 nm thick) 
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Figure 11: SCLC device architecture of a) electron only devices b) hole only devices 

 

Once the SCLC devices done, we applied voltage from 0 to 5V or 10V, two values of 

compliance voltage were used in order to check the reproducibility of the measurement. The 

extraction of mobility from the measured JV curves was done following the method presented 

in literature [11] (see supporting information S15). 
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