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Introduction 
 

 

 

This chapter provides the background about electroluminescent devices useful 

to understand the experimental work performed in this thesis. First, it introduces 

a short history of the physical process named electroluminescence and explains 

how the first findings unveil the mechanisms, which are nowadays used in large 

part of the lighting and display technologies. Then digs into the working 

principles of light emitting devices of different structures, starting from the 

prototypical p-n junctions, till p-i-n and metal-insulator-metal structures. A brief 

discussion on different driving schemes for these devices is also provided, were 

the most common direct current (DC) is compared to the uncommon, but 

potentially very useful alternating current driving (AC). Furthermore, a brief 

description of the emissive materials incorporated in the investigated light-

emitting devices is provided, especially focusing on metal chalcogenides 

phosphors and metal halide perovskites. At the end, a discussion on the main 

characterization methods utilized to benchmark the electroluminescent devices 

fabricated for this thesis is reported. The chapter concludes with an outline of the 

thesis.  
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1.1 Electroluminescence  

-Electroluminescence-, or “Losev - Light,” the last term proposed by George 

Destriau, names the observed phenomenon of light emission from crystals of zinc 

sulfide (ZnS) under an applied electrical potential. Contrary to the incandescent 

emission of light bulbs, this new type of light is not accompanied by heat. The 

phenomenon was initially described in 1907 by H. J. Round, announcing it as a 

collateral result of his research on cat’s whisker detectors of carborundum (silicon 

carbide).[1] But it was not until 1927 when Oleg Losev first published the principle 

of electroluminescence in a comprehensive collection of his observations while 

working carborundum crystal detectors followed by multiple publications and 

patents to describe what we know as the basis of the light-emitting diode (LED)[2]. 

Initially, the phenomenon was associated with contact rectification and a great 

deal of uncertainty as to whether the emission of light raised from some “new 

process in the crystals itself” or it was arguably a form of “resultant 

photoluminescence of localized production of high energy radiation.” The last 

seemed to clarify the concern as many publications on crystals mainly composed 

of III-V[3–5] and II- VI[6,7] semiconductors were reporting the same – non - thermal 

– light-emission phenomena when an electrical potential was applied. 

Intriguingly, theories on the working principle of electroluminescence were 

extensively disputed for ZnS crystals, whether the emission arose intrinsically 

within the semiconductor or by the charge injection.[8]  

 

Modernly, electroluminescence is defined as an optoelectronic process in 

which a semiconductor emits light in response to the application of an electric 

field. The produced light is the result of the radiative recombination of charges, 

i.e., electrons and holes, within the semiconductor. Prior to the recombination, 

and depending on the composition and device structure, the charges are either i) 

injected in the conduction and valence band (for example, in the p-n junction) or 

ii) are generated by impact-excitation of a high-energy electron accelerated by a 

strong electric field as in metal-insulator-semiconductor-insulator-metal 

(MISIM) type devices. The process of electroluminescence for i) occurs when a 

forward bias is applied to a p-n junction generating a diffusion current flow; 

photons will be emitted (with energy equal to the semiconductor band gap) when 

the minority carriers (electrons and holes) will recombine in the proximity of the 
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depletion region. Whereas for ii), electrons with high energy are accelerated by 

the presence of a strong electric field, colliding with luminescent centers in the 

active medium and consequently exciting them. The energy gained by the 

electrons is then released in the form of light.  

 

Direct Current (DC) vs Alternating Current (AC) 

 

Both driving mechanisms for electroluminescence, namely DC and AC, are in 

principle acceptable. However, depending on the device type, this two-driving 

mechanism will provide some advantages or some challenges. In p-n junction, 

the electric field is localized in the recombination zone and its magnitude is in the 

order of a few volts/cm (section 1.2.1). The p-n junction diode geometry allows 

electric current only in one direction (forward - bias) and strongly limits the 

current in reverse direction (reverse - bias) till breakdown; therefore, a direct 

voltage source is the most natural solution for these devices. However, this 

requires a separate circuit to convert the network alternating current in a DC one. 

For the MISIM type of devices, the electric field can be as high as 106 V/cm,[9] 

and they are preferred to be operated by alternative power (AC) to sustain the 

light emission (section 1.2.3) and limit heating. The following sections will delve 

into the different types and working principles of the electroluminescent devices 

fabricated in this thesis.  

 

 

1.2 Light - emitting devices  

1.2.1 PN junction  

A PN junction is formed through doping of a semiconductor crystal defining a p-

type doped region next to an n-type doped one. The p-n junction is at the base of 

several semiconductor electronic devices, such as rectifiers, transistors, solar 

cells, LEDs, and the diode laser. In the following, we will focus on how to use 

the PN junction for LEDs describing its working principle.  
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Working principle 

 

A PN junction diode is fabricated as schematically shown in figure 1.1 (a); 

namely, the p-type and the n-type semiconductors encounter in a sharp junction, 

and each of them is also connected to the respective metal contact. The symbol 

representing the diode is reported in figure 1.1 (b). 

 

In equilibrium conditions, the Fermi level is constant, and the bands are tilted 

in the transition zone due to the built-in electric field [figure 1.2 (a)]. At the 

junction, free carriers diffuse to their opposite charge region because of the 

concentration gradient of electrons and holes, leaving behind immobile space 

charges. This emerges in a localized barrier potential V0, also known as the 

depletion region, acting as a zone that repeals the mobile charges away from the 

junction through the built-in electric field. Simultaneously, the built-in electric 

field is felt by the holes, and the electrons provoking charge drifts across the 

junction. In equilibrium, the resultant current drifts and diffusion are balanced.  

 

If we connect the diode to an external source supplying a potential difference 

(bias voltage), then the drifts and diffusion currents are no longer balanced, 

inducing a net current flow. The bias voltage can be supplied in forward or reverse 

mode. 

 

Forward bias (V >0) 

 

In forward bias mode, the p-side is connected with the positive terminal, and 

the n-side is connected with the negative terminal. Consequently, there is a 

reduction of the barrier potential (V0-Vrwd) and strength of the electric field (ε). 

The reduction of the potential results on the majority charges to move towards 

the opposite doping side, leading to a current to begin to flow. Herein the 

diffusion currents (I diffusion) overcome the opposing drift currents (I drift). as shown 

in figure 1.2 (b). 
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Figure 1.1 (a) Schematic illustration of a PN junction diode at equilibrium 

conditions and (b) the diode symbol as represented in electronics. 

 

In this condition, the recombination of charge carriers across the band-gap 

may happen, hence giving rise to light emission. The average travel distance, 

particularly of electrons towards the P-type semiconductor before recombination, 

is called diffusion length. Obviously, a smaller diffusion length is desirable for 

light emission applications, often to block charge carriers and increase the 

probability of recombination the so-called double heterojunction is fabricated.[10] 

 

Reverse bias (V ˂0) 

 

In reverse bias, the p-side is connected to the negative terminal and the n-side 

to the positive terminal. By doing so, the magnitude of the potential barrier 

increases, as well as the electric field, leading to a widening of the depletion 

region. The drift currents (I drift) dominate against the diffusion currents (I diffusion); 

hence, there is a high resistance for flow of charges, allowing minimal current to 

cross the PN junction. The depletion region behaves as an insulating zone 

forbidding electrons and holes to recombine. Thus, a LED cannot be operational 

when a reverse bias is applied. Conversely, if in this condition the junction is 

illuminated by light of energy larger than the band gap, a substantial photocurrent 

will be obtained.[11]
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Figure 1.2 Band model of a PN junction (top) and representation of its electric field and net potential (bottom) at (a) equilibrium 

conditions (b) forward bias, and (c) reverse bias. At equilibrium conditions, the net charge flow is balanced at the depletion region, when a 

forward bias is applied the energy barrier decrease prompting a current to flow. The opposite behavior occurs when a reverse bias is 

applied.  
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1.2.2 PIN junction 

A PIN diode is a device structure comprising of three units; a heavily doped P-type 

and a N-typed semiconductors, which serve as ohmic contacts, and an intrinsic 

semiconductor between them. A schematic illustration of the device structure is 

shown in figure 1.3 (a), including the corresponding symbol used in electronics (b). 

Contrary to the PN junction diode, the addition of such intrinsic layer makes the 

device an inferior rectifier but increases the suitability for other applications as 

photodetectors and for high-power electronics applications. The PIN structure is also 

more flexible and is often used in emerging semiconductor devices, where traditional 

doping is not achievable. It is the main device structure used nowadays in metal 

halide perovskite optoelectronics.  

 

Working principle  

 

The working principle of a PIN diode is very similar to that of the PN junction diode, 

with the exception of a modified depletion region, due to the inclusion of an intrinsic 

layer, where no charge carriers are to be found. This intrinsic layer creates a certain 

degree of separation between both heavily doped semiconductor, but still allowing 

the formation of a junction. At equilibrium conditions (unbiased) charge carriers will 

diffuse towards the I-layer until both holes and electrons are in equilibrium. In 

forward bias, the heavily doped semiconductors will begin to inject free charges into 

the intrinsic layer hence a current flow will begin. Here the concentration of the 

injected charges is greater than the one that could possibly hold the intrinsic layer; 

as a consequence, the electric field extends further into the region. 
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Figure 1.3 (a) Schematic illustration of a PIN junction diode and (b) the diode 

symbol as depicted in electronics.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4 Band gap model for PIN junction diode. At forward bias, heavily 

doped semiconductors begin to inject charge carriers towards the intrinsic region, 

allowing charges to recombine.  

 



 

11 

 

For PIN junction LED, the intrinsic layer is mainly defined as the emissive layer, 

which is responsible for the light emission. The energy of the photons is strictly given 

by the energy band gap of the intrinsic semiconductor. In LEDs, the PIN structure 

has the advantage to separate the transport and recombination region reducing the 

probability of non-radiative recombination and favoring charge carriers confinement 

in the material with the highest quantum yield. Figure 1.4 shows the band gap model 

for PIN junction LEDs, where the P-type and N-type semiconductors are selected to 

allow charge transport but simultaneously block the crossing of the opposite charge 

carriers. 

 

1.2.3 Thin-film electroluminescent devices (TFEL devices)  

 

In thin-film electroluminescent devices (TFEL), a host band gap polycrystalline 

semiconductor with luminescent impurities is typically used as a phosphor material, 

which is enclosed between two insulating layers of high dielectric constant (κ). 

Historically, two dielectric layers enveloping the phosphor layer, have been widely 

used for TFEL devices forming a metal–insulator–semiconductor–insulator–metal 

(MISIM) structure, albeit multiple dielectric layers have been also reported.[12] Here, 

the phosphor corresponds to the semiconductor and the insulator layers are the high 

dielectric thin layer. One of the metal contacts has to be transparent to allow the EL 

- light to scape whilst the other is commonly a reflecting metal. As introduced in 

section 1.1, this type of device usually requires a strong electric field to accelerate 

electrons to excite the luminescent centers, followed by photon emission. The energy 

of the photons emitted is associated with the nature of the luminescent centers.  

 

Working principle  

 

A TFEL device begins to operate when a bias is being applied through the 

electrodes, generating a high electric field in the phosphor layer. This allows the 

trapped electrons at the insulating and the phosphor layer interfaces to tunnel to the 

conduction band of the latter. Due to the presence of the electric field, they are 

accelerated and prompt to impact several of the luminescent centers. The impurity’s 
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outer valence band electrons get excited; thereupon, they return to their ground state 

by emitting light. Yet some accelerated electrons continue their path in the 

conduction band, reaching the opposite insulator layer; getting trapped there. The 

process is reversed when the polarity of the bias is changed. It is important to 

emphasize that the accelerated electrons in the conduction band may also excite 

some valence band electrons into the conduction band of the phosphor 

semiconductor in a process known as an avalanche. These additional electrons may 

also interact with the luminescent impurities further sustaining the emission of light. 

This process is also occurring when the polarity is changed.  

To sustain the operation of the TFEL is required an AC voltage; therefore, the 

light emission is also modulated with the same frequency of the voltage.[13] In figure 

1.5 is depicted a schematic representation of TFEL device and its working principle.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.5 TFEL devices band diagram and working principle. Interface full circles 

are occupied traps, whereas hollow circles are empty traps. Tunneling is followed by an 

acceleration of the trapped electrons promoting impact-excitation in the luminescent 

centers (empty squares) and an avalanche process in the phosphor layer. Re-trapping 

will occur at the opposite dielectric interface. 
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1.3 Materials for light emission  

1.3.1  Metal chalcogenides matrices  

The term phosphor covers a wide range of solids that emit visible light when 

excited either by a beam of electrons or by short-wavelength photons.[14] Metal 

chalcogenides are compounds consisting of two monovalent metals or one divalent 

and one chalcogenide anion (mainly; S, Se, Te, rather than O), which have been 

widely used as phosphor materials in photo-, cathode-, and electro-luminescent 

applications.[15] The photoluminescence and electroluminescence performance of a 

phosphor depends on the phosphor matrix’s electronic and optical properties and the 

properties of the optically active impurities that act as luminescent centers. Upon 

doping with transition metals or rare earth elements, the luminescence of the metal 

chalcogenides can be varied over the entire visible region by appropriately selecting 

the chalcogenide composition host and the type of dopant. Since the middle of the 

1980s, several metal sulfides phosphors with different color emissions, such as 

ZnS:Mn (orange), ZnS:Cu (green), CaS:Ce (green), SrS:Ce (blue-green), CaS:Eu 

(red), and SrS:Eu (orange), have been intensively investigated.[9,16,17] Among these 

combinations of metal sulfides and dopants, ZnS:Mn and ZnS:Cu resulted in some 

phosphors with efficient photoluminescence and electroluminescence (EL). The 

main successful application of these phosphors has been in flat-panel 

monochromatic displays based on thin-film electroluminescence, field emission 

displays, and ZnS-based powder electroluminescence for backlights. In more recent 

years, ZnS:Eu has also gained increasing interest due to its intense blue 

photoluminescence.[18,19] 

 

Host chalcogenide: ZnS  

 

ZnS belongs to an important class of the first phosphors used in cathode ray 

television tubes, and is surely one of the most investigated metal chalcogenides. It is 

demonstrated to show one of the highest performances as a host phosphor as it can 

house a number of different luminescent centers. This is largely because ZnS meets 

most criteria that must satisfy a phosphor to enable efficient light emission.[20] These 

are: i) It must be transparent to the wavelength of light being emitted. ii) It has to 
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contain impurities having localized quantum states, act as an electrical insulator, and 

iii) exhibit an avalanching-type breakdown process once a critical electric field is 

reached. iv) The critical field must be of the order of 108 V/m. Namely, for a typical 

thickness of 1 micrometer, it means that this critical field is reached when about 100 

V falls across it. v) Finally, the electrons responsible for light emission must be able 

to fall into a localized ground state even in the presence of a high electric field. 

 

ZnS belong to the II-VI semiconductor family and has an energy gap of 3.6 eV 

and is therefore transparent to photons with energies in the visible range (1.7 - 3.1 

eV). The ZnS lattice is formed from sp3 hybrid orbitals, and it gives rise to ZnS bonds 

with a covalency of 0.377 and a fractional ionic character of 0.623. Two structural 

variants are existing, i.e., the cubic (zinc blende) and the hexagonal (wurtzite), each 

Zn2+ ion is coordinated by four S2- ions in a tetrahedral configuration, as shown in 

figure 1.6. ZnS is a relatively stable sulfide in that it may be stored in ambient 

atmospheric conditions without degradation. Moreover, it does not require moisture 

protection when subjected to high electric fields in an EL device. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.6 Zinc blend (left) and wurtzite (right) structures of ZnS. 
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Luminescent centers  

 

As mentioned in the previous section, the photoluminescent and 

electroluminescent performance of a phosphor depends strongly on the optical 

activity of the impurities lodged in the phosphor matrix, serving as luminescent 

centers. The main dopants that act as efficient luminescent centers in metal 

chalcogenide and metal oxide phosphors are transition metal ions and rare-earth ions, 

commonly occurring in divalent or trivalent forms. Generally, the positively dopant 

ions are positioned on a lattice site, substituting a divalent or trivalent cation of the 

phosphor host matrix. In transition metal luminescent centers with electronic 

configurations of [Ar] 3dn 4s2 (n = 1-9), the divalent dopant ions are formed by losing 

the outermost 4s electrons, and the trivalent valency is possible if one of the electrons 

of the external 3d levels is also lost. In the rare-earth with electronic 

configuration  [Xe] 4f n 6s2 (n = 1-13), divalent or trivalent ions are formed by losing 

the 6s electrons first and then one of the 4fn electrons.[14] 

 

The optical properties of free ions in the gas phase are characterized by sharp 

emission and absorption lines, with wavelengths determined by their energy levels. 

However, when the same ions are doped into a crystalline host, the optical properties 

are modified because their external energy levels can be shifted by the interaction of 

the electric field produced by the surrounding negative ions. This interaction is 

known as the crystal field effect. If the crystal field effect is weak, the emission and 

absorption spectra will remain discrete lines, but perhaps with their frequencies 

slightly shifted and certain degeneracies lifted. On the other hand, if the interaction 

is strong, the frequencies of the transitions will be quite different from those of the 

isolated atoms, and the spectra may be broadened into a continuum. 

 

For example, for transition luminescent center such as Mn with an electronic 

configuration: Mn (Z=25): [Ar]3d54s2, the Mn+2:[Ar]3d5 ion is substitutional 

positioned on a divalent lattice site of Zn2+:[Ar]3d10. This is because the chemical 

nature of Mn2+ and Zn2+ are similar. The only difference in the electronic 

configuration between the Zn and Mn atoms is that Zn has a fully occupied 3d10 

shell, and Mn has a half occupied 3d5 shell. The Mn 3d5 energy level lies about 3 eV 



 

16 

below the valence band maximum. Therefore, the ground state for 3d5 intra-shell 

transitions of the Mn luminescent centers is well isolated from from those 

corresponding to the matrix. This may be one reason why the Mn2+ centers in ZnS 

are mainly excited by direct electron impact excitation when incorporated in 

electroluminescent devices.[21,22] Since the energy levels of the 3d5 excited state of 

Mn2+ are affected by the crystal field, the emission color will depend on the host 

lattice. In ZnS, the Mn2+ center is surrounded by four S2- anions in a tetrahedral 

configuration (see figure 1.9) and will show yellowish-orange luminescence peaking 

at 585-590 nm.[23,24] 

 

As will be addressed in more detail in chapter 2, when the luminescent centers 

incorporated in ZnS are divalent rare-earth ions such as Eu2+ substituting the Zn2+, 

the large energy difference (energy gap) between the 5d and 4f energy levels for the 

free Eu2+ (4.2 eV) is decreased. This is because the excited 5d orbitals are strongly 

affected by surrounding S2- anions; while, the well-shielded 4f levels are less 

affected. The combination of the crystal field effect with the nephelauxetic1 and 

Stokes shift effects give rise to a blue luminescence peaking at 454 nm (2.73 

eV).[25,26]  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.7 The symmetry of the Mn2+ ions in ZnS. 

 

                                                      
1 Nephelauxetic effect refers to the decrease in interelectronic repulsion caused by the 

presence of more than one electrons in d-orbital of a free metal-ion and its interaction with 

its surrounding in a complex-ligand configuration.  
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1.3.2  Metal halide perovskites 

Metal halide perovskites have become one of the most promising semiconductors 

for light emission due to their excellent optoelectronic properties, possibility of 

chemical manipulation, and solution processability. Perovskite-based light-emitting 

diodes (PeLEDs), comprising a multilayer p-i-n junction, have been recently 

explored as the next generation of light emitters. It has been only eight years since 

the first PeLED paper was published,[27] and the race to understand, improve, and 

fully developed a perovskite-based light-emitting technology is still going on. 

 

Conventional metal halide perovskites exhibit a three-dimensional (3D) structure 

with a chemical formula of AMX3, where A is a monovalent cation 

(methylammonium MA CH3NH3+, formamidinium FA NH2CH=NH2+, or cesium 

Cs+), M is a bivalent metal cation (lead Pb2+, tin Sn2+) and X is a halide monovalent 

anion (X=Cl-, Br- or I-). As figure 1.10 shows, in a single unit cell of an AMX3 

crystal, the bivalent cation M is enveloped by an octahedron comprising six halide 

monovalent anions X, and the monovalent cations A reside between these corner 

shared octahedra. Each monovalent anion X is face-centered of the cube formed by 

the monovalent cations A.  

 

It has been demonstrated that bandgap tailoring can be achieved with two main 

strategies, namely, i) using different halides, and ii) the reduction of dimensionality 

of the electronic delocalization going from 3D to 2D, 1D, and 0D.[28–30]  

 

In MAPbX3 single crystals it has been shown that by replacing the halide, the 

bandgap is modified from 1.53, 2.24, 2.97 eV for I, Br, Cl, respectively.[31] In other 

words, the interchange of smaller halides widens the energy gap, delivering the 

possibility to tune the emission towards higher energies. The second possibility is 

when the size of the crystal is restricted either by impeding the growth of the 3D 

cluster by imposing capping ligands leading to the formation of nanocrystals[32] or 

separating the corner-sharing BX6 octahedral along different crystallographic planes 

by the incorporation of larger cations (mostly organic one).[33] The latter gives rise 
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to the formation of layered perovskites, which are also known as 2D Ruddlesden-

Pooper phases.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.8 Schematic representation of AMX3 metal halide perovskite crystal.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.9 From left to right: Ruddlesden Popper (RP) phase n=1, Quasi -2D RP 

phases <n=2> and ,n=3>, 3D perovskite crystal. 
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2D and quasi 2D perovskite 

 

2D perovskites are formed when a larger cation breaks the 3D structure of the 

perovskite crystals, resulting in the formation of layered perovskites. This layered 

system is defined as from the number of corners shared octahedra layers; for 

instance, n=1 is a Ruddlesden-Popper (RP) phase with structural formula L2MX4; 

where L is the large spacer cation and X the halides. When a small cation is 

introduced into this perfectly 2D system, quasi - 2D phases are formed; for example, 

<n=2> with structural formula becoming L2AM2 X7, further continuing increasing 

the number of RP layers to n, the general structural formula becomes L2An-1MnX3n+1 

(see figure 1.9).  

 

Quasi 2D perovskites’ optical properties are enhanced in terms of light-emitting 

applications. Their inherent quantum-well structure enlarges the exciton binding 

energy due to the dielectric and quantum confinement effects. Additionally, the 

engineering of different phases in the same thin film can favor efficient energy 

transfer, consequently boosting the quantum yield (QY). Importantly, long organic 

cations, depending on their chemical properties, can enhance the stability of the 

perovskite layers, making of quasi 2D perovskites a perfect candidate for the next 

generation of light emitters.  

 

1.4 Device characterization  

1.4.1 Colorimetric 

Colorimetry is the science that allows quantifying and describing the human 

perception of an object’s color or of a light source. While spectrometry is caring 

about absolute units, colorimetry has as a reference detector the human eye.  

 

According to the Colorimetry Committee of the Optical Society of America, 

“Color is made up of those measurable characteristics of light other than those of 

space and time; light being that aspect of the radiant energy that man perceives 

through the visual sensations that are produced by the stimulation of the retina.” The 
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characteristics of light alluded to in this definition are three: hue, saturation and 

brightness. 

Hue refers to that characteristic that allows a color to be classified as red, blue, 

orange, yellow, etc. For example, gray is an indeterminate hue; thus, it has no hue.  

 

Saturation describes the degree to which a color separates from neutral gray and 

approaches to a pure color. A neutral gray is completely unsaturated, while a pure 

spectral color is completely saturated. Taken together, the hue and saturation 

characteristics constitute the chromatic characteristics of the visual perception. 

Brightness is the characteristic of any color sensation that allows it to be classified 

as equivalent to the sensation produced by some element of a neutral gray scale, 

ranging from white at one end of the scale to black at the other. But how bright is a 

color? In order to answer this question, it has to be taken into consideration the 

human eye’s perception of radiant light. For instance, a radiant flux being emitted 

from a sample is invariable. Still, the effectiveness of its brightness depends on how 

its distribution in the spectra emitted. Equal amounts of radiant flux do not produce 

a visual sensation of equal brightness. The relationship between radiant flux and its 

perception at the human eye is called the luminous efficacy, as shown in figure 1.10. 

 

The science that studies the measurement of light weighted by the human eye is 

called photometry. It is a field derived from the radiometry discipline, which is 

responsible for measuring electromagnetic radiation. The eye can detect only visible 

radiation with a significant susceptibility for the green color at 555 nm with a 

maximum efficacy of 683 lm/W.  

 

The international lighting commission (CIE from French Commission 

internationale de l'éclairage) in 1931 agreed to express and quantify the 

characteristics of light referred to above (brightness, hue, and saturation) in a 

chromaticity diagram, in terms of the achromatic characteristic of brightness or 

luminous flux and of two other characteristics that refer to the chromaticity of light, 

which are: the dominant wavelength and purity. 

 

The dominant wavelength corresponds to the color sensation’s characteristic 

called hue, and the color purity is the saturation. 
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Figure 1.10 Luminous efficacy curve of the human eye with photopic vision. 

 

The spectral responses of the cones of the human eye (mostly active in during 

day vision) are known as l, m, s (long, medium, and short) are linear combinations 

of the color coupling-functions,[34] and are represented as the standard functions: 𝑥 , 

𝑦 , and 𝑧 as used for a CIE 1931 2nd Standard Observer. The CIE in 1931 agreed to 

make a description of the chromaticity of light in a 2D color space or CIE coordinate 

diagram (see figure 1.11) using mixtures of these three coupling functions.[35] A more 

detailed explanation of the coupling-functions can be found in chapter 3.  

The CIE 1931 diagram shows the locus coordinates with labeled hue wavelengths 

(saturated colors). Each color perceived by the human eye can be described using 

this chromaticity diagram and it is represented with the color coordinates (xs ,ys). A 

standard observer with coordinates (xi ,yi) is used to evaluate the color of a sample 

qualitatively. For instance, the dominant wavelength (xd ,yd) is given by the 

intersection between a straight line from illuminant to locus curves passing through 
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the sample. The saturation, or color purity, is given by the ratio between the distance 

from the illuminant to the sample point and the distance from the illuminant to the 

dominant wavelength. 
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Figure 1.11 The CIE 1931 space chromaticity diagram. The color coordinates of a 

sample are represented by (xs,ys). The locus curve contains all the possible hue 

wavelengths, where the dominant wavelength can be extracted (xd,yd). All qualitative 

color measurements are measured with respect to an illuminant with coordinates (xi,yi). 

 

In chapter 3, we provide a fully practical example of the calculation of the 

colorimetric properties, including the color purity and the dominant wavelength of a 

white-emitting device.  

 

1.4.2 External quantum efficiency and Luminous power  

The efficiency of a light-emitting device describes how effectively the electrical 

current is transformed into photons. It has been widely debated which procedures 

should be followed to accurately determine the efficiency of a device as 

discrepancies may arise amongst different research groups (especially in the first 

stage of an emerging technology). The external quantum efficiency (EQE) is one of 
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the most used figures of merits. The most important points to notice are the need to 

use calibrated detectors to precisely count the photons emitted and to collect photons 

emitted at every angle. 

 

The following procedure was used to determine the EQE of our perovskite-based 

light-emitting diodes (Chapter 4).  

 

We assembled a setup that involved two photodetectors attached to an integrating 

sphere (IS) wall. Both photodetectors were previously calibrated using a known 

irradiance spectrum of a commercial light source. The electroluminescent devices to 

characterize were attached to the walls of the IS in a 90-degree configuration. 

Additionally, we use a shadow mask to only expose the LED area; hence, no 

waveguided light by the substrate can participate in the absolute amount of light 

collected. The samples were adjusted to the IS entrance, assuring the light path (view 

direction) within the area of the aperture of the IS. For more complete details, please 

refer to the experimental details of chapter 4.  

 

The EQE can be calculated using the following equation: 

 

 
EQE=

PC det

I LED

×
1

R
×

e

hc
×

∫  λ EL norm( λ ) dλ

∫ EL norm( λ ) dλ
 

(1) 

 

Where PC det is the photocurrent collected through the calibrated photodiode, 

I LED  is the current passing through the device. R is the photoresponsivity of the 

diode, e is the elemental charge of an electron, h is the Planck constant, and c is the 

speed of light. The weight average integral represents the emission spectra of the 

device, and for these the electroluminescence spectra were collected by coupling an 

optical fiber to the IS.  

 

The luminous power is the radiant flux being emitting by the diode adjusted to 

the human eye sensitivity. When the light is emitted from the device, it travels in a 

given direction (solid angle). The photometry unit, which describes the relationship 
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of the luminous power as a function of the solid angle per square unit, is called 

luminance (L) per square meter unit. The correlation between the luminous power of 

the device with its electrical characteristics is performed through the J-V-L curve, as 

displayed in Figure 1.12. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.12 Example of typical J-V-L curve in semi-logarithmic scale. It pictures the 

relationship of the density current flowing through the device and the luminous power as 

function of the voltage applied across the LED.  

 

The luminance is extracted from the following equation: 

 

 ϕ
v
=

1

f
683

lm

W
 ∫ V(λ)PCdet(λ)

1

R(λ)
dλ (2) 

 

Where the factor 683lm /W is the peak photonic response of the eye evaluated at 

555 nm. 𝑉(𝜆) is the luminous efficacy curve as a function of the wavelength, PCdet 

is the photocurrent of the photodetector, 𝑅(𝜆) is the responsivity of the photodetector 

and 𝑓 coupling factor between the source and the photodetector. The latter mainly 

depends on the setup configuration.  
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Finally, we can extract two other efficiencies to evaluate our LED performance, 

namely the current efficiency 𝑛𝐿 and the luminous efficacy 𝑛𝑃. The current 

efficiency describes the amount of current passing through the device necessary to 

produce a certain amount of luminance. The units for current efficiency are cd/A. It 

can be calculated using equation 3.  

 

 𝑛𝐿 =
𝐿

𝐽
=

𝐿𝑆

𝐼
 (3) 

Where L is the luminance, J is the density current, I is the current and S is the 

area of the our emitting source.  

 

Through the current efficiency , the luminous efficacy can also be calculated 

using equation 4. The luminous efficacy determines the light output per unit of 

electrical power (lm/W).  

 𝑛𝑃 =
𝑛𝐿 𝐷𝜋

𝑉
 (4) 

 

Where V is the electrical potential difference, D is the angular distribution of the 

light being emitting by the diode in a given direction with 𝜃 and 𝜑 angles and the 

light intensity (𝐼) as follow:  

 

 

D=
1

πI0

 ∫ ∫ I(θ,φ) sin(θ) dφ

+π

-π

π
2⁄

0

dθ (5) 

 

 

1.5 Thesis outline 

Display technology and large-area lighting technologies continuously seek efficient 

and low-cost manufacturing techniques to be implemented in ‘never-old fashion’ 

next-coming generation of light-emitting devices. This drives the light-emitting 

community to search for the best semiconductors to fulfill the prerequisite of the 
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NTSC2 for self-emissive displays and the committee of white emitters. Great 

progress has been made to achieve punctual emitters, especially after the 

development of GaN as blue emitter, which has allowed us to have brighter white 

emitting lamps. However, for self-emissive large area displays, which are used for 

different applications from TV screens to cell phone displays, and for more natural 

white light illumination, there are still some challenges to be addressed. Among these 

challenges, we can emphasize the need to have better and efficient blue emitters that 

can be synthesized by low-cost fabrication techniques, such as those based on 

solution-processable methods. Thus, the work presented in this thesis comprises of 

this search for brighter and more saturated blue emitters fabricated by relatively low-

cost solution-processable techniques and their incorporation in electroluminescent 

devices. The overview of each chapter is given below: 

 

Chapter 2: A chalcogenide-based phosphor, namely ZnS (in its wurtzite crystal 

structure) doped with europium, was synthesized by ultrasonic spray pyrolysis 

technique as thin films. Broad-blue photoluminescence ascribed to the presence of 

the Eu2+, as luminescent centers in the ZnS host matrix, was confirmed by steady 

steady-state photoluminescence spectroscopy when excited with energy equals to the 

band gap of the system ZnS:Eu2+. Careful control of the synthesis allows us to reduce 

the europium source to its divalent state form even in aerobic conditions, presumably 

forming EuS bonding. Further, the presence of europium in its divalent state was 

corroborated by electron paramagnetic resonance. We present an emission 

mechanism associated with the Eu2+ in the ZnS matrix, concluding that the blue 

emission arises from the 5d → 4f transition of the first excited state. These finding 

highlight the feasibility of fabricating large area blue emitters using a relatively 

simple and cheap solution-based technique, which gives them potential for their 

applicantion electroluminescent displays.  

 

Chapter 3: The blue emitter ZnS:Eu2+ was incorporated in MISIM-type alternating 

current thin film electroluminescent devices. Comprising zirconium oxide as high 

dielectric insulator layers and envelop the phosphor and antimony indium oxide and 

aluminum as front and rear electrodes, respectively. The devices were assessed at 

                                                      
2 NTSC refers to the National Television System Committee. This association is 

responsible to set the color standards to meet for display technology.  
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three different operational voltages (rms) of 56 V, 70 V and 77 V, at fixed and at 10 

kHz sinusoidal frequency to evaluate their electroluminescence and colorimetric 

characteristics. The devices presented a white electroluminescence, particularly at 

77 V, which coordinated of the D65 illuminant, namely analogous to noon daylight. 

We proposed a possible origin of the white EL, concluding that it is attributed to 

electron-impact excitation and subsequent relaxation of Eu2+ and Eu3+ excited states, 

and presumably intrinsic point defect residing close the emissive-dielectric layer 

interfaces. These results demonstrate the possibility of fabricating white emitters, 

required for the next generation of large-area illumination using low-cost precursors 

and fabrication technique.  

 

Chapter 4: Metal halide perovskites are being extensively studied due to their 

optoelectronic properties, making them promising for the next generation of 

emitters. The ability to synthesize these materials by solution-processed methods 

makes them particularly suitable for large-area emitting devices. We made 

perovskites films based on the quantum-confined system of 2D-3D Ruddlesden-

Popper (RP) perovskites phases, which allows to reach emission in the blue. The 

spin cast films were comprised of a nominal composition of 

PEA2(Cs0.75MA0.25)Pb2Br7 as reference. By the addition of isopropylammonium 

(iPAm) to the perovskites, we were able to further tune the emission toward the blue 

and enhance the luminescence quantum yields. Both reference and iPAm-modified 

perovskite layers were optical and structural characterized, finding them constituted 

of different RP perovskite phases spanning from purely 2D to N≥5. As revealed by 

the optical characterization, the enhancement of the blue emission in the iPAm-

modified perovskite layer is due to the suppression of energy transfer toward lower 

band gap phases. Moreover, the crystallization of these domains is affected by the 

additive’s addition, which alters the relative composition of the different phases 

besides promoting a more random distribution of the crystallites. As a consequence, 

the charge transport in the direction perpendicular to the perovskite layer is 

improved. Fabricated perovskite-based LEDs with an iPAm-modified layer exhibit 

a bright blue emission with an average EL of 483 nm and a luminance above 8000 

cd m-2 at an applied voltage of 6.5 V ( 20.6 mA cm-2). Additionally, we evaluated 

the colorimetric characteristics of our champion device, finding a high color purity 
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of 88%. Finally, this champion device reached a compelling external quantum 

efficiency of 6 % and a maximum current efficiency of 38 cd/A. These results 

suggest that using RP perovskite phases and iPAm as additive is a viable route to 

achieve high-efficiency blue LEDs as required for self-emissive displays and large-

area illumination applications.  
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