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Abstract 
New classes of conductivity doping materials for organic electrical devices, especially light-

emitting diodes, have been identified in this study. 

Conductivity, mobility and charge-carrier density determination was presented with the 

example of aluminium tris(8-hydroxyquinolate) n-doping, co-evaporated with caesium 

orthovanadate, a new n-doping material. The refinement of the calculated conductivity and 

the verification of charge-carrier density were provided via other independent and published 

methods. The confirmation certified the accuracy of the obtained values, and the methods 

were used for the characterisation of further dopants and their doping strength. 

Struture-property relashionships were carried out from the investigation of doping materials at 

their chemical level and their electrical behaviour. Systematic p-doping studies of different 

organometallic Lewis acid complexes in different hole transport materials at different dopant 

concentrations were performed. First of all, the investigation by the metal centres variation of 

the three paddlewheel dichromium(II,II)-, dimolybdenum(II,II)- and dirhodium(II,II)- 

trifluoroacetate complexes exhibited the dependency of the p-doping strength with the 

electrophilily of the core. A ligand variation study over 10 bismuth(III)-carboxylate 

complexes demonstrated the electron-withdrawing effect of the ligand to be responsible for 

the enhancement of the p-doping effect in the complex. The conductivity of different hole 

transporters, doped with different bismuth dopants, was correlated to the change of dipole 

moment, pKa and Hammett parameter of the carboxylic acid ligands. From these correlations, 

Linear Free-Energy Relationships showed the donor/acceptor interaction between the dopant 

and the semiconductor to obey a Lewis acid/base equilibrium (hybrid charge-transfer complex 

formation) rather than on a redox equilibrium (integer charge-transfer complex formation).  

One of the p-dopants was chosen as replacement in thick hole transport layer of white organic 

light-emitting diodes and showed comparable or better effects on the devices than a reference, 

doped with a commercially available p-dopant. It demonstrates the potential use of these 

Lewis acidic p-dopants for other opto-electronic applications in an organic semiconductor 

based devices. 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

Kurzfassung 
Neue Klasssen von Leitfähigkeitsdotierstoffen für organische elektrische Bauelementen, 

insbesondere für Leuchtdioden, wurde in dieser Studie identifiziert. 

Die Bestimmung der Leitfähigkeit, der Mobilität und der Ladungsträgerdichte wurde 

beispielhaft anhand des neuen n-Dotierstoffs Cäsiumorthovanadat, koverdampft in 

Aluminium-tris(8-hydroxychinolin), ausgearbeitet. Die Verfeinerung der berechneten 

Leitfähigkeit und die Bestimmung der Ladungsträgerdichte wurden über unabhängige 

publizierte Methoden verifiziert. Die Genauigkeit der Methodik konnte experimentell 

bestätigt werden und diente dann zur weiteren Charakterisierung neuer Dotierstoffe bezüglich 

ihrer Dotierstärke.  

Struktur-Eigenschafts-Beziehungen wurden daraus abgeleitet, die eine Korrelation zwischen 

der chemischen Struktur des Dotierstoffs und dem elektrischen Verhalten erlaubt. 

Systematische p-Dotierungsstudien von verschiedenen Lewis-Säure Verbindungen wurden 

mit verschiedenen Lochtransportmaterialen und verschiedenen Dotierstoffkonzentrationen 

durchgeführt. Zunächst wurde die zentrale Metallatome der drei Schaufelradkomplexe 

Dichrom(II,II)-, Dimolybdän(II,II)- und Dirhodium(II,II)- Trifluoroacetat variiert. Die 

p-Dotierungstärke änderte sich mit der Elektrophilie der Zentralatome der Komplexe. Die 

Variation des Carboxylatliganden in 10 veschiedenen Bismut(III)- Verbindungen hat ergeben, 

dass der elektronenziehende Effekt des Liganden für die Verbesserung des p-Dotierungeffekts 

verantwortlich ist. Die Leitfähigkeit der Bismutkomplexe wurde in unterschiedlichen 

Lochleitern mit dem Dipolmoment, dem pKs-Wert beziehungsweise der Hammettparameter 

dem Komplex zugrunde liegenden Carbonsäureliganden korreliert. Dazu, deuten Lineare freie 

Enthalpie-Beziehungen darauf hin, dass die Donor/Akzeptor Wechselwirkung zwischen 

Dotand und Halbleiter eher durch ein Lewis-Säure/Base Gleichgewicht (Bildung von Hybrid-

Ladungstransfer-Komplexe) als durch ein Redox Gleichgewicht (Bildung von Einelektronen-

Ladungstransfer-Komplexe) zu deuten ist.  

Einer der p-Dotanden wurde als dicke Lochtransportschicht in weiβen organischen 

Leuchtdioden (OLED) eingesetzt. Die OLEDs zeigten, referenziert zu einem kommerziellen 

Dotierstoff, bessere oder vergleichbare Kenndaten. Die Untersuchungen bestätigen damit die 

Hypothese, dass p-Dotierstoffe auf der Basis von Lewis-Säuren in opto-elektronischen 

Bauteilen mit organischen Halbleitern verwendet werden können. 
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Chapter 1 - Introduction 
Recently, the state-of-the-art of employing organic semiconductor materials for building opto-

electronic devices has succeeded to raise number of improvements, in order to bring the 

organic electronic technologies into products. About 60 years after succeeding to inject an 

electric current in an emitting organic molecule crystal [1], organic semiconductor based 

technologies are starting to surround us and invade already existing markets [2]. Additionally, 

these technologies show potential developments in the realisation of new devices with unique 

features, which are associated to the abilities of the involved materials such as their optical 

transparency and their mechanical conformability [3]. Also the motivation in researching 

other organic opto-electronic devices is currently continuously stimulated and promotes new 

findings like spin-oriented organic light-emitting diodes (spin-OLEDs) [4], alternating-current 

organic light-emitting diodes (AC-OLEDs) [5] or organic light-emitting transistors (OLETs) 

[6]. 

History is full of examples which make us believe that these technologies, featuring other 

advantages compared to the already existing ones, come into the market after a certain time. 

They can be well integrated despite their complexity and starting cost, until other technologies 

featuring more advantages arrive. Who would have believed in light bulbs for private lighting 

otherwise? Only about 80 years after Davy’s first incandescent filament [7], Edison started to 

commercialise the first lightbulb in 1881, featuring 1500 hours of lifetime [8], at a time when 

people used oil or gas lamps for lighting, and 6 years before the first public electric power 

distribution existed [9]. Today, lightbulbs are standards and are even disappearing for 

alternative technologies featuring additional advantages other than their cost (as halogens, 

LED and also OLED) [10]. 

So, even if the “thermodynamic equilibrium” tends to adopt organic semiconductor 

technologies which offer a lot more sexy features than the already commercialised ones 

(transparency, flexibility, processability), this adoption is a process which is currently 

“kinetically limited” by several factors. The three main ones are the final product cost 

(essentially determined by the process cost [11]), the device lifetime (determined by the 

materials’ stability and the encapsulation technology [12]) and the opto-electronic 

performances. For the first two factors, the adoption of cost effective and stable materials in 

the organic semiconductor device is a prerequisite in making better products. The last factor 

enhances the research of new materials for different applications in order to improve the opto-

electronic devices, like investigating on new phosphorescent emitters [13], quantum dot 
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emitters for QLEDs [14], internal or external out-coupling materials [15] and also 

conductivity dopants [16]. 

At the current situation, OLED technology is the most advanced organic electronic 

technology: A few devices are competitively present in the market and currently promotes the 

penetration of OLED devices in other markets. OLED is currently a subject of research, 

development and production for lighting and display applications, to be susceptibly integrated 

in customer devices and public facilities (see fig 1.1). 

 

Figure 1.1: A current state-of-the-art representation for OLED and related technologies from 
academic research to mass production. Pictures are illustrative examples among others, 
including in research a) the Microsoft Interactive Display Screen [17]; in development b) the 
Nokia Concept Kinetic Device [18], c) the Polytron Technologies Transparent Smartphone 
[19], d) the Audi Swarm Concept Car Rear-Lights [20], e) the Osram Rollercoaster 
Transparent Luminaire [21]; and in production f) the Osram Orbeos OLED Panel [22], g) 
the LG 55” Curved OLED TV [23], h) the Samsung Curved Galaxy Round Smartphone [24] 
and i) the Sony Head-Mounted-Display [25].(pictures printed from the related references)  
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a) 

 

c) 

 
b) 

 

d) 

  

Figure 1.2: a) OLED as an electric device. b) Illustrative working principle and c) 
representation of an efficient OLED made of several organic layers (thickness values are 
suggestive rather than restrictive from the published literature), d) which increases the total 
resistance of the device. 

An OLED is an “Organic Light-Emitting Diode”: a polar and passive electric device which 

emits light with an electric power source. The device is made of organic semiconducting 

materials which are alternative materials compared to the inorganic materials used in LEDs. 

The main advantage of these organic materials is that they can be processed in softer 

condition than inorganic semiconductors: they are a potential technology for cost effective 

electronic device processes. Also, their tuneable physical properties (flexibility, transparency) 

allow the accomplishment of new innovative technology markets. 

A so called “high efficiency” OLED is made of several organic materials, each with a specific 

function in the stack. Injection layers (· ILs), transport layers (·TLs) and blocking layers 

(·BLs) of electrons (E··) and holes (H··) can be coated in addition of the emissive layer (EL) 

to optimise the light emission by charge recombination (see fig. 1.2). The structure can even 

be thicker and more complex in the case of tandem structures for stable white OLED 

fabrication [26]. 

Each of these additional optically passive layers has both an optical absorption and an electric 

resistance which could drastically lower the efficacy of the whole opto-electronic device. The 

electric resistance can be reduced or almost neutralised by conductivity doping. 

Several techniques exist for increasing the external quantum efficiency of the device, like 

using internal [27] or external [28] out-coupling materials, or phosphorescent materials [29] 

which increase the light energy extracted from the device for a given electric energy input. 

Decreasing the resistivity of the transport layers by doping is one of the few strategies to 

decrease the overall resistance of the material and thus save the Joule heating energy lost by 

the poor conductivity materials. Additionally, (as will be explained in chap. 2) efficiently 

doped transport layers can allow omitting the deposition of injection layers (EIL and HIL), 

and therefore optimise the device simplicity. 
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In the case of conductivity doping for OLED, the electrical optimum is limited by the 

resistivity of the undoped layers, as the emitting layers (even efficiently doped bottom 

emission OLED can display electrical losses of about 9 % [30]). 

Furthermore, doped layers are in general more absorbent of light than undoped semiconductor 

layers. Indeed, new absorption bands are introduced in the stack because of the addition of 

another material with its own optical band-gap and the creation of charge-transfer complexes 

with also their own optical absorption. Therefore for opto-electronic applications like OLED, 

a good balance between material conductivity and material transparency should be paid 

attention to. 

The aim of this work is the promotion of the usage of new materials for doping organic 

semiconductors under this specific context. 

First of all in chapter 2, the different theoretical elements which were necessary to understand 

the problem are introduced. Then in chapter 3, the performing of the electrical investigations 

for identifying new doping elements is presented, by the characterisation of the Cs3VO4 

n-dopant. Afterwards in chapter 4, the investigation of a collection of new p-doping materials 

is presented by using the methodology developed in the previous chapter. Thus in chapter 5, 

the application for white OLED devices of one material studied in the previous chapter is 

carried out. Therefore in chapter 6, an explanation of the experimental procedures and a 

compilation of data which allowed the theoretical discussion in the chapter 4 are presented. 

And finally, the conclusion of this work with suggestions for improvements and perspectives 

will be proposed in chapter 7. 

This work refers to compounds belonging to intellectual properties which were disclosed 

before the beginning of the thesis [31-33]. Also, another part of this work contributed to 

further intellectual properties which are currently disclosed [34,35] or not, in addition of a 

public poster exhibition [36]. The publication for scientific journals of the whole or a part of 

these findings carried out after the submission of this doctoral work, in the eventuality of 

acceptance. 
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Chapter 2 - Background on Conductivity 

Doping in Organic Semiconductors 

2.1 - Semiconductor and Organic Semiconductor  
In an OLED, a sophisticated stack of different organic semiconductors (OSCs) is used. OSCs 

differ from conventional inorganic semiconductors by the fact that they are carbon based 

molecular systems. Their chemistry offers the perspective for these materials to be processed 

in less harsh conditions than the conventional ones: they could be processed at ambient 

temperature and at atmospheric pressure. They both behave as semiconductors (poor 

conductors of electricity) and classic semiconductor physics can also be used with OSCs to 

understand their opto-electronic behaviours. But, from the softness of the OSC materials 

originates also different mechanisms which strongly influence the material at the 

intermolecular dimensions, and also at the device scale. The mechanical and optical properties 

of these materials are different, and so are their electrical properties too (see fig. 2.1). 

 
Figure 2.1: State-of-the-art of conductivity and carrier mobility from different types of 
conductor in light of the published literature for the conductivity values [37-46] and for the 
mobility ones [47-54]. 

One can already see from the review above, that even if the OLED OSCs are by definition 

semiconductors, they actually are very poor conductors (especially small molecules for OLED 

applications). Therefore, the conductivity-doping of these materials is a must in order to 

achieve performances which are comparable to the ones of the inorganic technologies. 
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 	· �
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Figure 2.2: Flow of electrons and holes in intrinsic semiconductors, responsible for the 
electric current transport (left), with the expression of (right) R, the electric resistance (in Ω); 
S, the electrode surface (in cm2); L, the OSC thickness (in cm); σ, the conductivity (in S·cm-1), 
e, the elementary charge (1.6·10-19 C); n, the carrier density (in cm-3) and µ, the carrier 
mobility (in cm2·V-1·s-1). 

Like in classical semiconductors, the OSCs have two charge carriers: electrons (-) and holes 

(+). The conductivity of a semiconductor is the sum of both carrier conductivities, and each of 

the conductivities is function of the mobility and the density of the carriers (see fig. 2.2). 

The mobility is the ease of each carrier to be transported through the semiconductor by an 

external electric field. The mobility is a function of the velocity of the carriers and depends on 

the transport mechanism for these carriers to be driven. In organic materials, two transport 

mechanisms are responsible for the electronic conduction: the intramolecular π-π 

delocalisation and the intermolecular electron hopping. The carrier mobility is therefore 

highly depending on the material’s nature (see fig. 2.1). For example, macromolecular sp2 and 

sp1 carbon allotropes show remarkable mobilities due the large π-π delocalisation over long 

distances: the hole mobility on a graphyne sheets is calculated to be 5.41·105 cm2·V-1·s-1 at 

ambient temperature. For small molecules, the transport is mainly dominated by the hopping 

from one molecule to the other, limited by the weak intermolecular interactions. The mobility 

of these materials is therefore quite poor (except for the buckyball carbon allotropes), below 

10-4 cm2·V-1·s-1 for amorphous materials at ambient temperature (at the opposite of transistor 

OSCs, the OLED OSCs are not especially designed for achieving record mobilities and 

therefore, the mobility of their carriers can often be much lower). Between carbon allotropes 

and amorphous small molecules exist organic polymers, in which the transport is ensured by 

the π-π delocalisation along the polymer chains, and by the hopping from one chain to the 

other. The intermolecular interaction is weak and disordered but the transport is still quite fast 

due to a π-π delocalised transport over the length of the polymeric chains. The hole mobility 

of PANI-PMMA can be around 17 cm2·V-1·s-1. 

The carrier density is the amount of carriers that the semiconductor contains per unit of 

volume. This property depends on the material and first of all, whether it is metallic or 

semiconducting. A metallic conductor has by definition the Fermi level in its conduction 

band, meaning that the density of free electrons per mole of semiconductor is important (in 

the order of magnitude of the Avogadro constant [50]). For a semiconductor, the Fermi level 
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lies between the valence band and the conduction band. In an intrinsic semiconductor, the 

density of the carriers is determined by the statistic number of exciton existing at a certain 

temperature [55]: 

� = �� · ��� � −����2		�� · �  (eq. 5) 

with N0, the effective density of states; Egap, the OSC’s band-gap energy; kB, the Boltzmann’s 

constant (8.62·10-5 eV·K-1) and T, the temperature. As a typical example, an OSC of 2.5 eV 

of band-gap and 1021 cm-3 of effective density of states has a carrier density of about 1 cm-3 at 

ambient temperature. The purity of pristine semiconductors has also a strong impact on their 

carrier density, which explains in practice higher recorded values of carrier density [55]. 

It is also possible to promote the carrier density by intentionally introducing more impurities: 

this action is called doping. Introducing of an electron rich (or electron poor) material can 

n-dope (or p-dope) by chemically generating extra electrons (or holes) in the semiconductor. 

These extra charges participate to the conduction under an applied electric field. Due to the 

different molecular and electrical properties of the materials, inorganic semiconductors and 

OSCs are doped specifically with different chemical dopants and at different concentrations. 

For inorganic semiconductors, the dopants are atomic and their concentrations are very small 

compared to organic ones. In the case of silicon, dopant densities are in the order of 1013 cm-3 

to 1018 cm-3 (depending on the dopant) for an effective density of states of 4.96·1022 cm-3 

(from about 10-10 mol.% to 10-5 mol.%) [56]. One talks about heavy doping from 10-5 mol.% in 

silicon [57] while amorphous OSCs can be “doped” up to 50 vol.% [58]. 

The generation of extra carriers promotes the flow of one carrier over the other and simplifies 

the expression of the material conductivity: 

	 = 	�	!�
 · �
 + �" · �"# ≈ � · �
 · �
 																	%&'ℎ											�
 ≫ �" 	  (eq. 6) 

with µi, the mobility of the predominant carrier and ni, the density of the generated carriers. 

By definition, promoting the generation of one carrier over the other shifts the Fermi level of 

the semiconducting material from the middle of the band-gap, if intrinsic; towards the richest 

band of carriers, if doped (see fig. 2.3): 

�* = �+,-, + �� · � · .� � ��� = �/0-, + �� · � · .� � ���  

1�'2&�3&4:	� = �	 ⇒ 	�* = �+,-, + �/0-,2  

�	78��7:	� → �� 	⇒ �* → �/0-, 

(eq. 7.a) 

(eq. 7.b) 

(eq. 7.c) 

with EF, the Fermi level energy; EHOMO and ELUMO, respectively the HOMO and LUMO level 

energies (respectively the valence and conduction bands in OSCs); and n and p, the density of 

respectively electrons and holes. 
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igure 2.3: Fermi level positions for an OSC as intrinsic, n-doped and p-doped. 

In case of n-doping (or p-doping), the conduction band (or valence band), or LUMO level (or 

HOMO level) for an OSC, tends to align with the Fermi level. 

With the evolution of the Fermi level position in the OSC occurs a change of HOMO and 

LUMO level profile at the Fermi level alignment of the OSC and the metal electrodes. The 

new energetic profile leads to new electrical behaviours of the anode-semiconductor-cathode 

device: the properties of charge transport and injection are modified (see fig. 2.4). 

Also, the theoretical density of carriers being in the order of 1 cm-3 in an undoped 

semiconductor such as previously presented, the semiconducting layer is not charged. So, 

when the Fermi level of the intrinsic semiconductor aligns to the work-function of the metal 

contacts, an internal electric field is generated by the difference of work-function of the anode 

and cathode in case of a non-doped layer (and by neglecting any interfacial polarisation), as:  

�:
 = ;:
 = (=>?�@. −=>�B.)  (eq. 8) 

with Ebi, the built-in electric field; Vbi, the built-in voltage; Wf, the work-function of either the 

anode (an.) or the cathode (cat.) surface ; and L, the OSC thickness. 

Electrons diffuse from the cathode in the OSC and holes diffuse from the anode. The charges 

are bounded to their counter-charge at the electrode by Coulomb interation. And because of 

the usually small dielectric constant in the OSCs, the Coulomb force is quite high. So, the 

charge diffusion at the electrodes occurs only through monolayers of molecules at the 

interfaces. 

The injection of other carriers in the semiconductor becomes possible only when an applied 

electric field overcomes the internal built-in electric field Ebi. 

Because the internal electric field needs to be strictly overcome in order to allow the charge 

injection in the OSC, the electrical characteristic is non-symmetric and an output current 

higher than the noise level can be recorded if the applied voltage is higher than the built-in 

voltage Vbi. This current is limited by the transport, as the semiconductor is intrinsic and 

could also be limited by the injection if the energetic gap Φ at the electrode is too important 

(from already Φ = 120 mV, the effect is visible in the electrical characteristic [59]). 
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a) 

 

b) 

Figure 2.4: a) Illustrative case of Fermi level alignment with and without applied voltage in a 
single carrier device, without considering interface dipole formation or space charge limited 
current. b) Representative electrical characteristics. 
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In case of a doped semiconductor (p-doped or n-doped), extra-carriers are generated in one of 

the energy bands of the semiconductor and the Fermi level moves towards this band. The high 

density of hole-electron pairs in the bulk material screens the electric field generated by the 

space-charge at the metal interfaces. So, at the Fermi level alignment of OSC and metal 

electrodes, no internal electric field is observed in the semiconductor if the semiconductor is 

sufficiently doped (see fig. 2.4). 

The injection of carriers is possible in both forwards and reverse bias voltage. If the bulk 

semiconductor is sufficiently doped, the flat band effect also affects the bulk material near to 

the electrodes. Then, the energetic barriers at the metal-semiconductor interfaces are modified 

and favour the injection at both metal-semiconductor contacts. In case of bulk doping, the 

bulk resistance is better improved than the contact resistance. So the voltage drop occurs at 

the metal-semiconductor interfaces. If sufficiently doped, the energy barriers at the electrodes 

are so thin, that charges can efficiently tunnel the barriers and the material behaves as an 

ohmic conductor. A symmetric behaviour (diode’s rectification ratio of 1) is observed if the 

reduction of the contact resistance at both metallic interfaces is optimum and their difference 

is negligible compared to the resistance of the bulk layer. 

With the evolution of the OSC system from undoped state to efficiently doped state, the 

different properties are gradually changing with the doping efficiency (from a rectifyer diode 

with internal voltage to an ohmic conductor). 

The doping promotes the conduction of the current in the semiconductor but also promotes 

the interface injection of current between electrodes and semiconductor. 

2.2 - Injection Models in Organic Semiconductors Devices and 

Impact of Doping 

Because of the electrochemical contact between the doped semiconductor and the metal 

electrodes which have different Fermi levels, carriers diffuse at the interfaces and energy 

barriers appear. 

Additionally, at material interfaces such as metal-organic of organic-organic, interfacial 

dipoles can also appear [44,60]. The interfacial dipoles region is a very resistive region for the 

carriers and behaves as a thin insulating layer. So, for a metal-organic interface, the junction 

behaves as a metal-insulator-semiconductor (MIS) junction and can favour (as fluorinated 

self-assembled-monolayers on Au anode [61]) or unfavour the charge injection (as insulating 

metal oxide formation at the metal cathode). The presence of interfacial dipoles can come 

from impurities, chemical reactions, oxidation from eventually O2 or simply from the self 

orientation of molecules at the metallic surfaces (this last effect can be very strong and induce 

an energy shift of 1.1 eV after one or two monolayers of organic on the electrodes [44]). 

In case of not considering any dipole formation at the metal-semiconductor interfaces, the 

Schottky barriers (S.B.) are formed as displayed in figures 2.4 and 2.5. 
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Figure 2.5: Illustrative case of a potential profile evolution with bias voltage for intrinsic 
(left) and n-doped (right) OSC-Metal contact. Simple cases of Fermi level alignment 
considering no interface dipole at the electrode. 

In case of an energetic barrier Φ at the metal-semiconductor interface, several models are 

proposed in order to explain how the carriers are injected through this resistive interface 

[62,63]. Two theories suggest a model of the injection limited current from a metal to a 

semiconductor in case of no dipole formation at the interfaces. The Fowler-Nordheim (FN) 

theory proposes the injection via tunnelling through the energetic barrier [63] while the 

Richard-Schottky (RS) theory proposes a thermionic injection over the energetic barrier [63]. 

In both theories, the energetic barrier represents a very resistive spatial region. This region 

can be physically characterised by a (sub)nanoscale semiconductor layer with a width which 

depends on the electric field through the region but also on the doping level of the 

semiconductor. The width is given by the formula [64]: 

= =	D 2	E� · � 	�;:
 − ; − �� · ��   (eq. 9) 

with V, the applied voltage and ε, the OSC’s permittivity (= εr·ε0 with ε0 = 8.85·10-12 F·m-1). 

By bulk doping, the carrier concentration at the interface increases, which lowers the width of 

the depletion layer. Because the resistivity of the material is proportional to its thickness, the 

contact resistance increases proportionally with n-1/2, so decreases by bulk doping. 

Other phenomena (as for instance the formation of dipoles at the metal interface) can also 

occur with the inclusion of dopant and affect positively or negatively the enhancement of 

injection by bulk-doping. 

One sees the contact resistance to be also depending of the built-in potential (Vbi) and is thus 

device dependent: The measurements are highly depending on the electrodes and the 

characteristic properties could not be surely attributed to the organic material only. For a 

transport limited current, characteristics do not depend on the electrodes nature anymore 

(W→0). 
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2.3 - Transport Mechanisms in Amorphous Small Molecule 

Semiconductors 
An OSC is a carbon based molecular 

material which allows both intramolecular 

and intermolecular transports of charge 

carriers. The mobility of the carriers is 

ensured by both the π-π electrons 

delocalisation for the intramolecular 

transport (faster transport, energetically 

limited by the electron molecular wave-

functions) and the electron hopping for the 

intermolecular transport (slower transport, 

energetically limited by the intermolecular 

frontier orbital overlaps). The carrier 

mobility for amorphous small molecules is 

limited by the slower process: the 

intermolecular hopping transport. The 

hopping process occurs at 2 different energetic levels for the hole and the electron transports. 

The hole conduction in the OSCs occurs at the material’s HOMO level, by the delocalisation 

of a lack of electron at the molecules’ highest occupied molecular orbital (HOMO - see 

fig. 2.6). And the electron conduction in the OSCs occurs at the material’s LUMO level, by 

the delocalisation of an additionnal electron at the molecules’ lowest unoccupied molecular 

orbital (LUMO - see fig. 2.6). 

The “HOMO” and “LUMO” appellations are quite generalised in the literature and the ideas 

and concepts behind these names can be misleading (see fig. 2.7). In the literature, valence 

and conduction bands in the OSCs are referenced as HOMO and LUMO levels. The 

determination of these levels can be directly determined by photo-physical methods of thin-

film surfaces [65,66]. Often shorted to HOMO and LUMO, they should be distinguished from 

the HOMO and LUMO energies of the molecules which are the electron energies of the 

highest occupied and the lowest unoccupied molecular orbitals of an isolated molecule. The 

determination of these energies can be theoretically determined via quantum computation 

[65,67] or experimetally by gas phase photophysical methods [66]. Between material energy 

levels and the associated molecular energies should be taken into account the stabilising 

polarisation energy 2·Ep, caused by the weak intermolecular interactions. Empirically from 24 

compounds, Ep = 0.08 (± 0.04) ELUMO - 0.44 (± 0.11) eV ≈ -0.44 eV [65], but experiments 

show Ep of 1.15 (± 0.3) eV for PTCDA, Alq3 and CuPc [68] and 2.1 eV for TCNQ [44]. 

Also, the notions of optical band-gap (experimentally determined by optical methods) and 

HOMO/LUMO band-gap should be distinguished. Between both notions, the stabilising 

 
Figure 2.6: Hopping transport of holes at the 
HOMO level and electrons at the LUMO level 
in pentacene. 
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Coulomb energy Ec of a hole-electron pair in the OSC from 0.4 to 1.4 eV [68] should be taken 

into account. Empirically from 24 compounds, Ec = 0.39 (± 0.15) Egap - 0.46 (± 0.38) eV [65]. 

Also, at the condition that the OSC can reversibly be reduced or oxidised, electrochemical 

methods can empirically suggest the material’s HOMO and LUMO levels by the 

determination of the molecular oxidation and reduction potentials [65,69]. 

 
Figure 2.7: Representation of the energetic changes of pentacene from gas phase molecule to 
thin-film (energetic values from [70-74]). 

Also with the notion of amorphous materials, HOMO and LUMO levels should be considered 

as a distribution of different states rather than a single energy value.  

The molecular disorder is the main reason for the spread of the energies from one molecule to 

the other. Each level is then characterised by an energy centre and a density of energy states 

(DOS) corresponding to the distribtion of the individual energies of each state in the material 

[75]. The DOS is formed of states more or less energetically accessible. The LUMO (or 

HOMO) energy states which are the lowest (or highest) in the LUMO level (or HOMO level) 

are the least energetically accessible states of the semiconductor for the electron (or hole) 

transport. These states are called “traps” (see fig. 2.8.a).  

The trap distribution parameter is material dependent: from the chemical nature, the 

crystallinity or the purity of the material [55]. A “deep trap” is a LUMO (or HOMO) energy 

state, which is below (or above) the Fermi level of the OSC, while a “shallow trap” is a 

LUMO (or HOMO) energy state, which is above (or below) the Fermi level of the OSC. 

The deeper the trap, and the easier it is to dope it. The shallower the trap, and the easier it is 

to involve it in the transport. 
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a) 

 
b) 

 

c) 

 

Figure 2.8: a) Energetic disorder, shallow and deep traps representation of an OSC’s LUMO 
level. b) The applied electric field induces different transport modes, which depend on the 
energy disorder, the number of carriers, and/or the mobility of the carriers. c) This last 
results in different domains and behaviours in the current/voltage characteristics [76]. 

The transport in the semiconductor is influenced by this distribution of energies. The applied 

electric field influences strongly the transport mode within this DOS across the OSC layer. 

Under the condition of transport limitation, the current density shows different transport 

regimes depending on the applied electric field (see fig. 2.8.b and 2.8.c). 

For a low electric field, the carrier density is much smaller than the effective density of states. 

If not injection limited, the regime is ohmic and the current depends on both the number of 

few carriers and their hopping mobility. The current obeys to Ohm’s law: 

F,�G = 	� · ; = � · �� · � · ; 															�⇒ 			 H	.8I	FH	.8I	; = 1 	 (eq. 10) 

with JOhm the current density under ohmic regime; σ0, the zero-field material’s conductivity; 

and µ0, the zero-field mobility. 

For a high field, most of the DOS is filled with carriers and the current only depends on the 

mobility of the carriers to hop. The density of injected carriers is sufficiently high to control 
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the carrier distribution in the organic layer over the influence of the external electric field at 

the electrodes. The current is space-charge limited (SCLC). Among other models, the current 

obeys to the Child-Langmuir law assuming a ballistic transport [64,77,78]: 

FJK/K = 49 	ED 2	�N�� 		;
OPP 														�⇒ 			 H	.8I	FH	.8I	; = 32  (eq. 11) 

with JSCLC the current density under SCLC regime and me- the electron’s mass. 

In case of a steady-state current (scattered transport), the SCLC region of the characteristic 

can obey to the Mott-Gurney law [64,79]: 

FJK/K = 98 	E · � · ;P
O 														�⇒ 			 H	.8I	FH	.8I	; = 2  (eq. 12) 

A corrective factor θ0 is added to the previous formula if a density of shallow-traps below the 

transport DOS is considered (as in the case of mixed OSCs [80]): 

FJK/K = 98	S� · E · � · ;P
O 														�⇒ 			 H	.8I	FH	.8I	; = 2  (eq. 13) 

And considering a field-dependent Poole-Frenkel mobility (with traps considered as Coulomb 

wells), the current is dominated by Murgatroyd’s equation [81]: 

FJK/K = 98 	E · �� · ;
P

O · ���!0.891	UV;/#			�⇒ 			 H	.8I	FH	.8I	; = 2 + 0.8912 	UV;/  (eq. 14) 

with γ the field-activation factor. This regime features the linearity of ln(J/V2) with V1/2. 

Between ohmic and space-charge limited currents, an intermediate regime can occur in which 

the external electric field becomes important enough to activate the deep-trap transport states 

in the semiconductor but not enough to control the carrier distribution in the layer. The 

current is under trap-filled limited regime (TFLC) and for a Gaussian distribution of deep-

traps [75,82]: 

FX*/K = � · � · �� � E�	�@ 
Y Z 22 + 1[

Y �22 + 12 + 1  Y\] ;^\]
P^\] 				�⇒ 			 H	.8I	FH	.8I	; = 2 + 1  (eq. 15) 

with JTFLC the current density under TFLC regime, r an empirical parameter characterising an 

exponential trap distribution. 

From these different regimes, governed by theoretical models, material-related properties can 

be determined, such as the conductivity σ0, the mobility µ0 or trap distribution parameter r, 

allowing the evaluation of the doping efficiency in the studied OSC layers. 
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2.4 - Doping Models: Integer and/or Hybrid Charge-Transfer 

Formation 
A lot of different chemical mechanisms could be proposed for justifying the doping of OSCs 

[83]. 

This has been such a topic of interest in the last few years that two high impact factor journal 

publications have been published in 2012, dealing with the doping mechanism investigation 

of the same set of dopant-semiconductor system, but from two different approaches [84,85]. 

In the case of no decomposition of material and at the thermodynamic equilibrium, two 

mechanisms are proposed: each one based on a different approach of the problem and 

concludes on the formation of different kinds of charge-transfer complex issued from 

different chemical reactions. 

2.4.1 - Integer Charge-Transfer Formation & Redox Doping 

The integer charge-transfer model is the first model proposed to explain the enrichment of 

charge carriers when a dopant is introduced in an OSC. It is a top-down approach transcripted 

from inorganic semiconductor doping. Considering a semiconductor lattice with a defined 

valence band (conduction band), the substitution of an OSC molecule by an electron 

accepting (donating) specie introduces a free charge in this lattice. Electrostatic theories apply 

to the holes and electrons, which are generated from this electron transfer. 

This problem was recently modelled for a pentacene single crystal with F4TCNQ inclusions 

(see fig. 2.9) [84]. 

Drawing a map of electronic potentials by defining the local ionisation energy (IE) and 

electron affinity (EA) and taking into account the different energy changes with the charges: 

1�
 				= 				 1�� 				− 				�: 				− 				��_
` 				− 				��_�` 				− 				��_a 				−				��_?� �b
 				= 				 �b� 				− 				�: 				− 				��_�` 				− 				��_
` 				− 				��_a 				− 				��_?� 

                  gas phase        nuclear        permanent          induced          quadrupole     neighboring   

                     energy        relaxation        dipoles              dipoles              fields               charges     

(eq. 16.a) 

(eq. 16.b) 

 

The model predicts the charge generation under the thermodynamic criterion IEi(D) ≥ EAi(A) 

for F4TCNQ-pentacene as acceptor(A)-donor(D) system. 

Assuming EHOMO;i = IEi + Eb, ELUMO;i = EAi + Eb and the permanent dipole energy (usually ≈ 

0.3 - 2 eV [44]) to be the highest energy change from the charges compared to the other 

contributions (usually < 0.1 eV [44], except the neighbouring charge contribution), the 

criterion is often simplified as (for low doping) [86]: 

�+,-,(c) ≥ 	�/0-,(b) −	 �P4	e	E · 7���� = �/0-,(b) −	�? (eq. 17) 

with dh+e-, the Coulomb radius of the generated hole-electron pair. 
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a) 

 

b) 

 

c) 

 

Figure 2.9: Model 1 - Integer Charge-Transfer. a) The rigid pentacene crystal lattice (printed 
and reworked from [84]) b) from which a map of potential was calculated around the 
F4TCNQ dopant (printed and reworked from [84]). c) A representation of the 2-step (single 
electron transfer and hole-electron pair relaxation) mechanism and the system at equilibrium. 

As the charge-transfer is considered integer, the interaction between the charged acceptor and 

donor molecules is purely ionic and the reaction is ruled by a redox mechanism. 

In a first step, the electron donor releases an electron from the HOMO or SOMO (singly 

occupied molecular orbital), to be transferred to a neighbouring electron acceptor’s LUMO. 

In a second step, the charges formed by this salt (called integer charge-transfer complex) of 

cationic donor and anionic acceptor relax each other (Coulomb relaxation) and equilibrate 

with their surrounding (electronic polarisation, negligible compared to Coulomb relaxation). 

The dielectric constant of small-molecule semiconductors being much smaller than the one of 

inorganic semiconductors, excitons are of Frenkel nature and the resulting small Coulomb 

radius would allow the charge stabilisation only on neighbouring donor and acceptor. 

In the case of F4TCNQ-pentacene, the hole-electron pair relaxation is calculated to be of 

(2.62 - 0.43) eV (as displayed in fig. 2.9) and considering (eq. 17) with ε ≈ 3 ε0, the resulting 

Coulomb radius is about 2.2 Å. Considering the smallest intermolecular distance in a 

pentacene crystal (3.7 - 4.0 Å) [87,88], it suggests to hole-electron pairs to be stable only at 

the F4TCNQ-pentacene contacts. 

The doping is achieved when the thermodynamic equilibrium favours the ionised state from 

the state of both isolated molecules. For D and A in contact:  

c + 	b				 −	1�(c) + �b(b)⇒ 			[	c\ + b_]⧧ 			�?⇒ 			c\ + b_
 (eq. 18) 
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The thermodynamic equilibrium favours the doped state at the condition:  

∆^j°	 ≥ 0	 ⇔ 	�b(b) + �? − 1�(c) 	≥ 0	 (eq. 19) 

As no intermolecular interaction is taken into account (except the Coulomb bond), the solid 

mixture is ideal and Raoult’s law can be applied in Van’t Hoff’s equation: 

�l� · �m�!�l;
 − �l�#!�m;
 − �m�# = ��� ��b(b) + �? − 1�(c)�� · �   (eq. 20) 

with NX;i and NX
± (= n), the molar density of respectively X introduced and at the ionised 

state. If the donors and acceptors are partially ionised, (NX;i - NX
±) ≈ NX;i and n = NX

± [89]: 

� = 	V�l;
 · �m;
 · ��� ��b(b) + �? − 1�(c)2	�� · �   (eq. 21) 

The model suggests that only the ionisation energy and electron affinity are the single 

energetic properties, which are responsible for a dopant to dope an OSC. But, the experience 

has shown that an n-dopant can be more efficient than another one, despite an ionisation 

energy higher of 1.27 eV [43]. This observation opens other theories. 

2.4.2 - Hybrid Charge-Transfer Formation & Lewis Acid-Base Doping 

As discussed previously, the dielectric constant of small-molecule semiconductors allows the 

stabilisation of exciton only on donor and acceptor couples in direct contact. It suggests that 

each generated carrier is stabilised on a single site of a single OSC molecule. This brings up 

the question: Are these molecules, with different molecular orbitals shapes and energies, 

chemically inert? 

The assumption of “hybrid charge-transfer complex” (HCT) between donors and acceptors 

was proposed, and recently both theoretically and experimentally characterised for the closed-

shell F4TCNQ most used p-dopant, in different semiconductors [85,90], and for different 

F4TCNQ derivatives (see fig. 2.10) [91].  

a) 

 

b) 

 

Figure 2.10: Model 2 - Hybrid Charge-Transfer. a) The representation of the (1:1) acid/base 
adduct with bonding HOMO and anti-bonding LUMO (printed and reworked from [85]). b) 
Fermi level shift in the OSC due to the low LUMO energy of the adduct. 
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The frontier orbitals of donor and acceptor (donor’s HOMO and acceptor’s LUMO) would 

spontaneously hybridise because of both the proximity of their energies and the overlap 

between both electron densities. 

In case of p-doping (or n-doping), the new hybrid semiconductor has a deep LUMO level (or 

high HOMO level) near the HOMO level (or LUMO level) of the OSC, shifts the Fermi level 

downwards (or upwards), and increases the number of carriers by thermal activation: 

� = �� · ��� � −o2	�� · � 	 (eq. 5) 

with β, the small energy gap between the OSC’s HOMO level (or LUMO level) and the 

HCT’s LUMO level (or HOMO level) for p-doping (or n-doping). Due to the partial charge-

transfer nature of the mechanism, the theory would explain why some doping yields are too 

low compared to the amount of introduced dopant. In the case of F4TCNQ:pentacene doping, 

the doping efficiency is between 25 % and 76 % [92,93], even if the pentacene’s HOMO level 

is above the F4TCNQ’s LUMO level.  

From this model originates a new freedom axis to improve the doping efficiency other than 

the depth or height of the dopant’s frontier orbitals energy. Shielding the π-π delocalised 

system by steric groups would decrease the frontier orbital overlap between dopant and 

semiconductor and would decrease the exchange integral between donor and acceptor [91]. 

2.4.3 - Chemical Mechanisms behind both Charge-Transfer Models 

 

Figure 2.11: Reaction enthalpy pathes of donor-acceptor electron transfer and changes from 
outer-sphere redox transfer to hard-hard acid-base reaction. 

Bimolecular electron transfer reactions between closed-shell systems exist on a continuum of 

reaction mechanisms (see fig. 2.11) [94] which can be splitted into two classes: redox 

mechanisms (single-electron transfer based) and acid-base mechanisms (paired-electrons 

transfer based). 

Among redox mechanisms, the outer-sphere redox (OSR) reactions and the inner-sphere 

redox ones (ISR) can be identified. In the Lewis acid-base mechanism spectrum, soft-soft 

acid-base reactions (SSAB) can be distinguished from hard-hard acid-base reactions (HHAB). 

In Marcus’ theory of one-electron transfers, electrostatic interactions of conductive hard 

spheres with their environment are considered [95-97]: interacting solvent molecules are 
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contained within a shell and further free solvent molecules are out of this shell. From this 

model has been distinguished the reactions which do not influence the shell (outer-sphere 

redox reactions) and those which do (inner-sphere redox reactions). 

• Outer-Sphere Redox Reactions 

In the OSR reactions, the shell does not contribute to the electron transfer from a donor to an 

acceptor and the electron tunnels through the shell. This is a limit case of one-electron transfer 

reaction in which no intermolecular overlap between acceptor and donor frontier orbitals is 

involved. The electron transfer is non-adiabatic (photo-activated) and kinetically limited by a 

high activation enthalpy ∆G‡ which respects Arrhenius’ law [95]. 

• Inner-Sphere Redox Reactions 

In the ISR reactions, the shell contributes to the electron transfer from donor to acceptor. This 

is the case in which a small intermolecular overlap allows the lowering of the energetic barrier 

involved in the transfer of electron. The intermediate state is not stable (activated complex) 

but lowers the activation energy with respect to Marcus’ law [95,98]. 

• Lewis Acid-Base Reactions 

For Lewis acid-base reactions, the orbital interaction between donor and acceptor is strong 

enough to better stabilise a covalently bounded pair of donor-acceptor than its ionised form. 

Pearson’s Hard-Soft Acid-Base theory discriminates donors and acceptors by their hardness 

[99]. Even, soft acids should react better with soft bases, and hard acids with hard bases. On 

Klopman’s theory, the two classes of donor (base) and acceptor (acid) can undergo either a 

charge-transfer controlled or a frontier orbital controlled reaction depending on the hardness 

of the species [100]: a charge-transfer control occurs between hard acids and hard bases and a 

frontier orbital control between soft acids and soft bases. 

The thermodynamically stable product is predicted by the perturbation molecular orbital 

theory. The solution is a linear combination of molecular orbitals of the covalently bounded 

product and of the ionised one [94]. 

The change in energy for the formation of the Lewis adduct can be expressed with Klopman’s 

equation, in which a covalent term is added to the Coulomb energy [100]: 

�p = −qr · 	q@E	· 2r@ + 	2 s s (4rG · 4@B · or@)P�G − �Bt??u�
�`					t^:
@�v	B	tB	l	uBt??u�
�`	t^:
@�v	G	tB	m
	 

�p ≈ 	�? + 2	 (4r+,-, · 4@/0-, · or@)P	�+,-,(c) − �/0-,(b) 

(eq. 22.a) 

 

 (eq. 22.b) 

with qs and qt, respectively the formal charges at the s site of the donor and the t site of the 

acceptor in direct contact; rst the interatomic distance between s and t; cy
x, the electron density 

of the orbital x at the atom y; and βst the exchange (or resonance) integral between the sites s 

and t. 
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The Fukui approximation in the second term is especially valid in the case which the HOMO 

energy of the donor is near the LUMO energy of the acceptor.  

The decrease of the covalent term (from (eq. 22), either by decreasing the resonance integral 

or by increasing in EHOMO(D) - ELUMO(A) difference) promotes the ionic contribution over the 

covalent one, and so enhances the charge dissociation in the charge-transfer complex. 

Also, in case of Lewis acid-base mechanism, the formation of the Lewis adduct requires the 

formation enthalpy of the covalently bonded complex to be negative and not the formation 

enthalpy of the ionised complex: in other words, there is no strict requirement on the HOMO 

and LUMO energies of the donor and acceptor as long as Klopman’s energy favours the 

formation of the iono-covalent specie (Ek > 0). 

From these 2 theories a map of potential paths of electron transfers between donor and 

acceptor for binary systems of OSC and dopants can be drawn (see fig. 2.12). 

The enthalpy energy change that takes the 

dopant-semiconductor binary system during 

the doping reaction can potentially be seen 

as a combination of Lewis acid-base and 

redox paths.  

Without discussing which path takes the 

electron transfer, the investigation of new 

doping material in this work is rather 

focused on Lewis acidic or basic chemicals 

than redox active ones for mainly two 

reasons: 

 

 

 - Redox active dopants might enhance thermodynamically irreversible reactions with 

dioxygen and/or water, like the alkali metal n-dopants. The air-sensitivity of the materials 

would result to a decomposed product, oxidised or reduced in air. Acidic or basic dopants 

interact electrostatically with their environment. The electron acceptance or donation of the 

dopants results to physisorbtion of dioxygen and/or water when exposed in air, like the 

hygroscopic Cs2CO3 n-doping salt or baking soda [101]. The sensitivity of the materials to air 

exposure would result to a “contaminated” dopant but could reversibly be purified during the 

sublimation process by outgasing and/or drying. 

 - Lewis acidic or basic dopants give the potentiality of form very intimate dopant-

semiconductor systems like shows number of crystal structures of Lewis adducts, ranging 

donor-acceptor bonds around 2.2 Å [102]. Such proximity between semiconductor and dopant 

can kinetically favour the transfer of charges between donors and acceptors. 

 

Figure 2.12: Potential pathes of electronic 
transfers between donors and acceptors, 
considering both the formation of integer and 
hybrid CT. 
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2.5 - State of the Art of Doping Materials for Organic 

Semiconductors 
For OLED application, the HOMO and LUMO levels of materials have to obey to severe 

requirements: the emissive materials have to have an optical band-gap of the desired emitted 

photon energy (from 1.6 eV for red light to 3.1 eV for blue light) and so, a transport band-gap 

even larger. For an effective transfer, the charge transport materials need to provide the 

charges to the emissive material on a same energetic level and so, electron transport materials 

have a relatively high LUMO level (-2; -2.5 eV)  and hole transport materials a relatively low 

HOMO level (-5; -5.5 eV) compared to other OSCs. By these requirements, the OLED ETM 

and OLED HTM notions are defined, which allow distinguishing doped systems which can 

potentially be applicable for OLED fabrication from the other doped OSC systems. 

2.5.1 - N-dopants for OLED’s Electron Transport Materials 

• Alkali Metals 

Li [ 46] and Cs [103] have been demonstrated as efficient n-dopants for Alq3 (LUMO level = 

-2.3 eV [65]) and for BCP (LUMO level = -1.6 eV [65]) among other OLED ETMs. They 

have a one-electron open-shell and spherical valence orbital systems with low ionisation 

energy. They are known to be good reductants, as they have very low Nernst potentials: they 

dope likely on an ISR mechanism. In addition of their air-sensitivity and hazard, these 

systems are not suitable for product development as their small size promotes their diffusion 

through the layers [104] under operation and so degrades the device over time. 

• Alkali Metal Oxysalts 

X2CO3 (X = Li [105], Na [106], K [107], Rb [108] and Cs [109]) and Cs3PO4 [110] have been 

demonstrated as efficient n-dopants in BCP, BPhen and/or Alq3 (LUMO level = -1.6 to -2.3 

eV). The doping mechanism is often proposed to be due to thermal decomposition of Cs2CO3 

to high ionisation energy Cs, Cs2O, CsO2 or suboxides [109,111] (as CsN3 and Li3N 

decompose to Cs and Li [112,113]) On the other hand, experiments show that Cs2CO3 

sublimes during the thermal process [114], dopes also when it is solution processed [109], and 

XPS measurements of Cs2CO3-BPhen films feature different core energy shifts than the one 

observed with Cs doping [115]. 

The complex electronic structure of these salts makes them quite difficult to explain their 

doping nature. As alkali salts, the X-O bound is highly ionic so the HOMO is mainly localised 

on the highly charged oxyanion. In a totally ionic model, these systems have a closed-shell in 

which the valence electrons are delocalised over the equivalent oxygens (see fig. 2.13). 

Because the anions stabilise n charges over n+1 equivalent oxygens, the fictive charges on the 

oxygen is not integer. The ionisation energy of Cs2CO3 is of 5.5 eV in gas phase [116] which 

implies a very deep HOMO level of the solid state Cs2CO3. This value does not comfort a 

single electron charge-transfer from the Cs2CO3’s HOMO to the LUMO of the OLED ETM.  
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The coordination sphere of the alkali metal 

cations is unsatisfied which makes them 

electron accepting and the counter-anions are 

strong Brønsted bases which makes them 

electron donating. They can potentially 

undergo as hybrid charge-transfer complexes 

with materials which better satisfies either the 

electrophilic cations (p-doping) or the 

nucleophilic oxyanions (n-doping). 

These salts have the advantage to not 

decompose in air, so are easier to handle. 

Their main disadvantage is their usually high 

sublimation temperature for physical vapour 

deposition by evaporation. In this work, a 

commercially available new n-doping salt 

belonging to this family will be characterised: 

tricaesium orthovanadate (Cs3VO4). 

 

• Organometallic Electron Donors 

Ditungsten tetrakis(1,3,4,6,7,8-

hexahydro-2 H-pyrimido[1,2-

a]pyrimidine) (W2(hpp)4) is a 

closed-shell paddlewheel complex 

with basic guanidine ligands (see 

fig. 2.14): it is the structurally 

characterised closed-shell molecule 

with the lowest ionisation energy 

ever published up to date [117]. It 

has an ionisation energy of 3.51 eV 

in the gas phase [117] and 2.7 eV as 

thin-film [43]. W2(hpp)4 dopes Alq3 

(LUMO level = -2.3 eV), BPhen 

(LUMO level = -2.0 eV [44]) and 

other phenanthroline derivatives [45]. The main weakness of the material is its air sensitivity 

to oxidation which makes it difficult to handle and to keep pure [43]. Other derivatives as 

W2(TMhpp)4 or W2(TEhpp)4 were synthesised (not structurally characterised yet) and show 

experimentally a sensitively lower ionisation energy [119]. No tests of these complexes as 

n-dopant are published up to now. The dichromium derivative (Cr2(hpp)4) is also n-doping, 

but not strong enough for OLED applications [43]. 

a) 

 

 

 

b) 

Figure 2.13:  a) Lewis structure of Cs2CO3 as 
ionic compound and b) a representation of 
the negatively charged HOMO densities. 

a) 

 
 

c) 

 

b) 

 

Figure 2.14: a) Formula of W2(hpp)4, b) its HOMO 
(equatorial and  axial view) (printed and reworked 
from [117]) and c) crystal structure (protons are 
omitted - printed from crystal data [118]). 
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2.5.2 - Other n-Dopants 

• Metallocenes 

Cobaltocene (CoCp2) and its 

decamethyl derivative (CoCp*
2) 

are open-shell 19 valence electrons 

systems which are easily oxidised 

to metalloceniums (see fig. 2.15) 

[122]. CoCp2 (SOMO level = 

-4.0 eV [123]) n-dopes THAP 

[123] (LUMO level = -4.6 eV 

[123]) and CoCp*2 (SOMO level = 

-3.3 eV [124]) n-dopes pentacene 

[125] (LUMO level = -2.8 eV 

[65]) and CuPc [124] (LUMO 

level = -2.7 eV [65]). They both do 

not dope Alq3 [114,123] (LUMO 

level = -2.3 eV). Metallocenes have outer-sphere reducing properties in solution [122] and 

CoCp*2 forms adducts in the solid state with the C60 semiconductor [126], and with other 

acceptors [120]. Other metallocenes are developed for air stable n-doping applications 

[83,127]. 

• Electrochemically Reduced Complexes 

Ru(terpy)2, Cr(bipy)3 and Cr(TMB)3 are organometallic complexes synthesised by 

electrochemical reduction to their metal centre neutrality [128,129] and so have a very low 

work-function [130]. It is not clear yet whether the valence electron is stabilised on the metal 

centre or as electride in the crystal [128]. Ru(terpy)2 is successfully n-doping ZnPc [131] 

(LUMO level = -3.3 eV [65]) and a tris(tertiobutyl) derivative succeeds to n-dope pentacene 

[132] (LUMO level = -2.8 eV). These complexes do not succeed to dope OLED ETMs [16]. 

• Cationic Dyes 

Pyronin B and Crystal Violet are organic chloride salts. These salts were investigated in C60 

(LUMO level = -3.5 eV [65]) and/or other materials with lower LUMO level [133-135]. The 

organic cations have a charge delocalised over a C2 or C3 geometry system. Cyclic-

voltametry performed on crystal violet shows a non-reversible oxidation peak at 0.79 V 

against saturated calomel electrode [133], suggesting a deep HOMO level of -5.2 eV [69]. 

Different mechanisms are proposed: Assumption of radical or cation formation by hydrogen 

of hydride transfers during the heating process as well as photo-activation is suggested 

[133,134]. Electron Impact Mass Spectroscopy under vacuum showed the cations and anions 

of the salt to be entirely dissociated in gas phase [134]: a feature, also interesting for the alkali 

metal oxysalt dopants. 

a) 

 

c) 

 

b) 

 

Figure 2.15: a) Chemical formula of CoCp*2, b) the 
LUMO (top view) of the CoCp*2

+ cation (printed and 
reworked from [120]) and c) crystal structure (protons 
are omitted - printed from crystal data [121]). 
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• Organic Electron Donors 

Organic systems are also available for the n-doping of low LUMO OSCs.  

Benzimidazole and benzimidazolium salts such as the solution processed (4-(1,3-dimethyl-

2,3-dihydro-1H-benzoimidazol-2-yl)phenyl)dimethylamine (N-DMBI) [136,137] and the 

vacuum processed 2-(2-methoxyphenyl)-1,3-dimethyl-1H-benzoimidazol-3-ium iodide salt 

(o-MeO-DMBI-I) [138] dope fullerene derivatives (as C60 and PCBM, LUMO level = 3.5 and 

3.7 eV [139]) and MEH-PPV polymers. The air-stable benzimidazole n-dopant was firstly 

proposed to n-dope the OSCs by decomposition mechanism: A dehydrogenation would occur, 

creating a high SOMO energy benzimidazolyl radical. Recently, it has been published that the 

hydride transfer is kinetically perfered to the hydrogen transfer [140]. Both mechanisms do 

not explain the doping mechanism for the benzimidazolium salt and assume the doping 

mechanism to be kinetically limited rather than thermodynamically limited. 

Also, organosulfur donors can show some n-doping effects, as bis(ethylenedithio)-

tetrathiafulvalene (BEDT-TTF) dopes NTCDA [141] (LUMO level = -4.0 eV [65]) and 

tetrathianaphtalene (TTN) dopes F16ZnPc [142] (LUMO level = -4.5 eV [143]).  

2.5.3 - P-dopants for OLED’s Hole Transport Materials 

• Organic and Organometallic Electron Acceptors 

a) b) c) 

   
Figure 2.16: a) Chemical formula of F4TCNQ, b) its LUMO (printed and reworked from 
[85]) and c) the chemical formula of the derivatives F3TCNQ-Ad1 (left), F2HCNQ (middle) 
and F6TNAP (right). 

2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4TCNQ) is one of the most 

commonly used organic p-dopants (see fig. 2.16). It has doped several OLED HTMs (the 

ones with the deepest HOMO level are α-NPB and TPD with -5.4 eV [144,145]). It has a 

LUMO level of -5.2 eV [146]. Despite the doping mechanism assessed by redox reaction 

[84], several experiments show the F4TCNQ to hybridise with the doped species as pentacene 

or thiophenes [85,147,148]. One can expect a doping behaviour on a Lewis acid base 

mechanism rather than a redox one. This compound is very efficient [92,93] but has several 

weaknesses: derivatives of F4TCNQ are objects of research in order to increase molecular 

weight for better vapour processability (F6TNAP) [149], to anchor the electron acceptor to 

lower the diffusivity in the solution processed-devices (F3TCNQ-Ad1) [150] or to increase its 

affinity with plane metal surfaces for an optimum hole injection (F2HCNQ) [151]. 



 

Chapter 2 - Background on Conductivity Doping in Organic Semiconductors 

 

26 

 

Molybdenum tris(1,2-bis(trifluoromethyl-)ethane-1,2-dithiolene) (Mo(tfd)3) is another system 

which is well studied for OLED HTM p-doping (see fig. 2.17). It has a LUMO level of 

-5.6 eV and dopes α-NPB (HOMO level = -5.4 eV) [154]. This system is an organometallic 

complex of dithiolene redox non-innocent ligands as they stabilise various oxidation states. 

DFT studies have shown that even if the molecular LUMO of Mo(tfd)3 is partially localised 

on the metal, an additional electron would be strictly delocalised on the ligands [152]. Also, 

this electron would have an energy of -1.5 eV despite the depth of the LUMO energy of the 

neutral complex (-5.1 eV). Assuming an integer charge-transfer via redox mechanism, the 

high energy electron can only be stabilised by a tightly bounded hole-electron pair.  

Other OLED HTM p-dopants have been published such as 2,3-di(N-phthalimido)-5,6-

dicyano-1,4-benzoquinone (BAPD) doping α-NPB (HOMO level = -5.4 eV) [155] and the 

fluorinated fullerene C60F36, doping MeO-TPD (HOMO level = -5.1 eV [44]) [156]. C60F48 is 

also a p-dopant, with a deep LUMO level (-5.3 eV) [157], but it was only tested recently on 

ZnTPP (HOMO level = -5.0 eV [157]). 

• Transition Metal Oxides  

Numbers of transition metal oxides (TMOs) have been investigated as p-dopants for OLED 

HTMs [158]. Examples are MoO3 [159], WO3 [160], ReO3 [161], Re2O7 [58] and Fe3O4 

[162]. They all represent a cheap alternative to achieve high conductivities for vacuum 

processed OLED HTMs. It used to be unclear to establish the ionisation energy and electron 

affinity of these materials as evaporated thin-films: for example, the electron affinity of MoO3 

has been published as 2 eV and 5.3-5.4 eV [163,164]. Currently, the electron affinity of 

evaporated MoO3 is assessed by photo-physical method to be as high as 6.7 eV [163,164]. 

Also the Fermi level is very near the LUMO level, which suggests that a minor decomposition 

a) 

 

c) 

 

b) 

 

Figure 2.17: a) Chemical formula of Mo(tfd)3, b) its LUMO (left) and the SOMO of the 
Mo(tfd)3

- radical anion (right - axial view - printed and reworked from [152]) and c) its 
crystal structure (fluorine atoms omitted - printed from crystal data [153]). 
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of the oxide might occur [163,164]. Molecular oxides can be seen both as oxidising agents 

and Lewis acid complexes with electroattracting O2- ligands and electrophilic metal centre(s). 

Their main disadvantage is their usually high sublimation temperature. A few of them are still 

of high interest for industrial purposes, due to their lower sublimation temperature under 

vacuum, as ReO3 (Tsub. = 250-300 °C) and MoO3 (Tsub. = 400-500 °C) [143]. 

• Inorganic Lewis Acids 

FeCl3 and SbCl5 have been shown to p-dope TPD (HOMO level = -5.4 eV) and to effectively 

inject holes in an OLED device [165]. Also, CuI dopes α-NPB in OLED devices (HOMO 

level = -5.4 eV) [166]. The main disadvantage of these halogenated inorganic molecules is 

their eventual risk of I or Cl contamination of organic vacuum chambers [143]. 

• Organometallic Lewis Acids 

As good compromise between the affordability of TMO dopants and the volatility of organic 

dopants, organometallic Lewis acids are recently investigated for doping OLED HTMs. 

Lithium bis(trifluoromethylsulfonyl)imide (LiNTf2 or LiTFSI) dopes spiro-OMeTAD 

(HOMO level = -5.1 eV [167]) exclusively in air, by solution process [168,169], and also 

polythiophenes [169]. Rh2(tfa)4 dopes 1-TNata (HOMO level = -5.1 eV [170]) and α-NPB 

(HOMO level = -5.4 eV) [114]. Also, several copper(I) carboxylate derivatives dope α-NPB 

(HOMO level = -5.4 eV) and work in OLED devices as hole injection, hole transport and also 

charge generation layers [171]. A positive influence of the fluorinated ligands shows the 

gradual promotion of the doping with the fluorination. Fluorinated acetylacetonate copper 

complexes work also, as solution-processed Lewis acid p-dopants [172]. In this work, 12 new 

p-dopants belonging to this chemical class will be studied, based on the variation of different 

fluorinated ligands and on different metal cores. 

2.5.4 - Other p-Dopants 

• Molecular Oxygen and NOx 

O2, NOx and other open-shell systems as TEMPO 

have shown some p-doping properties in OSCs 

[173,176,177]. O2 dopes polythiophenes like P3HT 

despite its electron affinity of 0.45 eV [178]. The 

doping mechanism has been explained by the 

formation of local donor-acceptor adducts with the 

overlapping of the half-filled O2 SOMO with P3HT 

HOMO at the nucleophilic thiophene units 

(see°fig.°2.18) [173].  

 

 

 

 

 
Figure 2.18: Doping mechanism 

proposed in [173], illustrated by the 

molecular orbital theory and 

3-electron-bonds formation [174,175]. 
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• Dihalogens 

I2 and Cl2 are closed-shell strong oxidising agents (despite having low electron affinities of 

respectively 2.52 and 2.38 eV [179]) and Lewis acids which dope phtalocyanines 

[176,180,181] among other OSCs. I2 was one of the first dopants for OSCs ever found, 

increasing the conductivity of polyacetylene [182]. Their main disadvantages are their high 

diffusivity and the eventul risk of halogen contamination of organic vacuum chambers [143]. 
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Chapter 3 - Characteristics of Doping by 

Caesium Orthovanadate n-Dopant 
To illustrate the electrical property of the OSC bulk doping, aluminium tris(8-

hydroxyquinolate) (Alq3 - from Sensient) samples doped with caesium orthovanadate 

(Cs3VO4 - from Sigma-Aldrich) have been prepared (see fig. 3.1 for molecular structures).  

 

Figure 3.1: Molecular structure of Cs3VO4 and Alq3 (HOMO level = -5.9 eV [183]; LUMO 
level = -2.3 eV [65]). 

Cs2CO3 [109] and Cs3PO4 [110] have already been reported as n-dopants for OLED ETMs. 

Additionally, Cs3VO4 is known as an electron injection material for OLED [184]. In this 

chapter, the evaluation of Cs3VO4 as n-dopant for Alq3 is detailed.  

In this part, it was decided to investigate Alq3 as an OSC for several reasons. First, this 

semiconductor is a well-known ambipolar transport material (both electron and hole transport 

material) [185] and fluorescent emitter [186] used in OLED reseach. So, a first approach in 

determining the carrier nature which is involved in the injection and transport current can be 

detailed. Second, the material has a high glass transition temperature (Tg = 175 °C [187]) 

which allows to do the experiments without observing a strong time dependency of the device 

properties at ambient temperature. This last point was also essential for recording intrinsic 

electrical behaviours for the pristine semiconductor. Despite the stronger doping effects 

observed in the bathocuproine (BCP) electrical characteristics (detailed later in the last section 

of this chapter), intrinsic references were not observed for this low-glass-transition-

temperature pristine semiconductor (Tg = 62 °C [188]) with the experimental setup. 

Therefore, Alq3 was used here for academic interest rather than achieving record 

performances. Except if specified otherwise, the studied devices consist in doped and 

undoped Alq3 layers of L = 200 nm thickness, sandwiched between an on-chip 4 mm2 ITO 

anode and an evaporated metallic cathode (layout shown in 6.3 section and see fig. 3.2).  
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3.1 - Current-Density-Voltage Electrical Characteristics 
The exploitation of the Current Density - Voltage (JV) characteristics of doped single carrier 

devices represents already a suitable way to extract the doping performances of the material. 

But, the material electrical properties can be evaluated at the condition for the electric device 

to be transport limited and not injection limited.  

3.1.1 - Injection in pristine Alq3 

The electrical characteristics of 200-nm-thick pristine Alq3, deposited between ITO anode and 

aluminium or calcium cathode were extracted (see fig. 3.2). A substantial difference between 

both of these characteristics was reproducibly observed. 

In both cases, an output current higher than the noise level was recorded, exclusively under 

forwards bias (with a voltage frame of 10 V, centred on 0 V), which testifies the pristine Alq3 

to be acceptably intrinsic. This is a must for quantifying the doping effect in the co-

evaporated layers. 

For an aluminium based cathode, the output current is linear with the logarithm of the current 

density when higher than the noise level (V > 1.5 V). The characteristic is suggested to 

behave as a Schottky diode and the current to follow the Shockley’s diode equation: 

F = F� · ���� � ;� · ;X − 	1 ,			%&'ℎ			;X =	�� · �� ,				� = 20	°x				y�7				� ≈ 47 (eq. 23) 

The diode’s behaviour is characteristic of p-n junctions. So, the obsevered characteristic is 

attributed to the strong limitation at the injecting electrode, due to the space-charge diffusion 

in the OSC at the electrode(s) interface. 

The obtained ideality factor value of the diode is in good agreement with the published 

literature: n ≈ 50 is reported for diodes limited by an Alq3/Al interface [189] (this observation 

already denotes that the Al electrode could be the injecting electrode). 

If aluminium is substituted by calcium, the current output improves of about an order of 

magnitude (V > 1.2 V). Assuming Wf(ITO) ≈ 4.9 eV [190] and Wf(Ca) = 2.9 eV [49], 

Vbi ≈ 2 V was expected: the reduction of 0.8 V is attributed to the potential Alq3 dipole 

formation at the cathode interface [191], by reacting with Ca [192]. Additionally this output 

current shows a linearity with a power of J and not log(J) anymore, typical for a transport 

limited behaviour. As the slope r+1 is much higher than 2, the current is suggested to be a 

TFLC.  

F = � · � · �{ � Eq	�@ 
Y Z 22 + 1[

Y �22 + 12 + 1  Y\] ;^\]
P^\] ,										%&'ℎ							2 + 1 ≈ 6 (eq. 15) 

Publications already certify this current to be not SCLC at this electric field [193]. The 

corresponding r value which was found near the published values for Alq3 transport limited 

diodes: 3.4 < r+1 < 9 [193,194]. 
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Globally, the improvement in the forwards current from the higher work-function 

(Wf(Al) = 4.1 eV [49]) to the lower work-function (Wf(Ca) = 2.9 eV [49]) metal cathode 

shows the current to be mainly due to electrons flow rather than holes. The LUMO level is 

involved in the carrier conduction of the studied pristine Alq 3 diodes. 

 

a)  b) 

 

 

 
 

 
c) 

 

d) 

 

 

Figure 3.2: a) Representation of the different resistors present in the single carrier devices 
and b) picture of the ITO patterned substrate which are used. c) Vacuum-level-aligned energy 
levels of the materials of different tested single layer devices and d) their corresponding 
electrical characteristics. 
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For both Al and Ca devices, the incorporation of 3 % Cs3VO4 improves the JV characteristics 

in the same manner. 

3.1.2 - Doping of Alq3 by 3 vol.% of Cs3VO4 

The introduction of Cs3VO4 changes significantly the JV profile of the device (see fig. 3.2). 

For a 3-%-Cs3VO4 doped Alq3 single carrier device, the JV characteristics have increased 

from 2 to 6 orders of magnitude in both forwards and reverse bias compared to their intrinsic 

Al and Ca references. The output characteristics are symmetric (diode’s rectification ratio 

around 1) and sensitively depending on the cathode’s metal. 

The involving of the LUMO level for the intrinsic Alq3 diodes’ carrier transport brings the 

hypothesis for the Cs3VO4 to n-dope Alq3 (to enhance a current of electron). 

In order to assess it, several doped-undoped-double-layer structured devices of Alq3 and 

Cs3VO4 were made (see fig. 3.3.a). Their electrical characteristics are plotted with their 

single-layer doped and undoped references for comparison (see fig. 3.3.b). 

The doped-near-to-the-cathode device is a rectifying diode and has a higher JV characteristic 

than the intrinsic single layer device, but a lower JV characteristic than the doped single layer 

device. This could be explained by the fact that the transport of the current is limited by the 

conductivity of the intrinsic layer. The doped layer acts as an extended cathode and induces 

an internal field only over the 200 nm of intrinsic Alq3 (see fig. 3.3.c). The built-in voltage of 

the doped diode has increased from 1.2 to 1.8 V. The device behaves as the intrinsic single-

layer device without injection limitation. 

The doped-near-to-the-anode device is a rectifying diode and has a lower JV characteristic 

than the intrinsic single-layer device. This could be explained by the fact that both of these 

devices have the same injection limitations as the undoped single-layer reference, additionally 

of having the bulk resistivity of a twice-thicker organic material layer. The built-in voltage of 

the doped diode has increased from 1.2 to 2.1 V. No output current higher than the noise level 

is observed under reverse bias. At the opposite of these results, a similar study of BCP doped 

by Cs2CO3 has shown that the injection under reverse bias is permitted when the 10-%-

Cs2CO3-doped BCP layer is coated at the ITO surface (rectification ratio ≈ 10-5) [114]. An 

explanation could originate from the lower conductivity of Cs3VO4 in Alq3 than the one of 

Cs2CO3 in BCP. Despite the lowering of the Schottky barrier at the ITO contact, the 

associated series resistance of doped and undoped material resistance is still too high in order 

to allow an output current higher than the noise level (the intrinsic Alq3 is still too resistive).  

In general, a higher performance under forwards bias is observed when the dopant is rather 

near the cathode than the anode. And in spite of being twice thicker, the near-to-the-cathode 

device shows an output current which is orders of magnitude higher than the undoped 

reference (and comparatively similar to the doped reference at high field). It demonstrates the 

electron donating nature of the Cs3VO4 material in Alq 3 and promotes the electron 

injection. 
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a) 

 

                                           

b) 

 

c) 

 

Figure 3.3: a) Vacuum-level-aligned energy levels of the materials of different tested double 
layer devices and b) their electrical characteristics. c) Schematic energy diagrams for 
explaining the characteristics evolutions of the doped-near-to-the-cathode device (neglecting 
any interfacial dipole formation). 
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In order to characterise the n-doping of Cs3VO4 in Alq3 also for the improvement of the 

transport properties, 3 other double-layer devices were processed (see fig. 3.4.a). The 

parameters of these devices being studied were the total layer thickness, the intrinsic layer 

thickness, the concentration of Cs3VO4 and the corresponding thickness of deposited Cs3VO4 

(see table 1). 

The 3 device characteristics show exclusively an output current higher than the noise on 

forwards bias, after a relatively similar built-in voltage (see fig. 3.4). This observation agrees 

on the fact that all the devices have an intrinsic Alq3 layer in the stack, which makes the diode 

rectifying. The similar built-in voltages for all three devices show the metal-organic interfaces 

to be the same (this could be discussed for the pure-Cs3VO4-layer device in which the cathode 

is not in direct contact with Alq3). 

Also, both devices with 200 nm and 194 nm intrinsic layer look to behave similarly while the 

100-nm-thick intrinsic layer device has an output current higher of an order of magnitude than 

the last two and the doped reference. 

The characteristics of the calcium devices which are locally doped at the cathode seem to be 

highly depending on the thickness of intrinsic Alq3 and surprisingly not on the total thickness 

of the device itself or the total amount of Cs3VO4. For example the double-layer-structured 

device which observes the highest output current is the one with the least dopant in the stack 

(3 nm in total and 6 nm in total for the other two). 

This shows the conductivity of the doped layer to be much higher than the one of the intrinsic 

Alq3, as the resistance of the device looks to be limited by the resistance of the intrinsic layer 

in series of the doped one. This shows that Cs3VO4 has a big impact on the transport 

properties of Alq3 and to be an n-dopant in the bulk material. 

Additionally, one can see that Cs3VO4 could be applied pure at the cathode surface as electron 

injection material, like LiF [195], CsF [196], Csq [197] or even Cs2CO3 [198] and as it has 

already been suggested [184]. 

In the end, the difference between injection limitation and transport limitation in Alq3 device 

via the use of different injecting electrodes has been demonstrated. The nature of the carrier 

which is majoritarly flowing through the ambipolar semiconductor was also demonstrated. In 

the case of the co-evaporation with 3 % of Cs3VO4, several single carrier devices made of 

intrinsic and doped OSC have demonstrated the doping of Cs3VO4 on Alq3: whether it 

promotes electron generation (n-doping) or hole generation (p-doping) and whether this 

charge generation occurs at the electrodes or in the bulk material. In a next step, the influence 

of different concentrations of Cs3VO4 in Alq3 will be studied. For the different concentrations, 

the interpretation of the device electrical characteristics will allow determining the material-

related constants. 
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a) 

 

b) 

 

Figure 3.4: a) Vacuum-level-aligned energy levels of the materials of different tested double-
layer devices and b) the electrical characteristics of the devices. 

Table 1: Summary of the three diodes properties: their differences and similarities: 

 

Alq3 (200 nm) /  

3 % Cs3VO4 in Alq3 

(200 nm) 

Alq3 (194 nm) / 

Cs3VO4 (6 nm) 

Alq3 (100 nm) /  

3 % Cs3VO4 in  Alq3 

(100 nm) 

Total Thickness (nm) 400  200  200  

Intrinsic Thickness (nm) 200  194  100  

Cs3VO4 (%) 3  100  3  

Cs3VO4 (nm) 6  6  3  
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3.1.3 - Concentration Variation on Cs3VO4-doped Alq3 devices 

Devices of Cs3VO4-doped Alq3 with either Al or Ca cathodes were realised for different 

volumic doping concentrations, from 1 % to 9 %, every %. The characteristics of Cs3VO4-

doped Alq3 single carrier devices change with the doping concentration. 

The diodes’ rectification ratio and built-in voltage are strongly influenced by the amount of 

introduced Cs3VO4 dopant (see table 2). Diodes with a doping concentration between 2 % and 

6 % show a built-in voltage below 5 mV which shows sufficient injection to be transport 

limited and for the current to tunnel the injection barrier. These diodes also observe a 

rectification at ± 5 V around 1 which implies the difference of contact resitances between the 

ITO and the cathodes to be negligible compared to the equivalent total resistance. When the 

JV characteristics of these devices are plotted in double logarithmic scale, several current 

regimes can be observed (see fig. 3.5.a): 

At the low electric field domain (< 5 kV·cm-1), the slope (= ∂log(J)/∂log(V)) of all these 

characteristics appears to be equal to unity, indicating the nature of the conduction to be 

ohmic (see fig. 3.5.b). 

For the 2-% concentrated device, an inflexion point appears in the double-logarithmic-scale 

plotted JV characteristic at about 0.5 V with a maximum slope of 4.5 indicating a rapid 

evolution in the current regime to be trap-filled dominated. Assuming this region to be under 

TFLC, one can notice the r+1 = 4.5 parameter corresponds to a narrower trap distribution than 

previously in pristine Alq3 (r+1 = 6). It shows the dopant starts to activate first the trap states 

before the higher energy states. 

All the JV characteristics converge to a similar trend at high field (> 100 kV·cm-1) which 

appears to be the space-charge limited regime (the slope at 250 kV·cm-1 is between 2 and 3). 

In general, the JV characteristics improve with the doping concentrations which agree with 

the principle of doping (higher ohmic current at low field). 

From the ohmic part of the signals, a first estimation of the doped layer’s conductivity can be 

extrapolated with the equation below (see table 3). Assuming that both the current is transport 

and not injection limited, and the contact resistance to be negligible regarding the bulk 

resistance in this series circuit, the conductivity of the doped layers can be determined as: 

	�∗ = lim�→�
F(�)� 								 ; 								∆	�∗	�∗ = �∆(F/�)(F/�) ����	p�∙?G�� 	 (eq. 24) 

The relative standard error value ∆(J/E) was determined as standard error of the J(E) slope 

from a least square linear fit for the low field data points (using the ‘Linest’ function of 

Microsoft Excel). 

One can notice a gradual increase of conductivity which also agrees with the principle of 

doping. But, the geometry of the device in addition of the substantial difference of 

conductivity with the state-of-the-art [45] suggests a revision of these conductivity values. 
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Table 2: Evolution of the diode’s characteristics with the doping concentration: 

Built-In Voltage (mV) 1 % 2 % 3 % 4 % 5 % 6 % 7 % 8 % 9 % 

Cs3VO4:Alq3 / Al 110 < 5 < 5 < 5 15 < 5 600 < 5 230 

Cs3VO4:Alq3 / Ca 25 < 5 < 5 < 5 < 5 < 5 245 120 100 
 

Diodes’ Rectification 

Ratio at ± 5 V 
1 % 2 % 3 % 4 % 5 % 6 % 7 % 8 % 9 % 

Cs3VO4:Alq3 / Al 14.0 1.57 0.87 0.90 0.38 0.98 1.15 1.31 N.A. 

Cs3VO4:Alq3 / Ca 29.6 1.98 1.01 1.07 0.92 1.27 1.97 1.24 N.A. 

a) 

 

b) 

 

Figure 3.5: a) JV characteristics of Cs3VO4 doped Alq3 devices (Ca cathode) for several 
doping concentrations with the voltage in linear (left) and logarithmic (right) scales. b) Slope 
of the JV characteristics with the electric field in logarithmic (left) and linear (right) scales, 
showing the border lines of ohmic, trap-filled-limited and space-charge-limited region. 

Table 3: Extrapolated zero-field conductivities from the JV characteristics: 

Zero-Field Conductivity 

(σ0* - S·cm-1) 

2 % 3 % 4 % 5 % 6 % 

2.72·10-13 4.29·10-12 1.98·10-11 1.78·10-11 4.76·10-11 

∆ σ0*/ σ0* 2.53 % 2.29 % 1.89 % 0.57 % 1.68 % 
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3.2 - Refinement of Conductivity Measurement - Interdigitated 

Cells 
Interdigitated cells are often used for gas sensing by measuring the changes in conductivity 

when content variations occur [199-203]: their device architecture are an alternative for 

accurately and reproductively measuring the conductivity changes of organic semiconductors. 

They are made of on-chip interdigitated electrodes of a same patterned material on a substrate. 

The presented results were realised with ITO-electrode-patterned interdigitated cells (see fig. 

3.6, 6.3 section for the layout and table 4 for dimensions). 

The anode and cathode have the advantage to be made of the same material: this does not 

introduce any built-in potential due to different anode and cathode work-function. 

Additionally, the ratio inter-electrode distance over electrode surface is much higher than on 

stacked devices. So the geometry of the device reduces the influence of the injection over the 

conduction in the device. These two criteria are essential to analyse the influence of weakly 

doped systems and show improvements essentially due to the conductivity enhancement. 

Also, the opportunity to tune the inter-electrode distances from the pre-patterning of the 

fingered electrodes allows studying the transport contribution from a single processed layer 

with a set of several devices of different geometry. This last allows extracting the bulk 

resistance from the total equivalent one and to get a contact-resistance-free value of material 

conductivity. Finally, the possibility to process both electrodes before evaporating the organic 

layer, over large substrates of several devices, allows a better reproducibility over time. 

The main drawback of the architecture is the less simple geometry than the one of the stacked 

devices. One needs to be aware of the contribution of each surface of the three-dimension 

electrodes for the current injection, leading also to different transport conditions. 

Two models can be considered, depending on whether the charges accumulate on the side-

walls of the finger electrodes or the top-electrode larger surface before being injected in the 

organic layer. 

An attempt to remove the last contribution could have been to process an organic layer on the 

top of the substrates with an equal or smaller thickness than the one of the 110-nm-thick 

electrodes. But, because of the layer process, a uniform coverage on the channel between the 

electrodes is not ensured. The main reason is the substrate holder being stationary and ex-

centrered to the material sources, the coating near the side-walls of both electrodes would not 

have been simultaneously guarantied. Additionally, the signal would have been much more 

influenced by the organic layer thickness at this scale (< 110 nm). Therefore, the 

reproducibility of the results would have been much lower. The total coverage of the 

electrodes was performed in order to ensure the total coverage of the electrodes’ side-walls. 
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a) 

c) 

d) 

Figure 3.6: a) Picture of the ITO
Device sketch detailing the different geometric device parameters as the finger
fingers’ width s and the interfinger
Microscope pictures of a 20-
µm-wide channel device. e) Scanning
side-walls of the fingers.  

Chapter 3 - Characteristics of Doping by Caesium Orthovanadate n

 

b) 

 

e) 

Picture of the ITO-patterned interdigitated cells substrate which 
different geometric device parameters as the finger

s and the interfinger’s channel length w of a 2N fingers interdigitated cell
-µm-wide channel device. d) Profillometric cross

e) Scanning-Electron-Microscope picture of the roughness of the 

Caesium Orthovanadate n-Dopant 

 

39 

 

 

 

patterned interdigitated cells substrate which is used. b) 
different geometric device parameters as the fingers’ length L, the 

channel length w of a 2N fingers interdigitated cell. c) 
wide channel device. d) Profillometric cross-section of a 20-

Microscope picture of the roughness of the 
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The devices seemed to not show any thickness dependency in the electrical characteristics for 

an organic layer thickness of 200 nm or more: a standard of 200 nm was taken. 

In order to characterise the injection properties of the fingers, the cell constants from both 

models will be compared. The model for which the cell constants show linearity with the 

experimental device resistance will be the model reflecting the reality: whether the charge 

flow occurs between the finger side-walls or between the top-surface of the fingers (see 

fig. 3.8.a). 

3.2.1 - Side-Wall Injection 

This injection model has been used for structures of similar geometry made of gold electrodes 

to determine the conductivity of doped organic semiconductor layers [43]. 

In the case which the current is dominated by a flow originating from the side-walls of the 

110-nm-thick electrodes, the electrode injecting surfaces are parallel. The capacitance of the 

device regarding this charge accumulation topology is the same as in a parallel plan capacitor, 

as it would be in a stacked device: 

x =	 E �]⁄ 						%&'ℎ						�] = %(� − 1)	 · � (eq. 25) 

The determination of the cell constants κ1 was carried out by the mean of the device 

geometric parameters (see table 4). 

3.2.2 - Top-Surface Injection 

If the larger top-surfaces are mainly responsible for the current flow than the side-walls, the 

charge accumulation could be included in two coplanar plans. The capacitance of the device 

regarding this charge accumulation topology has been treated in the literature [203] in order to 

determine the ionic conductivity of water solutions: 

x =	 E �P⁄ 						%&'ℎ						�P = 1(� − 1)	 2	�(�)
�[(1 − �P)]P] 

%&'ℎ	�, �..&�'&4	&�'�I2y.	8�	'ℎ�	�&23'	�&�7	; y�7	� = cos Z�P 	 rr\�[	  
(eq. 26) 

The determination of the cell constants κ2 was carried out by the mean of the device 

geometric parameters and the ‘ellipke’ function of the Matlab software (see table 4). 

To differentiate both effects, the studied substrates are patterned of a set of nine devices of 

different inter-electrode distances (or channel length) and different top-surface areas. 

3.2.3 - Analysis of the Current Voltage Characteristics 

The current-voltage characteristics for the co-evaporated Cs3VO4-doped Alq3 layers are 

symmetric around 0 V (see fig. 3.7) and show no hysteresis: it indicates no charging effect at 

the ITO-Alq3 interfaces. 

The currents are linear over the studied range of applied voltage. 
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Table 4: Dimensions of the nine different interdigitated devices. Cell constants of the nine 

different interdigitated devices, considering either injection from the top-surface or the side-

walls: 
 Pix1 Pix2 Pix3 Pix4 Pix5 Pix6 Pix7 Pix8 Pix9 

w (µm) 20 20 20 10 10 10 5 5 5 

s (µm) 50 50 50 20 50 50 50 50 20 

N 25 12 50 50 25 50 50 25 50 

ĸ1 (mm-1) 5.05 11.02 2.47 1.24 1.24 2.97 0.62 1.26 0.62 

ĸ2 (m
-1) 40.21 87.74 19.70 21.27 32.08 15.71 12.83 26.20 16.86 

 

a) b) 

 
c) d) 

 

Figure 3.7: a) Sketch of the interdigitated cells substrates with their 9 pixels. b) Current-
Voltage characteristics of the 9 sets of 3-%-Cs3VO4-doped Alq3 interdigitated devices and c-
d) double-logarithmic scale of the characteristics showing the ohmic behaviour of the signals. 
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The ohmic behaviour was expected from the smaller applied electric field for a same applied 

voltage due to a larger electrode spacing (at 5 V, the field is below 10 kV·cm-1: the current is 

ohmic). A small deviation can be seen for the 5-µm-channel cells (see fig.3.7 - bottom right). 

At low voltage (low electric field), the signal looks to be less stable and some currents look 

slightly sub-ohmic. This is attributed to either the high resistivity of the device which may be 

sensitive to the state of the electrodes at these low electric fields or a small charging effect at 

the electrode which might be more visible with these low current flows. 

When the 9 device resistances are plotted against the 2 different κ, the resistances show a 

better linearity with κ of the side-wall model (κ1) rather than the one of the top-surface model 

(κ2 - see fig. 3.8). The confirmation of the better linearity is given when the graph is plotted in 

double logarithmic scale: a slope equals to unity is found for the plot log(R) vs. log(κ1) while 

no linearity is seen for log(R) vs. log(κ2) (a light channel-length dependency can be 

observed). Also, the device resistance is proportional to the channel length and shows a 

minimum dependency on the width of the electrodes. 

One can conclude the current to be injected by the side-walls of the electrodes. 

The conductivity of the studied materials can be evaluated, considering the side-wall model, 

from: 

	� =	�?�vv �⁄ 	%&'ℎ	�?�vv = %(� − 1)	 · � (eq. 27) 

The conductivity extracted from this device by this model is different from the one of the 

stacked devices by about 3 orders of magnitude (see table 5). The reason has been attributed 

to the larger contact resistance of the device. The effect is attributed to both the dimensions of 

the devices and the energetic barrier between the electrodes’ work-function and the Alq3 

LUMO. In addition to the energetic barrier, one must include surface defects of the stacked 

device to be more affecting the characteristics than do the ones of the interdigitated cells. 

The standard error value of the zero-field conductivity is determined as the one of the slope of 

the inverse function associated to resistance = function of κ1. 

∆	�	� =	∆(�] �⁄ )�] �⁄ 	 (eq. 28) 

The conductivity values extracted by this technique are closer to the one of the published 

literature of doped Alq3 layers: the conductivity of 5-mol.%-W2(hpp)4-doped Alq3 is reported 

to be 9.2·10-8 S·cm-1 [45] (as a reminder, W2(hpp)4 is the structurally characterised molecule 

with the lowest molecular ionisation energy ever published [204]). 

In the following parts of this work, the material conductivities are evaluated by this technique 

rather than from the ohmic regime of the stacked devices. But the difference of resistivity 

between both devices can be used to evaluate the contact resistance between the OSC and the 

electrodes. 
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a) 

 
b) 

 
c) 

 

Figure 3.8: a) The 2 models of charge injection through the interdigitated cells (with different 
κ parameters). b) Resistance of 3-%-Cs3VO4-doped Alq3 interdigitated devices over the cell 
constants of the related interdigitated devices, from either side-wall (κ1) or top-surface (κ2) 
injection models. c) Representations in double-logarithmic scale, showing the exclusive 
linearity of the resistance with κ1, validating the side-wall injection model. 

 

Table 5: Zero-Field Conductivity σ0 of the different Cs3VO4-doped Alq3 layers (standard error 

value in brackets): 
Zero-Field Conductivity  

(σ0 - S·cm-1) 

2 % 3 % 4 % 5 % 6 % 

3.64·10-10 3.80·10-9 3.21·10-9 1.97·10-9 1.04·10-9 

∆σ0/σ0  1.63 % 3.02 % 3.56 % 4.77 % 4.13 % 
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From the new value of conductivity can be extrapolated the resistive component of the 

stacked device which adds to the bulk resistance at the ohmic current (the zero-field contact 

resistance ρc.;0) via: 

� = (�?. + �:uvp)	1		 ⇒ 	� = ��P · �?.;� + 1	�� 	F		 ⇒ 		 �?.;� =	 	�P � 1	�∗ −
1	�� 

∆�?.;��?.;� < 2	 ∆�� +	∆ +	∆ � 1	�∗ − 1	� 1	�∗ − 1	�
; 	� < 	�lv�� +	�Kr��,� 

y�7	∆ � 1	�∗ −
1	�� < 	∆ � 1	�∗� +	∆ � 1	�  

(eq. 29.a) 

 

(eq. 29.b) 

 

(eq. 29.c) 

The results are displayed in the table 6. Thanks to the patterning of the ITO electrodes, 2 ∆S/S 

< 0.2 %. The ∆L is over-estimated from the absolute standard error ∆Li determined by 

profilometry tooling of the material i (∆LAlq3 = 0.0129 LAlq3; ∆LCs3VO4 = 0.2095 LCs3VO4). 

The standard error of the dopant thickness is significantly higher than the one of the air stable 

Alq3 material because of the difficulty to realise the tooling of the hygroscopic layer of 

Cs3VO4 in air. It is still a reasonable value for studying volume-percent-scale concentrations. 

∆(1/σ0*-1/σ0) is over-estimated from the absolute standard errors ∆(1/σ0*) and ∆(1/σ0) 

determined as standard error of the E(J) (inverse of J(E)) slope from a least square linear fit 

for the low field data points (using the ‘Linest’ function of Microsoft Excel). 

The decrease of ρc.;0 series resistance is another evidence of the doping effect of Cs3VO4 on 

Alq3 (here in this particular case, on the reduction of the contact resistance by reducing the 

Schottky width at the interfaces metal-organic – see fig. 3.9). 

One can notice the maximum of conductivity before the minimum of contact resistance 

occurs. If the reduction of contact resistance is entirely due to the lowering of the Schottky 

width at the injecting electrode, the trend is expected from the bulk doping as the conductivity 

increases linearly with the amount of dopant introduced (eq. 6) and the contact resistance 

reduces slower, with the square of the amount of dopant (eq. 9). This trend is also 

experimentally verified for all the other dopant-OSC systems studied in this research, which 

has the following consequence: the interdigitated cell performances are always optimised with 

a lower amount of co-evaporated dopant than the ITO stacked device performances are. 

It could have also been possible to determine the zero-field contact resistance between the 

doped layers and ITO electrodes by the extrapolation of the interdigitated cell resistance at 

κ = 0. But the error generated by the y-intercept of the R vs. κ graphs is much higher than the 

one obtained by the method above (intercepts between 7 kΩ and 2 MΩ, without monotonic 

evolution with the doping concentration). Also, it should be pointed-out the sharpness of the 

ITO edges and the roughness of the ITO surface of the interdigitated cells (see fig. 3.6.e) 
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might generate a higher incertitude on ∆S/S. Additionnally, the molecular packing on both 

different devices might also not be comparable. 

To conclude, the interdigitated cell device is an optimum structure for determining the 

material conductivity. And, the stacked device is an optimum structure for determining the 

contact resistance material-electrodes. Determining the conductivity from the stacked devices 

and the contact resistance from the interdigitated cells remains possible, but not without 

additional assumptions which might increase the incertitude values. 

  

Table 6: Zero-field contact resistance ρc.;0 of the different Cs3VO4-doped Alq3 layers: 
Zero-Field Contact Resist. 

(ρc.;0 - Ω·cm-2) 

2 % 3 % 4 % 5 % 6 % 

7.35·105 4.66·104 1.00·104 1.11·104 4.01·103 

∆ρc.;0/ρc.;0 < 6.01 % < 7.39 % < 7.75 % < 7.88 % < 8.50 % 

 

  
 

Figure 3.9: Evolution of the zero-field conductivity and the contact resistance with the doping 

concentration, showing the ability of the Cs3VO4 material to dope the Alq3 single carrier 

devices at both the electrode interfaces and in the bulk semiconductor. The injection 

improvement and transport improvement can be evaluated using the electrical 

characteristisation of both device structures. 
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3.3 - Determination of Carrier Mobility - Space-Charge Limited 

Current 
There are several ways to determine the carrier mobility. Already ten years ago, N. Kart 

referenced 11 independent techniques to record carrier mobility through organic 

semiconductors [205]. Most of the techniques are measuring a time for pulse-generated 

charges to be transported through the semiconductor layer and are by consequence not 

appropriate for measuring the mobility of homogeneously doped layers with a high densities 

of carriers. 

In the published literature, the mobility determination of doped OSCs has been shown by 

using the SCLC region of the JV characteristics of the stacked device [149]. 

By using the Mott-Gurney equation under this SCLC regime, it is possible to evaluate the 

carrier mobility and its dependence over the electric field (assuming a Poole-Frenkel 

mobility). 

F = 98 	E · �� · ;
P

O · ���(0.891	UV;/)					%&'ℎ	E = E� · E^		 (eq. 14) 

3.3.1 - Dielectric Constant Determination 

The relative permittivity εr of the co-evaporated doped OSCs is calculated by determining the 

geometric capacitance of a set of different stacked devices of different electrode areas (see fig. 

3.10.a and 6.3 section for layout). The area variation study allows determining an instrument-

parasitic-capacitance-free value and an averaging of the capacitance of the contacts 

overlapped by the top electrodes. Both electrodes are made of the same aluminium metal in 

order to not introduce any internal electric field by different metal work-function electrodes. 

The fabrication process of the first on-chip electrode (see section 6.3) was made in a way to 

prevent Al2O3 formation, introducing an extra series capacitor in the model. 

For a frequency dependent input, the device can be modelled as a series of parallel RC 

circuits, formed by the bulk layer and the very thin and resistive depletion barriers at the 

electrode interfaces (see fig. 3.10.a). As show the -20 dB per decade decrease in the Bode’s 

magnitude plot and the constant -90 ° phase in the Bode’s phase plot, the signal is mainly 

capacitive at high frequency (1 kHz - 1 MHz - see fig. 3.10.b). Because the capacitance of the 

depletion layers is higher than the bulk capacitance (the Schottky width “w” is far smaller 

than the 200 nm of co-evaporated material), the capacitive impedance of the Schottky width is 

smaller than the one of the bulk capacitor in series. So, the equivalent impedance of the 

device is mainly determined by the capacitive impedance of the bulk layer capacitor. So, at 

high frequency, the diode’s geometric capacitance can be fairly evaluated by means of the 

device capacitance of a single parallel RC model. 

The geometric capacitance recorded on the different devices is constant and shows linearity 

with the substrate-patterned electrode area (see fig. 3.10.c). 
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a) 

  

 

b) c) 

 

Figure 3.10: a) Energy profile of the used single carrier devices (left), schematic equivalent 
circuit, representing the contributions of both the contacts and the bulk layer (middle) and 
substrate picture of the Al-organic-Al capacitor devices with surface variation used for 
extracting the dielectric constants (right). b) Bode magnitude and phase plots of the 4-%-
Cs3VO4-doped Alq3 sample, showing the device to behave as a capacitor. c) Capacitance 
value extracted from the Bode’s plots, assuming an equivalent parallel RC circuit (top) and 
representation of its electrode-area dependency (bottom). 
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The relative dielectric constant εr of the layer is determined by the mean of the slope of C(S): 

E^ = x� · E� 					%&'ℎ				 = 200	�N				; 								∆E^E^ =	∆(x/�)x/� +	∆  (eq. 30) 

with the relative standard error value ∆(C/S), determined as standard error of the C(S) slope 

from a least square linear fit (using the function ‘Linest’ of Microsoft Excel). 

The experience showed the main source of error is the ∆(C/S) for the devices showing few 

efficient capacitors (a non-negligible number of devices, often shorted due to the patterning of 

the self-made substrates). 

The calculated relative dielectric constant εr is around 3, as expected from values taken as 

references in the literature [149,206] (see table 6). The slight increase of the dielectric 

constant with the doping concentration is attributed to the addition of the higher dielectric 

constant inorganic material to the lower dielectric constant organic one. 

3.3.2 - Poole-Frenkel Mobility Determination 

F = 98 	E · �� · ;
P

O · ���(0.891	UV;/)						 
⇒ .�(F/;P) = .�(F/;P)�	 	+ 0.891	UV;/			%&'ℎ	.�(F/;P)�	 = .� Z�	�·���	/� [	 

(eq. 31.a) 

(eq. 31.b) 

When ln(J/V2) is plotted versus V1/2, a linear part at high electric field is visible for the several 

Cs3VO4-doped Alq3 stacked devices (see fig. 3.11). The slopes of the curves at the high field 

domain seem to converge to a same limit, which indicates a sensitively similar field activation 

coefficient γ for the field-dependent mobility. The zero-field mobility was determined from 

the y-intercept of the asymptotic limits of ln(J/V2) vs. V1/2 and (eq. 31) (see table 7). 

The standard error value of the zero-field mobility is determined from: 

∆���� =	∆E^E^ + 3	 ∆ +	∆(.�(F/;P)�	)	 (eq. 32) 

with the relative standard error value ∆(ln(J/V2)0), determined as standard error of the 

y-intercept of a least square linear fit of ln(J/V2) vs. V1/2 for V > 3.6 V (using the function 

‘Linest’ of Microsoft Excel). The small value obtained for all the 5 concentrations is a good 

evidence of the linearity of the characteristic from 3.6 to 5 V. 

Again, the dominating incertitude is the one of the dielectric constant. Nevertheless, the 

mobility values seem to be sensitively constant with the doping concentrations and of the 

same order of magnitude than mobility of Alq3 published in the literature (see fig. 3.12). 

Compared to the literature, the deviation of the field-dependent mobility for the different 

Cs3VO4-concentrated devices is lower than the deviation of the different published-value 

mobilities of pure Alq3. 
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Table 6: Relative dielectric constant εr of the different Cs3VO4-doped Alq3 layers (standard 

error value in brackets): 
Relative dielectric 

constant (εr ) 

2 % 3 % 4 % 5 % 6 % 

2.89 2.89 3.71 3.77 3.95 

∆εr/εr  < 16.85 % < 19.08 % < 3.79 % < 5.64 % < 13.57 % 

 

a) 

 
b) c) 

 

Figure 3.11: a) Representation of the devices which were used for extracting the carrier 
mobilities. b) ln(J/V2) vs. V1/2 characteristics of Cs3VO4-doped Alq3 devices (Ca cathode) for 
several doping concentrations. c) Representation of the slope of the characteristics showing 
the border line of space charge limited region (right). 

 

Table 7: Extrapolated zero-field mobilities and field activation coefficients from the SCLC 

region of the JV characteristics: 

Zero-Field Mobility  

(µ0  - cm2·V-1·s-1) 

2 % 3 % 4 % 5 % 6 % 

4.33·10-8 2.45·10-8 5.28·10-8 3.92 10-8 6.22·10-8 

∆µ0/µ0  < 21.89 % < 24.72 % < 10.01 % < 12.46 % < 20.98 % 

γ  - cm1/2·V-1/2 5.05·10-3 4.98·10-3 4.76·10-3 4.61·10-3 4.67·10-3 
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Here, the usage of a mobility-dependent SCLC model such as the Murgatroyd equation has 

been validly employed to determined µ0, because of the linearity of ln(J/V2) vs. V1/2. As it will 

be shown later on for p-doping, it is a behaviour which does not occur for all doped systems. 

3.4 - Extrapolation of Carrier Density from Mobilit y and 

Conductivity 
From the evaluation of both the zero-field conductivity (via ohmic current through 

interdigitated cell) and the zero-field mobility (via space charge limited current through Ca- 

electrode stacked devices), a first determination of carrier density is obtained by the mean of 

both values and the relation below (see table 8 and figure 3.13): 

	� = � · � · �� (eq. 6) 

The standard error value of the carrier density n is determined as the one of the conductivity 

and the one of the mobility: 

∆�� = 	∆	�	� + 	∆��	��  (eq. 33) 

The incertitude for the carrier density comes mainly from the one of the zero-field mobility 

(which comes mainly from the error of the dielectric constant determination by capacitive 

measurements). 

The obtained values of carrier density are of the order of 1016-1017, sensitively lower than 

values obtained for published OSC systems, doped with inorganic dopants: from 1017 to 

1020 cm-3 in co-evaporated MoO3:CBP [207] MoO3:α-NPB [208] and Cs2CO3:BCP [208]. 

In the end, from the determination of Ohmic currents and steady-state SCLC currents, it has 

been possible to determine respectively the conductivity of the doped materials and the 

mobility of the dominating carrier in the layers. The carrier density (number of charge created 

by doping in the semiconductor) has been determined from these two values. The 

conductivity of the material shows a several orders of magnitude improvement from 2 % to 

6 % while the evolution of the carrier mobility for these concentrations remains at the order of 

the error range. It has also been shown from other researches based on the characterisation of 

other n-dopants that the field-effect mobility of doped transistors was more or less constant 

over the doping concentrations [134]. 

From the increase of the conductivity and the invariance of the carrier mobility, it has been 

determined that the carrier density generation in the semiconductor is at the origin of the 

increase of conductivity of the Alq3 material. 

In addition of this determination, the carrier density of doped Alq3 layers have been 

determined via an independent technique to testify the generation of carriers in the layer, and 

to quantitatively verify the values determined from mobility and conductivity calculations. 
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Figure 3.12: Field-dependent mobility of the Cs3VO4-doped Alq3 layers, compared to 
published values of pure Alq3 from Time-of-Flight or Transient Electroluminescence 
measurements (µ1 [209], µ2 [210], µ3 [211], µ4 [212], µ5 [213], µ6 [214], µ7 [215], µ8 [213] 
and µ9 [216]).  

Table 8: Carrier density values generated by Cs3VO4-doping of Alq3, determined via the zero-

field conductivity and mobility values: 
Carrier Density  

(n  - cm-3) 

2 % 3 % 4 % 5 % 6 % 

5.26·1016 9.69·1017 3.80·1017 3.14·1017 1.04·1017 

∆n/n < 23.52 % < 27.74 % < 13.57 % < 17.23 % < 25.11 % 

 

 

Figure 3.13: Evolution of the carrier density with the mobility and conductivity at different 
dopant concentrations. 
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3.5 - Carrier Density Verification - Mott Schottky Analysis 
The carrier density is the main quantity which is responsible for the output current 

improvement via conductivity doping of organic semiconductor. Therefore, it needs to be 

determined with certitude. 

Extracting the carrier density of the doped organic semiconductor is commonly made by using 

the Seebeck effect in 2-finger-electrode devices with a gradient of temperature between both 

electrodes [43]. But, with the relatively poor reached conductivities (< 10-9 S·cm-1 for 2-%-

Cs3VO4-doped Alq3 layer) and the current accuracy (± 1 fA), the limitation of the inter-

electrode spacing is at the order of the millimeter for the most conductive layers. Controlling 

a temperature gradient to get an accurate carrier density value seems not be achievable in this 

context. 

In order to confirm the carrier density evaluated from carrier conductivity and mobility, Mott-

Schottky analysis [64] of 3-%-Cs3VO4-doped Alq3 in doped-near-to-the-cathode devices were 

realised with different intrinsic layer thicknesses (see fig. 3.14). 

In this study, the same co-evaporated layer was deposited on different pre-processed Alq3 

layers on ITO, insuring the same carrier density in the co-evaporated layers of the different 

bilayer devices (a same Ca injecting cathode was used for the 4 devices - see fig. 3.14.a). 

One can notice a one-order-of-magnitude difference between the device without intrinsic 

layer and the 3 % single-layer device previously studied in chap. 3.1 (see fig. 3.14.b). As the 

shift is seen constant in the whole voltage range, the lack of reproducibility between both 

characteristics was attributed to a lower injection limitation for the new set of devices, which 

could originate from the processing of the calcium cathode for example. The change is then 

not attributed to a non-reproducibility of the bulk material properties. So, the carrier 

concentration of both devices can still be fairly compared. 

With the increase of the intrinsic layer thickness increases the rectification ratio of the doped-

near-to-the-cathode diode. A built-in voltage of 2.2 V appears in the intrinsic-layer-coated 

devices, as expected from the study of the chap. 3.1. For the whole voltage range, the thinner 

the intrinsic layer, the lower the JV characteristic. It agrees with the impact of the pristine 

Alq3 high resistivity in the increase of the device resistance. 

Also, it can be noticed that for a voltage lower than the built-in voltage, the current densities 

which are plotted on the double logarithmic scale (0.01 V·s-1-recorded) do not correspond to 

the one plotted on the linear scale (0.2 V·s-1-recorded) by orders of magnitude. This shows the 

time dependency of the signal at these fields and so the high capactive nature of the currents. 

Indeed, when an alternating current is added to the direct component, the frequency analysis 

shows two distinct capacitive behaviours in the device (see fig. 3.14.c). 

When the direct current is strictly lower than the built-in voltage, the device behaves as a 

capacitor on the whole frequency range (see fig. 3.15.a). 
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a) 

 
 

  

b) 

 
 

c) d) 

 

Figure 3.14: a) Energy profile of the used double-layer devices (left and middle) and 
schematic equivalent circuit, representing the contributions of the bulk-intrinsic, depletion 
and bulk-doped layers in the devices (right). b) JV characteristics of the different doped-near-
to-the-cathode devices with intrinsic layer thickness variation. c-d) Bode magnitude and 
phase plots of the 50-nm-thick intrinsic layer device. 
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When the direct current is higher than the built-in voltage, the current is space-charge-limited 

(as seen in chap. 3.1) and flows though the device without charging the Schottky barrier 

(S.B.). 

In the forwards bias case with the applied voltage below the built in voltage of the device, the 

alternating current is charging and discharging the S.B. region. But in the case which the 

frequency is too high, the velocity of the carriers (which is limited by the carrier mobility in 

Alq3) is not high enough to follow the changes in potential at the injecting electrode (the 

carriers are limited by their mobility). From the capacitance analysis of the device (on a 

parallel RC model - see fig. 3.15.b) the cutoff frequency ωc(S.B.), at which the carriers of the 

S.B. become limited by their mobility, can be seen. 

Only at the range in which the frequency is low enough and the bias voltage positive and 

below zero, the Mott-Schottky analysis is allowed (see fig. 3.15.a). Under such a state of 

charging and discharging the S.B. at the interface undoped-doped, it is possible to evaluate the 

carrier density of the doped region from the evolution of the device capacitance with the bias 

voltage via [64,114,217]: 

� = 2
−� · E · �P · H	(1/xP)H;

 (eq. 34) 

with C, the equivalent capacitance of the device on a parallel RC model; V, the constant 

component of the applied voltage and ∂(1/C2)/∂V, the slope of the 1/C2 vs. V curve at a S.B. 

charging-discharging regime. 

The carrier density determination of the n-doped layer can be made from the evaluation of the 

slope of the 1/C2 curves (see fig. 3.15.c) from 0 to Vbi = 2.2 V. Considering only the low 

frequencies for which the carrier follows the alternating current (f < 1 kHz), the slopes of the 

1/C2 curves give a carrier density in the 3 % devices (with a 50 nm intrinsic interlayer) of 

1-3·1019 cm-3 (see fig. 3.15.d). This value is an order of magnitude higher than the calculated 

one from conductivity and mobility determination. The same analysis on the two other 

devices (100 nm and 150 nm interlayer) gave a lower value of carrier density, but also a much 

higher noise than the 50-nm-interlayer device (see fig. 3.15.e). The value given by these 

devices is no more considered than the value given by the 50 nm interlayer device, as the 

current density for these devices is at least two orders of magnitude lower than the one of the 

50 nm one (see fig. 3.14.b), almost at the noise level. 

So by this technique, the high carrier density inside of the Alq3 OSC when co-evaporated with 

Cs3VO4 was demonstrated. The given carrier density given by the Mott-Schottky analysis is 

about 1-3·1019 cm-3: an order of magnitude higher than 1·1018 cm-3, determined via direct 

measurement of the mobility and the zero field mobility. A less noised value of carrier density 

could have eventually been obtained either from a device with a thinner intrinsic interlayer 

and/or with a higher mobility semiconductor (like BCP). 
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a) 

 
 

b) c) 

 
 

d) e) 

 
 

 

Figure 3.15: a) Schematic on the capacitive behaviour of the double-layer devices. b) 

Equivalent capacitance of the 50-nm-thick intrinsic layer device and its c) 1/C2 plot over the 

applied voltage. d) Carrier density extracted from the 1/C2 plots and e) comparison with the 

other 100-nm and 150-nm doped-near-to-the-cathode devices. 
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3.6 - On a Mechanism between the Alkali Metal Oxysalts and 

Semiconductors 
Today, alkali metal oxysalts still represent the only affordable materials which are able to 

n-dope OLED ETMs and do not observe any decomposition in air: it is then of high 

importance to understand their strength to investigate on other alternative air stable n-dopants. 

For these non-reducing ionic dopants, a 5-step mechanism is proposed for the n-doping: 

1r@ 	�'��	(� ¡.&Ny'&8�):		x3¢£¤¥	(r) 	→ 	x3¢£¤¥	(�)	 (eq. 35) 

This step is ensured by the evaporation rate, visible during the device processing. During the 

processing of Cs3VO4 in the device, no out-gasing of the material was observed (operating 

base pressure of 2·10-6 mbar), so there is no loss of O2. Additionnaly, aluminium-covered 

Cs3VO4 substrates showed some sensitivity to air in few seconds (see fig. 3.16.a). The 

“bubbling effect” shows the material either to be hygroscopic and blowed by attracting water, 

or to release O2. The last assumption implies the material to decompose to an oxygen-rich 

alkali oxide (as CsO2). But it has been demonstrated these oxides to decompose peritectically 

at 164 °C [218]: a temperature much lower than the processing temperature. Finally, Al2O3-

coated Ta boats were used to not decompose the salt as in a Cs dispenser [219]: they did not 

show any corrosion after the first processes: The decomposition of Cs3VO4 is not assumed. 

2B` 	�'��	(18�	c&3384&y'&8�):		x3¢£¤¥	(�) 	→ ¦	x3\(�) + £¤¥¢_	(�) (eq. 36) 

This step is believed from the observation of [134] from the investigation of the cationic dyes 

doping mechanism: the ionic n-dopant tends to dissociate their anions from the cations in gas 

phase, at low pressure and under thermal sublimation. Also, as their is only Cs-O ionic 

interactions between Cs+ and VO4
3- in the solid, the thermal energy which is necessary to 

sublime the salt in monomers should be the same as for separating Cs+ from VO4
3- internally. 

At this point, the dopant is a plasma rather than a single-compound material in gas phase and 

each charged component could independently undergo to independent mechanisms. 

3^`	�'��	(x3\ − 	b3384&y'&8�):	 ¦	x3\(�) + £¤¥¢_	(�) + ¦	U	(�) 	→ 	¦	[x3§]\(�) + £¤¥¢_	(�) (eq. 37) 

With the co-evaporation of the semiconductor L, there is a spatial zone in the evaporator 

where the gas phase dopant’s ions and the semiconductor L co-exist (see fig. 6.2 in section 

6.3). In this zone, the large and coordinately unsatisfied Cs+ ions could associates with the 

electron donating OSC. This step is believed from the formation of caeside ions (Cs-) from 

metal caesium and cryptand in solution (see fig. 3.16.b) [220,221]. This is a thermodynamic 

equilibium, as similar results were obtained with crypted but labile protons, forming an 

inverted sodium hydride H+;Na- (see fig. 3.16.b) [222]. 
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a) 

  
 

b) 

  
 

c) 

 

Figure 3.16: a) Picture of the aluminium-covered Cs3VO4 tooling substrate after few seconds 
in air. b) Representation of the electrides, mentioned for comparison with the 3rd step: 
Cs+[crypt(2,2,2)]Cs- from [220] and H+[Adz]Na- from [222]. Also, a representation of a Li+ 
bis(phenanthrolin) complex from [223], showing the cryptand-mimetic potential of 
phenanthrolin derivatives on alkali cations. c) JV characteristics of different ITO-doped-
BCP-Al single carrier stacked devices (one can notice the characteristic of pristine BCP 
being symmetric, revealing the layer to be originally not intrinsic). 
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Also, Cs3VO4 is not only doping Alq3: it has been shown on the same single carrier devices a 

higher doping effect in BCP (LUMO level = 1.6 eV [65] - from Sensient) as did the other 

Cs3PO4 and Cs2CO3 oxysalts [110,114] (see fig. 3.16.c). An optimum of JV characteristic is 

observed at 9 % with a conductivity of 8.2 10-5 S·cm-1 (recorded on the interdigitated cell: five 

orders of magnitude higher than doped Alq3). The characteristics are orders of magnitude 

higher than the Alq3-doped one. BCP is a phenanthrolin derivative which could mimic the 

cryptand better (see fig.3.16.b) by chelation [224]. The Cs+(g) association can be favoured with 

the bidentate phenanthrolin BCP than with the Alq3 complex, with has a HOMO delocalised 

all over the quinoline ligands [225]. 

4@�	�'��	(x8�7��3y'&8�):		 ¦	[x3§]\(�) + £¤¥¢_	(�) 	→ 	¦	[x3§]\£¤¥¢_	(
B	/) (eq. 38) 

The condensation of the doping material on the substrate is ensured by the visible unstability 

of the thin-film after air exposure (see fig. 3.16.a). As said previously, the sensitivity to air of 

the layer was attributed to the hygroscopy of the material rather than eventual decomposition 

to caesium. Also, at concentrations usually below 5 %, the layers of the sensitive material co-

evaporated with an OSC did not show any surface instability (by profillometry). 

5@� 	�'��	(x�	©82Ny'&8�):		¦[x3§]\£¤¥¢_	(
B	/) → ¦[x3§]\[£¤¥]¢_	(
B	/) (eq. 39) 

This last step is believed from several factors. First, the anion XOβ
α- is surrounded by the OSC 

(L) at these concentrations in the thin-film. So, the reaction is not kinetically limited. Second, 

the counter-cations being also surrounded by the OSC (and potentially chelated with the BCP 

OSC), the charges on the Cs+ are further away to their counter-charge on the XOβ
α- due to the 

OSC spacers. The associated Coulomb bonds are then of lower energy than what the small 

dielectric constant OSC allows, because of the larger distances between the charges. They 

should thermodynamically stabilise in a shorter hole-electron pair. Two cases can be seen: 

either the positive charge or the negative charge diffuses through the spacing OSC. If the 

positive charges integerly diffuse through the OSC, it would result to the formation of 

metallic caesium which is not thermodynamically believed due to the high ionisation energy 

of Cs. So, one of the negative charges of XOβ
α- should diffuse in the OSC and so n-dope it, in 

order to stabilise the hole-electron pair better. The CT complex is either integer or hybrid. 

Because of the closed-shell structure of the XOβ
α- anion, the formation of a hybrid is believed. 

Additionally, the XOβ
α- anions being strongly basic (pKa = 10.33 for HCO3

-/CO3
2- ; 11.85 for 

HVO4
2-/VO4

3- and 12.32 for HPO4
2-/PO4

3- [226]), the acid/base-driven hybrid charge-transfer 

mechanism is even better promoted. 

Summarising sketches are proposed in figure 3.17. 
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a) 

 
b) 

 
c) 

                                           

 

d)  

 

Figure 3.17: a) Representation of a “monomeric” Cs3VO4. b) Representation of its ion 
dissociation in gas phase (2nd step). c) Association of the OSC L to the electrophilic Cs+ (3rd 
step). d) Coulomb energy increase in the co-evaporated thin-film by reduction of the Coulomb 
radius into L and formation of more stable hole electron pairs (5th step).  
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To summarise, the dissociation of the electrophilic Cs+ from its counter-anion is promoted via 

the lone-pair donation of the OSC. The high dielectric constant Cs3VO4 salt is then diluted in 

a low-dielectric-constant-OSC thin-film. In order to diminish the Coulomb radius of the hole-

electron pairs in the OSC, electron diffusion occurs via hybridising the basic VO4
3- with the 

OSC spacers. 

Despite Cs3VO4 is not redox active, the electron transfer to the surrounding OSC seems to 

efficiently occur thanks to weak lone-pair electron donation of the OSC to the electrophilic 

Cs+ and the nucleophilic VO4
3- to the OSC. 

In light of this strength of the lone pair donation of both dopant and OSC when they are co-

evaporated, the strategy to co-evaporate organometallic Lewis acids in hole transport 

materials for p-doping was attempted in the next chapter. 
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Chapter 4 - Chemical Engineering of 

Organometallic p-Doping Complexes 
In this chapter, the different behaviours of some organometallic complexes will be discussed, 

which owe their p-doping ability to their Lewis acidity. As several compounds of different 

chemical nature and material related constants will be compared to each other, the layers 

described in this section were co-evaporated, considering their molar concentration (x:y) and 

not their volumic concentration. The aim is to assign the carrier generation improvements to 

each doping entities and to compare fairly the doping efficiency of one organometallic 

complex to the other. 

The p-doping was systematically characterised in 3 different co-evaporated arylamine hole 

transporters (see fig. 4.1 for the formulas): N-N’-di(1-naphtyl)-N,N’-diphenyl-benzidine 

(α-NPB from Sensient - HOMO level = -5.4 eV [144]), the starburst 4,4',4"-tris(N-(1-

naphtyl)-N-phenylamino)triphenylamine (1-TNata from Sensient - HOMO level = -5.1 eV 

[170]) and the spiro compound 2,2’,7,7’-tetra(N,N-ditolyl)amino-9,9-spiro-bifluorene 

(spiro-TTB from LumTec - HOMO level = -5.2 eV [227]). 

 

Figure 4.1: Chemical formula of the used hole transport materials. 
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The doping materials were ordered or synthesised under argon by Schenk technique according 

to the published literature or adapted from it (see chap. 6.1 for the synthesis details). The used 

solvents were dried with alkali metal or alloy under argon. The synthesised materials were 

sublimed under high vacuum (see chap. 6.2 for the technique details). These operational 

conditions ensure the purity of the materials against oxygen and water exposure. 

The electrical properties of the p-doped layers were extracted by the techniques which have 

been used for characterising the n-doping of Alq3 by Cs3VO4 and detailed in the previous 

chapter: 

The displayed conductivities were determined from interdigitated cells by considering 

exclusively a side-wall injection for all the samples (the validation of this model in regards to 

the top-surface injection model has been systematically carried out to ensure the true meaning 

of the value for this material property). 

The dielectric constants were determined from the geometric capacitance of a set of several 

stacked devices of 200 nm of organic material between aluminium electrodes of different 

areas. For the most conductive layers, the Bode’s phase diagram did not show a -90 ° phase 

anymore. The reason is because of the higher mobility of the used HTM, conductivities are 

higher and the equivalent circuit impendance is not limited by the capacitive impendance of 

the bulk OSC (the device behaves more as an ohmic conductor than a dielectric, with respect 

of the contact impedance). These devices were systematically prepared for all dopant-OSC 

systems to evaluate the zero-field mobility of the co-evaporated films via the Mott-Gurney 

equation under SCLC (by the same manner as presented for the Cs3VO4-Alq3 systems). 

Despite the fact that the Mott-Gurney law has been applied under SCLC for published doped 

semiconductors for extracting the carrier mobility [149], all doped systems did not obey to the 

Mott-Gurney law under SCLC (see chap. 6.5). Several observations were made: 

For the most efficiently doped systems, ∂log(J)/∂log(V) (the slope of the current density 

characteristic over the applied voltage plotted in double logarithmic scale) showed an 

exponential-like increase after the TFLC, which invalidates all the SCLC models stated in the 

chapter 2. As an explanation, the higher current density for the efficiently-doped systems 

dissipates a too high Joule energy. This might have either influenced the temperature 

dependent properties of the material (such as the carrier mobility [228]) or degraded the 

devices. 

For the moderately efficient doped systems, ∂log(J)/∂log(V) showed a change in behaviour 

with the doping concentration from a convergence of 2 to 3/2 at the SCLC before a linear 

increase with the external field (see fig. 4.2). This shows a change in the transport from 

scattered (slope of 2 for Mott and Gurney’s model) to ballistic (slope of 3/2 for Child and 

Langmuir’s model). This experimental observation agrees with published experiments on 

doped polymers [229] and with the idea that the dopant activates first the material trap states 

[230] which are originally responsible for the scattered transport.  
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For the weakly doped systems, ∂log(J)/∂log(V) showed a convergence at infinity to a finite 

limit around 3 ± 0.5, which suggests that mobility determination by using Murgatroyd’s 

equation can be ‘fairly’ done exclusively for these few cases, considering also the built-in 

voltage as shown in [231] (even in these cases, the ∂log(J)/∂log(V) higher than 2 could be the 

influence of the Gaussian-like DOS [232]. Therefore, the application of Murgatroyd’s 

equation might still lead to a biased value of field-dependent mobility). 

Also, some of the device characteristics showed a linear dependency of ∂log(J)/∂log(V) with 

the external electric field (or applied voltage) under SCLC (see fig. 4.2). This unexpected 

behaviour characterises a space-charge limited regime, which obeys to a law such as: 

FJK/K ≈ b · ;O/P · ���(ª · ;), with A, B non-voltage dependent constants (eq. 40) 

Despite the trend looking like Barbe’s high field ballistic SCLC model with a field dependent 

mobility [233], no real SCLC model with a V3/2·exp(B·V) dependency, instead of 

V3/2·exp(B·V1/2), was found in the literature. 

  

Figure 4.2: On the left, ∂log(J)/∂log(V) over E (= V/L) of the p-doping systems presented in 
page 132, showing a linear dependency of ∂log(J)/∂log(V) with E under SCLC, which does 
not correspond to any standard models. On the right, a representation of the transition from 
scattered to ballistic transport, occuring with the increase of dopant concentration and 
justifying the change of the slope from 2 to 3/2, at JSCLC(min). 

The zero-field contact resistance between the layer and the electrodes was determined from 

the calculated conductivities and the ohmic region of 200-nm-thick stacked devices of 

p-doped semiconductor between aluminium and ITO electrodes. 

The exponential trap distribution paramenters “r” were determined from the maximum of the 

∂logJ/∂logV of the ITO stacked devices under TFLC. 
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4.1 - Metal Centre Dependence of Paddlewheel Dimetal(II,II) 

Tetrakis(trifluoroacetate) Complexes in their Doping Strength 
Among organometallic complexes, paddlewheel dimers M2L4 and M2L4L’ 2 are well-known 

systems: Their crystal structure is often theoretically and experimentally studied because of 

their strong structural dependency to their physical properties [102]. As an example, an 

empirical correlation of intermetallic distance in Cr2(µ-O2CR)4L2 compounds and their 

singlet-triplet energy gap was successfully made [102,234]. The structure of the complexes 

gives important information on the energy levels or gaps of the compounds. 

Reciprocally, minor changes of the ligands or the core have strong impacts on the energetic 

properties of these compounds. Several properties of related materials can be easily tuned by 

changing the chemistry of the paddlewheels. As an example, the basicity of -hpp pyrimidine 

ligands induces a strong electron donation on the core of the M2(hpp)4 complexes and 

decreases drastically the ionisation potential of the complex. The resulting high HOMO level 

of the materials makes Cr2(hpp)4 and W2(hpp)4 suitable for OSC n-doping applications. 

Additionally, W2(hpp)4 is up to now the structurally-characterised material with the lowest 

ionisation energy [117], smaller than metallic caesium, which makes it one of the rare 

organometallic n-dopants, suitable for OLED [45]. 

In the same way, as the basicity of the 

-hpp ligands induces a low ionisation 

energy on the M2(hpp)4 complexes and a 

high HOMO level for the related n-doping 

materials, the strong acidity of the -tfa 

trifluoroacetate ligands induces a high 

ionisation energy on the M2(tfa)4 

complexes: their use for p-doping was 

then extensively investigated. 

Several M2(tfa)4 paddlewheels have 

already been synthesised (for M = Cr 

[235], Mo [236], W [237], Rh [238], Ru 

[239], Cu [240] and Bi [241]), 

characterised in their crystal structure, free 

of any ligated solvent or other exogenous 

molecule at the axial positions (see fig. 4.3 for structure). The electron withdrawing effect of 

the fluorine atoms, located on the -tfa ligands, has a tendency to depopulate the metals from 

their electron densities: this, in addition to the lack of exogenous molecule at the axial 

positions, makes the dimetal core of these complexes very electrophilic. And the electrophily 

added to the deep HOMO level (and probably low LUMO level too) of the material makes the 

M2(tfa)4 complexes Lewis acidic (both electron acceptor and electrophilic). 

 

Figure 4.3: Formula of the paddlewheel 
trifluoroacetate complexes 
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Figure 4.4: Crystal structures of 2 Rh2(tfa)4 (printed and reworked from [238]) and 
Rh2(tfa)4·C5Me5  (printed and reworked from [242] - HOMOC5Me5 = -7.95 eV [243]). 

Due to their Lewis acidity, they tend to form donor-acceptor adducts in the solid state. Indeed, 

crystal structures of pure M2(tfa)4 complexes (for Ru2 [239], Rh2 [238], Mo2 [236] and Cu2 

[240] trifluoroacetates) show intimate interactions of the dimetal cores with the lone pairs of 

the neighbouring oxygen atoms (see fig. 4.4). Particularly, Rh2(tfa)4 shows this remarkable 

tendency in crystal structures with exogenous weak donors such as hexamethylbenzene (see 

fig. 4.4) and other hydrocarbons like anthracene [244]: a p-type semiconductor [245]. They 

also form donor-acceptor adducts with different electron donors, via the lone pair electron 

donation from different chemical groups (as nitrile, ketone, ether or phosphine) [102]. So, 

they presumably can form other Lewis acid-base adducts also with other p-type 

semiconductors, like the arylamines displayed in the figure 4.1. The formation of acid-base 

adducts with the OSCs can potentially induces p-doping via the formation of hybrid charge-

transfer complexes of donor and acceptor. 

Finally, it should be pointed-out that most of these paddlewheel structures are synthesised by 

vacuum sublimation in sealed ampulles [238,239,241]. This comforts the processability of 

these unique materials by vacuum co-evaporation for the device fabrication. 
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• Strength of Doping for the Different Paddlewheel Trifluoroacetates 

3 Paddlewheel trifluoroacetates were tested as p-dopants in different hole transport materials 

at different concentrations (detailed characteristics in chap. 6.5): the dirhodium(II,II), the 

dimolybdenum(II,II) and the dichromium(II,II) tetrakis(trifluoroacetate)s. 

The 3 dopants were co-evaporated at the 3 different molar ratios (1:8), (1:4) and (1:2); and in 

3 different HTMs (α-NPB, 1-TNata and spiro-TTB). 

All the systems show a doping behaviour; which is concentration, semiconductor and dopant 

dependent (see fig. 4.5).  

The classification of the dopants by their conductivity remains the same at a given 

concentration, in 1-TNata and in spiro-TTB (α-NPB will be explained later): 

Cr2(tfa)4   >>   Mo2(tfa)4   >   Rh2(tfa)4 

1-TNata conductivities are contained within an order of magnitude for each concentration 

series of (1:8), (1:4) and (1:2).  

At the concentration (1:2), the highest conductivities are always observed in spiro-TTB and 

the lowest in 1-TNata. 

This classification based on the different conductivities also fits with the evolution of the trap 

distribution parameter: from high r+1 values for the “poorly” doping Rh2(tfa)4 to small values 

for the “efficient” Cr2(tfa)4 dopant. An unexpected high value for r+1 in the (1:2) Cr2(tfa)4 

doped 1-TNata device was reproductively recorded. 

• LUMO Level Estimation of the Paddlewheel Trifluoroacetates 

A first explanation of the doping efficiency evolution for the different complexes could be 

their different LUMO level depth. Published gas phase UV Photoelectron Spectroscopy 

(UPS) data show a molecular IEg of 10.0 eV for Cr2(tfa)4 [235], 8.8 eV for Mo2(tfa)4 [246] 

and 9.6 eV for Rh2(tfa)4 [246]. Onsets of the optical band-gap Egap of the different 

paddlewheels in the solid state were determined from reflexion spectra (see chap. 6.4) to be at 

713 nm (1.7 eV) for the violet Cr2(tfa)4 thin-film, 448 nm (2.8 eV) for the yellow Mo2(tfa)4 

thin-film and 815 nm (1.5 eV) for the blue-green Rh2(tfa)4 thin-film. As the complexes have 

the same shape, they crystallise on a same manner, have comparable densities and the same 

ligands, one can assume similar polarisation energy in solid state (Ep about 0.44 eV [65]) and 

a similar Coulomb energy (Ec about 0.39 Egap - 0.46 eV [65]). Then, the following order of the 

material by their LUMO level shall be (LUMO level = IEg - Egap - Ep - Ec): 

                      Cr2(tfa)4 ≈ Rh2(tfa)4 >> Mo2(tfa)4  

                              LUMO level:       -7.7 eV    -7.5 eV         -4.9 eV 

The stronger doping effect which is observed on the Cr2(tfa)4-doped devices can be self 

explained by the deepest LUMO level, evaluated for this paddlewheel material. Assuming the 

previous approximations of the polarisation and Coulomb energies, the LUMO level of the 
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Cr2(tfa)4 should lie around -7.7 eV and should be sufficient to entirely ionise the 3 

semiconductors (from 1-TNata with a HOMO level of -5.1 eV to α-NPB with a HOMO level 

of -5.4 eV) if a one-electron transfer mechanism is assumed. 

 

a) 

 

 
 

b) 

 
  

c) 

 

 
 

Figure 4.5: a) Evolution of doped JV characteristics from Rh2(tfa)4, through Mo2(tfa)4, to 
Cr2(tfa)4 doping. Change in b) conductivity (σ0) and c) trap distribution parameter (r) of 
paddlewheel trifluoroacetate p-doped materials, depending on their molar ratio and on the 
co-evaporated semiconductor. 
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But, this single criterion does not seem to be sufficient in order to compare the other two 

paddlewheels and justify their different conductivities.  

First, the Rh2(tfa)4’s LUMO level is deeper than the Mo2(tfa)4’s one: on a one-electron 

transfer mechanism, Rh2(tfa)4 should dope better than Mo2(tfa)4. JV characteristics and 

conductivity values show Mo2(tfa)4 to be a better dopant than Rh2(tfa)4 in nearly all systems.  

Second, the depth of Rh2(tfa)4’s LUMO level being relatively as big as the Cr2(tfa)4 one, 

Rh2(tfa)4 should also be strong enough to ionise entirely all the tested HTMs. But, there is a 

difference of about 2 orders of magnitude between the conductivity of the Rh2(tfa)4-doped 

layers and the one of their corresponding Cr2(tfa)4.  

Additionally, the LUMO level of the Mo2(tfa)4 dopant has been evaluated to be around 

-4.9 eV: an energy level which is higher than the HOMO level of the OSCs which were used.  

As all the 3 paddlewheels have a low LUMO level and are doping the OLED HTMs, the 

single criterion of LUMO level depth is sufficient to evaluate the doping potentiality of the 

materials. But in light of the previous comparison, the LUMO depth is not sufficient in order 

to fairly quantify the doping strength from one doping material to the other. 

• Nature of the Molecular LUMO of the Paddlewheel Trifluoroacetates 

The unexpected lower doping efficiency of Rh2(tfa)4 could be explained by the different 

nature of its LUMO, compared to the one of the other two paddlewheels. 

Assuming a hybrid charge-transfer complex formation between donors and acceptors rather 

than an integer charge-transfer one, these 3 electron acceptors interact with the surrounding 

donors by their electrophilic site: the equatorial positions at the dimetal centre. So the LUMO 

of these acceptors has mainly a metal character (as it is the preferred spatial location for an 

extra electron density on the electron acceptor). The energy diagrams and number of electrons 

in the M2
4+ core system indicate the nature of the LUMO’s bound (σ, π or δ - see fig. 4.6.a) 

[102]. Both Cr2(tfa)4 and Mo2(tfa)4 are given to have a δ* LUMO ( [3dxy]1 – [3dxy]2 for 

Cr2(tfa)4 and [4dxy]1 – [4dxy]2 for Mo2(tfa)4) and a σ* LUMO ([4dz2]1 – [4dz2]2) for Rh2(tfa)4. 

The different geometries, offered by both kinds of orbital, indicate a different electrophily on 

the metal (see fig. 4.6.a). The σ* orbital is much more opened to the surrounding at the 

equatorial position while the δ* orbital is more localised on the oxygen atoms of the ligands. 

It characterises the Rh2(tfa)4 as more electrophilic than both the other two paddlewheels. The 

electrophilic character of the Lewis acid being enhanced, the compound has the potential 

ability to form more stable Lewis acid-base adducts with the surrounding donors (see fig. 

4.6.b). Being more electrophilic, the covalent term in Klopman’s equation is promoted 

because of potential bigger overlap with its surrounding at the equatorial position. In the end, 

Rh2(tfa)4 might be as good electron acceptor as Cr2(tfa)4 (by the depth of his LUMO energy), 

the electrophily of this complex promotes the covalent part of its donor-acceptor bond and 

therefore, lowers the ionic part of the bond (and the degree of electron donation from the 

donor to the acceptor). In a molecular orbital representation, this would correspond to a 
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hybrid of donor and acceptor with a LUMO energy energetically much further away from the 

HOMO energy of the HTMs (see fig. 4.6). 

a) 

 

b) 

 

Figure 4.6: a) LUMO shape of the different paddlewheel trifluoroacetate dopants (right), 
determined by the nature of the dimetal centre’s LUMO, and the number of valence electrons 
on the metallic shell (left), from the theory detailed in [102]. b) An explanation of the 
paddlewheel limitation in the doping mechanism. 
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In addition to the good electron acceptance and poor electrophily of Cr2(tfa)4, its partial open-

shell structure can also justify the higher p-doping effect of the compound. 

As seen in the introduction of O2 as p-dopant, the open-shell of the diatomic O2 molecule 

promotes the generation of holes in the HTM by hybridising one of its half-filled orbital with 

the HOMO of the OSC. Despite the δ-HOMO of Cr2(tfa)4, its bi-adduct have displayed some 

paramagnetism [102,234], which is characteristic from a material with unpaired electrons. 

The phenomenon was attributed to the thermally accessible δ* triplet state of Cr2(tfa)4 

[102,234]. So, the same way O2 shares a half filled orbital to the HTM and as there is a 

statistical probability at ambient temperature for the Cr2(tfa)4 to have half-filled frontier 

orbitals, the phenomenon might also be attributed to this feature. 

Cr2(tfa)4 displays also the property to be a good reducing agent, which is an unexpected 

feature for a p-dopant. Because the Cr2(tfa)4 organometallic complex is made of two Cr(II), 

the core is easily sensitive to molecular oxygen and oxidised readily to Cr(III) (the 

phenomenon was visibly observable experimentally: the compound, both as a thin film and 

diluted in diethylether, turns from purple to green when exposed in air, within few seconds - 

see page 106, fig. 6.6). So, this material is a strong reducing agent: specie which gives 

electron on a redox mechanism. But, this redox-electron-donating property is quite at the 

opposite of the electron-accepting behaviour occurring on the p-doping of the HTM. 

So, the assumption of one-electron transfers between dopant and semiconductor ruling doping 

mechanism would have lead in this case to n-doping and not p-doping and is therefore quite 

doubtful (verification by co-evaporation test with the BCP electron transport material were 

made and did not lead to any electrical enhancement, so no n-doping). 

• Absorption Spectra of the Co-Evaporated Layers 

From the literature, the presence of Lewis acids in polymeric semiconductors creates new 

absorption features, which are attributed to the creation and the modification of the materials’ 

band-gap [247,248]. Absorption spectroscopy was then carried-out on the thin-films and 

solutions. 

No absorption in the visible nor in the near infrared (NIR) is observed in any of the Mo2(tfa)4 

doped layers (see fig. 4.7.a-c). This indicates either no formation of acid-base adduct between 

Mo2(tfa)4 and HTM or an adduct with a CT of very low energy (lower than 1.12 eV), which is 

totally possible regarding the small overlap and HOMO-LUMO difference. The evidence of 

doping previously shown tends to prefer the formation of low energy band-gap adducts. 

Strong absorptions in the visible are observed for the Rh2(tfa)4-1-TNata and the Rh2(tfa)4-

α-NPB layers (see fig. 4.7.a-c). A noticeable absorption in the visible is seen also in Rh2(tfa)4-

spiro-TTB (see fig. 4.7.a-c). When absorption peaks of the Rh2(tfa)4-co-evaporated layers are 

compared to the one of the pure Rh2(tfa)4 reflection spectrum, the main absorption peak 

present in the visible seems to belong to the intrinsic absorption of the Rh2(tfa)4 band-gap (see 

fig. 4.7.e-f). But as one can notice from the different colours of the Rh2(tfa)4-co-evaporated 

layers (see fig. 4.7.d), the Rh2(tfa)4 absorption is quite influenced by the surrounding HTM. 
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a) b) 

 
c) d) 

 

e) f) 

 

Figure 4.7: a-c) UV-vis-NIR absorption spectra of the (1:2) M2(tfa)4-doped semiconductor 
layers (200 nm thick) and d) their colour on quartz substrates. e-f) Shift of the absorption 
maximum of Rh2(tfa)4 when co-evaporated in semiconductors compared to pristine materials. 
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In 1-TNata, the absorption peak is shifted to higher energies (smaller wavelengths) while in 

α-NPB, the absorption peak is shifted to lower energies (higher wavelengths). It denotes a 

visible specific interaction of the surrounding donor with the Rh2(tfa)4. 

For the Cr2(tfa)4-co-evaporated layers, two phenomena can be noticed. First, the layers are 

more reddish (see fig. 4.7.d). This is a phenomenon which was already stated from metal-

oxide-doping of HTM [249]. Either a small deviation of the HTM band-gap (like for the 

Cr2(tfa)4-1-TNata) or the appearance of a new blue-absorbing peak (like for the Cr2(tfa)4-α-

NPB and Cr2(tfa)4-spiro-TTB). Second, an absorption increase in the NIR part of the spectrum 

occurs in the three HTMs. As it will be characterised for the series of dopant detailed in the 

next chapter, this NIR-absorption is luckily belonging to the absorption related to the donor-

acceptor band-gap (more intense for the most efficiently doped systems). 

To summarise, transition metals in M2(tfa)4 complexes can show good Lewis acidity which 

can be tuned by the nature of the metal core. This Lewis acidity tunes the generation of holes 

in the semiconductor: the electron acceptance promotes the charge dissociation while the 

electrophily reduces it.  

But due to their valence d orbitals, transition metals in M2(tfa)4 complexes can show intrinsic 

absorption in the visible light spectrum which should be avoided for OLED applications. As 

main group metal, bismuth might be an alternative as transparent Lewis acid M2(tfa)4 

p-dopant.    
Unfortunately, Bi2(tfa)4 is a poor Lewis acid in the series of paddlewheel trifluoroacetates 

[241]: heterobimetallic paddlewheel trifluoroacetates BiM(tfa)4 (M = Rh, Ru) have shown a 

selective electrophily on the transition metal site [250]. Instead of using paddlewheel-shaped 

M2(tfa)4 Lewis acids, with bismuth as core which are oxidised at the unusual state of Bi(II), 

the investigation of Bi(III) based Lewis acids is carried out in the coming section. 

4.2 - Ligand Dependency of Bismuth(III) Carboxylate Complexes 

in their Doping Strength 
Despite its proximity in the periodic classification to hazardous heavy-metals like lead or 

antimony, bismuth is a “green” element [251] with a relatively low toxicity. For instance, the 

LD50 value of most bismuth salts and especially the ones of most organobismuth compounds 

is even higher than the one of table salt [252]. Bismuth subsalicylate is the active ingredient of 

Pepto-BismolTM: a minor digestive system upset treatment. Bismuth is also a relatively low 

cost material as a bi-product of lead, copper and tin refining and has few industrial 

applications [251].  

So, in an industrial context of developing new materials integrated in customer-product 

devices, bismuth compounds are good candidates for development. Also compared to other 

organometallic compounds which are present in an OLED such as the iridium-based emitters 

[253], the potential price of the bismuth compounds make them interesting for the fabrication 
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of cost effective devices. Additionally, the relatively high abundance of bismuth makes the 

development of related compounds quite sustainable (at the opposite of indium for ITO 

transparent electrodes). 

4.2.1 - Bismuth(III) Acetates: Better p-Doping when Fluorinated 

Despite the poor Lewis acidity of the Bi2(tfa)4 (Bi2(II,II)(µ-tfa)4), Bi(tfa)3 ((Bi(III)(µ-tfa)3) ∞) 

is an excellent Lewis acid used in catalysis of number of electrophilic substitutions [254]. As 

the previous paddlewheel M2(tfa)4 complexes, the coordination sphere of the Bi(tfa)3 metal 

centre is unsatisfied and electrophilic. Bismuth’s coordination sphere in carboxylates have 

shown already up to nine coordination sites [255], which translate a good electrophily of the 

bismuth centre surrounding and the potential to form Lewis adducts with co-evaporated 

semiconductors. 

Bi(tfa)3 especially has such a behaviour: Crystal structures show Bi(tfa)3 to form [Bi(tfa)3]∞ 

chains by µ-bridging -tfa ligands between the bismuth cores (see fig. 4.8), indicating a strong 

electron acceptance of the bismuth core. Also, crystal structures, available in the literature, of 

the Bi(tfa)3 with the weakly donating hexamethylbenzene show also a good interation of the 

poor donor with the electrophilic bismuth core (similar as in the previous case of the 

paddlewheels). 

 

Figure 4.8: Crystal structures of [Bi(tfa)3]∞ (printed and reworked from [256]) and 
2 Bi(tfa)3·C5Me5 (printed and reworked from [257] - HOMOC5Me5 = -7.95 eV [243]). 
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For these reasons, Bi(tfa)3 among other carboxylates has been tested as p-dopants for OLED 

HTM. 

Both bismuth(III) tris(trifluoroacetate) and its non-fluorinated derivative were tested as 

p-dopants at different doping concentrations in different HTMs. 

The electrical characteristics of doped 1-TNata devices show an improvement compared to 

the pristine 1-TNata reference, at the molar ratios (1:8), (1:4) and (1:2) (see fig. 4.9.a). 

Even in the case of the commercially available bismuth tris(acetate), the non-fluorinated 

complex improves the characteristic of the pristine semiconductor in both forwards and 

reverse bias, by at least an order of magnitude. 

The performance of the diodes improves gradually from lower concentrated dopant to higher 

concentrated one. The rectification ratios of the Bi(tfa)-1-TNata samples are almost one while 

the Bi(ac)3-1-TNata diodes remains quite well rectifying (rectification ratio ≈ 104-105 at 

± 1 V). 

The conductivities of all the layers also increase gradually with the doping concentration (see 

fig. 4.9.b). In terms of conductivity, the non-fluorinated bismuth dopant shows more 

selectivity with the depth of the HTMs’ HOMO: in 1-TNata, the (1:2) conductivities remain 

within the same order of magnitude as the one of the fluorinated bismuth complex. The 

difference increases to 3 orders of magnitude in spiro-TTB and even more in α-NPB (4-5 

orders of magnitude between the different conductivities). 

The selectivity shows the order of the HOMO depth of the semiconductor and reminds the 

importance of the parameter, even using acid-base dopants undergoing presumably on hybrid 

charge-transfer complexes. 

The doping yield ηX of a dopant X can be determined as follow: 

«¬ = ��¬;
 =	 	�� · ��		 		�l ∙ �¬ ∙ 8.%
¬̄°  (eq. 41) 

with ρX, the density of X as purely evaporated; vol%, the volumic concentration of X in the 

device layer and MX, the molar mass of X. 

Knowing all these parameters for the Bi(ac)3 dopant in 1-TNata (see details in chap. 6), the 

doping yields of the dopant in this HTM for the 3 different systems are respectively 0.10 %, 

0.03 % and 0.02 % for (1:8), (1:4) and (1:2). The decrease of the doping yield with the doping 

concentration is coherent with the potential agglomeration of the dopants at these molar 

ratios, which should be more pronounced with the decrease of the intermolecular distance 

between each dopant molecule in the layer (they tend to screen each other’s effects). 

Considering relatively similar carrier mobilities between the fluorinated dopant devices and 

their non-fluorinated analogue, the one order of magnitude improvements with the 

fluorination in 1-TNata leads to doping yields which are not much higher than a percent. The 

transfer is not total, even in the case of the fluorinated dopant. 
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Usually, most electron acceptors used in organic electronic starts to behave as p-dopant when 

fluorinated: as C60F36 [156], C60F48 [157] or F4TCNQ [258]. But, the LUMO level of their 

non-fluorinated analogue (C60 and TCNQ) is not deep enough in order to show p-doping 

when co-evaporated with OLED HTMs. 

This demonstrates that using bismuth(III) tris(carboxylate)s for OLED HTM p-doping is 

effective due to the electron acceptance of the bismuth(III) itself and the p-doping ability of 

the complex comes first from the electrophily of the bismuth core (Bi(ac)3 is one of the rare 

non-fluorinated organic-based p-dopant for OLED). 

Additionally, the doping strength of the bismuth(III) tris(carboxylate)s seems to be enhanced 

by the fluorination of the ligand. The conductivities of the Bi(tfa)3-doped 1-TNata layers are 

higher of an order of magnitude compared to the conductivities of the Bi(ac)3-doped ones. So 

it seems of high importance to study the role of the ligands fluorination with further materials.  

 

 

a) 

  

 
b) c) 

 
 

Figure 4.9: a) Current-voltage characteristics of Bi(ac)3-doped 1-TNata single-carrier 
devices (left), and the ones for Bi(tfa)3 (right). Evolution of the conductivity of both Bi(ac)3 
and Bi(tfa)3 layers with the doping concentration b) and the semiconductor c). 
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4.2.2 - Bismuth(III) Benzoates: Electroattracting Substituents’ Nature & Position 

Different bismuth(III) tris(benzoate) derivatives have been synthesised the same way as 

Bi(tfa)3 in order to study the effect of the ligands fluorination on the doping strength of the 

complexes. Bismuth tris(benzoate) shows the same polymeric tendency as Bi(tfa)3 in the solid 

[259], but exists also as a monomer [260]. The advantage in using these bismuth 

tris(benzoate) complexes is the ability to obtain systematically and quantitatively a series of 

different p-dopants from quite affordable and commercially available precursors. Also, the 

one-step synthesis generates the dopant in a good yield with only benzene as by-product, 

easily separable with the solvent and ensuring the p-dopants good purity and reproducibility. 

This synthetic route allowed synthesising 8 different bismuth(III) tris(benzoate) p-dopants: 

 

Figure 4.10 - Table 9: Chemical structure and synthesis of the different p-doping bismuth(III) 
tris(benzoate) derivatives: 

Short Name IUPAC Name R1 R2 R3 R4 R5 

Bi(2,6-dfb)3 
Bismuth(III) 

 tris(2,6-difluorobenzoate) 
F H H H F 

Bi(3-fb)3 
Bismuth(III)  

tris(3-fluorobenzoate) 
H F H H H 

Bi(4-fb)3 
Bismuth(III)  

tris(4-fluorobenzoate) 
H H F H H 

Bi(3,5-dfb)3 
Bismuth(III)  

tris(3,5-difluorobenzoate) 
H F H F H 

Bi(3,5-tfmb)3 
Bismuth(III)  

tris(3,5-bis(trifluoromethyl)benzoate) 
H CF3 H CF3 H 

Bi(3,4,5-tfb)3 
Bismuth(III)  

tris(3,4,5-trifluorobenzoate) 
H F F F H 

Bi(pfb)3 
Bismuth(III)  

tris(perfluorobenzoate) 
F F F F F 

Bi(4-pftl)3 
Bismuth(III)  

tris(4-perfluorotoluate) 
F F CF3 F F 

• Electrical Evaluation & Dopants’ Strength 

The incorporation of each bismuth(III) tris(benzoate) derivative in the semiconductor layers 

shows an improvement in the JV characteristics in spiro-TTB, α-NPB and 1-TNata, at the 

molar ratios (1:8), (1:4) and (1:2) (see chap. 6.5 for the characteristics). 

With the improvements of characteristics are associated changes in the diode characteristics 

as built-in voltage and rectification ratio (see fig. 4.11). The diodes rectification ratio at ± 1 V 
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decreases to 1 for the most efficiently doped systems, changing the operation mode of the 

devices from rectifying diode to ohmic conductor (see fig. 4.11.a). 

For the least efficiently-doped systems, a built-in voltage which is lower than the one of the 

intrinsic OSC appears. It seems to reduce with the doping concentrations and the height of the 

HTM’s HOMO level (see fig. 4.11.b). 

For the doped systems showing an ohmic contact, the contact resistance at the electrode 

interfaces decreases with the amount of dopant introduced in a 1-TNata layer (see fig. 4.11.c). 

a) 

 

b) 

 

c) 

 

Figure 4.11: Device characteristics of the different single-carrier devices, doped with 

different bismuth tris(benzoate) derivatives: a) diode rectification ratio, b) built-in voltage 

and c) contact resistance.  
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Also at (1:2), the contact resistance is at least two orders of magnitude higher for the α-NPB 

devices than the corresponding 1-TNata and spiro-TTB ones. This agrees with the higher 

Schottky barriers formed with α-NPB as φb = Wf - EHOMO. 
Material-related properties were also extracted from the co-evaporated single-carrier devices, 

such as their conductivity and trap distribution parameter (see fig. 4.12). 

For comparative systems (same HTM and same molar ratio), a several order of magnitude 

large variation of the doping efficiency was observed. As an example, the conductivity of 

spiro-TTB doped with Bi(4-pftl)3 was 1.6·10-4 S·cm-1 while only 1.7·10-7 S·cm-1 if doped 

with Bi(2,6-dfb)3: Bi(4-pftl)3 dopes a thousand time better than Bi(2,6-dfb)3 in spiro-TTB at a 

molar ratio (1:2). 

Also, the doping effect of Bi(2,6-dfb)3 might be discussed as all the Bi(2,6-dfb)3-doped layers 

(except (1:8) in 1-TNata) have a conductivity lower than the one of the pristine 

semiconductors. Two elements indicate the doping effect, despite the sensitive change in 

conductivity: First, a reduction of the built-in voltage is observed for the Bi(2,6-dfb)3-doped 

diodes, which decreases with the doping concentration and with the height of the HTM’s 

HOMO level. The first tendency could eventually be only an interfacial effect of the electron 

acceptor at the electrodes surface. But, the second one implies this property to be OSC 

dependent (so more related to the charge generation in the OSC than eventual the formation of 

dipoles at the electrodes interface). Secondly, the trap distribution parameter r sensitively 

decreases with the doping concentration of Bi(2,6-dfb)3. It indicates the progressive trap 

activation with the dopant). These two effects are sensitive and could be fairly discussed. 

As for previously Bi(tfa)3 and Bi(ac)3, a tendency of better doping is observed for the highly 

fluorinated complexes. This tendency is respected in the three HTMs, for the three molar 

ratios. From the conductivity sets, the complexes can be classified by p-doping strength as 

following: 

Bi(4-pftl)3 > Bi(pfb)3 > Bi(3,4,5-tfb)3 > Bi(3,5-tfmb)3 > 

Bi(3,5-dfb)3 > Bi(4-fb)3 > Bi(3-fb)3 >>> Bi(2,6-dfb)3 

This series order is also given by the reduction of the trap distribution parameter in the 

different devices (see fig. 4.12). As shows the series, the doping strength of the bismuth 

complexes is not strictly ruled by the degree of fluorination of the benzoate ligands. Despite 

the difluorination of the Bi(2,6-dfb)3 ligands, the conductivity of the five Bi(2,6-dfb)3-doped 

layers is about an order of magnitude lower than the conductivity of the corresponding 

monofluorinated ligands Bi(3-fb)3 and Bi(4-fb)3 ones. Also, the r parameter for the diodes, 

which are doped with the doubly-fluorinated ligand complex, indicates a broader trap 

distribution in the OSC than for the corresponding devices doped with the monofluorinated 

ligand complexes. The same analysis can be made with Bi(3,5-tfmb)3 (with six fluorines per 

ligand) which does not promote a better conductivity than Bi(3,4,5-tfb)3 (with three fluorines 

per ligand). 
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One can notice a general better effect of the -CF3 groups on the doping effect than -F groups 

(in para- and meta- position of the benzoate ligands). The conductivity of Bi(4-pftl)3 and 

Bi(3,5-tfmb)3 is generally sensitively better than respectively Bi(pfb)3 and Bi(3,5-dfb)3.  

As the doping efficiency is not simply ruled by the number of fluorine atoms, a discriminating 

parameter of the dopants should be found, in order to quantify the effect of the fluorinated 

ligands to a physic-chemical property of the complex which could be at the origin of the 

doping property. A first discrimination by the ligands’ dipole moment was carried out. 

 

a) 

 
b) 

 

Figure 4.12: Change in conductivity (σ0) and trap distribution parameter (r) of different 
bismuth benzoate p-doped materials, depending on their volumic concentration (and molar 
ratio) and host semiconductor: a) concentration variation in 1-TNata and b) HTM variation 
at (1:2). 
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• First Discrimination - Ligands’ Dipole Moment 

As fluorine is the most electronegative element, its position in the ligands has a strong 

influence on the dipole moment of the ligands, and so, on the polarity of the ligands. A first 

discrimination of the bismuth dopants by their ligands’ dipole moment was carried out.  

In practice, it has been observed that the best p-doping bismuth tris(benzoate) materials were 

also very fluffy and difficult to handle, because they easily electrostatically stuck on surfaces. 

The high polarisability of the material seemed to be correlated to the efficiency of the 

p-doping complexes. Therefore, it comforts the idea to choose the ligands’ dipole moment, as 

a discrimination criterium.  

The dipole moment estimation was made by the determination of the ligands’ dipole moment 

in its protonated form (see table 10). The determination was made by semi-empirical 

calculation using the PM3 of the MOPAC software (the evaluation of the protonated forms 

rather than the charged ligands is a convenience choice for the calculation). The Dy 

component of the dipole moment (as represented in table 10) should give already a satisfying 

quantitative estimation of the effect of the fluorine atoms on the dipole moment of the non-

protonated ligands in the complexes (if not the dipole moment itself). 

A change in conductivity of the co-evaporated doped layers with the change of Dy can be 

observed (see fig. 4.13). A more or less monotonic evolution of log(σ0) with the change in Dy 

can be seen in the graph for the five series of dopant-OSC systems with same OSC and fixed 

concentration. The layer’s conductivity seems to be poor when the Dy component is high 

(which means more electronegative near the carboxylic/carboxylate group), and the layer’s 

conductivity seems to be high when the Dy component of the dopants’ ligand is low (which 

means more electronegative further away from the carboxylic/carboxylate group). 

Two materials over the eight are sensitively off the trend: First, despite the negligible 

longitudinal polarisation of H(pfb), Bi(pfb)3 is one of the best dopant, even comparable to 

Bi(4-pftl)3. It seems that the ortho-positioned fluorines have a positive impact on the doping, 

despite that they lower Dy due to their proximity to the chelate. Another evidence is the better 

conductivities of the Bi(pfb)3 co-evaporated layers compared to the Bi(3,4,5-tfb)3 analogues. 

Second, Bi(3,5-tfmb)3 seems to have a too low p-doping effect despite the highly polarised 

ligands. It seems that even the fact that there is six fluorine atoms on the meta-positioned 

carbons of the benzene rings, their total effect on the doping seems to be lower that the effect 

that they have on the ligands’ dipole moment shift. It seems that the substituents on the 

benzene ring have different impact on the doping, and not simply linked to the number of 

fluorines. Compared to the Bi(3,5-dfb)3-doped samples, Bi(3,5-tfmb)3-doped ones have a 

conductivity only sensitively better. So in meta position, even if the -CF3 groups seem to 

promote a better doping than the -F groups, the effect of the -CF3 is not equivalent to the 

cumulative effects of each -F for the same position in the benzene ring of the ligands.  
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Table 10: Dipole moment of the acidic ligands (PM3 calculation). Change in the ligands 

polarisation (in their protonated form) with the fluorination of the different benzoic acids (the 

dashed arrows represent the unsubstituted benzoic acid’s dipole moment): 

 2,6-dfb 3-fb 4-fb 3,5-dfb pfb 3,4,5-tfb 3,5-tfmb 4-pftl 

ǁDǁ (D) 3.342 2.741 1.220 1.181 1.168 1.901 1.963 2.148 

Dx (D) 1.262 2.595 1.194 1.180 1.140 1.127 1.079 0.879 

Dy (D) 3.095 0.882 0.250 0.033 -0.255 -1.531 -1.636 -1.733 

 

 
Figure 4.13: Correlation between the Dy component dipole moment of the protonated ligands 

and the conductivities of the co-evaporated layer of the related p-doping complexes (showing 

Bi(pfb)3 and Bi(3,5-tfmb)3 to be off the global trend). 
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In surface engineering of organic electronic electrode devices, the dipole moment of self-

assembled-monolayers (SAM) has a strong influence on the injection property of the 

electrodes [61].  Assuming the exclusive location of the dopants’ LUMO on the electrophilic 

Bi(III) core of the Lewis acid; and the ligands behaving as insulators, one can represent each 

dopant molecule as spherical MIS contact of a metallic core and a thin insulating shell (see 

fig. 4.14.a). If a one-electron transfer from the OSC’s HOMO to the dopant’s LUMO is 

assumed via tunnelling through the insulating ligands, the layer’s conductivity is determined 

by (eq. 4) and (eq. 21): 

	� = � · �� · � = 	� · �� · �
(±�¯)	V(�: ²)	 	��� �∆= + �?	2	�� · �   (eq. 42) 

And considering the vacuum-level shift of the insulating ligands interfacial dipoles ∆w’, the 

energetic barrier ∆W is determined by Helmholtz’s equation [261]: 

�= = �/0-,(b) − �+,-,(c) − �% ′ = �/0-,(b) − �+,-,(c) − � · �m · c³E  (eq. 43) 

with ND, the surface density of ligands around Bi(III); ε, the ligands’ permittivity and Dy, the 

longitudinal component of the ligand’s dipole moment, supposed to be equal to the one of the 

non-protonated ligand.  

Dy can be correlated to the logarithm of the conductivity of the co-evaporated layers: 

.8I(	�) = ´ + �/0-,(b) − �+,-,(c) + �?2	�� · � − � · �m	2	E · �� · � · c³	 
%&'ℎ	´ = .8I Z� · �� · �
(±�¯)	V(�: ²)[ 

(eq. 44) 

A linearity between the Dy component of the ligand’s dipole moment and the logarithm of the 

conductivity of the co-evaporated layers is found after two assumption. First, the mobility of 

the carriers is not affected by the different dopants. Without being absolute, it is fair enough 

considering the poor mobility change which was observed with Alq3 doping by Cs3VO4 in the 

previous chapter. Second, the surface density of ligands around Bi(III) is equivalent from one 

ligand to the other (which is quite fair as there are 3 ligands per Bi(III) on each complexes). 

Least square linear regressions to the theoretical model were made for the five series of 

dopant-semiconductor series (Bi(pfb)3 and Bi(3,5-tfmb)3 excluded - see fig. 4.14.b). 

The global trend is quite satisfying (see fig. 4.14) except the regressions show the slopes of 

the fittings to be quite different for the five series (from -0.24 to -0.58). This tendency was not 

expected as no concentration or OSC dependent term appears in the expression of the slope in 

the theoretical model.   

The usage of Helmholtz’s equation is straightforwards. Indeed, considering splitted systems 

of metallic bismuth surrounded by purely insulating ligands rather than integer closed-shell 
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organometallic systems is a top-down approach far too simplified. Then, the positive effect of 

the ortho-fluorine atoms on the Bi(pfb)3 and the too low conductivity of the Bi(3,5-tfmb)3 

makes believe in the withdrawing effect of each benzene rings’ substituents to be at the origin 

of the doping (and indirectly to change the ligands’ dipole moment). 

 

a) 

 

 

 
b) 

 

 

 

 

 

                    

- (1:8) in 1-TNata: 
- (1:4) in 1-TNata: 
- (1:2) in 1-TNata: 
- (1:2) in α-NPB: 
- (1:2) in spiro-TTB: 

log(σ0) = - 6.47 - 0.24 Dy (R² = 0.95) 
log(σ0) = - 6.48 - 0.36 Dy (R² = 0.93) 
log(σ0) = - 6.38 - 0.36 Dy (R² = 0.89) 
log(σ0) = - 6.43 - 0.58 Dy (R² = 0.94) 
log(σ0) = - 5.29 - 0.51 Dy (R² = 0.86) 

 

Figure 4.14: a) Doping mechanism based on a one-electron-transfer due to the dipole 
moment and insulation of the ligands. b) Linear regression of the data points. 
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This hypothesis has been further investigated. 

• Chemical Discrimination & Interpretation - Ligands’  Acidity 

In regards to the assumption of the withdrawing effect that the benzene substituents could 

have on the electron densities of the bismuth (so also its LUMO density), identification of 

electron withdrawing parameters was carried out. The Hammett sigma parameter was a 

satisfying one. L. P. Hammett proposed to quantify the inductive and mesomeric withdrawing 

effects of meta- and para- substituted chemical groups on benzoic acids [262]. From a linear 

free energy relationship (LFER) between the thermodynamic acid-base equilibrium of the 

substituted acids, the equilibrium shift is proposed to depend on a parameter quantifying the 

electron withdrawing strength of each substituent, depending on their position and chemical 

nature: the Hammett sigma parameter (here written σH for not confusing with conductivity). 

Being experimentally not verified for the ortho-position due to additional steric effect of the 

groups, a computed value of ortho-positioned fluorine atoms σH is also available [263]. 

Also because these withdrawing parameters are experimentally determined from the 

thermodynamic equilibrium of the Brønsted acid-base reactions (see fig. 4.15), it was also of 

equivalent interest to consider the pKa of the ligands as withdrawing parameter for the 

substituent on the different ligands: 

��(�
) = 	y(_)�� · y(±O¤\)��y(±)�� · y(±P¤)�� 	= 10_�µ¶(·¸) =	�� · 10¹º(·¸)·» (eq. 45) 

with a(X)eq, the activity of X at thermodynamic equilibrium; pKa(Ri), the substituent 

dependent pKa of the substituted benzoic acid-benzoate couple; K0, the acid/base 

thermodynamic equilibrium constant of benzoic acid and benzoate; σH(Ri), the substituent 

dependent sum of Hammett sigma parameters of each ligand’s substituent and ρ, the Hammett 

rho parameter (a parameter which is invariant with the substituent). 

After collecting the pKa and σH for the different benzoate ligands (see tables 11 and 12), a 

more or less monotonic trend of the conductivity with the pKa and the σH can be seen on the 

graphs of the five series of dopant-OSC systems with same OSC and fixed concentration (see 

fig. 4.16). The layer’s conductivity seems to be poor if the acidity of the protonated ligand and 

the total withdrawing strength of the ligands’ substituents are low, and the layer’s 

conductivity seems to be high if the acidity of the protonated ligand and the total withdrawing 

strength of the ligands’ substituents are high. 

Among the eight dopants and for the five series, only Bi(2,6-dfb)3 seems to be reproductively 

off the trend. Several aspects should be considered: 

- Except for the (1:8) 1-TNata series, the conductivity of the doped layers are lower 

than the one of the pristine materials: so the resulting conductivity is affected by 

the dilution of the OSC rather than the doping strength of the Bi(2,6-dfb)3 itself. 

- The pKa value might be affected by the steric effects of the ortho-positioned 

fluorine and therefore, not reflect only the inductive effect of the fluorines. 
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- The value of σH for (2,6-dfb) is strictly relying on the accuracy of the σH(ortho-F) 

computed value, the only one which is not experimentally determined. Hammett’s 

theory does not take into account steric hindrance, as does Taft’s one [264,265]. 

These trends which are only biased by the single material which dopes poorly, seems more 

reliable than the dipole trend: the doping occurs at the bismuth centre. 

 

Figure 4.15: Brønsted acid-base reaction between the ligand and their protonated form in 
water, with the thermodynamic equilibrium, function of the pKa and σH. 

Table 11: pKa values of the different ligands with their protonated analogue (from references 
[266-269,49]):  

 4-pftl pfb 2,6-dfb 3,5-tfmb 3,4,5-tfb 3,5-dfb 3-fb 4-fb 

pKa 1.44 1.75 2.85 3.38 3.54 3.83 3.86 4.15 

Table 12: Hammett σH constant for the different substituted benzoate ligands (from references 
[226] and with σH (ortho-F) = 0.24 as suggested in [263]): 

 4-fb 3-fb 2,6-dfb 3,5-dfb 3,4,5-tfb 3,5-tfmb pfb 4-pftl 

σH 0.06 0.34 0.48 0.68 0.74 0.86 1.22 1.40 

 

 

Figure 4.16: Correlation between the Hammett σH parameter and Brønsted acidity of the 
ligands (in their protonated form) and the conductivities of the co-evaporated layer of the 
related p-doping complexes. 
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If a doping mechanism ruled by hybrid charge-transfer complex formation at the electrophilic 

bismuth core is assumed, the formed Lewis acid-base adduct has a donor-acceptor bond 

which is partially ionic and partially covalent as given by (eq. 22). A thermodynamic 

equilibrium constant K(Ri) between a fully ionic specie and a fully covalent one can be 

defined, as function of the carrier density: 

�(�
) = 	 a(ª&O_)�� · a(±�¯\)��a(ª&O)�� · a(±�¯)�� = �P
(�: ²) · �
P(±�¯) (eq. 46) 

with a(X)eq, the activity of X at thermodynamic equilibrium, related to the carrier density by 

assuming Raoult’s law valid and a partial ionisation (as for eq. 21). Using Raoult’s law would 

assume the solid solution to be ideal. This concept is quite in contradiction with the formation 

of acid-base adduct and intermolecular interactions. But experimentally, the thickness of co-

evaporated layers is usually equal to the sum of each material thickness. Therefore, the 

enthalpy of mixing is relatively small and the mixture can be considered as quasi-ideal. Also, 

as the conductivities are below the one of the Bi(tfa)3-doped samples, the assumption of non-

total ionisation is valid. 

Comparing the Brønsted acid-base mechanism of the ligands with its protonated form in 

water and the Lewis acid-base mechanism of the complex with the OSC in the hybrid charge-

transfer, similarities can be seen between both elementary reactions (see fig. 4.17.a). An acid, 

diluted in a lone-pair donor environment, equilibrates between its neutral form and its anionic 

one by transferring a counter-charge to the medium. Two main divergences can be seen. First, 

one occurs in the liquid phase while the other occurs in solid state. Second, one promotes the 

charge generation via proton transfer while the other by electron transfer. 

In regards to this similarity, a LFER ruling the withdrawing strength of the substituted ligands 

to the doping efficiency, similar as the LFER done in the Hammett theory, can be suggested: 

��(�
)	¦	�(�
) 	⇒ 	�� · 10¹º·» = 10_�µ¶ 	¦	 �P
(�: ²) · �
P(±�¯) (eq. 47) 

If so, the ligands substituents have the same influence on their acidity as on the charge 

generation in the OSC, and two linear properties between the logarithm of layers conductivity 

and both withdrawing parameters can be found. 

.8I(	�) = .8I(� · ��) + .8I(�) = 	´ + .8I(��)2 + �2 · 	+ = 	´ − 12 	��� 

%&'ℎ	´ = .8I Z� · �� · �
(±�¯)	V(�: ²)[ 

(eq. 48) 
  

Linear regressions on a least square method, for the conductivity of the five series of doped 

systems (excluding Bi(2,6-dfb)3) to the empirical laws, were determined (see fig. 4.17.b). 
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The fittings are quite satisfying, especially in the series of (1:2) 1-TNata (which is the series 

in which concentration and OSC favours the best doping) for which the slope -1/2 for the pKa 

model is observed. Also for each series of conductivity-Hammett fitting, a positive slope of a 

value about twice higher than the slope of the corresponding conductivity-pKa fitting is found. 

It shows the ρ parameter of the Hammett equation to be around 2. The amplitude of the 

impact that the substituents have on the ligands’ acidity is twice smaller than on the charge 

generation. It might be due to an eventual cumulative electron attracting effect of the three 

withdrawing ligands on each bismuth core. 

 

a) 

 

 
 

b) 

 
 

 - (1:8) in 1-TNata: 
 - (1:4) in 1-TNata: 
 - (1:2) in 1-TNata: 
 - (1:2) in α-NPB: 
 - (1:2) in spiro-TTB: 

log(σ0) = - 6.78 + 0.59 σH (R² = 0.84)  = - 5.60 - 0.23 pKa (R² = 0.73) 
log(σ0) = - 7.02 + 1.06 σH (R² = 0.88)  = - 4.83 - 0.44 pKa (R² = 0.83) 
log(σ0) = - 7.02 + 1.19 σH (R² = 0.78)  = - 4.44 - 0.53 pKa (R² = 0.86) 
log(σ0) = - 6.84 + 0.85 σH (R² = 0.34)  = - 4.94 - 0.40 pKa (R² = 0.41) 
log(σ0) = - 6.16 + 1.55 σH (R² = 0.84)  = - 2.80 - 0.70 pKa (R² = 0.93) 

Figure 4.17: a) Doping mechanism based on a paired-electron-transfer due to the acidity and 
withdrawing effect of the ligands. b) Correlation between the Hammett σH parameter, the pKa 
of the benzoic ligands and the conductivities of the co-evaporated layers of the related 
p-doping complexes. 
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• Optical Evaluation of the Hybrid Charge-Transfers 

First, it should be pointed out that all the bismuth carboxylates which were tested as p-dopant 

show a wide optical band-gap of around 4 eV, both in solution and as a thin film (see fig. 

4.18). This feature is a key advantage for opto-electronic applications, like OLED 

development, but it is also the possibility to observe changes of the OSC absorption spectra 

which are due to only the presence of the charge-transfer complex. 

In the case of (1:2) 1-TNata, as in the case of Cr2(tfa)4, a high-energy and a low-energy 

absorption feature can be seen on the UV-vis absorption spectra (see fig. 4.18). 

The high-energy absorption is broad (≈ 1 eV), near and below the OSC’s band-gap. Also, this 

absorption is substantially intense only in the case of the Bi(4-pftl)3 stronger dopant. 

The low-energy absorption seems more sensitive to the dopant’s nature, as the maximum of 

absorption is higher for five doped-samples (see fig. 4.18). This low-energy absorption is 

energetically Gaussian-like distributed and distinct from the 1-TNata band-gap in the infrared. 

Also, the intensity of the low-energy absorption peak seems to be experimentally correlated to 

the doping efficiency, as the intensity increases with the increase of the layer’s conductivity. 

The low energy distribution of the Gaussian-like low-energy absorption peak was recorded 

with a broader spectrometer in the infrared (see fig. 4.18 - the reader will appreciate the 

qualitative contribution of these data rather than quantitatively, as these were measured later 

on glass substrates, with another facility and exposed longer in air). 

The distribution of the absorption is narrower than the high-energy absorption (≈ 0.8 eV) and 

a centre in the near infrared at Egap(CT) = 1.1 eV. Due to the large energetic difference 

between both the pure compounds’ band-gap (respectively about 3 eV for 1-TNata and 4 eV 

for the bismuth complexes) and the new absorption peak, their presence is attributed to the 

formation of the charge-transfer complexes with their own band-gap rather than the 

absorption of some eventual 1-TNata+. or BiL3
-. radicals (which should be close to the one of 

the closed-shell neutral compounds). This is conforted by two other reasons. 

- The presence of thermodynamically stable 1-TNata+. is not believed because of the 

trend of arylamines to dimerise in solution when radical cation reaction 

intermediates are formed [270,271]. 

- The presence of thermodynamically stable BiL3
-. is not believed because the 

ligands L are redox innocent, so the bismuth core should bear the +II oxidation 

degree. But one of the unusual Bi(II) carboxylate ever published is Bi2(II,II)(tfa) 4, 

and this dinuclear compound appears to be only kinetically stable as the air 

sensitive Bi2(II,II) core dismutes back to Bi(0) and Bi(III)(tfa)3 at high temperature 

[241]. Also, the reflux of both does not lead to the Bi2(II,II) compound, even after 

several days [241]. Considering the work-function of Bi(0) of 4.34 eV [49] and the 

apparently higher electron affinity of the Bi(III)L3 p-dopants, the stabilisation of a 

Bi(II)L 3
-. by one-electron transfer (even by the open-shell metallic bismuth) is 

practically not doable. 
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a) b) 

 

c) d) 

 

e) 

 

Figure 4.18: a) Absorption spectra of (1:2) doped 1-TNata layers (UV-vis analysis on quartz 
substrates). b) Correlation between intensity of the CT absorption peak (1100 nm) and the 
conductivity of the layer. c) NIR part of the absorption spectra (from glass substrates). d) 
Absorption spectra of the pure dopants, showing their band-gap at around 4 eV. e) Proposed 
energy diagrams of hybrid CT formation between the p-dopant and the different HTM with 
energetic quantifications from the new absorption features. 
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The peaks seem to have the same energy centre, from one doped system to the other. It shows 

that the CT band-gap energy does not depend on the substituent on the bismuth dopants. It 

also demonstrates the interaction between the OSC and the BiL3 complexes to occur at the 

electrophilic bismuth core, far from the ligands with a different chemical environment which 

can have an energetic influence. This last observation differs from the similar experiment with 

the usage of the substituted TCNQ dopants [91]. The reason could lie on the higher proximity 

of the substituents to the electrophilic site of the dopant: The OSC cannot ‘touch’ the TCNQ 

dopant without ‘touching’ the substituent (at the opposite of the bismuth complexes). 

From the centre and the broadness of the CT peak, considering EHOMO(1-TNata) = -5.1 eV and 

β, the exchange integral of the 1-TNata-BiL3 bond, the depth of the CT complexes’ frontier 

orbitals are evaluated (see fig. 4.18), as the depth of the dopants’ LUMO level: 

�/0-,(ª&O) − �+,-,(1 − ��y'y) = 	−����(ª&O: 1 − ��y'y) + 	2	o() �/0-,(ª&O) = 	2	o() − 	6.2	�; 
(eq. 49) 

From the exchange integral β, the conductivity can be determined by using (eq. 4) and (eq. 5): 

	� = � · �� · � = 	� · �� · �� · ��� � −o2	�� · � 	 %&'ℎ	2	o < ����		 (eq. 50) 

Considering µ0 between 3·10-6 and 3·10-5 cm2·V-1·s-1 (see chap. 6.5) and N0 as equal to the 

NBiL3;i in an ideal case in which all the dopants interact with their surrounding (from 

2.94·1020 cm-3 for Bi(3,5-tfmb)3 to 3.34·1020 cm-3 for Bi(3-fb)3), a σ0;min can be found in the 

limit case which 2 β = Egap. This mininum lies between 2.4·10-9 and 2.7·10-8 S·cm-1. 

This theoretical limit of minimum conductivity agrees with the higher experimental 

conductivities obtained by the electrical characterisations. 

As the semiconductors are all arylamines with phenyl rings and tertiary nitrogens (and methyl 

groups for spiro-TTB), they belong to the same class of chemicals. Also the electrical 

experiments showed the bismuth complexes to dope also these materials. And, their HOMO is 

sensitively of same energy (from -5.1 to -5.4 eV). So, the mechanism of doping from one 

semiconductor to the other is supposed to be the same. The hypothesis of the existence of a 

lower energy CT absorption peak for the other HTM was made. This assumption of a much 

lower energy CT absorption is also possible as a CT band-gap of CBP p-doped by MoO3 were 

observed down to 3800 cm-1 (0.47 eV) [272,273]. 

The verification of this assumption is not obvious on the near infrared spectra of the doped 

spiro-TTB and doped α-NPB layers (see fig. 4.19). 

The layers show also a broad high-energy absorption near the band-gap but not many changes 

on the low-energy part of the spectra. A sensitively absorbing increase which is centrered on 

0.9 eV was observed for the Bi(pfb)3-doped spiro-TTB layer. 
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a) b) 

 

c) d) 

 

e) 

 
 

Figure 4.19: Absorption spectra of (1:2) doped layers of spiro-TTB a-b) and α-NPB c-d) 
(UV-vis analysis on quartz substrates on the left and NIR one on glass on the right). e) 
Proposed energy diagrams justifying the LUMO level of the bismuth dopants to be below the 
HTMs’ HOMO level, regarding the different Egap(CT) for the doped-1-TNata layer and the 
Bi(pfb)3-doped spiro-TTB layer. 
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Considering the depth of the OSCs’ HOMO level and considering the tendency observed in 

1-TNata for the CT absorption intensity to be higher in the higher-conductivity layers, it is 

consistent to think that the absorption of the CT complex in the other OSC is bearly visible 

because of the lower doping effect for these deeper-HOMO-level OSCs. 

As qualitatively appreciable the CT absorption of the (1:2) Bi(pfb)3-doped spiro-TTB layer 

could be, and considering β independent of the used OSC, the 0.2 eV lower-energy CT 

absorption present in the spiro-TTB layer demonstrates the LUMO level of the dopant to be 

below the HOMO level of the OSCs (at least, both 1-TNata and spiro-TTB - see fig. 4.19). 

The increase of carrier density with the fluorination of the ligands could potentially be 

explained by the promotion of two individual factors (see fig. 4.20): 

 - The complexes’ fluorination lowers the LUMO level of the dopants 

 - The ligands’ electro-attraction decreases the orbital overlap with the HTM 

The first statement is an empirical observation already seen for number of dopants in the 

literature. In general, the fluorination of organic molecules decreases their LUMO level in the 

thin-film: 0.7 eV downwards-shift from TCNQ’s LUMO level [258] to F4TCNQ’s one [65], 

2.1 eV downwards-shift from CuPc’s LUMO level [65] to F16CuPc‘s one [191] and about a 

1.9 eV downwards-shift from C60‘s LUMO level [65] to C60F36’s one [156]. It has also been 

experimentally characterised by cyclic-voltametry that the ionisation energy of diruthenium 

paddlewheel organometallic complexes changes linearly with the acidity of their fluorinated 

benzoic ligands [274]. 

The second statement assumes that the molecular LUMO remains on the Bi(III) core (because 

of the electrophily of the core) and monomers of similar geometry are evaporated for all 

complexes. In this context, the acidity of the withdrawing ligands would pull the electron 

density further to the ligands. Bi(III) remaining electrophilic (and so, being the main site of 

the LUMO) but less because of the ligands electro-attraction, it would have a smaller 

maximum overlap with the neighbouring HTM. 

Physically, the exchange integral decreases and promotes the thermally-activated charge 

separation from the HTM’s HOMO to the CT complex’s LUMO as shows (eq. 5). 

Chemically, the exchange integral decreases and promotes the covalent term in Klopman’s 

equation, in favour of the ionic contribution as shows (eq. 22). 

In addition to the fact that the optical band-gap of the CT complex remains constant from one 

dopant to the other (as showed the UV-vis-NIR spectra in 1-TNata), a schematic of energy 

evolution is proposed (see fig. 4.20). The scheme proposed to explain the evolution of the 

adduct frontier orbitals considering the increase of Lewis acidity: 

- Decrease of LUMO energy of the dopants 

- Decrease of the β coupling energy 

- Constance of the Egap(CT) 
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a) 

 
“1- With the increase of the acidity increases the electron acceptance: decrease of the  

LUMO level.” 

b) 

 
“2- With the increase of the ligands’ acidity decreases the intermolecular orbital overlap 

and by Mulliken’s approximation, their exchange integral too.” 

c) 

 

Figure 4.20: Summarised effects of the doping BiL3 Lewis acids on the HTM and proposed 
energy diagrams from explaining the doping evolution with the material: the effect of the 
fluorination on a) the dopants’ LUMO level, on b) the decrease in donor-acceptor exchange 
integral. c) Evolution of the materials’ energies for doped 1-TNata. 
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The diagram shows that with the evolution of the acidity of the p-dopant is decreasing β, 

decreasing the LUMO depth of the bismuth complexes and keeps a same charge-transfer 

band-gap from the usage of one bismuth complex to the other. 

If the charge generation is determined exclusively by the difference of energy between the 

HOMO of the OSC and the LUMO of the hybrid charge-transfer complex (this difference 

being β), the diagram also correlates the doping efficiency of the complexes with the acidity 

of the ligands. 
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Chapter 5 - Application on White OLED 

Devices 
White OLED devices were made with different doped-HTLs. These layers were doped by co-

evaporation of 10 % of one of the bismuth p-dopant studied in the previous chapter. 

The choice for the usage of this p-dopant for the product was made in consideration of its 

potential suitability for the product and the process: in regards to the electrical performance, 

but also criteria such as air stability, process control, batch reproducibility and off-state 

appearance (see table 13). 

Table 13: Summary of different characteristics of some selected bismuth dopants, necessary 
but not sufficient for the development of OLEDs: 

 Bi-1 Bi-2 Bi-3 

Material Air Stability Yes Yes Yes 

Outgasing 

(@ 2·10-6 mbar) 
< + 10-7 < + 10-7 < + 10-7 

JV Reproducibility 

(15 % in HTM-1) 

2 orders of 

magnitude over 8 

batches 

1 order of 

magnitude over 16 

batches 

< 1 order of 

magnitude over 9 

batches 

Conductivity 

(15 % in HTM-1) 
σ0 3.1 σ0 46.6 σ0 

Absorption 

(15 % in HTM-1) 
No Absorption No Absorption Blue Absorption 

Off-State Appearence 

(15 % in HTM-1) 
Uncoloured Uncoloured Reddish 

 

The selection of the Bi-n (n = 1, 2, 3) dopants was made in consideration of several aspects. 

First, in addition of the optical stability of the pure thin-films of dopant (see chap. 6.4), the 

electrical characteristics of devices co-evaporated with pre-exposed bismuth dopants in air 

were sensitively similar to the reference (for a 1-min, 5-min, 1-hour and an overnight air 

exposure). In regard to this test, the doping materials are pretty stable to air exposure and can 

be loaded in the vacuum chamber without expecting strong changes in the JV characteristics 

if the material has been shortly exposed to air. 
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a) b) 

 
 

c) 

 

 
 

 

Figure 5.1: a) Example of reproducibility tests made on 16 different batches one of the Bi-n 

dopant. b) Material air stability test of a representative batch of this dopant, pre-exposed to 

air for different durations. c) Outgasing tests of a representative batch of the same dopant. 

The other two Bi-n dopants showed sensitively similar properties of material stability to 

temperature under vacuum and to pre-exposure in air. 
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Also, all the three dopants show no outgasing during the warm-up of the heating source for a 

volumic load of about 0.25 cm3 (see fig. 5.1). Because no out-gasing occurs, the device 

lifetime is preserved from any influence of volatile decomposition product coming from the 

dopant processing. 

Considering the reproducibility of the results over different batches, a tendency of “the better 

the doping, the better the reproducibility” was found (see table 13). Bi-1 layers being the less 

conductive, it has electrical characteristics which are reproducible in a two orders of 

magnitude range for eight material batches tested. Bi-2 being three times more efficient shows 

electrical characteristics reproducible over an order of magnitude for 16 tested material 

matches. And in the case of the very efficient Bi-3 dopant, the electrical characteristics are 

sensitively similar from one material batch to the other, for nine tested batches. 

But on the other hand, the most efficient Bi-n-doped layer has shown slightly more absorption 

in the visible than the others, leading to a light reddish tinge of the 200 nm thin-films. 

As a compromise for selecting a good material, considering acceptable optical and electrical 

properties and good off-state appearance for a product, One of the three Bi-n was chosen for 

further investigation (called here “P-1”). 

The material showed a remarkable thermal stability which fully satisfies industrial 

requirements for processing by physical vapor deposition. The P-1 material shows to be stable 

under vacuum, at least at 70 °C higher than its sublimation point under vacuum (see fig. 5.2). 

          

 
                Location A                                                                                                  Location B 

Figure 5.2: High vacuum evacuated sealed ampoule with P-1, after exposure in an oven set 

at 300 °C during 144 h. 

Table 14: Carbon analysis of the P-1 material lying at the different location in the ampoule 

after treatment: 

 Location A Location B 

3x sublimed material No Material Calc. + 0.44 %C 

144 h @ 260 °C Calc. + 0.49 %C Calc. + 0.05 %C 

144 h @ 280 °C Calc. + 0.63 %C Calc. + 0.12 %C 

144 h @ 300 °C Calc. + 0.49 %C No Material 

144 h @ 315 °C Calc. + 0.47 %C Calc. + 0.18 %C 

144 h @ 330 °C Calc. + 0.14 %C Decomposition 
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a) 

 

*CGL: Charge Generation 

Layer 

b) 

 

c) 

 

Figure 5.3: a) Device stack used for the white OLED conception. Material aspect of P-1 b) 

after 3-time sublimation and c) after a 315 °C ampoule test. 

 

Table 15: Extracted properties of the 4 white OLED devices with different HIL/HTL: 

HIL/HTL 
L 

(cd/m2) 

Peff 

(lum/W) 

Ieff 

(cd/A) 

EQE 

(%) 
Cx/Cy 

U 

(V) 

I 

(mA/cm2) 

CCT 

(K) 

LT70 

(h) 

P-1 in 

HTM-1 
1935 39.3 75.3 33.0 

0.422 

0.401 
6.03 2.57 3242 560 

P-1 in 

HTM-2 
2598 35.3 68.3 31.0 

0.423 

0.389 
6.07 3.81 3133 430 

P-1 in 

HTM-3 
2745 37.6 71.7 31.6 

0.420 

0.400 
5.99 3.83 3271 610 

P-2 in 

HTM-3 
1924 37.6 72.9 25.1 

0.371 

0.455 
6.09 2.64 4621 580 
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Tests show the selected bismuth p-doping complex to be applicable in white OLED devices 

with performances comparable or better than other commercially available p-dopants (see 

table 15). 

• Power Efficency 

Despite the p-doping complex to be Lewis acidic, and so luckily undergo as a hybrid CT 

complex with the semiconductor, the experiment shows its “weak” doping effect to be 

effective enough compared to a commercially available p-dopant (here called “P-2” [275]) in 

a sophisticated white OLED device stack. 

In the same hole transport material, P-1 doped devices show the same power efficiency than 

the P-2 doped device, even for a higher luminance. 

• Stability 

The device exhibits a higher lifetime, which can be attributed to the high stability of the P-1 

material. Ampoule tests of P-1 were positive at 300 °C (up to 70 °C above the sublimation 

temperature of the material) while P-2 shows decomposition at a comparatively lower 

temperature under thermogravimetric analysis [275] Additionally, despite the colour change 

of the P-1 material for ampoule test above 300 °C, elemental analysis of the material treated 

at 315 °C do not show any change of chemical composition, suggesting an even higher 

thermal stability. 

• Transparency 

All the P-1 devices show at least 5 % higher external quantum efficiency compared to the 

commercially available p-dopant reference. The phenomenon can be attributed to the higher 

transparency of the P-1 doped layers, due to both the high band-gap bismuth p-dopants (over 

3.1 eV), and the small band-gap of the CT complexes in the NIR region. In the case of P-2, 

the lower EQE could at least be due to the absorption of the pristine doping material, as its 

optical band-gap is located in the visible part of the light spectrum [275]. 
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Chapter 6 - Experiments & Results’ Detail 

6.1 - Material Synthesis 

• Cs3VO4 (caesium orthovanadate), Rh2(tfa)4 (dirhodium(II,II) 

tetrakis(trifluoroacetate)) and Bi(ac)3 (bismuth(III) tris(acetate))  

The materials were ordered from Sigma-Aldrich. The other dopants were synthesised by 

Schenk technique under argon with alkali-metal-dry solvents. Mp: Rh2(tfa)4 > 300 °C (dec.); 

Bi(ac)3 = 285-290 °C. Elemental analysis after sublimation: Rh2(tfa)4 15.99 %C (theo. 14.59 

%C), 2.94 %H (theo. 0 %H); Bi(ac)3 18.4 %C (theo. 18.65 %C), 2.9 %H (theo. 2.33 %H). 

• Mo2(tfa)4 - Dimolybdenum(II,II) tetrakis(trifluoroacetate) 

The dimolybdenum(II,II) tetrakis(trifluoroacetate) was synthesised based on published 

literature [236,276]. The end product is a yellow powder. Mp = 210-215 °C (subl.). Elemental 

analysis after sublimation: 15.16 %C (theo. 14.91 %C), 0.87 %H (calc. 0 %H). 

• Cr2(tfa)4 - Dichromium(II,II) tetrakis(trifluoroacetate) 

The dichromium(II,II) tetrakis(trifluoroacetate) was synthesised based on published literature 

[235,277,278]. Metallic chromium (2.5 g, 48.1 mmol) was stirred in 30 mL of distilled water 

during dropwise addition of hydrochloric acid 32 % (8 mL, 82.5 mmol). Potassium carbonate 

(15 g, 1.56 mol) dissolved in 50 mL of water was added to the chromium dichloride solution 

to form a pale yellow precipitate of dichromium tetrakis(carbonate) of potassium 

(K4Cr2(CO3)4, 2 H2O) after stirring overnight. The precipitate was then filtered, washed with 

ethanol (3·50 mL) and vacuum dried (86.8 %, Mp > 300 °C dec.). The salt (4 g, 7.46 mmol) 

was then reflux during four hours with trifluoroacetic acid (3.7 mL, 48 mmol). After cooling, 

the solution was extracted with benzene (2·50 mL) and then dried. The end-product is an 

indigo powder. Yield = 62.1 %. Mp = 95-100 °C. 

• Bi(tfa)3 - Bismuth(III) tris(trifluoroacetate) 

Bismuth(III) tris(trifluoroacetate) was synthesised based on published literature [252,279]. 

Triphenylbismuth (4.40 g, 10 mmol) (from ABCR, sublimed grade) was dissolved and stirred 

in 130 mL of dry benzene. Trifluoroacetic acid (from Fluorochem, 2.32 mL, 31 mmol) was 

added after dissolution and stirred at ambient temperature overnight. The precipitate was then 

filtered, washed with cyclohexane (2·30 mL) and dried. The end-product is a white powder. 

Yield = 66 %. Mp = 150-155 °C (lit. 186-189 °C [280]). Elemental analysis after sublimation: 

11.17 %C (calc. 11.90 %C). 
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• BiL 3 - Substituted bismuth(III) tris(benzoate) 

The substituted bismuth(III) tris(benzoate) were systematically synthesised based on the 

synthesis of Bi(tfa)3. Triphenylbismuth (“x” mmol) (from ABCR, sublimed grade) and the 

corresponding fluorinated benzoic acid (from Sigma Aldrich or Fluorochem, “y” mmol) in 

slight excess were dissolved and stirred in about 80 mL of dry benzene (see table 16 for 

details). After overnight reflux, the white precipitates were filtered and twice washed with 

cold benzene (about 2·15 mL) and dry under medium vacuum for at least three hours. The end 

products are white powders. 

 

Some of the bismuth complexes were upscaled to realise the performances shown in the fifth 

chapter: 23.3 g rough material batches were realised, leading to 15.95 g of pure p-dopant, 

after three purifications by sublimation [281]. Recrystallisation of the bismuth complexes was 

hardly achievable. Purification by this technique was not much investigated as the ability to 

sublime is a prerequisite for using the material by vacuum process. Also, the recrystalised 

bismuth complexes did not show any visible improvement in the electrical characteristic 

compared to the sublimed one (even outgasing was often observed, luckily due to solvent 

molecules which were eventually present in the crystal lattice). 

In general, the reasonable proximity of carbon and hydrogen contents given by the elemental 

analysis for the sublimed materials compared to the theoretical value confirms the 

processability of the materials by sublimation of the dopant without noticeable 

decomposition. 

Usually, carbon contents are lower than the theoretical calculated values (but below a percent 

of difference) and hydrogen content slightly higher (but below a percent of difference). This 

trend is attributed to the hygroscopy of the material. As the materials are loaded in air to 

perform the analytics, measurements of water coordinated compounds can cause this 

observable effect. But in any case, theses elemental analysis show solvent-free and 

protonated-ligand-free compounds. 

Elemental analysis of Cr2(tfa)4 was not performed because of its high air sensitivity. But 

UV-vis-NIR absorption experiments gave a spectrum of the thin-film according to the 

material in solution and to published spectra [278,282] (see part 6.4). 

 

 

 

 

 

 

 

 

 



 

Chapter 6 - Experiments & Results’ Detail 

 

103 

 

Table 16: Details on the synthesis of the substituted bismuth tris(benzoate): 

 x & y (g) x & y (mmol) 
Yield 

(%) 
Mp (°C) 

Elem. Anal. 

%C %H 

Bi(2,6-dfb)3 

2.00 / 2.09 4.54 / 13.83 95 N.M. 36.4 1.5 

after sublimation 245-250 36.2 1.5 

calculated 37.06 1.32 

Bi(4-fb)3 

2.17 / 2.03 4.94 / 15.23 87 N.M. 40.2 1.8 

after sublimation 280-285 42.4 2.3 

calculated 40.26 1.92 

Bi(3-fb)3 

2.17 / 2.01 4.94 / 15.10 69 N.M. 40.2 1.9 

after sublimation 225-230 39.2 2.3 

calculated 40.26 1.92 

Bi(3,5-dfb)3 

2.00 / 2.16 4.54 / 14.30 68 N.M. 36.1 1.5 

after sublimation 250-255 36.3 1.4 

calculated 37.06 1.32 

Bi(3,5-tfmb)3 

5.02 / 9.13 11.41 / 35.38 97 N.M. N.M. N.M. 

after sublimation > 300 33.5 0.5 

calculated 33.06 0.92 

Bi(3,4,5-tfb)3 

1.85 / 2.18 4.20 / 12.88 93 N.M. 34.0 1.6 

after sublimation 275-280 33.8 1.2 

calculated 34.33 0.82 

Bi(pfb)3 

3.00 / 4.48 6.81 / 21.12 75 N.M. N.M. N.M. 

after sublimation > 300 29.9(6) N.M. 

calculated 29.93 0.00 

Bi(4-pftl)3 

1.63 / 3.00 3.69 / 11.45 73 N.M. N.M. N.M. 

after sublimation 235-240 30.0 1.4 

calculated 29.03 0.00 

N.M.: Non-measured 
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6.2 - Material Purification 

The p-doping materials were primarily sublimed under high vacuum before testing 

(base pressure < 1.10-5 mbar). The sublimation setup used for purifying the materials is 

displayed below (see fig. 6.1 and table 17): 

 

a) 

 
 

b) 

 
 

c) 

 

 
 

Figure 6.1: a) Picture and schematic of the material sublimation apparatus. The temperature 

gradient drives the material on the cooler part of the tube, free of any contaminant. b) 

Schematic representation of the sublimation apparatus. c) Picture of the sublimation tube, 

after a first sublimation of a bismuth dopant. 
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Table 17: p-dopants’ sublimation temperature (in °C ± 10 °C *): 

Rh2(tfa)4 Mo2(tfa)4 Cr2(tfa)4 Bi(tfa)3 Bi(ac)3 Bi(4-fb)3 Bi(3-fb)3 
180 80 110 150 150 220 210 

 

Bi(2,6-dfb)3 Bi(3,5-dfb)3 Bi(3,4,5-tfb)3 Bi(pfb)3 Bi(3,5-tfmb)3 Bi(4-pftl)3 
250 210 210 210 220 220 

* the values are strongly depending on the amount of material placed in the tube 

6.3 - Device Processing 

The purified materials were introduced in organic host material via thermal-co-evaporation 

under vacuum (base pressure < 2.10-6 mbar). 

The vacuum chamber is built as shown below (see fig. 6.2). 

Figure 6.2: High vacuum evaporator (left) with highlight of the different elements (top right). 

Schematic representation of the co-evaporation inside of the vacuum chamber (bottom right). 

Organic and metal organic compounds were heated from alumina crucibles set in point source 

evaporator deposition source and inorganic materials from closed boats heated via a resistive 

thermal source. Evaporation rates were individually monitored thanks to separated 6-MHz-

quartz sensor microbalances (QCM) in order to ensure a homogeneous doping profile over the 

doped layers. 
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In the case of Cs3VO4 doped layer, the displayed concentrations are volumic. In the case of 

the organometallic p-dopants, the layers were evaporated in molar concentration. The molar 

ratios (x:y) of the p-dopant “x” and the semiconductor “y” were determined as: 

(� ∶ ²) 	= 	 �¾�³ 	= 	¯³¯¾ 	N¾N³ 	= 	¯³¯¾ 	
(� �⁄ )¾(� �⁄ )³ 	¾³ 	= 		¯³¯¾ 	

(� �⁄ )¾(� �⁄ )³ 		�¾�³ 	′¾′³ (eq. 51) 

Where Mi is the molar mass of the material i and (ρ/T)i is the ratio of the density over tooling 

factor set for the evaporation after the material i was tooled. The parameter Ti corresponds to 

the geometric tooling factor for the material i, which is determined as the ratio of the 

thicknesses displayed by the permanent QCM and a second QCM placed at the substrate’s 

position for a test evaporation. 

From the determination of (ρ/T)i and the geometric tooling factor Ti, one can estimate the 

density of material deposited on the substrate, assuming this material density to be the same 

on the QCM (see table 18): 

 

Table 18: Value of the different determined densities ρ (in g·cm-3): 

Rh2(tfa)4 Mo2(tfa)4 Cr2(tfa)4 Bi(ac)3 Bi(tfa)3 Bi(4-fb)3 Bi(3-fb)3 

2.441  

(± 8.37 %) 

2.112  

(± 22.6 %) 

2.10 

(± 8.73 %) 

4.13 

(± 8.69 %) 

3.553 

(± 5.99 %) 

2.11 

(± 7.87 %) 

2.05 

(± 6.86 %) 
 

Bi(2,6-dfb)3 Bi(3,5-dfb)3 Bi(3,5-tfmb)3 Bi(3,4,5-tfb)3 Bi(pfb)3 Bi(4-pftl)3 

2.28 

(± 6.21 %) 

2.20 

(± 9.05 %) 

1.90 

(± 7.23 %) 

1.97 

(± 6.27 %) 

2.47 

(± 4.58 %) 

2.66 

(± 7.93 %) 

Published crystal structure densities: 1lit.[ 238]: 2.75; 2lit.[ 236]: 2.49; 3lit. [256]: 3.18 

 

Co-evaporated materials were deposited on ITO-patterned glass substrates to record their 

electrical performances on quartz substrates to get the optical characteristics. Substrates 

loaded in the evaporator were primarily cleaned in a 0.2 % MucasolTM solution bath under 

ultrasounds before water spin-rinse-drying. ITO-patterned electrical devices were additionally 

treated by an oxygen plasma to remove any remaining organic from the ITO electrodes (see 

fig. 6.3 for device architecture). Capacitor substrates were made in three steps: First, the glass 

substrates were treated by UV photolithography and developed after the deposition of a spin-

coated positive photo-resist and shaddowed by a negative mask. Second, a 3 nm Cr and a 

50 nm Al layers were deposited on the cured-resist patterned substrates. Third, the substrates 

were lifted-off with acetone and ultrasounds under argon. The substrates were kept under 

argon before usage, for avoiding oxidation. 
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Figure 6.3: Device architecture (2-inches-side substrates): the ITO-stacked device (top left), 

the interdigitated cell (top right) and the aluminium capacitor devices (middle). Atomic Force 

Microscope surface morphology of ITO electrodes (bottom). 
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6.4 - Optical Characterisation 

UV-vis-NIR spectroscopy was performed to record the different energy transition in the thin-

film materials and the dopants dispersed in solution. The absorption spectroscopy was 

performed with a Perkin-Elmer Lambda 2 UV/Vis spectrophotometer on quartz substrates for 

material thin-films (co-evaporated and pure materials) and in quartz cuvettes for solution 

absorption (dry diethylether was used as a solvent). The displayed thin-film spectra were 

referenced to a blank quartz substrate in the optical cell and the solution spectra to a 

diethylether filled cuvette. 

Because the pure paddlewheels show percolation on quartz instead of smooth thin-films, 

reflection spectroscopy was carried out on thick layers instead of absorption spectroscopy on 

thin-films. This was performed with a Perkin-Elmer Lambda 35 UV/Vis spectrometer. 

Co-evaporated layers and solutions spectra displayed in the previous chapters were recorded 

via the same methods. The analysis performed at a wavelength higher than 1100 nm were 

carrier out with a Varian Cary 5000 absorption spectrometer on glass substrates. 

 

 

 

 

Rh2(tfa)4 - Dirhodium(II,II) tetrakis(trifluoroacetate) 

 

 

Figure 6.4: UV-vis-NIR reflection spectrum of the thick-film (left) and in solution (right). 

Optically air stable green-coloured film. Green-coloured transparent solution of 6.4 mg in 

2.32 g of diethylether (total dissolution). Reflection onset (optical band-gap) at 1.5 eV 

(lit.: 1.55 eV [238]). 
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Mo2(tfa)4 - Dimolybdenum(II,II) tetrakis(trifluoroacetate) 

 

 

Figure 6.5: UV-vis-NIR reflection spectrum of the thick-film (left) and in solution (right). 

Optically air stable yellow-coloured film. Yellow-coloured transparent solution of 4.9 mg in 

2.11 g of diethylether (total dissolution). Reflection onset (optical band-gap) at 2.8 eV. 

 

Cr2(tfa)4 - Dichromium(II,II) tetrakis(trifluoroacetate) 

 

 

Figure 6.6: UV-vis-NIR reflection spectrum of the thick-film (left) and in solution (right). 

Air sensitive purple-coloured film. Purple-coloured transparent solution of 3.8 mg in 2.28 g of 

diethylether (total dissolution). Solution turns green when exposed to air. Reflection onset 

(optical band-gap) at 1.7 eV. Spectrum similar as in literature [278] and [282]. 
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Bi(ac)3 - Bismuth(III) tris(acetate) 

 

 

Figure 6.7: UV-vis-NIR absorption spectrum of the thin-film (left) and in solution (right). 

Optically air stable thin-film of 30 nm. Non-coloured opaque suspension of 2.3 mg in 2.11 g 

of diethylether (poor dissolution). Absorption onset (optical band-gap) at 4.1 eV. 

 

Bi(tfa)3 - Bismuth(III) tris(trifluoroacetate) 

 

 

Figure 6.8: UV-vis-NIR absorption spectrum of the thin-film (left) and in solution (right). 

Optically air stable thin-film of 30 nm. Non-coloured opaque suspension of 5.5 mg in 2.38 g 

of diethylether (partial dissolution). Absorption onset (optical band-gap) at 4.0 eV. 

 

 



 

Chapter 6 - Experiments & Results’ Detail 

 

111 

 

Bi(2,6-dfb)3 - Bismuth(III) tris(2,6-difluorobenzoate) 

 

 

Figure 6.9: UV-vis-NIR absorption spectrum of the thin-film (left) and in solution (right). 

Optically air stable thin-film of 50 nm. Non-coloured opaque suspension of 4.4 mg in 2.08 g 

of diethylether (poor dissolution). Absorption onset (optical band-gap) at 3.8 eV. 

 

Bi(4-fb)3 - Bismuth(III) tris(4-fluorobenzoate) 

 

 

Figure 6.10: UV-vis-NIR absorption spectrum of the thin-film (left) and in solution (right). 

Optically air stable thin-film of 50 nm. Non-coloured opaque suspension of 3.7 mg in 2.32 g 

of diethylether (poor dissolution). Solution turns opaque when exposed to air. Absorption 

onset (optical band-gap) at 4.0 eV. 
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Bi(3-fb)3 - Bismuth(III) tris(3-fluorobenzoate) 

 

 

Figure 6.11: UV-vis-NIR absorption spectrum of the thin-film (left) and in solution (right). 

Optically air stable thin-film of 50 nm. Non-coloured transparent solution of 4.9 mg in 2.30 g 

of diethylether (total dissolution). Absorption onset (optical band-gap) at 3.9 eV. 

 

Bi(3,5-dfb)3 - Bismuth(III) tris(3,5-difluorobenzoate) 

 

 

Figure 6.12: UV-vis-NIR absorption spectrum of the thin-film (left) and in solution (right). 

Optically air stable thin-film of 50 nm. Non-coloured transparent solution of 4.2 mg in 2.23 g 

of diethylether (total dissolution). Absorption onset (optical band-gap) at 4.0 eV. 
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Bi(3,5-tfmb)3 - Bismuth(III) tris(3,5-bis(trifluoromethyl)benzoat e) 

 

 

Figure 6.13: UV-vis-NIR absorption spectrum of the thin-film (left) and in solution (right). 

Optically air stable thin-film of 50 nm. Non-coloured opaque suspension of 5.4 mg in 2.47 g 

of diethylether (partial dissolution). Absorption onset (optical band-gap) at 4.0 eV. 

 

Bi(3,4,5-tfb)3 - Bismuth(III) tris(3,4,5-trifluorobenzoate) 

 

 

Figure 6.14: UV-vis-NIR absorption spectrum of the thin-film (left) and in solution (right). 

Optically air stable thin-film of 50 nm. Non-coloured opaque suspension of 3.7 mg in 2.29 g 

of diethylether (partial dissolution). Absorption onset (optical band-gap) at 4.0 eV. 
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Bi(pfb)3 - Bismuth(III) tris(pentafluorobenzoate) 

 

 

Figure 6.15: UV-vis-NIR absorption spectrum of the thin-film (left) and in solution (right). 

Optically air stable thin-film of 52 nm. Non-coloured opaque suspension of 5.2 mg in 2.28 g 

of diethylether (partial dissolution). Absorption onset (optical band-gap) at 3.9 eV. 

 

Bi(4-pftl) 3 - Bismuth(III) tris(4-perfluorotoluate) 

 

 

 Figure 6.16: UV-vis-NIR absorption spectrum of the thin-film (left) and in solution (right). 

Optically air stable thin-film of 50 nm. Non-coloured transparent solution of 2.8 mg in 2.34 g 

of diethylether (total dissolution). Absorption onset (optical band-gap) at 3.7 eV. 
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6.5 - Electrical Characterisation 

Single-carrier stacked devices were made on the ITO-patterned substrates. 200 nm of 

co-evaporated organic material were deposited on them. Stacked devices were covered by an 

aluminium cathode. The characteristics displayed in this section are representative 

characteristics of the measurement of 16 different stacked devices with individual ITO anodes 

and 4 different cathodes, interconnecting a set of 4 devices. The JV characteristics were 

reproductively measured on a probing station connected to a Keithley 237 high voltage source 

measure unit as were the characteristics displayed in the previous chapters. Linear-voltage 

plotted characteristics were recorded from -5 V to 5 V with 0.1-V steps of 0.5-second duration 

while logarithmic-voltage plotted characteristics were recorded from 0 V to +5 V with 0.005-

V steps of 0.5-second duration. 

In this section are displayed the material conductivity σ0 (relative standard error in brackets), 

extracted from the interdigitated ITO cells, using the same measurement setup as for the 

stacked devices. 

Capacitance measurements were done on the aluminium patterned devices, using an Agilent 

4294A Precision Impedance Analyzer. In this section are reported the co-evaporated materials 

dielectric constant εr (relative standard error in brackets), extracted from the geometric 

capacitance of the Al-organic-Al diodes. For the most conductive layer, the equivalent 

impendance does not behave as a capacitor and therefore, the dielectric constant for the “too 

conductive” devices have not been evaluated. 

The trap distribution parameter “r” (relative standard error in brackets) is evaluated from the 

maximum of ∂log(J)/∂log(V). 

Field-effect mobility (µ0 and γ - relative standard errors in brackets) reported in the tables 

were calculated considering Murgatroyd’s equation only on SCLC regions showing a voltage 

dependency as J α Vx with 2 < x < 2.5. Below 2, the currents are considered to start to be 

“ballistic” and to not obey Murgatroyd’s equation. Above 3, the currents are considered to be 

either affected by the diode’s “aging” or by “trapping” (as an elongated TFLC region). The 

confirmation of these non-Murgatroyd-equation-driven SCLC was additionally assessed by 

the non-linearity of their ln(J/V2) vs. V1/2. 
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Rh2(tfa)4 - Dirhodium(II,II) tetrakis(trifluoroacetate) 

• Concentration Variation in 1-TNata 

Table 19: Rh2(tfa)4-doped 1-TNata properties extracted electrical characterisation: 

 (1:8) (1:4) (1:2) 

Exp. molar ratio 1/7.84 (4.26 vol.%) 1/3.94 (8.13 vol.%) 1/1.96 (15.13 vol.%) 

σ0 (S·cm-1) 3.20·10-8 (± 2.16 %) 4.74·10-8 (± 1.13 %) 2.39·10-8 (± 1.75 %) 

ρc.;0 (Ω·cm-2) no ohmic contact 

Ebi (kV·cm-1) 11.00 (± 22.7 %) 2.88 (± 21.7 %) 3.38 (± 25.9 %) 

εr 2.70 (± 8.11 %) 2.60 (± 6.69 %) 2.59 (± 3.44 %) 

r + 1 12.7 (± 3.96 %) 7.81 (± 18.0 %) 4.94 (± 3.59 %) 

µ0  (cm2·V-1·s-1) Under SCLC, J is proportional to V3 over  

a broad range of voltage (trapping) γ  (cm1/2·V-1/2) 

 

 

 

Figure 6.17: Characteristics of Rh2(tfa)4-doped 1-TNata single carrier stacked devices. 
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• Semiconductor Variation at (1:2) 

Table 20: (1:2)-Rh2(tfa)4-doped properties extracted electrical characterisation: 

 1-TNata α-NPB spiro-TTB 

Exp. molar ratio 1/1.96 (15.13 vol.%) 1/2.02 (21.92 vol.%) 1/2.02 (11.45 vol.%) 

σ0 (S·cm-1) 2.39·10-8 (± 1.75 %) 6.74·10-7 (± 1.35 %) 8.04·10-7 (± 1.14 %) 

ρc.;0 (Ω·cm-2) no ohmic contact 

Ebi (kV·cm-1) 3.38 (± 25.9 %) 19.3 (± 19.5 %) 10.5 (± 57.1 %) 

εr 2.59 (± 3.44 %) 2.34 (± 10.1 %) 2.43 (± 6.90 %) 

r + 1 4.94 (± 3.59 %) 19.27 (± 6.06 %) 7.43 (± 10.5 %) 

µ0  (cm2·V-1·s-1) 
Under SCLC, J proportional to V3 or V4.25 (trapping) 

γ  (cm1/2·V-1/2) 

 

 

 

Figure 6.18: Characteristics of (1:2)-Rh2(tfa)4-doped single carrier stacked devices. 
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Mo2(tfa)4 - Dimolybdenum(II,II) tetrakis(trifluoroacetate) 

• Concentration Variation in 1-TNata 

Table 21: Mo2(tfa)4-doped 1-TNata properties extracted electrical characterisation: 

 (1:8) (1:4) (1:2) 

Exp. molar ratio 1/7.06 (5.31 vol.%) 1/3.87 (9.26 vol.%) 1/2.00 (16.48 vol.%) 

σ0 (S·cm-1) 1.38·10-7 (± 0.85 %) 8.52·10-8 (± 1.43 %) 2.71·10-7 (± 1.64 %) 

ρc.;0 (Ω·cm-2) 5.74·107 (± 6.46 %) 3.13·107 (± 6.48 %) 7.86·106 (± 7.97 %) 

Ebi (kV·cm-1) < 0.25 

εr 2.89 (± 6.17 %) 1.71 (± 49.2 %) 3.00 (± 7.76 %) 

r + 1 3.29 (± 3.44 %) 2.51 (± 6.00 %) 2.71 (± 2.68 %) 

µ0  (cm2·V-1·s-1) 9.32·10-6 (± 13.4 %) 7.58·10-6 (± 58.5 %) 2.13·10-5 (± 21.0 %) 

γ  (cm1/2·V-1/2) 1.99·10-3 (± 1.60 %) 3.36·10-3 (± 1.73 %) 2.37·10-3 (± 2.70 %) 

 

 

 

Figure 6.19: Characteristics of Mo2(tfa)4-doped 1-TNata single carrier stacked devices. 
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• Semiconductor Variation at (1:2) 

Table 22: (1:2)-Mo2(tfa)4-doped properties extracted electrical characterisation: 

 1-TNata α-NPB spiro-TTB 

Exp. molar ratio 1/2.00 (16.48 vol.%) 1/2.05 (23.91 vol.%) 1/1.95 (13.14 vol.%) 

σ0 (S·cm-1) 2.71·10-7 (± 1.64 %) 5.55·10-7 (± 2.30 %) 1.75·10-6 (± 2.24 %) 

ρc.;0 (Ω·cm-2) 7.86·106 (± 7.97 %) no ohmic contact 1.42·104 (± 4.73 %) 

Ebi (kV·cm-1) < 0.25 33.9 (± 7.01 %) < 0.25 

εr 3.00 (± 7.76 %) 2.82 (± 17.59 %) Too conductive 

r + 1 2.71 (± 2.68 %) 22.2 (± 18.4 %) no TFLC 

µ0  (cm2·V-1·s-1) 2.13·10-5 (± 21.0 %) 
Trapping Aging 

γ  (cm1/2·V-1/2) 2.37·10-3 (± 2.70 %) 

 

 

 

Figure 6.20: Characteristics of (1:2)-Mo2(tfa)4-doped single carrier stacked devices. 
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Cr2(tfa)4 - Dichromium(II,II) tetrakis(trifluoroacetate) 

• Concentration Variation in 1-TNata 

Table 23: Cr2(tfa)4-doped 1-TNata properties extracted electrical characterisation: 

 (1:8) (1:4) (1:2) 

Exp. molar ratio 1/8.07 (4.09 vol.%) 1/4.34 (7.34 vol.%) 1/1.99 (14.77 vol.%) 

σ0 (S·cm-1) 8.50·10-6 (± 1.18 %) 6.44·10-6 (± 1.24 %) 1.11·10-5 (± 1.46 %) 

ρc.;0 (Ω·cm-2) 7.42·106 (± 5.06 %) 1.08·106 (± 4.07 %) 2.29·107 (± 5.00 %) 

Ebi (kV·cm-1) < 0.25 

εr 2.99 (± 8.25 %) 2.94 (± 9.69 %) Too conductive 

r + 1 3.67 (± 2.45 %) 1.78 (± 3.85 %) 4.07 (± 4.56 %) 

µ0  (cm2·V-1·s-1) 1.64·10-4 (± 13.1 %) 
Ballistic 

7.93·10-5 (± 26 %)* 

γ  (cm1/2·V-1/2) 1.95·10-4 (± 3.49 %) 6.85·10-4 (± 1.6 %)* 

* assuming εr = 3 (± 20 %) 

 

 

Figure 6.21: Characteristics of Cr2(tfa)4-doped 1-TNata single carrier stacked devices. 
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• Semiconductor Variation at (1:2) 

Table 24: (1:2)-Cr2(tfa)4-doped properties extracted electrical characterisation: 

 1-TNata α-NPB spiro-TTB 

Exp. molar ratio 1/1.99 (14.77 vol.%) 1/2.02 (21.65 vol.%) 1/2.05 (11.15 vol.%) 

σ0 (S·cm-1) 1.11·10-5 (± 1.46 %) 2.48·10-5 (± 1.19 %) 8.53·10-5 (± 1.59 %) 

ρc.;0 (Ω·cm-2) 2.29·107 (± 5.00 %) 8.21·107 (± 5.13 %) 5.22·105 (± 3.43 %) 

Ebi (kV·cm-1) < 0.25 

εr Too conductive 3.31 (± 3.50 %) // 

r + 1 4.07 (± 4.56 %) 3.76 (± 8.10 %) 2.59 (± 1.72 %) 

µ0  (cm2·V-1·s-1) 7.93·10-5 (± 26 %)* 
Trapping Aging 

γ  (cm1/2·V-1/2) 6.85·10-4 (± 1.6 %)* 

* assuming εr = 3 (± 20 %) 

 

 

Figure 6.22: Characteristics of (1:2)-Cr2(tfa)4-doped single carrier stacked devices. 
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Bi(ac)3 - Bismuth(III) tris(acetate) 

• Concentration Variation in 1-TNata 

Table 25: Bi(ac)3-doped 1-TNata properties extracted electrical characterisation: 

 (1:8) (1:4) (1:2) 

Exp. molar ratio 1/8.16 (1.46 vol.%) 1/4.20 (2.80 vol.%) 1/2.03 (5.64 vol.%) 

σ0 (S·cm-1) 4.31·10-7 (± 1.90 %) 4.06·10-7 (± 0.86 %) 6.13·10-7 (± 0.81 %) 

ρc.;0 (Ω·cm-2) no ohmic contact 8.41·108 (± 9.79 %) 5.07·109 (± 9.63 %) 

Ebi (kV·cm-1) 3.13 (± 100 %) < 0.25 

εr 2.67 (± 37.3 %) 2.10 (± 10.4 %) 2.78 (± 6.88 %) 

r + 1 9.87 (± 2.98 %) 5.70 (± 2.73 %) 7.31 (± 1.24 %) 

µ0  (cm2·V-1·s-1) 2.81·10-5 (± 42.0 %) 5.12·10-5 (± 15.1 %) 4.46·10-5 (± 11.8 %) 

γ  (cm1/2·V-1/2) 1.29·10-3 (± 0.80 %) 3.19·10-4 (± 1.88 %) 6.76·10-4 (± 1.33 %) 

 

 

 

Figure 6.23: Characteristics of Bi(ac)3-doped 1-TNata single carrier stacked devices. 
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• Semiconductor Variation at (1:2) 

Table 26: (1:2)-Bi(ac)3-doped properties extracted electrical characterisation: 

 1-TNata α-NPB spiro-TTB 

Exp. molar ratio 1/2.03 (5.64 vol.%) 1/1.99 (8.99 vol.%) 1/2.05 (4.23 vol.%) 

σ0 (S·cm-1) 6.13·10-7 (± 0.81 %) 6.10·10-10 (± 16.0 %) 1.68·10-7 (± 8.76 %) 

ρc.;0 (Ω·cm-2) 5.07·109 (± 9.63 %) no ohmic contact 

Ebi (kV·cm-1) < 0.25 16.3 (± 10.8 %) 18.4 (± 12.9 %) 

εr 2.78 (± 6.88 %) 2.06 (± 5.58 %) 2.76 (± 4.44 %) 

r + 1 7.31 (± 1.24 %) 11.9 (± 12.7 %) 13.0 (± 3.18 %) 

µ0  (cm2·V-1·s-1) 4.46·10-5 (± 11.8 %) 
Trapping 

γ  (cm1/2·V-1/2) 6.76·10-4 (± 1.33 %) 

 

 

 

Figure 6.24: Characteristics of (1:2)-Bi(ac)3-doped single carrier stacked devices. 
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Bi(tfa)3 - Bismuth(III) tris(trifluoroacetate) 

• Concentration Variation in 1-TNata 

Table 27: Bi(tfa)3-doped 1-TNata properties extracted electrical characterisation: 

 (1:8) (1:4) (1:2) 

Exp. molar ratio 1/8.24 (2.37 vol.%) 1/3.92 (4.85 vol.%) 1/1.97 (9.22 vol.%) 

σ0 (S·cm-1) 2.06·10-6 (± 0.95 %) 4.47·10-6 (± 1.23 %) 7.53·10-6 (± 1.21 %) 

ρc.;0 (Ω·cm-2) 6.82·105 (± 3.31 %) 2.10·104 (± 2.34 %) 9.40·103 (± 2.50 %) 

Ebi (kV·cm-1) < 0.25 

εr Too conductive 

r + 1 2.45 (± 1.50 %) no TFLC no TFLC 

µ0  (cm2·V-1·s-1) After TFLC, the slope decreases to a limit near 3/2 (ballistic),  

Just before exponentially increasing (aging) γ  (cm1/2·V-1/2) 

 

 

 

Figure 6.25: Characteristics of Bi(tfa)3-doped 1-TNata single carrier stacked devices. 
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• Semiconductor Variation at (1:2) 

Table 28: (1:2)-Bi(tfa)3-doped properties extracted electrical characterisation: 

 1-TNata α-NPB spiro-TTB 

Exp. molar ratio 1/1.97 (9.22 vol.%) 1/1.96 (14.21 vol.%) 1/1.97 (7.05 vol.%) 

σ0 (S·cm-1) 7.53·10-6 (± 1.21 %) 3.97·10-5 (± 0.94 %) 2.28·10-4 (± 0.79 %) 

ρc.;0 (Ω·cm-2) 9.40·103 (± 2.50 %) 3.80·104 (± 2.13 %) 1.05·104 (± 3.03 %) 

Ebi (kV·cm-1) < 0.25 

εr Too conductive 

r + 1 no TFLC 2.50 (± 2.54 %) 2.58 (± 2.99 %) 

µ0  (cm2·V-1·s-1) 
Ballistic Aging 

γ  (cm1/2·V-1/2) 

 

 

 

Figure 6.26: Characteristics of (1:2)-Bi(tfa)3-doped single carrier stacked devices. 
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Bi(2,6-dfb)3 - Bismuth(III) tris(2,6-difluorobenzoate) 

• Concentration Variation in 1-TNata 

Table 29: Bi(2,6-fb)3-doped 1-TNata properties extracted electrical characterisation: 

 (1:8) (1:4) (1:2) 

Exp. molar ratio 1/8.07 (4.57 vol.%) 1/3.96 (8.90 vol.%) 1/2.00 (16.22 vol.%) 

σ0 (S·cm-1) 6.98·10-8 (± 2.18 %) 3.62·10-8 (± 2.56 %) 4.80·10-8 (± 1.25 %) 

ρc.;0 (Ω·cm-2) no ohmic contact 

Ebi (kV·cm-1) 13.6 (± 19.3 %) 12.3 (± 12.2 %) 9.50 (± 13.2 %) 

εr 2.48 (± 4.21 %) 2.45 (± 11.9 %) 3.51 (± 53.2 %) 

r + 1 15.2 (± 6.60 %) 13.3 (± 6.80 %) 12.1 (± 6.11 %) 

µ0  (cm2·V-1·s-1) 4.82·10-6 (± 8.71 %) 3.18·10-6 (± 16.6 %) 3.95·10-6 (± 58.2 %) 

γ  (cm1/2·V-1/2) 2.01·10-3 (± 0.81 %) 1.78·10-3 (± 0.89 %) 9.82·10-4 (± 1.23 %) 

 

 

 

Figure 6.27: Characteristics of Bi(2,6-dfb)3-doped 1-TNata single carrier stacked devices. 
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• Semiconductor Variation at (1:2) 

Table 30: (1:2)-Bi(2,6-fb)3-doped properties extracted electrical characterisation: 

 1-TNata α-NPB spiro-TTB 

Exp. molar ratio 1/2.00 (16.22 vol.%) 1/2.02 (23.72 vol.%) 1/1.96 (12.87 vol.%) 

σ0 (S·cm-1) 4.80·10-8 (± 1.25 %) 4.89·10-9 (± 2.82 %) 2.04·10-7 (± 1.90 %) 

ρc.;0 (Ω·cm-2) no ohmic contact 

Ebi (kV·cm-1) 9.50 (± 13.2 %) 30.0 (± 9.17 %) 12.5 (± 46.0 %) 

εr 3.51 (± 53.2 %) 2.34 (± 3.83 %) 3.01 (± 5.83 %) 

r + 1 12.1 (± 6.11 %) 22.5 (± 54.9 %) 17.0 (± 4.08 %) 

µ0  (cm2·V-1·s-1) 3.95·10-6 (± 58.2 %) 7.09·10-7 (± 8.73 %) 1.45·10-5 (± 9.65 %) 

γ  (cm1/2·V-1/2) 9.82·10-4 (± 1.23 %) 4.94·10-3 (± 1.27 %) 4.33·10-3 (± 0.78 %) 

 
 

 

 

Figure 6.28: Characteristics of (1:2)-Bi(2,6-dfb)3-doped single carrier stacked devices. 
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Bi(4-fb)3 - Bismuth(III) tris(4-fluorobenzoate) 

• Concentration Variation in 1-TNata 

Table 31: Bi(4-fb)3-doped 1-TNata properties extracted electrical characterisation: 

 (1:8) (1:4) (1:2) 

Exp. molar ratio 1/8.09 (4.54 vol.%) 1/4.02 (8.74 vol.%) 1/1.99 (16.20 vol.%) 

σ0 (S·cm-1) 2.33·10-7 (± 1.60 %) 1.62·10-7 (± 1.80 %) 2.50·10-7 (± 1.21 %) 

ρc.;0 (Ω·cm-2) no ohmic contact 3.80·108 (± 9.84 %) 

Ebi (kV·cm-1) 6.38 (± 64.7 %) 3.13 (± 100 %) < 0.25 

εr 2.75 (± 2.63 %) 2.52 (± 16.4 %) 2.91 (± 9.61 %) 

r + 1 18.5 (± 8.97 %) 9.02 (± 2.62 %) 5.40 (± 2.05 %) 

µ0  (cm2·V-1·s-1) 3.74·10-5 (± 7.51 %) 1.19·10-5 (± 21.5 %) 3.30·10-5 (± 15.4 %) 

γ  (cm1/2·V-1/2) 2.45·10-3 (± 1.15 %) 1.59·10-3 (± 0.93 %) 1.12·10-4 (± 6.68 %) 

 

 

 

Figure 6.29: Characteristics of Bi(4-fb)3-doped 1-TNata single carrier stacked devices. 
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• Semiconductor Variation at (1:2) 

Table 32: (1:2)-Bi(4-fb)3-doped 1-TNata properties extracted electrical characterisation: 

 1-TNata α-NPB spiro-TTB 

Exp. molar ratio 1/1.99 (16.20 vol.%) 1/2.01 (23.74 vol.%) 1/1.97 (12.74 vol.%) 

σ0 (S·cm-1) 2.50·10-7 (± 1.21 %) 5.72·10-7 (± 1.11 %) 1.99·10-6 (± 0.81 %) 

ρc.;0 (Ω·cm-2) 3.80·108 (± 9.84 %) no ohmic contact 

Ebi (kV·cm-1) < 0.25 7.75 (± 80.7 %) 

εr 2.91 (± 9.61 %) 2.36 (± 7.06 %) 3.32 (± 7.14 %) 

r + 1 5.40 (± 2.05 %) 7.23 (± 17.06 %) 13.7 (± 2.08 %) 

µ0  (cm2·V-1·s-1) 3.30·10-5 (± 15.4 %) 
Trapping Aging 

γ  (cm1/2·V-1/2) 1.12·10-4 (± 6.68 %) 

 

 

 

Figure 6.30: Characteristics of (1:2)-Bi(4-fb)3-doped single carrier stacked devices. 
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Bi(3-fb)3 - Bismuth(III) tris(3-fluorobenzoate) 

• Concentration Variation in 1-TNata 

Table 33: Bi(3-fb)3-doped 1-TNata properties extracted electrical characterisation: 

 (1:8) (1:4) (1:2) 

Exp. molar ratio 1/8.16 (4.62 vol.%) 1/3.97 (9.07 vol.%) 1/1.94 (16.92 vol.%) 

σ0 (S·cm-1) 1.73·10-7 (± 1.51 %) 1.48·10-7 (± 0.96 %) 1.38·10-7 (± 1.27 %) 

ρc.;0 (Ω·cm-2) no ohmic contact 9.07·108 (± 9.56 %) 

Ebi (kV·cm-1) 8.38 (± 25.4 %) 0.63 (± 100 %) < 0.25 

εr 3.57 (± 35.5 %) 3.22 (± 9.91 %) 3.64 (± 6.24 %) 

r + 1 12.5 (± 3.23 %) 6.22 (± 1.90 %) 4.67 (± 2.12 %) 

µ0  (cm2·V-1·s-1) 9.07·10-6 (± 40.2 %) 7.52·10-6 (± 14.8 %) 3.37·10-6 (± 11.6 %) 

γ  (cm1/2·V-1/2) 1.52·10-3 (± 1.04 %) 1.36·10-3 (± 1.19 %) 1.95·10-3 (± 1.13 %) 

 

 

 

Figure 6.31: Characteristics of Bi(3-fb)3-doped 1-TNata single carrier stacked devices. 
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• Semiconductor Variation at (1:2) 

Table 34: (1:2)-Bi(3-fb)3-doped properties extracted electrical characterisation: 

 1-TNata α-NPB spiro-TTB 

Exp. molar ratio 1/1.94 (16.92 vol.%) 1/2.05 (23.85 vol.%) 1/2.00 (12.86 vol.%) 

σ0 (S·cm-1) 1.38·10-7 (± 1.27 %) 6.10·10-8 (± 0.88 %) 1.69·10-6 (± 0.87 %) 

ρc.;0 (Ω·cm-2) 9.07·108 (± 9.56 %) no ohmic contact 1.35·104 (± 1.70 %) 

Ebi (kV·cm-1) < 0.25 21.38 (± 13.5 %) < 0.25 

εr 3.64 (± 6.24 %) 2.62 (± 7.18 %) 2.97 (± 15.7 %) 

r + 1 4.67 (± 2.12 %) 17.0 (± 16.9 %) no TFLC 

µ0  (cm2·V-1·s-1) 3.37·10-6 (± 11.6 %) 
Trapping Aging 

γ  (cm1/2·V-1/2) 1.95·10-3 (± 1.13 %) 

 

 

 

Figure 6.32: Characteristics of (1:2)-Bi(3-fb)3-doped single carrier stacked devices. 
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Bi(3,5-dfb)3 - Bismuth(III) tris(3,5-difluorobenzoate) 

• Concentration Variation in 1-TNata 

Table 35: Bi(3,5-dfb)3-doped 1-TNata properties extracted electrical characterisation: 

 (1:8) (1:4) (1:2) 

Exp. molar ratio 1/8.01 (4.77 vol.%) 1/3.93 (9.25 vol.%) 1/1.96 (17.01 vol.%) 

σ0 (S·cm-1) 4.27·10-7 (± 1.03 %) 2.81·10-7 (± 0.66 %) 2.97·10-7 (± 1.31 %) 

ρc.;0 (Ω·cm-2) 2.07·109 (± 8.50 %) 5.12·107 (± 8.73 %) 1.43·106 (± 4.98 %) 

Ebi (kV·cm-1) < 0.25 

εr 2.67 (± 7.01 %) 2.60 (± 9.36 %) 2.69 (± 10.8 %) 

r + 1 6.46 (± 2.28 %) 3.75 (± 3.36 %) 1.56 (± 1.90 %) 

µ0  (cm2·V-1·s-1) 3.14·10-5 (± 11.9 %) 
Ballistic 

γ  (cm1/2·V-1/2) 5.09·10-4 (± 1.16 %) 

 

 

 

Figure 6.33: Characteristics of Bi(3,5-dfb)3-doped 1-TNata single carrier stacked devices. 
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• Semiconductor Variation at (1:2) 

Table 36: (1:2)-Bi(3,5-dfb)3-doped properties extracted electrical characterisation: 

 1-TNata α-NPB spiro-TTB 

Exp. molar ratio 1/1.96 (17.01 vol.%) 1/1.99 (24.64 vol.%) 1/2.00 (13.05 vol.%) 

σ0 (S·cm-1) 2.97·10-7 (± 1.31 %) 7.18·10-7 (± 1.90 %) 4.40·10-6 (± 1.73 %) 

ρc.;0 (Ω·cm-2) 1.43·106 (± 4.98 %) no ohmic contact 2.91·105 (± 3.76 %) 

Ebi (kV·cm-1) < 0.25 12.75 (± 35.3 %) < 0.25 

εr 2.69 (± 10.8 %) 2.35 (± 3.84 %) Too conductive 

r + 1 1.56 (± 1.90 %) 12.9 (± 21.4 %) no TFLC 

µ0  (cm2·V-1·s-1) 
Ballistic Trapping Aging 

γ  (cm1/2·V-1/2) 

 

 

 

Figure 6.34: Characteristics of (1:2)-Bi(3,5-dfb)3-doped single carrier stacked devices. 
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Bi(3,5-tfmb)3 - Bismuth(III) tris(3,5-bis(trifluoromethyl)benzoat e) 

• Concentration Variation in 1-TNata 

Table 37: Bi(3,5-tfmb)3-doped 1-TNata properties extracted electrical characterisation: 

 (1:8) (1:4) (1:2) 

Exp. molar ratio 1/8.08 (7.64 vol.%) 1/4.07 (14.11 vol.%) 1/1.99 (25.14 vol.%) 

σ0 (S·cm-1) 4.08·10-7 (± 1.00 %) 7.01·10-7 (± 4.61 %) 5.27·10-7 (± 0.88 %) 

ρc.;0 (Ω·cm-2) 1.96·107 (± 5.65 %) 1.72·106 (± 5.14 %) 4.64·105 (± 3.86 %) 

Ebi (kV·cm-1) < 0.25 

εr Too conductive 

r + 1 3.24 (± 1.72 %) 2.33 (± 4.61 %) 1.59 (± 2.42 %) 

µ0  (cm2·V-1·s-1) 3.20·10-5 (± 25 %)* 
Ballistic 

γ  (cm1/2·V-1/2) 2.54·10-4 (± 4.9 %)* 

* assuming εr = 3 (± 20 %) 

 

 

Figure 6.35: Characteristics of Bi(3,5-tfmb)3-doped 1-TNata single carrier stacked devices. 
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• Semiconductor Variation at (1:2) 

Table 38: (1:2)-Bi(3,5-tfmb)3-doped properties extracted electrical characterisation: 

 1-TNata α-NPB spiro-TTB 

Exp. molar ratio 1/1.99 (25.14 vol.%) 1/1.99 (35.32 vol.%) 1/2.00 (19.99 vol.%) 

σ0 (S·cm-1) 5.27·10-7 (± 0.88 %) 1.05·10-7 (± 1.23 %) 4.60·10-6 (± 0.63 %) 

ρc.;0 (Ω·cm-2) 4.64·105 (± 3.86 %) 3.55·108 (± 7.18 %) 4.76·105 (± 4.76 %) 

Ebi (kV·cm-1) < 0.25 

εr Too conductive 2.15 (± 5.07 %) Too conductive 

r + 1 1.59 (± 2.42 %) 3.15 (± 3.71 %) 2.24 (± 3.01 %) 

µ0  (cm2·V-1·s-1) 
Ballistic 

5.28·10-5 (± 37.3 %) 
Ballistic 

γ  (cm1/2·V-1/2) 1.88·10-6 (± 11.4 %) 

 

 

 

Figure 6.36: Characteristics of (1:2)-Bi(3,5-tfmb)3-doped single carrier stacked devices. 
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Bi(3,4,5-tfb)3 - Bismuth(III) tris(3,4,5-trifluorobenzoate) 

• Concentration Variation in 1-TNata 

Table 39: Bi(3,4,5-tfb)3-doped 1-TNata properties extracted electrical characterisation: 

 (1:8) (1:4) (1:2) 

Exp. molar ratio 1/8.15 (5.59 vol.%) 1/3.92 (10.97 vol.%) 1/1.96 (19.73 vol.%) 

σ0 (S·cm-1) 6.45·10-7 (± 1.00 %) 9.73·10-7 (± 0.88 %) 1.09·10-6 (± 0.76 %) 

ρc.;0 (Ω·cm-2) 3.24·107 (± 6.25 %) 1.21·106 (± 5.02 %) 1.78·105 (± 4.25 %) 

Ebi (kV·cm-1) < 0.25 

εr Too conductive 

r + 1 4.12 (± 2.46 %) 2.22 (± 1.78 %) 1.48 (± 2.46 %) 

µ0  (cm2·V-1·s-1) 6.13·10-5 (± 25 %)* 
Ballistic 

γ  (cm1/2·V-1/2) 5.28·10-4 (± 1.6 %)* 

* assuming εr = 3 (± 20 %) 

 

 

Figure 6.37: Characteristics of Bi(3,4,5-tfb)3-doped 1-TNata single carrier stacked devices. 
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• Semiconductor Variation at (1:2) 

Table 40: (1:2)-Bi(3,4,5-tfb)3-doped properties extracted electrical characterisation: 

 1-TNata α-NPB spiro-TTB 

Exp. molar ratio 1/1.96 (19.73 vol.%) 1/2.00 (28.22 vol.%) 1/2.01 (15.23 vol.%) 

σ0 (S·cm-1) 1.09·10-6 (± 0.76 %) 1.77·10-6 (± 1.68 %) 1.19·10-5 (± 0.94 %) 

ρc.;0 (Ω·cm-2) 1.78·105 (± 4.25 %) 5.39·107 (± 8.77 %) 2.06·105 (± 5.68 %) 

Ebi (kV·cm-1) < 0.25 

εr Too conductive 2.26 (± 12.2 %) Too conductive 

r + 1 1.48 (± 2.46 %) 3.28 (± 2.22 %) 3.28 (± 3.72 %) 

µ0  (cm2·V-1·s-1) 
Ballistic 

9.39·10-6 (± 19.1 %) 3.37·10-3 (± 23 %)* 

γ  (cm1/2·V-1/2) 3.42·10-3 (± 3.90 %) 2.01·10-4 (± 3.1 %)* 

* assuming εr = 3 (± 20 %) 

 

 

Figure 6.38: Characteristics of (1:2)-Bi(3,4,5-tfb)3-doped single carrier stacked devices. 
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Bi(pfb)3 - Bismuth(III) tris(pentafluorobenzoate) 

• Concentration Variation in 1-TNata 

Table 41: Bi(pfb)3-doped 1-TNata properties extracted electrical characterisation: 

 (1:8) (1:4) (1:2) 

Exp. molar ratio 1/8.08 (5.18 vol.%) 1/3.98 (9.98 vol.%) 1/1.97 (18.28 vol.%) 

σ0 (S·cm-1) 9.81·10-7 (± 1.62 %) 2.65·10-6 (± 1.73 %) 6.06·10-6 (± 1.28 %) 

ρc.;0 (Ω·cm-2) 4.27·106 (± 6.35 %) 9.88·104 (± 3.41 %) 8.26·103 (± 2.96 %) 

Ebi (kV·cm-1) < 0.25 

εr 2.92 (± 4.86 %) Too conductive 

r + 1 3.76 (± 4.99 %) 2.00 (± 2.34 %) no TFLC 

µ0  (cm2·V-1·s-1) 
Ballistic 

γ  (cm1/2·V-1/2) 

 

 

 

Figure 6.39: Characteristics of Bi(pfb)3-doped 1-TNata single carrier stacked devices. 
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• Semiconductor Variation at (1:2) 

Table 42: (1:2)-Bi(pfb)3-doped properties extracted electrical characterisation: 

 1-TNata α-NPB spiro-TTB 

Exp. molar ratio 1/1.97 (18.28 vol.%) 1/2.00 (26.38 vol.%) 1/1.88 (14.90 vol.%) 

σ0 (S·cm-1) 6.06·10-6 (± 1.28 %) 2.78·10-6 (± 0.96 %) 9.52·10-5 (± 1.40 %) 

ρc.;0 (Ω·cm-2) 8.26·103 (± 2.96 %) 1.37·108 (± 8.22 %) 1.92·104 (± 3.24 %) 

Ebi (kV·cm-1) < 0.25 

εr Too conductive 2.43 (± 7.17 %) Too conductive 

r + 1 no TFLC 4.97 (± 2.34 %) 2.98 (± 1.77 %) 

µ0  (cm2·V-1·s-1) 
Ballistic 

4.88·10-5 (± 10.5 %) 
Compliance 

γ  (cm1/2·V-1/2) 1.14·10-3 (± 0.84 %) 

 

 

 

Figure 6.40: Characteristics of (1:2)-Bi(pfb)3-doped single carrier stacked devices. 
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Bi(4-pftl) 3 - Bismuth(III) tris(4-perfluorotoluate) 

• Concentration Variation in 1-TNata 

Table 43: Bi(4-pftl)3-doped 1-TNata properties extracted electrical characterisation: 

 (1:8) (1:4) (1:2) 

Exp. molar ratio 1/8.10 (5.63 vol.%) 1/4.02 (10.75 vol.%) 1/1.97 (19.68 vol.%) 

σ0 (S·cm-1) 1.07·10-6 (± 0.81 %) 2.62·10-6 (± 0.89 %) 4.13·10-6 (± 1.20 %) 

ρc.;0 (Ω·cm-2) 9.30·105 (± 3.67 %) 2.31·105 (± 3.03 %) 3.83·104 (± 2.85 %) 

Ebi (kV·cm-1) < 0.25 

εr Too conductive 

r + 1 2.44 (± 29.0 %) 1.77 (± 2.86 %) no TFLC 

µ0  (cm2·V-1·s-1) 
Ballistic 

γ  (cm1/2·V-1/2) 

 

 

 

Figure 6.41: Characteristics of Bi(4-pftl)3-doped 1-TNata single carrier stacked devices. 
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• Semiconductor Variation at (1:2) 

Table 44: (1:2)-Bi(4-pftl)3-doped properties extracted electrical characterisation: 

 1-TNata α-NPB spiro-TTB 

Exp. molar ratio 1/1.97 (19.68 vol.%) 1/2.04 (27.82 vol.%) 1/2.03 (15.13 vol.%) 

σ0 (S·cm-1) 4.13·10-6 (± 1.20 %) 3.20·10-6 (± 0.84 %) 1.53·10-4 (± 1.02 %) 

ρc.;0 (Ω·cm-2) 3.83·104 (± 2.85 %) 3.41·106 (± 3.72 %) 1.25·104 (± 3.93 %) 

Ebi (kV·cm-1) < 0.25 

εr Too conductive 2.10 (± 27.4 %) // 

r + 1 no TFLC 1.42 (± 2.07 %) 2.52 (± 2.27 %) 

µ0  (cm2·V-1·s-1) 
Ballistic Compliance 

γ  (cm1/2·V-1/2) 

 

 

 

Figure 6.42: Characteristics of (1:2)-Bi(4-pftl)3-doped single carrier stacked devices. 
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Chapter 7 - Conclusion & Perspectives 
New materials have been characterised for doping OSCs for OLED application. 

The commercially available Cs3VO4 n-dopant has been characterised in Alq3 and positively 

responds to several electrical tests used from the published literature to quantify the doping 

strength in organic semiconductors. After confirming the bulk-n-doping of Cs3VO4 in Alq3, 

the calculation of conductivity, electron mobility and electron density was performed. The 

conductivity calculation was revealed to be systematically and accurately calculated to a 

realistic material related value: a contact-resistance-free value calculated via an appropriate 

field model for interdigitated cell devices. The field-dependent carrier mobility of different 

doped layers was evaluated from the space-charge limited current of stacked devices, by using 

the Murgatroyd equation at the relevant voltage range. The calculation of the electron carrier 

density of Cs3VO4-doped Alq3 from the mobility determination showed a value which is one 

order of magnitude further away an independent-method-determined value. The different set 

of experiments confirmed the n-doping properties of Cs3VO4 on Alq3, which increased the 

conductivity by increasing the carrier density. 

Especially in a context of systematically evaluating different co-evaporated layers of different 

materials, the carrier density evaluation shall be determined by another method. Using top-

injection-top-contact MOSFET (Metal-Oxide-Field-Effect Transistor) devices could allow the 

systematic evaluation of the carrier mobility of different co-evaporated layers [134,283]. But 

a refinement of the field-effect mobility would have to be performed on the extracted mobility 

values in order to attribute a true material dependent carrier mobility value. 

Because of the higher performances observed in the doped-BCP (a phenanthrolin-based 

ETM), a doping mechanism based on the ionic dissociation of the dopant in the vacuum, the 

association of the cations with the donor and the basicity of the charged anions is proposed. 

The model proposes the doping capability of such a salts (also Cs3PO4 and X2CO3) in gas 

phase and in high-dielectric-constant solution. 

Regarding the proposed mechanism, the investigation on other alkali salts with basic counter-

anion is a potential way to find new air-stable n-dopants. 

Based on the similar tests as for the n-dopants, a collection of 13 p-doping organometallic 

complexes (with two commercially available ones) have systematically shown different 

p-doping strengths in three different hole transport materials at different concentrations. The 

material structure property relationship carried out with metal centre and ligand variation on 

the complexes concludes the doping ability of the Lewis acidic material to be determined by 

both the electrophily of the metal and the acidity of the ligands. The metal variation on the 
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paddlewheel trifluoroacetates M2(tfa)4 (with M = Cr, Mo and Rh) has shown that very 

electrophilic dopants could eventually be poor p-dopant despite the depth of their LUMO. 

Therefore a Lewis acid is a good p-dopant if this kind of electron acceptor is a poor 

electrophile. 

The confirmation of this effect could be carried out by testing the sublimable W2(tfa)4, 

Ru2(tfa)4 and Bi2(tfa)4 and correlating it to the electrophily of the metal by mean of published 

data or by density functional theory. 

The ligand variation on the bismuth carboxylates BiL3 has revealed that the acidity and the 

dipole moment of the fluorinated ligands, with different electron-withdrawing substituents, 

enhance the doping efficiency of these complexes. Linear Free Energy Relationships between 

the ligands acidity and the conductivity have been established. These new findings promote 

the adoption of the hybrid charge-transfer formation between dopant and OSC, which is 

governed by a Lewis acid-base mechanism, rather than the formation of integer charge-

transfer complex, which is ruled by a redox mechanism. 

Thanks to these LFERs, it is possible to quantitatively estimate the doping strength of a Lewis 

acid by knowing the chemical formula of the ligands. The adoption of these LFERs in a more 

general manner can be studied further, by the conception of BiL3 dopants with stronger and 

non-hasardous electro-attracting groups such as cyano groups. 

Energetic characterisation of these hybrid charge-transfer complexes have been performed by 

absorption spectroscopy and revealed the change of the exchange energy between donor and 

acceptor to be the main contribution in the change of the p-doping efficiency. 

In general, no direct determination of the energy levels has been made on the new pure and 

co-evaporated materials. Cyclic-votammetry was not successfully achieved for determining 

reversible oxidation and reduction peaks of the diluted dopants. Photo-physical methods 

could be used on the thin films for evaluating the depth of the dopants’ LUMO level. 

The adoption of these Lewis acid-base active electron acceptors in a white OLED device has 

shown equivalent electrical performances as a commercially available p-dopant. Additionally, 

global performances as EQE and device stability have been enhanced due to the transparency 

and better stability of the material at high temperature and low pressure, which might be 

attributed to the inertia of the affordable dopant to redox reactions. 

Because OLED carrier transport materials have severe energetic requirements for doping, 

these materials have doping potentials for many other applications such as organic 

transistors [284] or photovoltaic cells [285]: further studies with the related materials shall 

be carried out. 

In this work, the devices were exclusively vacuum-processed. But it has been demonstrated in 

the past that copper-based Lewis acids could also be applied for OSC-doping by solution 

process [172]: knowing that the paddlewheel trifluoroacetates and the bismuth dopants were 

all relatively soluble in diethylether for recording their absorption spectrometry in solution, 

their usage for solution-processed devices is not excluded and subject of interest. 
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