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Abstract 

In order to improve the sustainability of the organic photovoltaics, the use of toxic 

solvents for processing organic solar cells needs to be replaced by a cleaner alternative. 

The present thesis tackles this issue by exploring a way of replacing these solvents by 

water. As most organic semiconductors are not soluble in water, the strategy to overcome 

this constraint is to form nanoparticles from these materials, that are thus able to be 

dispersed in water. Two main methods are employed in the community to obtain such an 

aqueous dispersion, the miniemulsion and the nanoprecipitation. Nanoparticles 

synthesised with the latter method are known to present a more favourable internal 

morphology between the donor and acceptor materials as compared to the former method. 

As a result, water-processable organic solar cells prepared from nanoprecipitation 

demonstrate much higher efficiencies. The work undertaken in this thesis aims to 

understand and overcome the limitations arising from the internal morphology of the 

nanoparticles prepared by miniemulsion. In particular, we studied the influence of the 

interfacial energy between the donor and acceptor material on the nanoparticle internal 

morphology. Composite nanoparticles of PTQ10 associated with various acceptor small 

molecules were formed and studied with advanced microscopy techniques (STXM, AFM, 

cryo-TEM). The analysis showed that having a system with a low interfacial energy, such as 

PTQ10:Y6, is beneficial in obtaining nanoparticles with intimate morphology. As a result, 

organic solar cells fabricated with nanoparticles of PTQ10:Y6 have hence reached a power 

conversion efficiency of 9.98 %. A thermal treatment at high temperature was necessary in 

order to sinter the nanoparticles while keeping a favourable morphology and crystallinity. 

Such a high temperature is yet not suitable for an industrial process. To reduce this 

temperature, the alkyl chains length of both the donor and acceptor materials was found to 

play an important role. Through the screening of polymers having short and long alkyl 

chains associated with the acceptor material Y6, the polymer with the longer chains 

enabled processing at a lower temperature, achieving efficiencies exceeding 10%. 

Moreover, this work explores the link between nanomorphology and charge transport 

within nanoparticles by developing nanogap devices. Dielectrophoresis force has been 

successfully used to insert core-shell nanoparticles in the nanogap. This result shows that 

nanoparticle morphology and shell composition do not have a dramatic impact on the 

charge mobility within the nanoparticle or the overall performance of the solar cells. 

 

 



 

 

Résumé 

Pour rendre le procédé de fabrication des cellules solaires organiques plus 

écoresponsable, l'utilisation de solvants toxiques doit être remplacée par une solution plus 

propre. Cette thèse aborde cette problématique en explorant l’utilisation de l'eau comme 

alternative. Comme la plupart des semi-conducteurs organiques ne sont pas solubles dans 

l'eau, la stratégie pour surmonter cette contrainte consiste à former des nanoparticules à 

partir de ces matériaux, qui peuvent ainsi être dispersées dans l'eau. Deux méthodes 

principales sont utilisées dans la communauté pour obtenir de telles dispersions aqueuses : 

la mini-émulsion et la nano-précipitation. Les nanoparticules synthétisées par cette 

dernière présentent une morphologie interne plus favorable entre les matériaux donneurs 

et accepteurs par rapport à la mini-émulsion. De ce fait, les cellules solaires fabriquées à 

base de dispersions aqueuses préparées par nano-précipitation montrent des rendements 

beaucoup plus élevés. Le travail entrepris dans cette thèse vise à comprendre et à 

surmonter les limitations liées à la morphologie interne des nanoparticules préparées par 

mini-émulsion. En particulier, nous avons étudié l'influence de l'énergie interfaciale entre 

les matériaux donneurs et accepteurs sur la morphologie interne des nanoparticules. Des 

nanoparticules composites de PTQ10 et de différents matériaux accepteurs ont été 

formées et étudiées à l'aide de techniques de microscopie avancées (STXM, AFM, cryo-

TEM). L'analyse a montré qu'un système donneur/accepteur avec une faible énergie 

interfaciale tel que le PTQ10:Y6 est bénéfique pour obtenir des nanoparticules avec une 

morphologie inter-mixée. Par conséquent, les cellules solaires fabriquées avec des 

nanoparticules de PTQ10:Y6 ont atteint une efficacité de conversion énergétique de 

9,98 %. Un traitement à haute température a été nécessaire pour fritter les nanoparticules 

tout en maintenant une morphologie et une cristallinité favorables. Cependant, une telle 

température élevée n'est pas adaptée à un processus industriel. Pour réduire cette 

température, la longueur des chaînes alkyles des matériaux donneurs et accepteurs a été 

identifiée comme un facteur clé. En examinant des polymères avec des chaînes alkyles 

courtes et longues, il a été observé que le polymère avec les chaînes les plus longues 

permettait un traitement à une température plus basse, atteignant des efficacités 

supérieures à 10 % lorsqu'il est associé au Y6. Cette thèse a aussi exploré le lien entre la 

morphologie et le transport des porteurs de charges au sein des nanoparticules en 

développant dispositifs à canal nanométrique. Dans ces canaux, nous avons réussi à piéger 

des nanoparticules de type cœur-écorce à l’aide de la force diélectrophorétique. Ce 

résultat a montré que la morphologie des nanoparticules et la composition de l’écorce n'ont 

pas d'impact significatif ni sur la mobilité des charges dans les nanoparticules, ni sur les 

performances finales des cellules solaires. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

“Créer, vivre, inventer, imaginer, c'est toujours composer avec une 

frontière. Nous ne sommes pas dieu. La finitude est notre lot. La beauté 

s'élabore toujours dans la contrainte.  

Ce n'est pas triste, c'est être en vie.” 

Aurélien Barrau. 
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Defining the obstacle that the world is currently facing by the simple use of “climate 

change”, “global warming” or even “environmental crisis” is perhaps minimising the actual 

gravity of the situation. More than everything, we are witnessing the collapse of life on earth. 

From a recent article, scientists are updating the situation with respect to the planetary 

boundaries framework proposed more than a decade ago.[1,2] Their study concludes that 

we are now beyond six out of the nine planetary boundaries, and even if climate change is 

the boundary we are often pointing out, this is not the most dramatic transgression made 

up to now (Figure 0-1). 

 

Figure 0-1: Current status of control variables for all nine planetary boundaries. Reproduced from 

Richardson et al.[2] 

 

The recent and important report from the intergovernmental organization IPCC has 

established a synthesis of the critical changes arising from this climate change, its major 

causes and future consequences.[3]  Since the end of the 19th century, the global surface 

temperature has increased by 1.1°C, primarily due to different human activities 

(unsustainable energy use, land use, over consumption and production…).  Since the Paris 

agreement signed in 2016, the world has the objective to keep this rise below 1.5°C, which 
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seems now unlikely to happen. Based on the IPCC report, the greenhouse gases emissions 

should be reduced by 43% from 2019 emission levels. However, greenhouse gases 

emissions (mainly CO2) coming from fossil fuels are directly related to our fossil fuel 

consumption. And looking at Figure 0-2, our consumption of oil, coal and gas does not 

seem to slow down. As a matter of fact, the global CO2 emission from energy combustion 

and industrial processes increased by more than 2% since 2019.[4]  

In 2023, more than 80 % of the energy consumption in the world still comes from 

fossil fuels. And by looking at the current trend, major alternatives to fossil fuels must be 

adopted. The present and modest thesis is obviously not here to address all the problems 

listed above, the work would go beyond what is feasible. But it is to contribute and bring 

solution to a part of the equation we need to solve, which is the energy production part, and 

more specifically the electricity production.   

 
Figure 0-2: Energy consumption in the world by source from 2000 to 2023. Reproduced from ref [5]. 

 

Concerning the use of resources for electricity production only, the trend is still 

alarming with about 60 % of the electricity generation in the world that comes from fossil 

fuels (Figure 0-3a). However, it is still concerning as the trend of the electricity demand 

keeps rising over the years. Thanks to recent developments and energy policies, the growth 

in renewable energies over the last two decades is impressive and gives hope for the future. 
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The three primary renewable sources are hydro, wind and solar power accounting today 

for 27 % of the electricity generation. Note that it can be very different from a region to 

another as this value raise to 38 % in the European Union (EU) and decrease to 22% in 

Africa. Among these three sources, solar energy is the one generating the less electricity, 

and this tendency is almost true on every continent (Figure 0-3b). Yet, a complete opposite 

trend is observed when considering the yearly potential of these renewable energies. The 

solar energy reaching our planet and could be potential use is around 23 000 TW-yr, 

whereas for wind and hydro it is 25-70 TW-yr and 3-4 TW-h respectively.[6] Hence it easy to 

understand the massive room for improvement in the development of solar energy 

production, and the expansion of the installed capacity that is almost exponential is a good 

marker (Figure 0-3c).  

 
Figure 0-3: Evolution of (a) the energy demand and generation coming from electricity production with 
different sources in the world, (b) the electricity generation from different renewable energy sources and 
(c) of the different renewable energy capacity production. Data have been taken from EMBER website.[7] 

 

When referring to solar energy for the electricity production, the photovoltaic (PV) 

technology dominates over other technologies such as the concentrated solar thermal 

power technology. Compared to other renewable energy technologies, the PV technology 
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presents several advantages such as having versatile integrations and easy installations, 

less maintenance and service costs, being safe and silent. We usually classify PV panels 

into three generations and the evolution of their best research-cell efficiency chart provided 

by NREL is shown in Figure 0-4.[8,9]   

1st generation: Includes the technologies based on monocrystalline (mc-Si) and 

polycrystalline (poly-Si) silicon, as well as III-V materials (e.g. gallium arsenide (GaAs)). 

2nd generation: Describes the inorganic thin-films technologies based on copper indium 

gallium di-selenide (CIGS), cadmium telluride and sulphide (CdTe & CdS) and amorphous 

silicon (a-Si) among others. 

3rd generation: Contains the emerging thin-films technologies based on new materials or 

new architectures. The principal technologies are the organic photovoltaics (OPV), 

perovskite solar cells, quantum dots (QD) solar cells and dye-sensitized solar cells 

(DSSCs). 

Among all of these PV technologies, the OPV is particularly having an intensive 

research development over the last decades, and is now at the dawn of a wide industrial 

development. This great interest is coming from the ability of this technology to produce 

transparent, lightweight and flexible solar cells with a low production cost. The last feature 

allows organic solar cells to have a short energy payback time, which is contributing greatly 

to the sustainability of the products.[10] Furthermore, the materials embedded in organic 

solar cells are carbon-based, which have an advantage in terms of toxicity over the lead-

based materials used in perovskite solar cells for instance. The fabrication processes 

involved in this technology have a great impact on lowering the cost. Indeed, some layers 

of an OPV solar cell are solution-processed films, which are suitable for high throughput 

manufacturing technology such as roll-to-roll processes. However, this wet-processing 

requires the use of organic solvent which are toxic to the human health and harmful to the 

environment. The present thesis tackles this issue by exploring a way of replacing these 

solvents by water.  

This chapter aims to introduce the general motivation and context of this thesis, in 

both societal and scientific dimensions. The OPV technology is now broken down in the 

next chapter, from its working principle to a global and brief look at its state-of-the-art.  
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Figure 0-4: Best research-cell efficiency chart provided by NREL.8 
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Chapter 1  
 

Organic photovoltaics 
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 Introduction 

 

Like every PV technology, the journey of OPV finds its core almost 200 years ago 

by A. E. Becquerel discovered the photovoltaic effect in 1839.[11] A wonderful phenomenon 

that allows the conversion of photons into electricity. After this discovery, it took more than 

50 years for the first solar cell to be introduced by C. Fritts in 1883 following the work of W. 

Smith on Selenium.[12],[13] Until then, only inorganic materials were involved, and concerning 

synthetic materials, the way was opened in the early 1900s with the investigation of the 

conductivity and photoconductivity of anthracene, an organic compound.[14],[15] Again, 

several decades were needed to develop and finally introduce the organic semiconductors 

thanks to the development of many organic compounds.[16] The PV technology was 

primarily developed with inorganic materials, mostly silicon, with the first pn junction solar 

cell reported by Bell Laboratories in the 1950s and showing an efficiency of 6%.[17] With 

organic semiconductors, due to the low concentration and mobility of free charge carriers, 

as well as the poor exciton dissociation, further decades were needed to finally introduce 

the OPV technology. It was finally introduced in the 1990s with the important contributions 

of A. J. Heeger and R. H. Friend developing the concept a phase-separated mixture of 

two-component polymers for efficient charge photogeneration.[18–21] In the early 2000s, an 

efficiency of 2.5% was achieved, hence promoting OPV to the rank of a highly interesting 

technology.[22] At that time, over 25% efficiency was already achieved using single crystals 

silicon solar cells, and III-V multijunction technology was showing more than 30% efficiency, 

hence approaching the theoretical Schockley-Queisser limit.[23]  Despite its lower efficiency 

as compared to other technologies, the OPV technology has known a tremendous 

development and a fast growing, approaching the symbolic barrier of 20% efficiency very 

recently in 2024. The interest in this technology lies into numerous advantages over the 

inorganic technology counterparts such as the promise of low-cost fabrication, the semi-

transparency of OPV modules, their flexibility and lightweight (Figure 1-1). 

Before taking a brief look on the current state-of-the-art of OPV, it is important to 

provide the scientific background of this technology by firstly defining the core material of 

an organic solar cell, and presenting the physics of the device.  
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Figure 1-1: Principle advantages of OPV 

 

 

 Working Principles 

 

1.2.1 Organic semiconductors 

 

In order to understand how an organic semiconductor works (also named as a π-

conjugated material), it is here essential to put the carbon atoms in the centre of the 

discussion. Starting from the electronic structure of carbon, the latter has the following 

electron configuration in its ground state: 1s2 2s2 2px
1 2py

1 2pz
0. Whenever one of the 2s 

electrons is promoted to the empty orbital 2pz, the atom is able to form four covalent bonds. 

Upon interaction with three hydrogens and a carbon (ethane), new hybrid orbitals are 

formed from the 2s and 2p orbitals, leading to four hybridised 2sp3 orbitals (Figure 1-2a). 

Taking now the example of the ethene molecule, the carbon only hybridises three 2sp2 

orbitals that are σ-orbitals. Two of the σ-orbitals form σ-bonds with the two hydrogens, and 

the third one a σ-bond with the other carbon. The last orbital (2pz) is unhybridised and 

represents a π-orbital. Each π-orbital of the two carbon can now overlap above and below 

the carbon-carbon σ-bond to create a new π-bond. This overlap can create a bonding 

molecular orbital (π) and an anti-bonding molecular orbital (π*), depending on where the 

two electrons are located, which gives its name to the π-conjugated materials (Figure 

1-2b).  
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Figure 1-2:  The combination of six hydrogen atoms and two sp3 hybridised carbon atoms to yield 

the molecule ethane and four hydrogen atoms and two sp2 hybridised carbon atoms to give ethene 

(ethylene) showing the pi-conjugation. Redrawn from ref [24]. 

 

In more complex π-conjugated systems, simple and double carbon-carbon bonds 

alternate to form repeat units where the electrons are weakly bound and delocalised along 

the conjugated chain. This confers to the electrons the ability to easily move through the 

material and its semiconductor properties. 

In terms of energetic level, a linear combination of the π-orbitals from each repeat 

unit produces a π-band. This large band has two sub-bands, a filled low energy π-band and 

an empty high energy π*-band separated with an energy gap (Eg). These two bands 

originate from the bonding molecular orbitals energies and the anti-bonding molecular 

orbitals energies. The highest energy level of the π-band is called the highest occupied 

molecular orbital (HOMO), and the lowest energy level of the π*-band is called the lowest 

unoccupied molecular orbital (LUMO) (Figure 1-3).[25]  

An excited state is created when an electron from the HOMO level is promoted to 

the LUMO level. Many kinds of excitation can produce an excited state, but in an organic 

solar cell, the dominant one is the photoexcitation produced from the absorption of a photon 

by the organic semiconductor.  
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Figure 1-3: Simplify energy level diagram resulting from the linear combination of π-orbitals of a 

π-conjugated polymer (or small molecule) in the ground sates and excited state.  

 

1.2.2 Organic solar cells 

 

If a photon has an energy greater than or equal to the energetic band gap (hν ≥ Eg), 

it is then absorbed and creates an exciton. This quasi-particle is a bonded electron-hole 

pair often referred to as a Frenkel exciton, which is specific to low dielectric constant 

materials such as organic semiconductors.[26] The Coulomb potential energy between the 

electron and hole is quite high, resulting in a large binding energy (0.1 eV – 1 eV). Unlike 

inorganic semiconductors, the energy at room temperature, kT, is not sufficient to 

dissociate the exciton and produce a free electron and hole. Therefore, to fully use the 

photovoltaic effect with organic materials, an additional energy is needed. A way to obtain 

this energy is to contact two materials with a sufficient energy difference, which results in 

a built-in potential. The photo-active layer (PAL) of an organic solar cell is thus forms with 

two materials: an electron donor and an electron acceptor material, and is called a bulk 

heterojunction (BHJ). The electron donor material (often a polymer) has the ability to 

transfer an electron from its LUMO to the LUMO of the acceptor which has a lower energy 

level. The acceptor material (often a small molecule) can transfer a hole located in its 

HOMO to the HOMO if the donor material has a higher energy level.  Therefore, a good 

BHJ lies in the association of two materials having their energy levels compatible for the 

charge transfer. The photogeneration of charges and their transport in a BHJ can be 

described as follows: (1) once the photon is absorbed, (2) an exciton is generated in the 
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donor (or the acceptor) and (3) diffuses until it reaches an interface. When the exciton 

reaches an interface, a charge transfer (CT) state is formed with the electron in the acceptor 

material and the hole in the donor material. Once the binding energy of the CT state is 

overcome, (4) the exciton finally dissociates into free charges (5) able to be transport 

toward their respective electrodes (Figure 1-4b & 1-4c). In order to collect these charges, 

the PAL is placed in between an anode and cathode, which together form the solar cell. 

Depending of the energetic levels of the PAL, the cathode and anode can be tuned for a 

better extraction of electrons and holes thanks to an appropriate electron transport layer 

(ETL) and hole transport (HTL). Two architectures are possible and are shown in Figure 

1-4a. In both architecture, one of the electrodes is a transparent conductive layer (TLC), 

which allow the light to reach the PAL, and is usually formed with indium tin oxide (ITO). In 

the presence thesis, only the inverted architecture is used and built as follows: 

ITO/ZnO(ETL)/PAL/MoO3(HTL)/Ag. The details of the fabrication can be found in 

Methods. 

 
Figure 1-4: (a) Two different architecture used in OPV and (b) the photogeneration processes in the 

active layer made from a BHJ. (c) Represents the charge generation and transfer from a band 

diagram point of view. 

 

1.2.3 Loss mechanisms in organic solar cells 

 

Considering an ideal organic solar cell, every photon absorbed by the PAL would 

generate free charges collected at the electrodes. In a non-ideal solar cell, each step 
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described and illustrated in Figure 1-4b & 1-4c would encounter several loss mechanisms. 

It is essential to understand these different mechanisms as they are setting the limit of the 

OPV performances.  

The first type of loss is called geminate recombination and takes place when an 

electron and a hole coming from the same photon recombine before being separated into 

free charges. It can firstly happen during the diffusion of the exciton. Each exciton has a 

diffusion length which can vary (10-40 nm) depending on the material in which the exciton 

has been generated.[27,28] This length, way smaller than the PAL thickness, gives to the 

exciton a few ns to reach an interface before relaxing to the ground state. 

Photoluminescence measurement is very efficient for probing this recombination which is 

radiative. Secondly, a geminate recombination might occur when the exciton has reached 

an interface and a CT state is formed. At this point, the electron and hole are still 

coulombically bond and can recombine through CT state relaxation directly to the ground 

state or via a molecular triplet state. Probing the radiative recombination from the CT state 

can still be done through PL or EL measurements by analysing a red-shift signature. For 

the non-radiative recombination, it is quite challenging as the kinetic involved is around the 

sub ns scale, and fast spectroscopy is needed such as transient absorptions spectroscopy 

(TAS).[29]   

Recombination happening after the charge separation are called non-geminate 

recombination. This type of recombination can be summarised in two categories with a first 

one referred to as Langevin or bimolecular recombination. This model characterises the 

chance that a free electron encounters a free hole leading to their recombination. In low 

charge carrier mobility materials, mostly the case for organic semiconductors, the Langevin 

recombination rate is generally high and proportional to the charge carrier density as well. 

The second category is the so-called Shockley-Read-Hall (SGR) recombination, also known 

as trap-assisted recombination which are favour by disorder and impurities. The trapped 

charge carrier recombines if the energy level of the trap lies below Eg, or can be realised if 

the energy is higher. Non-geminate recombination involves free charge carriers, so the time 

scale of this recombination is longer (ns - µs) than geminate recombination and various 

electrical and optical measurements are used to investigate these recombination 

mechanisms.[30] 
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1.2.4 Characterisation 

 

Numerous types of experiments are carried out to characterise the various 

mechanisms and extract their parameters. Only the basic characterisation of an organic 

solar cell is presented in this part, and more specific one can be found in Methods or 

throughout the thesis. Once the solar cell is fabricated, it behaves like a diode with a 

resistance in parallel called the shunt resistance (RSH) and a resistance in series called the 

series resistance (RS) (Figure 1-5a). A low RSH can indicate a poor film quality (pin holes, 

inhomogeneity…) as well as unintentional doping of the active layer resulting in leakage 

currents at reverse bias in the dark. RS represents the resistance of each layer at forward 

bias, indicating the quality of contacts in the device. In the ideal case, RSH is very high 

(RSH → ∞) and RS very low (RS → 0), giving the characteristic current voltage (J-V) of the 

diode described by the Shockley equation (1.1) where J0 is the saturation current of the 

diode, n its ideality factor, q the elementary charge, k the Boltzmann constant and T the 

temperature. Once the cell is placed under illumination, a photocurrent is generated 

through the absorption of light, and the current density is now given by equation (1.2). In 

the real case, the current density is given by equation (1.3) where the overall performances 

are dictated by the series and shunt resistances.  

 

𝐽 =  𝐽0 (𝑒
𝑞𝑉

𝑛𝑘𝑇 − 1) (1.1)  𝐽 =  𝐽
0

(𝑒
𝑞𝑉

𝑛𝑘𝑇 − 1) − 𝐽
𝑝ℎ

 (1.2) 

 

 
Figure 1-5: (a) Equivalent circuit of a solar cell including a Shockley diode, a photocurrent source 

and the two parasitic resistances. (b) Typical current – voltage characteristics of an organic solar 

cell in the dark and under illumination. 
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 𝐽 =  𝐽0 (𝑒
𝑞(𝑉−𝐽𝑅𝑆)

𝑛𝑘𝑇 − 1) +
𝑉 − 𝐽𝑅𝑆

𝑅𝑆𝐻
− 𝐽𝑝ℎ (1.3) 

 

 The main PV parameters are extracted from the J-V curves obtained when the OPV 

cell is characterised under an incident light with a power-density of 100 mW cm-² 

corresponding to 1 sun. It is the typical power density received from the sun on the earth 

after passing through 1.5 times the thickness of the atmosphere. The spectrum of this light 

corresponds to the Air Mass 1.5 Global (AM 1.5G) which tries to reproduce the solar 

spectrum as closely as possible (see Methods). Using this specific light spectrum is 

essential to extrapolate the real operating behaviour of the cell, as well as for a rigorous 

comparison between the laboratories around the globe.  

 
Figure 1-6: Typical (a) current - voltage and (b) power - voltage characteristics of an organic solar 

cell with the principal parameters. 

 

From the J-V curves, four points are crucial in order to extract the overall efficiency 

(JSC, VOC, JMPP and VMPP). The VOC is the voltage across the solar cell at open-circuit condition 

(J = 0) (equation (1.4) and the JSC is the current density measured at short-circuit condition 

(V = 0) (equation (1.5). The JSC is mainly set by the spectral signature of the active layer 

and subsequently how efficient photogenerated excitons diffuse and separate. The VOC is 

related to the energetic level of the active materials, and in specially to how the electron 

and hole quasi-Fermi levels are splitted under illumination. The architecture also plays an 

important role of setting the VOC due to the role of the HTL and ETL in the creation of the 

built-in field. The last two points (JMPP and VMPP) are the operating condition point of the solar 

cell, where the power density supplied by the cell is maximum (PMAX). With these four values, 
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the fill factor (FF) is obtained and has a value between 0 and 1, where a FF close to 1 

represents an ideal solar cell (equation (1.6).It is the result of the combination of many 

parameters in the cell such as the charge carriers extraction efficiency, the electrons and 

holes mobility and the balance between the two.[31] Finally, the important figure of merit of 

a solar cell is expressed by the power conversion efficiency (PCE) which is the ratio of the 

input power given by the light intensity to the maximum output electrical power 

(equation (1.7).  

 𝐽𝑆𝐶 =  − 𝐽𝑝ℎ (1.4)  𝑉𝑂𝐶 =  
𝑛𝑘𝑇

𝑞
ln (

𝐽𝑝ℎ

𝐽0
− 1) (1.5) 

 

 
𝐹𝐹 =

𝐽𝑀𝑃𝑃 . 𝑉𝑀𝑃𝑃

𝐽𝑆𝐶 . 𝑉𝑂𝐶
 (1.6)  𝑃𝐶𝐸 =

𝑃𝑀𝐴𝑋

𝑃𝐼𝑁
=  

𝐽𝑆𝐶 . 𝑉𝑂𝐶 . 𝐹𝐹

𝑃𝐼𝑁
 (1.7) 

 

 Another important characterisation of a solar cell is done through the external 

quantum efficiency (EQE) measurement. Also called the incident photon to electron 

conversion efficiency, the EQE is useful to correlate the photocurrent (Iph) at a certain 

wavelength (λ). As expressed by equation (1.8) at a given λ, the EQE is the ratio between 

the measured photocurrent and the theoretical current obtained if all photons of the flux 

(Φph) are converted into free charges. By doing the EQE measurement over the AM 1.5G 

spectrum range and integrating the whole, the JSC can be calculated from equation (1.9). 

 

 𝐸𝑄𝐸 (𝜆) =
𝐼𝑝ℎ(𝜆)

𝑞. ϕ𝑝ℎ,𝜆
  (1.8) 

 

 𝐽𝑆𝐶 = −𝑞 ∫ 𝐸𝑄𝐸(𝜆)
𝜆1

𝜆2

. ϕ𝑝ℎ
𝐴𝑀 1.5𝐺   𝑑𝜆  (1.9) 

 

 

 A brief state-of-the-art and motivations 

 

Before presenting the core and the motivation of the present thesis, a brief 

introduction to the current state of organic photovoltaic in the research field is necessary. 
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As previously shown by the NREL chart relating the best research-cell efficiencies, the OPV 

community is on the eve of reaching and going beyond the 20% power conversion 

efficiency (PCE) milestone. Two recent published works even report PCEs reaching 20.17% 

and 20.22%, although certified PCEs still below 20% in both cases.[32,33] The latest major 

milestone was the development of non-fullerene acceptors (NFAs), which led to surpassing 

the highest efficiency obtained with historical fullerene acceptors in 2016 (PCE > 12%).[34,35] 

From that point, NFAs have played an important role in the rise of organic solar cell 

efficiencies. Firstly, through the development of the A–D–A-type fused-ring small molecules 

such as IDIC, ITIC and their derivatives (PCE > 13%).[36] And since 2019 with the low-

bandgap A-DA’D-A fused-ring small molecules represented by the Y6 (PCE > 15%).[37] 

Benefiting from the electron deficient 2,1,3-benzothiadiazole (BT) based core, the Y6 and 

its derivatives  present high electron mobility as well as enhance intermolecular interactions 

due to its U shape. Furthermore, its complex but tunable chemical structure enables a wide 

molecular engineering potential from the end-groups to the side chains.[38] Doing so, in 2019 

the derivative L8-BO was synthesised and gave a PCE of 18.32% by switching from linear 

side chain to the 2-butyloctyl bulky branched-side chains.[39] 

Though NFAs are highly efficient photoactive semiconductors, they need donor 

polymer materials to their sides in order to reach such efficiencies. Starting from the early 

2000s, P3HT has been for more than a decade the most used donor polymer in the OPV 

community thanks to its good light absorption and its reasonably good mobility. [40] However, 

P3HT’s limited VOC (with most acceptors) and FF, together with a limited absorption 

spectrum, have pushed the research toward polymers with a downshifted HOMO and 

LUMO level, while decreasing as well the donor bandgap.[41,42]. To this end, numerous 

low-band gap polymers have been developed during the early 2010s to finally achieve in 

2015 one of the most high-performing donor polymer known until now the PM6.[43] Almost 

10 years after, PM6 is today one of the mostly used donor polymer in bulk heterojunction 

showing PCE over 19%. Associated with Y6, this blend is unanimously considered as the 

P3HT:PC61BM blend of the new era of OPV. Because of this status, many studies have 

explored the different mechanisms of this efficient blend and identified several interesting 

features:  longer exciton diffusion lengths, simultaneous lower radiative and non-radiative 

recombination compared to other polymer:NFA systems and even a lower energetic 

disorder.[44] However, our understanding of this system is still far from the mature 

P3HT:PCBM system as many debates on physical processes of NFA-based solar cells are 
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still ongoing.[45] With such efficiencies, these materials were making the OPV technology 

more and more attractive, but the “low-cost” advantage often emphasised was getting less 

relevant. Due to the high synthesis complexity a thus high cost of these materials, a new 

pan of the research has led to propose in 2018 the low cost and high efficient donor polymer 

PTQ10.[46] The two-step reactions and one-time purification of the PTQ10 give to this 

polymer a similar low synthetic complexity than P3HT, which makes it of great interest for 

commercial application.[47] Furthermore, a tremendous power conversion efficiency over 

18% with a simple binary blend was recently achieved.[48] 

 

Figure 1-7: Chemical structures of some of the more important π-conjugated materials over the 

history of OPV 

 

To successfully realise the lab-to-fab transition, and start to spread out efficient OPV 

modules for our daily electricity need, this technology is expected to show higher stability. 

Along with the PCE and the synthetic complexity, Min et al. have also included the 
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photostability in their industrial figure of merit (i-FoM), which makes it a central parameter 

in the transition. An organic solar cell is highly sensitive to external parameters such as 

oxygen, moisture, light, heat and mechanical stress. This sensitivity causes chemical 

degradation as well as physical degradation through mechanical failures, explains short 

lifetimes of an organic solar cell as compared to a silicon solar cell.[49] An efficient 

encapsulation can effectively prevent water and oxygen from penetrating in the active and 

induce photo oxidation.[50] However, photochemical reactions due to UV light and chemical 

degradation can still occurs with a good encapsulation. A recent and complete published 

review has summarised the progress made in the OPV community for stability of organic 

solar cells since 2020.[51] Despite the low number of publication reporting stability data as 

compared to the number of publication in the OPV field, this number is increasing since 

2020 stressing out the interest of the community and its importance (Figure 1-8a). 

However, when comparing the stability test conditions of these results, a lot of differences 

are observed such as the type of light, the temperature or the T80. This parameter has been 

introduced in 2011 to create an universal comparison methodology.[52] It represents the 

time at which the solar cell has lost 20% of its initial efficiency. From Figure 1-8b, the PCE 

of a selection of high efficiency solar cells published in the last four years are plotted with 

their respective T80. It shows the great potential of OPV to achieve long lifetimes using 

different strategies such as material design (ternary blend, HTL or ETL material…) and 

device engineering (interlayer modification, electrode modification…). 

 

 

Figure 1-8: (a) Number of papers published on OSCs and the stability of OSCs from 2016 to 2023. 

(Reproduced from Ding et al.[51]). (b) Selection of the highest PCE reported for OPV and their T80 

value under illumination (LED or AM 1.5G) (inspired from Ding et al. [51]). 
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Shifting to commercial products also requires an upscaling of the organic solar cells, 

which involves moving from laboratory cells (≤ 1 cm²) to modules. However, from Figure 

1-9, we can observe that such a transition is yet not possible without losing performances. 

The larger the area, the more challenging it becomes to maintain the best device 

efficiencies obtained with cells areas < 0.1 cm².  

 

Figure 1-9: Best PCE reported for OPV devices as function of their active area. (all efficiency are 

certified and extracted from different reports[9,53,54]). 

 

First of all, the spin coating technique is the major coating technique to achieve 

highest performances for lab-scale organic solar cells. Widely spread in the research field 

to deposit several organic solar cell layers, it is a very convenient technique to optimise the 

process as we are working with small area and many devices per batch. However, when it 

comes to scalable coating techniques, the key parameters that are uniformity, thickness, 

crystallisation and subsequently morphology are much harder to control as compared to 

the spin coating technique. Because the BHJ is a complex system where donor and 

acceptor are randomly distributed through the layer, the upscaling is quite challenging as 

a BHJ is very sensitive to thickness variation.[55] The sequential deposition strategy, which 

enables the formation of pseudo-planar heterojunctions, has emerged as a good candidate 

to control the morphology while upscaling.[56] Another source of losses when shifting to 

large area OPV comes from the electrical and geometrical losses.[57] Modules are essentially 
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several single cells connected together in series, which add to the internal resistance of the 

cell an interconnection resistance. In addition, for flexible modules the internal resistance 

of the cells integrated in a module is much higher due to the higher resistance of the flexible 

transparent electrodes. And the geometrical losses correspond to the inactive photo-active 

areas that are used for interconnections.  

Willing to address these different obstacles, Basu et al. have recently reported a 

world record efficiency for large area OPV with modules >200 cm².[58] Their extensive 

optimisation of the coating process as well as the module layout through computational 

simulations enabled a 14.5% PCE with 204 cm² module. While this represents substantial 

progress compared to lab-scale devices, the journey toward the fab is still ongoing as it is 

still far from the modules commercialised by the Heliatek and Sunew (> 6000 cm²). 

However, their efficiencies remain below the symbolic 10% PCE already achieved in the 

lab more than 10 years ago. 

 Along all these considerations of high performances, stability and upscaling, the 

success of OPV commercialisation won’t be fully complete without sustainability 

considerations. Many parameters cover the question of sustainability, and it is not 

straightforward to make a qualitative assessment on the sustainability of an electronic 

product.[59] For industries and investors, it is clear that the main parameter is the production 

cost. OPV has shown great potential of producing economically feasible products, but 

major concerns about the cost of high efficiency active materials must be addressed.[60] As 

we expect the OPV production to grow exponentially in the next decades, a strategy for 

recycling OPV modules is essential. Unlike silicon PV, where recycling methods are already 

well established, OPV still needs to develop this side of its research.[61] Recent results from 

R. Sun and co-workers have demonstrated a cost-efficient protocol to recycle an OPV solar 

cell by reusing photo-active and conductive materials.[62]  

 The use of wet-process fabrication instead of a dry-process presents the advantage 

of using low-cost techniques, and versatility in producing large-area and flexible devices.[63–

65] A wet-process also means to handle deposition solvents, which in the field of OPV are 

often hazardous organic solvents that present many issues (e.g. halogenated solvents). 

Numerous research works are claiming the use of “green solvents” to deposit the 

photoactive materials, often considering the toxicity.[66],[67] However, the term of “green 

solvents” should contain more than this only parameter. The sustainability of a deposition 
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solvent also involves other factors, such as its environmental impact and safety.[68] Several 

solvent selection guides aim to provide tools in order to assess the sustainability of a 

solvent. Based on one of these, the GlaxoSmithKline (GSK) solvent sustainability guide, the 

best PCE obtained with common solvents, including “green solvent”, are displayed as a 

function of their sustainability score (Figure 1-10).[69]  

 

Figure 1-10: Sustainability versus highest power conversion efficiency of OPV devices active 

layer processed with common solvent including “green solvents”. Data are from ref [32,70–82] 

 

Without any surprises, from the above figure we observed that high efficiencies are 

obtained from chloroform, which happens to be the less sustainable. Good performances 

associated with a deposition from chloroform (CF) or chlorobenzene (CB) are due to the 

extremely high solubility with the best performing π-conjugated materials. Shifting to more 

sustainable solvent, some considerations must be taken into account to match the solvent 

and the material such as the Hansen solubility parameters which is a good tool for the 

solvent selection.[83] Often introduced as green solvents reaching PCE over 18%, o-xylene 

(o-Xyl) and toluene (Tol) are yet relatively low in the sustainability scale, even though the 

former  is now industrially compatible in the EU. Looking now at a more sustainable solvent 

recommended by the United Nations, the anisole (An) as shown high efficiency up to 13.6 

% PCE.[79] This result was made possible via the modification of a polymer by changing C=C 
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bonds to B–N covalent bonds with highly polar characteristics. This strategy often leads to 

complex synthetic routes, which can impact the sustainability of the whole study. It is worth 

noting to mentioned the novel class of solvents recently adopted in OPV: terpenes. In 

particular, they are interesting for their potential negative carbon footprint, as they are 

derived from renewable bio-sources. Based on the system PM6:BTP-eC9 and using 

terpene-based solvents, Corzo et al. have obtained an efficiency similar to their control cell 

made out of chloroform and DIO of 15.1 % PCE.[67] Because the GSK guide does not report 

data concerning solvents reported in the article, which are eucalyptol and tetralin, the data 

are not included in Figure 1-10. Nevertheless, the only type of terpene rated by the GSK 

guide is the limonene. Although it presents an advantage due to its production, it still 

presents some risks when looking at the environment category which described the air and 

aqueous impact.  

From the sustainability scale, few are the solvents falling in the category of “green 

solvents”, to be fair, water is the greenest solvent overall there is no doubt about water 

being the best choice. However, using water as a solvent is not an easy task because most 

of the organic semiconductors are not soluble in water. The strategy of solubilising organic 

semiconductors in a water/alcohol mixture for the photoactive layer has been explored but 

suffers from weak efficiencies and requires the synthesis of new materials that are not 

commercially available.[84],[85] Most of them bearing water compatibiliser moieties that are 

bulky and strongly decreasing electrical properties. However, remarkable works have been 

published on water and water/alcohol soluble conductive polymers for transport layers.[86,87] 

Overall, the strategy that gave the best efficiencies so far is based on the elaboration of 

aqueous dispersions of organic semiconductor nanoparticles.[88,89] The work done in the 

present thesis is following this strategy, and before presenting the results obtained during 

this PhD, an overview of the literature of water-based OPV is presented in the next chapter. 
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 Introduction 

 

In Chapter 1, an introduction of the OPV technology has been provided as well as 

its working principle and the main characterisation of an organic solar cell leading to its 

various figures of merit. A brief overview of the current state-of-the-art has illustrated the 

main challenges of the field in order to achieve the fab-to-lab transition. One of the keys is 

sustainability, which is, to some extent, related to the use of really “green” solvents when 

processing an organic solar cell. Water being by far the best solvent in term of sustainability, 

the present chapter is presenting the main strategy employed to develop water-

processable OPV through the use of nanoparticles dispersions. From the synthesis of the 

latter and the different morphologies of nanoparticles reported in the literature, an overview 

of the current performances obtained along with their limitations is presented.  

Water-processable OPV is referring to the process of using water as a solvent to 

deposit one or several layers when building an organic solar cell. More specifically, this 

term is used to describe the deposition of the active layer with aqueous colloidal dispersion. 

Herein, the water is not a solvent in the sense where the active materials are solubilised in 

water, but nanoparticles are formed dissolving first active materials in a given solvent (not 

water) and then dispersed in water for the thin film deposition. Two main strategies are 

employed in the community to elaborate these colloidal inks, within which many parameters 

and variation allow the formation of a large variety of nanoparticles. As previously seen 

when looking at the best efficiency of different solvent, the water-based OPV still falls below 

the state-of-the-art of OPV processed from chlorinated/halogenated solvents. Many 

reasons can explain this gap among which stand the use of surfactants, the quality of the 

nanoparticulate active layer or its final nanoscale morphology. To start, an overview of the 

two main methods for the synthesis of nanoparticles is presented, followed by a focus on 

the resulting internal morphology of these nanoparticles. Then, a focus is given at the 

process for fabricating an organic solar cell with these colloidal inks and the subsequent 

OPV performances. Finally, the aim and outline of the present thesis are presented before 

getting into the main results obtained during the last three years.    
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 Nanoparticles elaboration  

 

Organic semiconductor nanoparticles can be obtained using the bottom-up 

approach. In contrast with the top-down approach where the formation of nanoparticles is 

achieved from processing the source material at the macroscale or microscale, the bottom-

up approach consists in using the self-organisation of molecules to end up with the nano-

object. The latter is the most convenient in our case as it offers a better control of the size 

along with its dispersity. The self-organisation leading to a nanoparticle is made possible 

by a solvent displacement leading to a solid state (i.e. the nanoparticle) in a liquid 

environment. 

 

2.2.1 Mini-emulsion  

 

Mini-emulsion is the first method discussed as it is the most used to form organic 

semiconductor nanoparticles since its introduction for OPV by K. Landfester and co-

workers back in the early 2000s (Figure 2-1).[90,91]  

 
Figure 2-1: Schematic of the elaboration of nanoparticles via the mini-emulsion method. 

 

The method, originally proposed as an emulsion polymerisation in 1973, consists in 

preparing two immiscible phases: an aqueous phase, by dissolving a surfactant into water, 

and an organic phase, by dissolving the active material into an organic solvent.[92] As the 

organic solvent needs to have a low boiling point, ii. be immiscible with water and iii. 
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solubilise most of the material, the chloroform is the main choice as it checks all criteria. 

Nevertheless, the use of higher boiling point such as o-Dichlorobenzene is however still 

possible but less employed.[93] In the aqueous phase, when the right concentration of 

surfactant is utilised, which must be above the critical micelle concentration (CMC), 

micelles are formed to thus create of a macro-emulsion. The latter is obtained by mixing 

the two phases (aqueous and organic) under vigorous stirring. The organic phase is now 

forming small droplets (around the µm scale) with the hydrophobic tail of the surfactant 

pointing toward the organic phase and the hydrophilic one oriented toward the aqueous 

phase. 

Next, the obtained macro-emulsion is further emulsified using a sonifier to form a 

mini-emulsion. At this point, nanodroplets (sub µm scale) of organic phase are dispersed 

in the aqueous phase. Subsequently, the evaporation of the organic solvent takes place 

leading to the formation of the nanoparticles. While the organic solvent is evaporating, the 

active materials start to precipitate inside the nanodroplets until no more solvent is left and 

nanoparticles are then formed from the material precipitation. After this, surfactants are still 

present at the surface of the nanoparticles which allow the electrostatic repulsion of the 

particles and the stabilisation of the dispersion. In addition to these surfactants attached to 

the nanoparticles, the aqueous dispersion still contains some remaining free surfactants. 

When depositing the colloidal ink, these remaining surfactants are considered to be 

impurities that act as charge trapping sites.[94] Therefore, an additional step of the mini-

emulsion process is the removal of this excess of surfactant by either simple dialysis or 

centrifugal dialysis. The latter is particularly convenient as it offers the possibility to 

concentrate the dispersion at the same time which favours the deposition of the particles. 

While it is bound to be removed, the surfactant has a crucial role in the mini-emulsion 

process. As such, even if a wide range of them have been investigated, sodium dodecyl 

sulfate (SDS) remains the most used (Figure 2-2).[95–97] 

This method has been widely used in the community to form nanoparticles of 

various size as this latter can be finely tuned upon addressing various process 

parameters.[88] While it is essentially used in OPV, the OFET community has also started to 

show some interest for mini-emulsion.[98,99] More recently, pure PM6 nanoparticles were 

synthesised and used to develop a sequential layer-by-layer (LBL) deposition in organic 

solar cell.[100,101] The LBL strategy is getting more and more attention from the community 
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because it allows the fabrication of a well-controlled and interdiffused pseudo-bilayer.[102] 

By forming a layer with PM6 nanoparticles onto which an NFA is spin-coated from an 

organic solvent solution, C. Xie and co-workers achieved a mesoporous interface. The latter 

unlocked a fine tuning of the interdiffusion between the donor and acceptor domains. 

Different surfactants than SDS were involved such as CTAB which produced a more stable 

and homogenous dispersion by suppressing flocculation and Ostwald ripening. The study 

shows that the use of nanoparticles has more to offer than just being a sustainable strategy, 

it can actually help the control of the final active layer morphology. 

 

Figure 2-2: Chemical structure of SDS and CTABS. 

 

2.2.2 Nanoprecipitation 

 

The second method to produce colloidal dispersion is the so-called 

“nanoprecipitation”, which takes its name from the re-precipitation method, firstly 

demonstrated with the preparation of π-conjugated microcrystals (Figure 2-3).[103]  

 
Figure 2-3: Schematic of the elaboration of nanoparticles via the nanoprecipitation method. 
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For the first step of this method, the organic semiconductor is solubilised in an 

organic solvent (organic phase) and injected into the water (aqueous phase). Unlike the 

mini-emulsion method, the solvent and the non-solvent (water) must be miscible. Under 

constant stirring, the organic phase is forming droplets, in which the concentration 

gradually increases as the organic solvent is slowly getting dissolved into water. When 

reaching the super-saturation stage, nuclei are formed and ultimately grow to form 

nanoparticles. The formation of a nanoparticle is hence quite similar to the mini-emulsion, 

but implies a much faster formation step because of the quicker solvent displacement. The 

dissolved organic solvent is then evaporated to obtain the final aqueous dispersion. Note 

that the non-solvent which is here described as water can also be an alcohol such as 

ethanol or methanol.[82,104–108] 

Before being integrated into organic solar cells, some studies have reported the 

synthesis of organic semiconductors nanoparticles prepared via nanoprecipitation and their 

optical and electronic properties.[109–112] For instance, J. Gesquiere and co-workers have 

studied with fluorescence spectroscopy single composite nanoparticles of 

P3HT:PC61BM.[110,111] Doing so, there were able to prob the formation of two types of P3HT 

crystalline nanodomains in P3HT:PC61BM composite nanoparticles depending of the 

amount of PC61BM.  Using P3HT to from pure nanoparticles, Millstone et al. have 

demonstrated the successful integration of the nano-objects in organic field effect 

transistors showing a similar mobility obtained with P3HT deposited from organic 

solvents.[112] In 2014, Darwis et al. have reported working solar cells using P3HT:PC61BM, 

reaching a PCE of 1.09 % by applying a proper thermal annealing. They emphasised that 

higher performances were obtained with surfactant-free nanoparticles as compared to 

nanoparticles prepared via mini-emulsion, hence containing a surfactant.[113] Furthermore, 

even if the nanoprecipitation is a quick and easy method, it comes with disadvantages such 

as low dispersion stability and concentration. This is arising from aggregates formation and 

fullerene sedimentation, which makes it not suitable for all active materials.[108]  

In 2018, Xie et al. have introduced the use of a surfactant during the 

nanoprecipitation synthesis without impacting the performances as they reached the 

record PCE for water-processed OPV of  7.5 % with the PBQ-QF:ITIC system.[74] Their 

strategy is based on the use of the poloxamer Pluronic F127 which has a temperature-

sensitive CMC. This property allows to switch from F127 micelles to poloxamers, and thus 
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allows the removal of all excess F127 while preserving a stable aqueous dispersion without 

aggregation (Figure 2-4). Using this method, they have recently reported the up-to-date 

highest efficiency for water-based OPV by forming PM6:BTP−eC9-based nanoparticles and 

adding 1,8-diiodooctane (DIO) in the organic phase. With this additive, they reached a PCE 

of over 11%, currently holding the world record for water-based OPV.[73] 

 

 

Figure 2-4: (a) Chemical structure of Pluronic F127. (b) F127 retention as function of centrifugal 

washes at freezing and room temperature in water (Reproduced from Xie et al. [74]) 

 

 

 Stable dispersion can also be achieved using the surfactant-free nanoprecipitation 

by doing a slight concession on sustainability. Indeed, by switching to alcohol-based 

dispersion such as ethanol or methanol, a good stability dispersion stability can be obtained 

according to literature.[104,107] By doing so, and using the P3HT:ICBA system, PCE exceeding 

4% were achieved using a similar process.[82,104] Enhancing dispersion stability has been 

studied even more by A. Colsmann’s group employing the strategy of permanent or 

reversible electrostatic stabilisation (PES or RES).[81,106] In both cases, p-doping of the 

colloidal ink was found to enhance the electrostatic repulsion of the nanoparticles and 

hence the dispersion stability. In particular, the RES based on the iodine doping method 

allowed them to reach PCEs of 10.6% using the donor:acceptor blend J71:Y6. However, 

a)

b)
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the dispersions used in their studies are based on acetonitrile and not water, which here 

again goes against sustainability.  

 Nanoparticle morphology  

 

For organic solar cell applications, a nanoparticle is generally formed of the donor 

and the acceptor together, leading to composite nanoparticles. The special distribution of 

these two materials can take many forms, which dictates the morphology of the 

nanoparticle. However, as it is shown later in the chapter, pure nanoparticles of either the 

donor or the acceptor have also been used. The performances of organic solar cells are 

extremely dependent of the active layer morphology as it directly influences the exciton 

dissociation as well as the charge carriers transport mechanisms. By forming the active 

layer with nanoparticles, the resulting morphology strongly depends of the initial 

morphology of the composite nanoparticles. Therefore, this morphology has been often 

investigated by the community in order to correlate the optical properties of the 

nanoparticles and the obtained OPV performances. Back in 2004, photoluminescence 

measurement was the first tool used to determine the morphology of a composite 

nanoparticle made with F8BT and PFB using the mini-emulsion method.[114] The results have 

led T. Kietzke and co-workers to describe a nanoparticle with a phase composed almost 

exclusively of F8BT and another one, more intermixed, with phase-separated PFB and 

F8BT. Three years later, the same group has reported on a biphasic morphology (Janus) 

for a PS:PPC-based composite nanoparticle using transmission electron microscopy 

(TEM), where they ended up extrapolating this finding to the PFB:F8BT nanoparticle 

system.[115] However, following these results, P. C. Dastoor’s group has shown a completely 

different morphology for these PFB:F8BT nanoparticles and demonstrated that the 

scanning transmission X-ray microscopy (STXM) technique is capable of mapping 

conjugated polymers on a sub-20/40 nm length scale.[116] Doing so, they obtained core-shell 

morphology images for PFB:F8BT nanoparticles. This kind of morphology can exist if one 

of the two materials (material 1) has a stronger interaction with the aqueous phase during 

the solvent evaporation. As a result, a low interfacial tension between the material 1 and 

the aqueous phase would push the material 2 to form a core while the material 1 would 

form a shell around it. The same group has reported the same core-shell morphology for 

two other donor/acceptor systems (i.e. P3HT:PC61BM and P3HT:ICBA), again determined 
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using STXM (Figure 2-5). They observed that the P3HT was found to be systematically in 

the shell of the particle and the fullerene (PC61BM or ICBA) in the core. 

 

 

Figure 2-5: (A) P3HT and (B) ICBA STXM compositional maps for the unannealed P3HT:ICBA NP 

film and (C) the corresponding TEM image (scale bars: 200 nm). (D) P3HT and (E) PC61BM STXM 

compositional maps for the unannealed P3HT:PC61BM NP film and (F) the corresponding TEM 

image (scale bars:1 µm). Reproduced from Holmes et al. and Ulum et al.[117,118] 

 

 The opposite distribution, i. e. P3HT in the core and the fullerene in the shell, has also 

been observed using the nanoprecipitation combined with successive solvent 

displacements.[96,119] For instance, Chambon et al. have precipitated P3HT from a 

P3HT:PC61BM tetrahydrofuran (THF) solution into dimethyl sulfoxide (DMSO). While the 

P3HT formed nanoparticles, the PC61BM molecules were still soluble in DMSO. Therefore, 

a second solvent displacement in water led to the precipitation of PC61BM around the P3HT 

nanoparticle. This “inverted core-shell” was thus possible with the nanoprecipitation 

method but arises from a solvent displacement engineering and this morphology is usually 

not encounter with nanoprecipitation. Indeed, generic rules about the different 

morphologies obtained from the mini-emulsion and the nanoprecipitation processes have 

been proposed by K. N. Schwarz and co-workers (Figure 2-6a).  
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In the classical nanoprecipitation method, the solvent displacement (e.g. THF into 

water) is extremely fast, and does not give time to the donor and the acceptor to arrange 

themselves and phase separate, hence leading to an intimate morphology. On the other 

hand, the solvent displacement in the mini-emulsion, that corresponds in that case to the 

evaporation of the organic phase solvent, takes several hours. Therefore, the role of the 

different interfacial energies between the organic phase and the aqueous phase is 

predominant and lead to radial phase separation in the case of the mini-emulsion. This has 

been well reported by Holmes et al. thanks to STXM analysis showing the two type of 

particles depending of the method used.[113] Through transient absorption spectroscopy, 

Schwarz et al. have illustrated this concept by showing a much more crystalline nature in 

P3HT:PCBM nanoparticles prepared by mini-emulsion. Whereas P3HT amorphous regions 

were prevailing over P3HT crystalline regions in P3HT:PC61BM nanoparticles prepared by 

nanoprecipitation (Figure 2-6b). In this regard, they compared the molecular arrangement 

inside a nanoparticle prepared by mini-emulsion to the arrangement of a film deposited 

from organic solvents upon thermal treatment. Whereas a more amorphous arrangement 

is obtained by nanoprecipitation, which is closer to the arrangement obtain in a film 

deposited from organic solvent without thermal treatment. Therefore, one could think that 

nanoparticles obtained by mini-emulsion are most likely to have better electronic 

proprieties due to their crystalline nature. However, the latter might restrain efficient charge 

collection in OPV cells as it is more difficult to change the initial core-shell morphology with 

thermal treatment without the formation in some cases of gross phase segregation.[113,121] 

For instance, the same P3HT:ICBA system prepared either by mini-emulsion or 

nanoprecipitation exhibits a maximum PCE of 2.5 % or 4.1 % respectively.[104,118] 

 
Figure 2-6: Schematic representation of the internal morphology of nanoparticles prepared by 
nanoprecipitation and mini-emulsion. Redrawn from Schwarz et al. work.[120] 
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Concerning the mini-emulsion, this core-shell morphology has been exclusively 

observed for donor/fullerene systems. This observation was emphasised by M. G. Barr and 

co-workers to originate from the higher surface energy of the fullerene acceptor compared 

to that of the donor material.[122] On the other hand, when looking at the new non-fullerene 

acceptors (NFAs), they present lower surface energies than their fullerene counterparts. 

As a consequence, the morphology of donor/acceptor nanoparticles is not always 

acceptor-rich core/donor-rich shell (Figure 2-7). Furthermore, as for TQ1:N220, they can 

even present donor/acceptor intermixed shell. These findings pave the way toward a fine 

tuning of the morphology of nanoparticles synthesised via mini-emulsions by a careful 

analysis of surface energies.  

 

 
Figure 2-7: Conceptual schematic incorporating core–shell structure observed for different 

donor–acceptor system (Redrawn from ref [122]). 
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the water-soluble thiophene 2-(3-thienyl)-ethyloxy-4-butylsulfonate sodium salt (TEBS) has 

been reported as a surfactant for the mini-emulsion method (Figure 2-8).[97,123,124]  

 

 
Figure 2-8: (a) Schematic representation of the internal morphology of P3HT:PC61BM 

nanoparticles stabilised by TEBS and by SDS. (Reproduced from Subianto et al.  [97]). (b) Chemical 

structure of TEBS. (c) Average H2 evolution rates of PTB7-Th/EH-IDTBR nanoparticles formed 

using TEBS or SDS surfactant over 16 h as a function of blend composition (Reproduced from 

Kosco et al. [123]). 

 

 

TEBS is the monomer derived from the water-soluble polymer PTEBS.[125] In each 

case, the authors compare nanoparticles stabilised with SDS and TEBS, and they identify 

a more intermixed donor/acceptor morphology of the nanoparticles stabilised with TEBS 

than the those stabilised with SDS (Figure 2-8a & b). In the first study, Subianto and co-

workers attribute this phenomenon to the better miscibility of TEBS with P3HT compared 

to SDS because of its thiophene units. From electrochemical characterisation they 

demonstrate that PC61BM was more present on the surface of TEBS-stabilised 

P3HT:PC61BM nanoparticles whereas for SDS-stabilised nanoparticles the fullerene is not 
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detected at the surface which is in accordance with the core-shell morphology already 

obtained in previous works. Following their study, in 2022 Chowdhury et al. have confirmed 

with STXM analysis the more intimate P3HT:PC61BM internal morphology obtained using 

TEBS. The resulting difference resulted in a PCE enhancement of about 50% compared to 

conventional SDS-stabilised nanoparticles. This strategy of surfactant engineering has also 

been explored with nanoparticles for photocatalysis applications and, more specifically, 

water-splitting. Based on PTB7-Th:eh-IDTBR nanoparticles, Kosco et al. used either SDS 

or TEBS to form their nanoparticles to probe the hydrogen evolution rate (HER), and studied 

the morphology with cryo-TEM. They observed that the radial segregation of PTB7-Th or 

eh-IDTBR within the nanoparticle leading to a core-shell with SDS is no longer seen with 

TEBS, which instead leads to more intermixed morphology. These observations were linked 

to surface energy measurements, where they showed that PTB7-Th and eh-IDTBR have 

similar affinity with TEBS in term of interfacial energy. While with SDS, the interfacial energy 

between PTB7-Th and SDS was measured to be twice lower than the one between eh-

IDTBR and SDS. Thus, the radial segregation was no longer thermodynamically favoured 

with TEBS. As a result, the observed one order of magnitude increases in the HER, which 

was attributed to an improved charge extraction due to a more mixed blend obtained with 

TEBS (Figure 2-8c). 

 More recently, and still based on the mini-emulsion, nanoparticle synthesis 

engineering has led A. Synytska and co-workers to elaborate nanoparticles presenting a 

Janus-type morphology.[126,127] It describes a particle symmetric in shape but asymmetric in 

composition and subsequently in properties. In their studies, the authors do not directly 

obtain Janus nanoparticles but they convert core-shell nanoparticles into Janus particles. 

Using the PTB7:PC71BM system, they first obtain a core-shell morphology where again the 

core is mainly composed of the fullerene material and the shell of the donor polymer. When 

adding N-methyl-2-pyrrolidone (NMP) in the aqueous dispersion, and due the much higher 

solubility of PCBM in NMP, the core-shell is etched and allows the formation of a Janus-

type NP after removal of NMP (Figure 2-9a). Internal morphologies of these NPs were 

investigated using energy-filtered TEM (EFTEM). Performing photoluminescence 

measurements, the core-shell nanoparticles were found to be highly fluorescent as 

compared to the Janus particles, along with a much faster decay rate highlighting a better 

charge transfer. They also compared the OPV performances and found that the core-shell 

and Janus nanoparticles-based solar cells performances exhibited a 50% and 15% loss 
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respectively as compared to the control solar cells made from organic solvent DCB. 

Furthermore, when switching to PTB7-Th:PC71BM, a hero-cell with a PCE of 5.11% was 

obtained, which was at the time the highest efficiency obtained for a water-based solar cell 

using mini-emulsion.  

 

 

Figure 2-9: (a) Conversion of a core-shell nanoparticle into a Janus nanoparticle by solvent 

etching. (b) Color-coded elemental EFTEM maps with chemical mapping of sulfur (green) and 

carbon (red). Reproduced from Synytska et al.[126] 

 

 

 Moreover, it is also possible to obtain Janus morphology while keeping a single step 

in the mini-emulsion method as shown by Ghazy and co-workers.[128] By changing the initial 

solvent, from chloroform to a mix of toluene and THF, they enhanced the phase separation 

between P3HT and PC61BM due to the different solubilities of each materials in the two 

solvents. Indeed, the solubility of P3HT in THF is higher than the one of PC61BM, while 

PC61BM is more soluble in toluene than P3HT, thus leading to more phase separation. 

Furthermore, in order to cancelled the radial segregation due to the better affinity of P3HT 

with the aqueous phase, they drastically increased the SDS concentration leading to a high 
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SDS coverage on the surface of the nanodroplets. Combining these two strategies, 

thermodynamically-driven P3HT:PC61BM Janus nanoparticles were obtained.  

 

 Building a nanoparticule active layer 

 

Whatever the morphology of the final nanoparticles, another challenge is to form an 

active layer from these nanoparticles. It has also been shown that the quality of the film can 

be highly dependent of the surfactant concentration. Colberts et al. monitored the SDS 

concentration with electrical conductivity and zeta potential measurements. A drop-in 

conductivity was observed when increasing the dialysis steps as well as the time which is 

consistent with the removal of SDS. They reported the need to precisely control the dialysis 

process as dispersions with high conductivity (high concentration of SDS) led to poor film 

quality with numerous dewetting points. On the other hand, when the dispersions are 

intensively dialysed, the low SDS concentration of the dispersions increased the formation 

of aggregates on the deposited films. Turning their attention to the surface tension of the 

dispersion, Almyahi et al. have observed similar results by varying the number of dialysis 

steps as well as the type of dialysis (crossflow and centrifugal process).[129]  They also 

studied the effect of adding ethanol to their dispersions which was found to enhance the 

coating quality resulting in an increase of the short circuit current (JSC). This result is in 

accordance with several other reports and is often associated to closer packing of the 

nanoparticles leading to lower leakage currents.[130–133] Authors report that this strategy 

needs to be carefully considered as the addition of ethanol into the dispersion can form 

aggregates that would lead to dewetting and/or poor film quality.  

Up to now, examples of aqueous dispersions deposition has been mainly illustrated 

through dispersions prepared with the mini-emulsions. Such method is quite convenient as 

it allows to easily obtain highly concentrated dispersions due to the high solubility of most 

of the materials in chloroform. On the contrary, the use of THF in the nanoprecipitation 

method is a limitation to obtain dispersion with high nanoparticles concentration as the 

solubility limit of most of organic semiconductor in THF is low. This is accentuated for the 

nanoprecipitation surfactant-free where the formation of aggregation increases at higher 

concentration.  To overcome this limitation, some groups have performed the deposition of 

their nanoparticles by adopting the spray-coating deposition method.[134] Doing so, Prunet 
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et al. have obtained layers with thickness of about 100 nm with a high rugosity which was 

point out to limit device performances. Another strategy is to make successive deposition 

of low concentrated solution to gradually increase the thickness.[96,113,135] 

With their Janus nanoparticles, Synytska et al. have adopted a completely different 

approach to form their active layers without the use of any conventional deposition 

technique. Close-packed monolayers were built based on the air/liquid interfacial self-

assembly. This technique is very interesting as it presents the advantage of not losing any 

material during the fabrication step. To obtain their films, the nanoparticles are firstly 

transfer in an alcohol dispersant such as ethanol and butanol, and the resulting dispersion 

is added on a water surface. Then, the addition of alcohol droplets was found to shrink the 

sparse nanoparticles (Figure 2-10). Preferring a liquid/liquid interface self-assembly 

(hexane/water), they even increased the film density allowing higher performances when 

building the organic solar cells thanks to an enhanced absorption and charge transport.  

 

 

Figure 2-10: (a) Schematic of fabrication of hexagonal close-packed nanoparticle films on the 

water surface and transfer to target substrates. (b) Photos of the nanoparticle array, showing the 

transition from net-like structure to a close-packed structure at air/water interface by dropping 

butanol onto the water surface and (c) of the film transfer on a substrate. Reproduced from 

Synytska et al.[127] 

 

 

Once the nanoparticulate film is formed, particular care should be given to the 

treatment of this layer. More specifically, the thermal annealing of the layer is essential and 

a centre part of many water-based OPV articles.[133,136–138] Holmes et al. have synthesised 

pristine P3HT and PCBM nanoparticles which simply form a two-phase structure when cast 

a)

b) c)



50 

 

as a layer.[137] Then, they showed how it is possible to switch to a three-phase 

microstructure, (composed of a pure P3HT phase, pure PC61BM phase and intermixed 

P3HT/PC61BM phase) by applying the right thermal annealing treatment. The importance 

of setting the annealing temperature (110 °C) above the glass transition temperature (Tg) 

of the polymer (80°C) was pointed out in order to generate a three-phase microstructure. 

Although this temperature is below the Tg of the PC61BM (161°C), the fullerene was still able 

to diffuse in the amorphous region of the P3HT. As a result, they measured the experimental 

exciton dissociation efficiency raising from 37% to 64% when switching from a two-phase 

to a three-phase microstructure. Though an enhanced morphology can be obtained after 

annealing, the use of pure nanoparticles is generally pointed out to limit performances over 

composite nanoparticles. For instance, Xie et al. have compared core-shell 

PDPP5T-2:PC71BM nanoparticles with their respective pristine nanoparticles.[138] While 

halogenated solvent-processed devices still presented a better mobility-lifetime than the 

two type of nanoparticulate layer, the use of composite nanoparticles with the appropriate 

treatment favoured the charge collection over the pure particles. The isolated polymer and 

fullerene domains in the film of pure nanoparticles are insufficiently percolated, which 

restrict photogenerated polarons from reaching the percolation network. A previous study 

involving pure nanoparticles has also shown similar trends between pure and blend 

nanoparticles of PCDTBT:PC71BM, where the mixture of pure particles led to poor 

efficiencies < 0.01% PCE, while the blended particles have better efficiencies (0.70% 

PCE).[139] Nevertheless, tuning the pure nanoparticles diameter and the ratio between pure 

P3HT and pure PCBM nanoparticles have reduced the performances gap between active 

layer of blend and separate nanoparticles. Indeed, Gehan et al. showed with conductive 

AFM measurements that as the ratio of pure P3HT to PCBM nanoparticles increases, the 

number of hole conducting pathways also increases leading to increased current.[133] As a 

results, with an optimised ratio, they have succeed to reach a PCE of 1.84% with separate 

nanoparticles, not so far from the 2.15% PCE obtained with composite nanoparticles. 

Interestingly, there is no published work that reports on the use of both pure and composite 

nanoparticles within the same active layer.  

As illustrated by Holmes et al. with pure nanoparticles[137], the thermal treatment is 

also highly necessary in order to create pathways between composite nanoparticles and 

allow a better transport of charge carriers. This has been beautifully illustrated with core-

shell nanoparticles where an optimised thermal annealing is creating connections between 
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each core of the TQ1:PC61BM particles (Figure 2-11a).[136] A drying step with a temperature 

(110 °C) above the Tg of the polymer (100 °C) was found to effectively sinter the particles 

together, but residual nanoparticulate structure was still clearly visible, which could prevent 

an efficient charge transport. Therefore, rising this temperature to 140 °C allowed the 

nanoparticulate film to become mildly blended/smoothed on the surface with no evidence 

of nanoparticle shape. An additional annealing treatment at 140 °C, that followed the drying 

treatment at 140 °C, increased the formation of connection pathways between PC71BM-rich 

nanoparticles cores. Such a control of the morphology could drive the OPV performances 

to increase from a PCE of 0.49% (drying at 110 °C) to 2.10 % (drying and annealing at 

140 °C (Figure 2-11b). 

 

 

Figure 2-11: (a) Schematic and TEM images of TQ1:PC71BM NP film as cast and annealed at 140°C. 

(b) Average PCE of TQ1:PC71BM water-based dried at various temperatures (90-140°C) (open 

squares); the same devices subsequently annealed at 140°C (closed squares); or dried at a constant 

temperature of 140°C followed by annealing at various temperatures (140-260°C) (closed circles). 

Reproduced from Holmes et al.[136] 

 

 

 Conclusions and outline of the thesis 

 

From the fabrication of the organic semiconductor nanoparticles to the deposition 

of colloidal inks, we have seen that many considerations should be considered to obtain 

highly efficient OPV devices. And even though plenty of studies have addressed various 

a) b)
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aspects, there are still major limitations in water-based OPV. As shown in the previous 

chapter, there is an almost 10% gap in power conversion efficiency between water-based 

and chlorinated solvent-based organic solar cells. Nevertheless, based on the recent 

results and seeing the efficiency continuously getting higher, one can hope to decrease 

this gap by improving our understandings and control of the nanoparticle formation, 

deposition and the resulting film processing (Figure 2-12). 

 

 
Figure 2-12: Evolution of the PCE obtained from water-based organic solar cells prepared via 

different method over the years. 

 

 

The results from J. Kosco and co-workers using the mini-emulsion method and still 

ending up with intermixed nanoparticles are encouraging in the idea that mini-emulsion 

does not necessary lead to a core-shell morphology. The control and the investigation of 

the morphology of nanoparticles prepared via mini-emulsion will hence be at the heart of 

the present work. Furthermore, except for few recent studies in the literature, the 

development of water-based OPV is not really incorporating high efficiency materials. This 

is particularly true for studies based on the mini-emulsion technique, where only Xie et al. 

have reported on the use of NFAs (o-IDTBR and ITIC) allowing them to reach PCEs above 

4%. Similar observation can be made on the donor side where the systematic use of 
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efficient polymer such as PCE10, PBQ-QF or PTB7-Th for nanoparticles based on the mini-

emulsion has led to the highest efficiencies reported so far. The use of state-of-the-art 

materials, i. e. champions in organic solvent-based OPV, is quite obviously going to bring 

water-based OPV to higher efficiencies, which is in itself interesting. However, as these new 

materials are tested out in NP-based approaches, new insights must be gained on their 

structure-properties relationships. 

Therefore, this thesis aims at investigating high efficiency systems for water-

processed OPV using the mini-emulsion by focusing our attention on the internal 

morphology. Overall, the gap between the performances of these more sustainable devices 

and the control ones, made with chlorinated solvents, is the principal figure of merit we 

need to consider. In addition, characterisation techniques such as STXM and cryo-TEM will 

constitute powerful tools to bring light onto the nanoparticle’s internal morphology. It is 

obvious that the charge transport in a NP film is impacted by the overall morphology of the 

film and how thermal treatment affects it. Yet, this charge transport is less understood at 

the nanoparticle scale when it is subject to morphological changes. To explore this 

propriety, devices based on nano gap electrodes will also be developed along with a 

method to precisely insert nanoparticles in this submicrometric gap.  

Based on these objectives, the present thesis is constituted of four result chapters 

including the following contents: 

Chapter 3: One of the challenges arising from making water-based organic solar 

cells is to successfully achieve the formation of a nanoparticulate layer. Therefore, in 

addition to establishing our process for the synthesis of nanoparticles, a careful optimisation 

of the deposition process will be carried out. Subsequently, using the well-known 

P3HT:PC61BM system, solar cells will be built and characterised and the impact of thermal 

treatment will be investigated. Furthermore, this chapter will explore the potential 

advantages of incorporating pure nanoparticles among a matrix of composite 

nanoparticles.  

Chapter 4: An attempt to control the morphology of composite nanoparticles 

prepared with the mini-emulsion method will be reported. As the surface energy has been 

shown to have a significant impact on the morphology, this strategy will be used throughout 

this chapter. More specifically, the interfacial energy, between the donor and the acceptor 
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and its impact on OPV performances are assessed for two different systems: PTQ10:Y6 

and PTQ10:PC61BM having respectively a low and high interfacial energy. The morphology 

of the nanoparticles is examined with STXM and further investigation and optimisation are 

carried out on the newly developed Y6-based nanoparticles. The stability of water-based 

devices is also probed and compared to the control devices fabricated from chloroform 

solution.  

Chapter 5: The correlation of the morphology with interfacial energies will be 

further examined with various PTQ10-based nanoparticle systems. To this end, the NFAs 

IDIC and Y12 are associated with the donor polymer and the resulting morphology is 

explored as well as the impact on the nanoparticule process and the resulting OPV 

performances. By studying Y12, it will open the question about the impact of the side chains 

length on the nanoparticle morphology. Then, the influence of side chains is extended to 

the new donor polymer FO6-T, developed by collaborators at Imperial College of London, 

and its derivatives having different alkyl chains length. 

Chapter 6: The development of nano-junction devices is carried out to explore 

the charge transport in nanoparticles. An elegant technique to trap nanoparticles between 

the electrodes with nanometric gap is proposed. This technique is based on the 

dielectrophoresis force which applies on particles in a dielectric medium upon an 

alternative electric field. Using an optimised architecture, the transport of positively charge 

carriers of composite nanoparticles based on P3HT:eh-IDTBR and P3HT:o-IDTBR will be 

examined. The aim of this chapter will be to establish a correlation between the different in 

surface energy of these two systems and the extracted hole mobilities.  
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Chapter 3  
 

From aqueous colloidal 

inks to organic solar cells 
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 Introduction 

 

This chapter’s aim is to report the work done during the beginning of this PhD to 

earn a relative ability to control the fabrication of organic solar cell processed from water-

based inks. This task is essential as it is necessary to have homogenous thin film formation 

to be able to characterise correctly the devices. Herein, from the elaboration of an aqueous 

dispersion to its deposition, the experimental details are discussed to underline the 

importance of the fabrication steps. From what we have seen in the literature, various ways 

are reported for the synthesis of colloidal inks used to fabricate water-based cells. It is 

divided into two main categories, nanoprecipitation and mini-emulsion, but includes also 

diverse sub-details which vary for one report to another. It is therefore important to control 

and understand each step before the deposition. Undoubtedly as important as its 

formulation, getting an optimised coating from an organic semiconductor nanoparticles 

water-based ink required a lot of care for many reasons. Therefore, this crucial step is also 

detailed in this section as it was the key to obtain controlled-coating and reliable devices. 

The well-known donor:acceptor system P3HT:PC61BM has been chosen as a benchmark 

to develop the process. In this chapter, I will mainly use composite nanoparticles from a 

donor and an acceptor blend, which is the standard way to make nanoparticulate organic 

solar cells. Moreover, I will present the results of devices made with the addition of pure 

nanoparticles which could be beneficial to create charge transport pathways. Therefore, 

this chapter also presents the efforts to verify or discard this assumption. 

 

 

 

Figure 3-1: Chemical structure of (a) poly(3-hexylthiophene) (P3HT) (b) [6,6]-Phenyl-C61-butyric 

acid methyl ester (PC61BM) 

 

 

a) b)
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 Processing organic semiconductor nanoparticles inks 

 

In this section, aqueous colloidal dispersions of P3HT:PC61BM (Figure 3-1) are 

fabricated using the mini-emulsion method described earlier. Three different type of 

nanoparticles are synthesised, two dispersion containing pure nanoparticles (pNPs) of each 

material, namely P3HT and PC61BM, and a dispersion of composite nanoparticles (cNPs) 

composed by a blend of P3HT:PC61BM having a donor:acceptor ratio of [1:1].  

 

3.2.1 Dispersions formulation 

 

 The three type of nanoparticles were prepared by the mini-emulsion method 

elaborate by Landfester et al.[140]. For the organic phase, 25 mg ml-1 of donor:acceptor (e.g. 

P3HT:PC61BM cNPs wt% of 1:1) mixture, or 25 mg ml-1  of pure donor or acceptor (e.g. 

P3HT pNPs or PC61BM pNPs) was first dissolved in chloroform stirred for 2 h at 65 °C in a 

nitrogen-filled glovebox. Aqueous phase was obtained by dissolving 5 mg ml-1 (17 mM) of 

surfactant (e.g. SDS) in deionised (D.I.) water and stirred for 30 min at room temperature. 

We note that the SDS concentration is above the critical micelle concentration (CMC) of 

SDS in water which is 0.008 mol L-1. The choice of having a concentration slightly above 

de CMC was made to minimise the amount of SDS as low as possible without compromising 

the emulsion formation and electronic transport due to excessive amount of SDS in the final 

active layer. A macro-emulsion was then obtained by adding the organic phase into the 

aqueous phase (1:5 volume ratio) and stirred for 1 h at room temperature or at 40 °C 

(1000 rpm). Subsequently, the mini-emulsion dispersion was formed by sonicating the 

macro-emulsion in an ice-water bath for 2 min. Concerning the sonification power, as well 

as the macro-emulsion temperature, these parameters have been optimised to target the 

smallest nanoparticule diameter and the results are shown in Figure 3-2.[139] Once the 

sonification done, chloroform evaporation was done by stirring the mini-emulsion for a 

minimum of 3 h at 65 °C. Finally, in order to eliminate the excess of surfactant and 

concentrate the inks at 60 mg ml, centrifugal step was carried out by using centrifuge filter 

(cut-off 100 kDa). Four centrifugation cycles were done at 2200 rpm for 9 min. The retentate 

was raised to 15 ml with D.I. water between each step. The parameters of the centrifugal 
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last cycle were adjusted in order to obtain the desire concentration. Once the two 

dispersions of pNPs were done, the two were mix together to reach a final wt% of 1:1. 

 

Figure 3-2:  DLS particle size distributions of P3HT:PC61BM cNPs dispersions fabricated with 

varying temperature during formation of the macro-emulsion and sonification power. 

 

 

Table 3-1: Particle diameters from DLS measurements for P3HT:PC61BM cNPs fabricated with 

varying temperature during formation of the macro-emulsion and sonification power. 

Power (W) Macro-emulsion Temperature (°C) Mean diameter (nm) 

40 
25°C 116 ± 40 

40°C 105 ± 40 

60 
25°C 74 ± 30 

40°C 69 ± 30 

 

 

From Table 3-1, we can observe a large influence of the sonification power on the 

nanoparticle diameter.  With only a slight increase of the power by 20 W, the nanoparticle 

diameter decreases from 116 nm to 74 nm when forming the macro-emulsion at room 

temperature (25°C), and from 105 nm to 69 nm by setting the temperature at 40 °C during 

the macro-emulsion. The decrease of the diameter when having the temperature set at 

40 °C can be due to a better macro-emulsion formation which results in smaller 

macroscopic organic phase droplets due to a decrease of the chloroform density at 40°C. 

These results were obtained with P3HT:PC61BM cNPs, while P3HT pNPs and PC61BM pNPs 
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are showing an overall higher diameter for the same mini-emulsion process parameters, 

100 ± 30 nm and 78 ± 40  nm respectively. 

Zeta potential measurements were also performed after each cycle to quantify the 

removal of SDS (Figure 3-3). The zeta potential underwent a small decrease from 49 mV 

to 42 mV. The final zeta potential shows that electrostatic repulsive forces are high enough 

to prevent aggregation[141]. Nevertheless, the washing remains essential to remove excess 

free surfactants in the dispersion. It is worth mentioning that zeta deviation for each cycle 

is large (± 40% of the average zeta potential) and it is thus not easy to extract reliable 

information from this measurement[142]. Since charges are photo-generated upon the 

absorption of the 633 nm wavelength of the probe laser, the measurement can be affected 

as the potential around the nanoparticles is modified. 

 

 

Figure 3-3: Zeta potential of P3HT:PC61BM cNPs dispersions during centrifugal washes. 

 

 

First, the two final dispersions, namely pure P3HT:PC61BM NPs (mixture of P3HT 

pNPs and PC61BM pNPs) and composite P3HT:PC61BM NPs, are characterised using UV-

visible absorbance spectroscopy as well as photoluminescence spectroscopy (Figure 3-4). 

For both systems, we note a decrease of the PC61BM signature between 300 and 450 nm 

after centrifugal washing. A similar observation in ethanol has been made when reducing 

the dispersion volume of P3HT:fullerene nanoparticles, leading to a severe fullerene 

sedimentation and therefore a decrease in the absorbance[108]. However, as the reduction 

volume here is different (centrifugal dialysis and not solvent evaporation), another 
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possibility is a loss of PC61BM through the dialysis filter as a molecule of PC61BM could 

easily pass through a 100 kDa cut-off filter if the latter did not participate to the formation 

of the nanoparticles. 

 
Figure 3-4: (a) UV-visible absorption spectra of P3HT:PC61BM pure nanoparticles and composite 

nanoparticles dispersions before and after washing. (b) Photoluminescence emission of P3HT 

pNPs, P3HT:PC61BM pure nanoparticles and composite nanoparticles dispersions excited at 

514 nm. (dispersions concentration = 0.06 mg ml-1) 

 

 Looking now in the P3HT region, the composite nanoparticles present a typical 

vibronic peaks associated with interchain order in the P3HT, resulting from π conjugation 

and π-π stacking of the P3HT backbone[143]. This observation is consistent with P3HT based-

nanoparticles obtained with mini-emulsion method as materials have time to arrange, and 

behave like an already organised thin film deposited from organic solvent (i.e. 

chlorobenzene)[117]. For the dispersion of pure P3HT and PC61BM nanoparticles, the spectra 

indicate a signature similar to what can be found using the nanoprecipitation, which suggest 

that ordering and aggregation of P3HT is less important for larger particles. For both 

colloidal nanoparticle dispersions, photoluminescence emission spectra feature the 

characteristic P3HT 0 – 0 and vibronic 0 – 1 transitions (at 640 nm and 700 nm 

respectively)[144]. However, the quenching is much more important (92 %), for composite 

nanoparticles as compared to pure particles, indicating a close proximity between the 

donor and the acceptor inside a composite nanoparticle. The little quenching observed for 

pure P3HT:PC61BM nanoparticles is not due to a charge separation as the donor NP and 

the acceptor NP are not in contact, but to the contribution of PCBM in the absorbance at 

510 nm, which means that less P3HT was photo-excited during the measurement. 
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 Processing thin-films from organic semiconductor 

nanoparticles inks 

 

When it comes to processing an organic solar cell from an aqueous dispersion, a 

major challenge concerns the deposition of the organic semiconductor nanoparticles ink. 

Indeed, for a good coating, some element should be considered. First, water has a bad 

wettability with most of the layer onto which the active layer needs to be (ZnO, PEDOT:PSS, 

PEDINO) due to their hydrophobicity. As observed in the literature, few are the studies that 

report the precise optimisation of the nanoparticule thin film formation.[130,131,145] Therefore, 

the development of this process is discussed in the following section. Furthermore, care 

should be addressed whereas this air processing can impact the properties of the active 

layer. For instance, Gehan et al. have shown an increase in the carrier concentration in the 

dark in P3HT:PC61BM nanoparticles-based solar cells due to doping effect, which could 

explain the loss in VOC that they encounter in their work[146]. The use of a direct architecture 

could increase this effect as charge trapping at the PEDOT:PSS/polymer interface might 

occurs. Therefore, the choice has been made to work with the inverted architecture, without 

PEDOT-PSS, in the present work. Before fabricating the OPV devices, optimising the film 

deposition is essential to form a homogeneous dense film (100-200 nm) in order to have a 

good reproducibility, a maximum absorption and no leakage current.  

 

3.3.1 Spin coating deposition 

 

The spin coating deposition was the main technique used during this work to form 

the active layer. At a laboratory scale, this is one of the most spread method in order to 

optimise a new process or new systems by doing a large parameter screening (thickness, 

D:A ratios, annealing temperatures…). This technique is based on the rotation of a substrate 

onto which a solution is dropped. The coating is form through three steps: dispense and 

spread, spinning and solvent drying. From here, two main way are possible. Either the drop 

of the solution is done before the rotation of the sample (static dispenses) or during the 

rotation (dynamic dispense). For solutions made with low boiling point solvent such as 

chloroform, dynamic dispense is often preferred as the solvent has less time to evaporate 

before being spread off, while solution based on chlorobenzene are often dispensed before 
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spinning the substrate. Water has a relatively high boiling point (100 °C), so the static 

dispense was the first method that has been explored.  

Deposition tests were first done on glass substrates by setting the spin speed at 

3000 rpm for 60 sec. As mentioned previously, it is quite difficult to obtain a large volume 

of the dispersion if we want it highly concentrated. Therefore, the use of a 20mg ml-1 

concentrated dispersion was used in the beginning. UV-O3 treatment allowing a better 

wettability of the dispersion thanks to the generation of hydroxyl groups onto the surface 

was used prior to the deposition of the water-based dispersion. The contact angle with 

water decreases from 40° to 0° after treatment, showing the complete wettability of the 

dispersion (Figure 3-5). As a result, the homogeneity of the layer was improved with 

respect to the active layers deposited on non-treated substrates (Figure 3-6a et b). 

However, although homogeneous, extremely thin films were obtained (~ 40 nm) as shown 

in Figure 3-6b. Only the combination of highly concentrated dispersion (60 mg ml-1) and 

the later surface treatment was enough to obtain a homogenous and thick coating (Figure 

3-6c).  

 

 

 
 

Figure 3-5: Goniometer pictures of contact angles and their values in red of the P3HT:PC61BM 

nanoparticles dispersion (60 mg ml-1) on a glass (left column) and ZnO (Right column) without 

(top) and with UV-03 treatment (bottom).  
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Figure 3-6: Macroscopic images of P3HT:PC61BM np-BHJ spin coated with a 20 mg ml-1 

concentrated dispersion onto glass A) without and B) with UV-O3 treatment and C) with a 60 mg 

ml-1 concentrated dispersion onto glass with UV-O3 treatment (static dispense). 40 µl was the 

volume dispense for each coating. 

 

 Moving to a solar cell architecture, the actual layer onto which the colloidal 

dispersion has to be coated to build an inverted configuration is the ZnO layer. Here again, 

the UV-O3 treatment was necessary to enhance the wettability with water, from an angle of 

75 ° to 21 ° after treatment (Figure 3-5). However, due to the higher surface tension of the 

ZnO as compared to glass, even after UV-O3 treatment, the coating over the whole surface 

was not total when using 40 µl as dispense volume. As a consequence, a larger volume of 

80µl had to be used to favour the covering. However, using such large volume led to a large 

waste of materials and the covering was too inhomogeneous for reliable device batches 

(Figure 3-7c).  

 

 
 

Figure 3-7: Macroscopic images of P3HT:PC61BM np-BHJ spin coated with 50µl of a 60 mg ml-1 

concentrated dispersion onto ZnO A) without and B) with UV-O3 treatment and C) with 80µl of a 

60 mg ml-1 concentrated dispersion onto ZnO with UV-O3 treatment (static dispense). 

 

 

In order to save some dispersion volume, and thus the active materials, the dynamic 

dispense was used, while keeping the UV-O3 treatment. With only a low dispense volume 

(20 µl), the coating was greatly improved in term of surface coverage. To help the saving, 
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10 µl was used as dispense volume, but the surface coverage was found to be deteriorate 

(Figure 3-8). Furthermore, filtration of the dispersion through a syringe filter is also 

essential as the stability of nanoparticles is quickly compromised by washing cycles, 

resulting in irreversible aggregation. Indeed, as shown in Figure 3-9,  the density of 

dewetting points due to micro aggregates is greatly reduced after filtration. Here again, the 

dynamic dispense enhance the coating by showing less aggregates as compared to static 

dispense even after filtration.  

 
 

Figure 3-8: Macroscopic images of P3HT:PC61BM np-BHJ spin coated with 10µl of a 60 mg ml-1 

concentrated dispersion onto ZnO: A) without and B) with UV-O3 treatment and C) with 20 µl of a 

60 mg ml-1 concentrated dispersion onto ZnO with UV-O3 treatment (dynamic dispense). 

 

 
Figure 3-9: Optical microscopic images of P3HT:PC61BM np-BHJ films made from non-filtrated 

and filtrated dispersion using static or dynamic dispense. (Images for each condition have been 

chosen to be as representative of the overall coating aspect). All scale bars are 50 µm. 
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Another important improvement in coating quality was developed through the 

modification of the pipette tip. Indeed, we observed a major difference when enlarging the 

dispensing spot diameter (wide bore). Widening the pipette tip when dispensing the 

dispersion shows a better coating repeatability over a large devices batch. In fact, even if 

the previous optimisation enables correct reproducibility, large dewetting spots and large 

aggregations unsystematically appeared during a batch process. This might be explained 

by the sensitivity of the process upon variations in manipulation by the operator such as 

speed of dispersion dispense, distance from the tip to the substrate or angle of the tip 

relative to the substrate when dispensing. Changing the tip diameter results in less 

aggregates formation (Figure 3-10). 

 

 
Figure 3-10: Schematic representation of the spin-coating process using two type of pipette tip 

and resulting deposited film. 

 

 

3.3.2 Additive for coating optimisation 

 

We have seen that the concentration of the dispersion is a critical parameter to 

consider to achieve a homogenous and thick layer with minimum of dewetting points. 
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Nevertheless, high concentrated dispersions (> 60 mg ml-1) are not really economically 

viable as compare to a process based on organic solvents. To obtain a similar thickness, 

and better coating, the organic solvent-based solutions are more than half less 

concentrated that the aqueous dispersions, generally around 20 mg ml-1. Sustainability 

requirements are mainly based on the environmental impact of a technology, but the cost 

is also as much important in these requirements. Therefore, an effort needs to be done to 

decrease the concentration of the aqueous ink, allowing the use of the same amount of 

active material than organic solvent-based solutions. Several studies have previously 

shown that adding an inert cost-effective insulating polymer to the donor:acceptor bulk 

heterojunction allows easier processing and more importantly get rid of dewetting points in 

the active layer[147]. Such additive can be added up to 50 wt.% without drastically decreasing 

the OPV performances[148]. In our case, poly(1-vinyl-1,2,4-triazole) (PVT) (Figure 3-11) has 

been used to solve the dewetting issue and increase the thickness of the film even at low 

dispersions concentration. This non-toxic polymer, biocompatible, thermally stable and 

easily soluble in water has been reported as a dielectric in OFET[149]. Various wt.% of PVT 

have been added to a P3HT:PC61BM dispersion while keeping the active material 

concentration at 20 mg ml-1. Even for the highest PVT concentration (40wt.%), no impact 

on the optical properties of the ink has been observed (Figure 3-11a). 

 

Figure 3-11: (a) UV-visible absorbance spectra of the P3HT:PC61BM nanoparticles dispersion 

without PVT and with 40wt.% of PVT. (dispersions concentration = 0.06 mg ml-1) (b) Chemical 

structure of poly(1-vinyl-1,2,4-triazole) (PVT) 
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Films have been formed following the optimised deposition protocol developed 

previously (UV-O3 treatment for 20 min and spin speed at 3000 rpm for 60 sec with thermal 

annealing treatment of 90 °C during 5 min) and an inverted architecture was used to 

fabricate organic solar cells with the following architecture (Figure 3-12): ITO (150 nm) – 

ZnO (40 nm) – P3HT:PC61BM np-BHJ:PVT (44 – 100 nm) – MoOx (8 nm) – Ag (80 nm). More 

details of the organic solar cell fabrication process can be found in Methods. 

 

 

Figure 3-12: Schematic representation of organic photovoltaic devices fabricated from water-

based colloidal dispersions 

 

Without any PVT addition in the colloidal ink, ultra-thin layer of around 44 nm 

obtained have been obtained from a 20 mg ml-1 dispersion (Figure 3-13a). For a 

P3HT:PC61BM-based active layer, such a thin thickness cannot absorbed enough light as 

the typical optimal thickness for this system is between 75 nm and 100 nm[40],[150]. 

Furthermore, having nanoparticle with a diameter of around 60 nm forming such a thin layer 

creates important leakage current in the order of magnitude of 10 mA cm-2 due to possible 

inter-particle spacing and/or pinholes. Adding 10wt.% of PVT already increase the 

thickness to 65 nm, and up to 113 nm by incorporate 40wt.% of PVT. An increase of the 

thickness was the major target here, as the dark current density is proportionally decreased 

which often favour the overall performances (Figure 3-13b).[151] Here, an addition of 10wt.% 

of PVT increases the shunt resistance of more than one order of magnitude (0.30 to 

5.99 kΩ), and up to 3 order of magnitude after adding 40 wt.% (257.11 kΩ). 
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Figure 3-13: (a) Dependence of the P3HT:PC61BM np-BHJ layer thickness with different PVT 

wt.%. (b) Current density measured in darkness at −0.9 V for P3HT:PC61BM np-BHJ devices from 

a 20 mg ml-1 concentrated dispersion with different PVT wt.% 

 

An addition of 10 wt.% PVT gave the optimal performances, reaching twice the PCE 

that is obtained without PVT, 0.31 % and 0.15 % respectively (Table 3-2 & Figure 3-14). 

However, further addition of PVT does not improve the overall performances of the device. 

Despite continuously decreasing the dark current density, which can be linked to the 

increase of the VOC, JSC and FF gradually decrease down to 0.1 mA cm-2 and 0.24 

respectively for 40wt.% of PVT. In the case of a nanoparticulate film, these losses might be 

explained by the difficulty for the free charges in the nanoparticles to find transport 

pathways as the PVT progressively form a barrier between each particle. Such effect 

cannot be seen for a classic bulk-heterojunction having an insulating polymer third 

component, due to a more intermixed morphology allowing the presence of good transport 

pathway even at high insulating polymer concentration (50 wt.%).[152] 

Table 3-2: Average OPV performances of P3HT:PC61BM np-BHJ devices fabricated from a 

20mg ml-1 concentrated dispersion of composite nanoparticles with different PVT wt.% 

wt.%PVT Rshunt (kΩ) VOC (mV) JSC (mA cm-2) FF PCE (%) 

0 % 0.30 ± 0.11 96 ± 24 4.80 ± 0.19 0.31 ± 0.02 0.15 ± 0.05 

10 % 5.99 ± 0.99 278 ± 9 2.73 ± 0.09 0.41 ± 0.0. 0.31 ± 0.01 

20 % 9.54 ± 1.63 321 ± 13 1.99 ± 0.2 0.40 ± 0.00 0.26 ± 0.01 

30 % 15.13 ± 2.19 329 ± 15 1.02 ± 0.08 0.35 ± 0.01 0.12 ± 0.01 

40 % 257.11 ± 44.15 381 ± 37 0.10 ± 0.00 0.24 ± 0.02 0.01 ± 0.00 
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Figure 3-14: OPV performances of P3HT:PC61BM np-BHJ devices fabricated from a 20 mg ml-1 

concentrated dispersion with different PVT wt.%. 

 

 While the method uses in the present section did not shown efficient results, it is 

highlighting the capability of additives to increase the performances obtained from low 

concentration aqueous dispersions. More efforts have to be done toward decreasing the 

concentration to match the sustainability requirements. While it would slightly move the 

process from its “eco-friendly” nature, the addition of a more volatile solvent such as 

ethanol might be a possible way to explore. Howse et al. have previously shown the 

formation of holes when spin-coating a low concentration with a low volatility dispersion 

(water) by the occurrence of capillary drying fronts. By tuning the volatility towards an 

intermediate value between that of water and ethanol, ordering occurs predominantly via 

shear forces which prevents the hole formation.[153] 

0 10 20 30 40

0.0

0.1

0.2

0.3

0.25

0.30

0.35

0.40

0.1

0.2

0.3

0.4

0

2

4

6

 

P
C

E
 (

%
)

PVT (wt%)

 F
F

 

V
o

c
 (

V
)

 J
s

c
 (

m
A

/c
m

²)

 



71 

 

3.3.3 Bar coating deposition 

 

This work, along with many scientific productions in the organic photovoltaic 

community, is dedicated to giving keys to move the OPV technology toward the industrial 

world with large area OPV cells using sustainable processes. With this in mind, it was 

relevant to explore a process that is compatible with the upscaling and to contribute to the 

so-called “lab-to-fab” development. The spin-coating technique does not allow this 

development due to several reasons: incompatibility with the R2R process, important waste 

of the solution, or dispersion in our case, during the spin (> 90 %). Among the different 

deposition processes suitable for this development, we chose to start with the blade-

coating. This method employs a blade or a bar coater having a unidirectional motion on a 

substrate (Figure 3-15). 

 
Figure 3-15: Simplified schematic representation of the blade coating technique using (a) bar 

coater or (b) blade coater. 

 

The blade coating consists in depositing between the substrate and the blade and 

spread it all over the surface by displacement of the baled or bar. Therefore, this technique 

favours the homogenous coating of large area layer with thicknesses up to 1µm, and can 

be easily adapted for a roll-to-roll process allowing high speed fabrication.  Furthermore, in 

the lab scale point of view, this technique has shown a great ability for the high-throughput 

screening of the optimal film thickness.[154] Unfortunately, no complete devices were 

actually fabricated using the blade coating to form the active layer. Therefore, the following 

results only show the effort that has been done to highlight a potential compatibility for 

water-based active layer to be form with a blade coater and consequently being a candidate 

for a future upscaling work. 

 Standing in lab-to-fab point of view to minimise as possible the use of active 

materials, a low concentrated dispersion of 20 mg ml-1 has been chosen for this study. A 

Substrate Substrate

Bar coater Blade coater

Thin film Thin film
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bar coater has been used with a height of 30 µm, the coating plate was set at room 

temperature and the speed of bar has been set to 10 mm s-1.  Very thin layers were obtained 

with thickness of 40 nm, and a second coating on top of the first layer allowed an increase 

of the thickness to 90 nm along with the formation of inhomogeneities (Figure 3-16). 

However, since only one bar height of 30 µm was used, increasing this height would 

probably increase the thickness. The speed of the bar coater is also an important parameter 

to tune in order to obtained various thicknesses. The speed was thus varied from 10 to 

30 mm s-1 (Figure 3-17). One can observe that the faster the bar coater goes the thicker 

the film is supposed to be, which is in accordance with the Landau-Levich regime.[155] 

Unfortunately, large thickness inhomogeneity for the highest speed were observed. After 

investigation, this probably comes from the motor of the coater that scatters at relatively 

high speed.  

 

Figure 3-16: Optical (a) macroscope and (b) microscope image of as cast P3HT:PC61BM np-BHJ 

deposited with blade coater with one and two successive depositions. 

 

 
Figure 3-17: Optical macroscope images P3HT:PC61BM np-BHJ deposited with bar coater with 

varying bar speed. 
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As we proceed during the spin coating optimisation, the filtration via a RC syringe 

filter with pore size of 0.45 µm greatly improved the coating by smoothing the surface by 

getting rid of the dewetting points (Figure 3-18). In addition, PVT has also been 

incorporated in the dispersion which improved as well the coating. 

 
Figure 3-18: Optical microscope images of as cast P3HT:PC61BM np-BHJ deposited with blade 

coater from dispersion (a) without filtration, (b) filtrated (0.45 µm) and filtrated (0.45 µm) with 10 wt% 

of PVT. All scale bars are 200 µm. 

 

 

 Composite and pure nanoparticles-based organic solar 

cells  

 

From the literature, blend of pure donor and pure acceptor nanoparticles have been 

studied, as well as composite donor:acceptor nanoparticles.[133,138] But no works have been 

carried out on the use of both pure and composite nanoparticles within the same active 

layer. Using pure donor and acceptor nanoparticles could improve the charge transport in 

the active layer. Therefore, to assess a possible impact of pure nanoparticles addition with 

composite nanoparticles on the OPV performances, three different nanoparticles based 

active layers were fabricated: blend of pure P3HT and pure PC61BM nanoparticles namely 

P3HT:PC61BM [1:0], blend of pure P3HT, pure PC61BM and composite P3HT:PC61BM 

nanoparticles namely P3HT:PC61BM [1:1] and composite P3HT:PC61BM NPs namely 

P3HT:PC61BM [0:1]. The ratios correspond to the ratio [pNPs:cNPs] between pure P3HT 

and pure PC61BM nanoparticles (pNPs) and composite P3HT:PC61BM nanoparticles (cNPs), 

note the weight ratio between the donor and the acceptor [D:A] which here remains 

constant and correspond to 1:1.  

a b c
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Figure 3-19: Schematic representation of thin films coated with different [pNPs:cNPs] ratio. 

 

3.4.1 UV-visible spectroscopy 

 

Prior to the OPV performances investigation, thin films of pure [1:0], composite [0:1], 

and a mixing of pure and composite nanoparticles have been formed on a UV-O3 treated 

glass substrate with thickness of 130 nm in order to screen their absorption upon different 

annealing temperature (Figure 3-20). Thermal treatment has been done as a routine 

procedure to evaporate the remaining water and with the aim of turning the nanoparticule 

film into a homogenous layer. The annealing conditions were set at 90 °C and 130 °C for 

10 min, and film without any annealing are also shown (as cast). As cast, the active layers 

with different ratio 1:0; 1:1 and 0:1 present similar absorbance compared to their respective 

dispersion, indicating no change in the nanoparticle arrangement upon deposition. Upon a 

90°C annealing, no significant change is observed for the different active layers 

(P3HT:PC61BM [1:0], [1:1] and [0:1]). When increasing the annealing temperature up to 

130°C, for films with ratio 1:0 and 1:1, all three absorption peaks of P3HT slightly increase, 

a typical behaviour characterising a higher degree of interchain stacking of P3HT. For the 

composite nanoparticles [0:1], a spectacular increase in the absorbance spectra is 

observed, indicating a major change in the film morphology. P3HT vibronic peaks remain 

prominent, but the absorbance in the PCBM region seems to overlap the P3HT one. Note 

that the optical band gap calculated with Tauc plots did not show any difference between 

the three layers upon the different thermal annealing temperature with a constant bandgap 

remaining around 1.99 eV. 

Pure NPs [1:0] composite NPs [0:1][1:1]

Pure P3HT NPs Pure PCBM NPs Composite P3HT:PCBM NPs
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Figure 3-20: UV-visible absorption spectra of P3HT:PC61BM dispersions and films made from (a) 

pure nanoparticles [1:0], (b) mix of pure and composite nanoparticles [1:1] and (c) composite 

nanoparticles [0:1] with varying thermal treatment. (dispersions concentration= 0.025 mg.ml-1) 

 

3.4.2 Morphological investigation on composite nanoparticles 

 

From optical microscopy, a large phase segregation with small crystals is 

observable in Figure 3-21 for P3HT:PC61BM np-BHJ films made from cNPs and annealed 

at 130°C. The thermal annealing has induced a phase segregation forming what could be 

aggregates of PC61BM crystallites, thus confirming the previous description related to the 

optical bandgap.[156] To probe the inner film morphology and get more insight about the 

remarkable evolution of P3HT:PC61BM composite nanoparticle film, 2D AFM topography 

measurements have been conducted. As cast, a clear nanoparticle film is obtained resulting 

in a relatively high surface roughness of 8.0 nm (RMS). With a 90°C thermal treatment, the 

coalescence of nanoparticles has begun with less visible nanoparticle shapes and 

boundaries resulting in the decrease of surface roughness to 6.2 nm. At a higher annealing 

temperature of 130°C, the aggregate observed by optical microscopy are clearly 
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observable with the AFM images and are found to be around 500 nm large, increasing the 

RMS value up to 55.3 nm. Such a behaviour at relatively mild annealing temperature that is 

130 °C is not often see in the literature. Furthermore, it is normally the average temperature 

required to obtain the state-of-the-art performances for P3HT:PC61BM nanoparticles solar 

cells made from mini-emulsion. Such a phase separation is usually observed at higher 

temperature (160 °C) for fullerene-based nanoparticles layers.[134,135] Yet, Pedersen and co-

workers have mentioned a problem related to phase separation when annealing at 

temperature above 80 °C, but no deep insights are details.[157] It is worth mentioning that 

Holmes and co-workers have also reported such gross phase segregation with P3HT 

polymers having low molecular weight (5-12 kDa) but does not correspond to the molecular 

weight used in my work (53 kDa).[113,121] Thought no morphological analysis were done on 

the two other ratio (1:1 and 1:0), the UV-vis spectra suggest that for these particles, no such 

morphological changes is happening. The pure nanoparticles might prevent a large phase 

separation as it is already existing.  

 

 

 

Figure 3-21: (a) Optical microscopic images of P3HT:PC61BM np-BHJ films made from cNPs as 

cast and after 130°C annealing. (b) AFM topography images of P3HT:PC61BM np-BHJ films 

made from cNPs [0:1] with varying thermal treatment. (Scale bar = 300nm) 
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 OPV performances 

 

J-V curves of the OPV cells with the three different nanoparticulate films treated with 

different annealing temperature for 5 min are shown in Figure 3-22.  

 

Figure 3-22: J-V curves for P3HT:PC61BM np-BHJ devices made from (a) pure nanoparticles [1:0], 

(b) mixing pNPs and cNPs [1:1] and (c) cNPs [0:1] with varying thermal treatment. (Selected curves 

have been chosen to be as close as the average performance for each annealing temperature shown 

in Table 3-3). 

 

For each ratio, the thermal treatment of 90 °C enhanced all three photovoltaic 

parameters that is JSC, FF and VOC, leading to their optimal PCE of 0.41 %, 0.47 % and 

1.26 % for the ratio [1:0], [1:1] and [0:1] respectively. As the AFM already highlighted, this 

thermal annealing increases the close packing of NPs and thus induces charge transport 

pathways to the ETL and HTL. This correlation between forming intimate contacts between 

the nanoparticles and the increase in performances is in accordance to previous work[104]. 

Ultimately, it shows the decrease of bimolecular recombination because the free charges 
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are not confined anymore in the nanoparticles but can be transport through the active layer. 

A higher annealing temperature of 130 °C did not improve the performances of each 

devices. Interestingly, devices made with pure nanoparticles similar performances that 

those fabricated with 90 °C annealing temperature, with a modest loss of JSC and FF. For 

the two other ratio having composite nanoparticles, a dramatic loss in the overall 

performances is observed, going from 0.47 % to 0.11 % for [1:1] and from 1.37 % to 0.45 % 

for composite nanoparticles only. As for both system the JSC is the major parameters 

impacted, the large phase segregation shown earlier for cNPs is likely to have caused this 

drastic loss. For the mix of pNPs and cNPs, the lack of change in UV-visible absorbance 

did not show evidence of a possible degradation. Nevertheless, relatively large phase 

segregation might still occur due to the presence of cNPs but did not show any features in 

the absorbance spectrum. As the phenomenon is not seen for pure nanoparticles, it 

indicates that composite nanoparticles are extremely sensitive to high thermal treatment in 

the case of P3HT:PC61BM. The dramatic loss of VOC observed after annealing the film at 130 

°C for the ratio [1:1] and [0:1] can be due to this large-scale phase separation. In term of 

energy levels as mentioned earlier, but also from a metal–insulator–metal (MIM) model that 

can represent a solar cell. Indeed, these large aggregate and high roughness saw earlier 

are increasing possible direct pathways between the transport layers and thus inducing a 

voltage drop.[158]  
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Table 3-3: Average OPV performances of P3HT:PC61BM np-BHJ devices made from (a) pure 

nanoparticles [1:0], mixing pure and composite nanoparticles [1:1] and (c) composite nanoparticles 

[0:1] with varying thermal treatment (best devices are shown in brackets) 

pNPs : cNPs TA Temperature (°C) VOC (mV) JSC (mA cm-2) FF PCE (%) 

1 : 0 

none 
217 ± 20 

(236) 

2.83 ± 0.30 

(3.16) 

0.33 ± 0.01 

(0.33) 

0.20 ± 0.04 

(0.24) 

90°C 
229 ± 9 

(242) 

4.24 ± 0.19 

(4.41) 

0.42 ± 0.01 

(0.44) 

0.41 ± 0.04 

(0.47) 

130°C 
235 ± 16 

(239) 

4.04 ± 0.07 

(4.30) 

0.38 ± 0.02 

(0.40) 

0.39 ± 0.04 

(0.41) 

1 : 1 

none 
211 ± 0 

(212) 

1.79 ± 0.06 

(1.75) 

0.38 ± 0.02 

(0.38) 

0.14 ± 0.00 

(0.14) 

90°C 
244 ± 2 

(245) 

4.14 ± 0.11 

(4.24) 

0.47 ± 0.00 

(0.47) 

0.47 ± 0.02 

(0.49) 

130°C 
132 ± 11 

(138) 

2.01 ± 0.08 

(1.92) 

0.41 ± 0.01 

(0.41) 

0.11 ± 0.00 

(0.11) 

0 : 1 

none 
279 ± 37 

(302) 

3.29 ± 0.05 

(3.24) 

0.35 ± 0.02 

(0.37) 

0.32 ± 0.05 

(0.36) 

90°C 
424 ± 27 

(515) 

5.61 ± 0.12 

(5.66) 

0.53 ± 0.03 

(0.54) 

1.26 ± 0.13 

(1.38) 

130°C 
149 ± 7 

(165) 

1.80 ± 0.46 

(1.76) 

0.39 ± 0.02 

(0.42) 

0.11 ± 0.11 

(0.58) 

 

Furthermore, to assess a possible impact of pNPs addition with cNPs-based active 

layer, two supplementary ratios have been studied, [0.5:1] and [0.25:1], and their optimum 

OPV performances as well as the other ratio are reported in Figure 3-23. For the additional 

ratio, the annealing temperature has been set at 90 °C during 5 min. Interestingly, even with 

the smallest amount of pNPs [0.25:1] (corresponding to 16 w% of pNPs), the overall 

performances were still very low as compared to the 100% cNPs-based devices. The 

difference primarily comes from large open-circuit voltage loss when adding pure 

nanoparticles. Even at a ratio of [0.25:1], an important VOC loss of more than 100 mV is 

observed. Short-circuit current density is also higher when having only composite 

nanoparticles and can be explained by a decrease of geminate recombination due to the 

absence of large domains of both PC61BM and P3HT represented by pure nanoparticles. 

Overall, all parameters are enhanced when increasing the amount of composite 



80 

 

nanoparticles, highlighting the importance of having small domains found in composite 

nanoparticles. Drastically decreasing the size of pure nanoparticles could be a good way to 

complete the study in order to correlate this loss to domain sizes.  

 

 

Figure 3-23: OPV performances of P3HT:PC61BM np-BHJ devices fabricated from different ratio 

between pure nanoparticles and composite nanoparticles [pNPs:cNPs]. 

 

An effective way to evaluate a water-based solar cell is to directly compare its 

performances with a solar cell using the same D:A system, but which has been deposited 

from an organic solvent. OPV devices have been fabricated from a chlorobenzene solution 

at the concentration of 16 mg ml-1 and spin-coated on the ZnO layer at 1000 rpm. Herein, 

J-V curves and EQE curves of both water-based and organic solvent-based devices are 

shown in Figure 3-24 and details can be found in Table 3-4. The two measurements are 

showing the overall large loss of performances when using nanoparticles as an active layer. 
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Less than half of the performances achieved with P3HT:PC61BM BHJ devices are reached 

with P3HT:PC61BM np-BHJ devices. Even though the thermal annealing of 90 °C reduced 

the roughness, large grain boundaries are still present with an RMS value of 6.2 nm, this 

surface morphology is preventing the charge carrier to be efficiently transported and 

extracted from the active layer. The later might explained the large gap in the JSC and FF 

observed with control devices. VOC is also impacted with the water-based devices with an 

average VOC loss of 150 mV. This loss is apparently not related to a change in the bandgap 

energy Eg as both processes are showing similar value extracted from the EQE of 1.92 eV 

and 1.91 eV for the water-based process and the organic solvent process respectively. 

Many reasons could explain this loss, such as the use of a surfactant and the none optimal 

morphology which can favour a large trap density. The results from the literature are 

showing minor VOC loss for this system prepared with mini-emulsion. However, taking the 

example of Holmes et al. work, optimal performances (including optimal VOC) have been 

obtained when annealing the nanoparticulate film at 140 °C. When using a lower 

temperature (110 °C), a much lower VOC was obtained (310 mV).[159] In addition to this 

phenomenon, the increase of the molecular weight (MW) of P3HT was found to decrease 

the VOC at similar MW that the P3HT used in my work.[160] However they did not focus the 

discussion around this VOC gap between water-processed and organic solvent-processed 

OPV devices. In our case, the impossibility of doing a thermal annealing above 90 °C due 

to large phase segregation might limited the formation of an optimal morphology.  

 

Figure 3-24: J-V curves and b) EQE for P3HT:PC61BM np-BHJ [cNPs] (blue) and P3HT:PC61BM BHJ 

(yellow) at the optimal thermal annealing temperature. Note that the selected curves have been 

chosen to be as close as the average performance shown in Table 3-4. 
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Table 3-4: Average OPV performances of P3HT:PC61BM np-BHJ and BHJ devices (best devices are 

shown in brackets) 

Active layer VOC (mV) JSC (mA cm-2) FF PCE (%) 

P3HT:PCBM np-BHJ 
424 ± 27 

(453) 

5.61 ± 0.12 

(5.66) 

0.53 ± 0.03 

(0.54) 

1.26 ± 0.13 

(1.38) 

P3HT:PCBM BHJ 
575 ± 5 

(579) 

8.85 ± 0.29 

(9.13) 

0.66 ± 0.02 

(0.68) 

3.34 ± 0.21 

(3.60) 

 

 Conclusion of chapter 3 

 

In summary, the elaboration of organic semiconductor nanoparticles has been 

described and will represent from now on the standard fabrication process for the next 

results presented in this work. Furthermore, this chapter has laid the foundations for 

processing homogenous and thick layers from aqueous dispersions of organic 

semiconductor nanoparticles. For deposition with spin-coating technique, an optimisation 

has been done to decrease as low as possible the amount of active materials while 

preserving a good coating. For the same purpose, a low concentration dispersion (20 mg 

ml-1) has been employed with an addition of PVT to maintain thick and homogenous layer. 

An addition of 10 wt.% PVT had shown an improvement compared with devices without 

PVT due to decrease of the leakage current. However, these devices fabricated from low 

concentration (20 mg ml-1) remain less performing than devices made out with a high 

concentrated dispersion (60 mg ml-1). Further tests with different weight ratio of the 

insulating additive might be worth trying as well as different type of insulating 

polymers.[161,162] Finally, based on the P3HT:PC61BM system, we have studied the 

incorporation of pure nanoparticles in composite nanoparticles dispersions at different 

ratio. The aim was to assess a possible benefit of small amount of pure nanoparticle in a 

composite nanoparticles-based solar cell to improve the charge transport. However, the 

solar cells prepared with 100 % of composite nanoparticles have shown much higher 

efficiencies compared to all the other kind of dispersion incorporating pure P3HT and 

PCBM NPs. This can be explained by the larger domains induce by pure nanoparticles and 

poor transport between particles. Overall, an average PCE of 1.26 % has been 

demonstrated with P3HT:PC61BM np-BHJ which is in accordance with the efficiency 

reported in the literature for mini-emulsion. An incomplete sintering of the nanoparticles 

might prevent higher performances. The thermal annealing at temperate above 100 °C 
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could have solve this problem, however a large phase segregation has been seen for the 

composite nanoparticles. For similar temperature, such effect is not seen for classic bulk 

heterojunction or even for pure nanoparticles. Therefore, it highlights that a confined 

donor:acceptor morphology inside a nanoparticle has an important role and is highly 

sensitive to thermal annealing. A care should hence be given to control the nanoparticle 

morphology, as well as to the film processing and treatment to end up with the desire 

morphology as close as possible to a bulk-heterojunction one. 
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Chapter 4  
 

Controlling the morphology 

with surface energies 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Part of the following chapter has been published in a peer-reviewed journal [163]: 

H. Laval, A. Holmes, M. A. Marcus, B. Watts, G. Bonfante, M. Schmutz, E. Deniau, R. 

Szymanski, C. Lartigau‐Dagron, X. Xu, J. M. Cairney, K. Hirakawa, F. Awai, T. Kubo, G. 

Wantz, A. Bousquet, N. P. Holmes, S. Chambon, Adv. Energy Mater. 2023, 13, 2300249 
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 Introduction 

 

 From the previous section, the fabrication of reliable OPV cells from water-

processed active layer has been carried out. Meanwhile, I was able to highlight the 

importance of having donor/acceptor composite nanoparticles instead of having pure 

donor and acceptor nanoparticles mixed together or added with composite nanoparticles 

to form the active layer. This indicates that the initial nanoparticle morphology strongly 

determines the resulting active layer morphology and therefore the final photovoltaic 

performances. More specifically, the contrast between pure and composite nanoparticles 

emphasise the importance of domain size and donor/acceptor interfaces. From the 

literature, we observe a similar contrast in term of performances between blend 

nanoparticles obtain from mini-emulsion and nanoprecipitation and we believe the causes 

might be similar. One can argue that such difference comes from the use of surfactant with 

a dielectric behaviour, but I propose in this chapter to focus more on the initial nanoparticle 

morphology.  

Undeniably, kinetics implied during the formation of a nanoparticle made by mini-

emulsion and nanoprecipitation are different. The slow kinetic of the mini-emulsion tends 

to increase the phase segregation as materials have more time to arrange/crystallise in the 

nanoparticles. That being said, the optimisation of a water-processable organic solar cell 

should obviously start with a precise control of the nanoparticle morphology considering its 

proprieties. These proprieties will also set the post-deposition process strategy as the 

annealing temperature plays a major role for achieving the final nanoparticle-based active 

layer. In order to achieve high efficiency water-based solar cells, candidates have to be 

carefully chosen among the colossal π-conjugated materials library for OPV. The polymeric 

donor PTQ10 has been chosen as the common donor material based on its performances 

in the literature but also a good energetic compatibility with a wide variety of acceptors. 

This choice has to be made based on some of the material properties, and we have first 

chosen to give our interest to the surface energy as this parameter can strongly influence 

the interaction between two materials. Special attention is also given to further 

optimisations of water-based devices and the physico-chemical properties of the chosen 

materials. This chapter aims to provide keys for targeting and understanding properties that 

are essential when processing active layer with nanoparticles formed by mini-emulsion.  
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 Surface and interfacial energies 

 

 Self-organisation of materials inside a composite nanoparticle made with mini-

emulsion is not straightforward to predict as it involves a synthesis in a complex 

thermodynamic and chemical environment. Therefore, being able to corelate a 

nanomorphology with photovoltaics performances and dynamics is still not under control. 

Yet, the study of Barr and co-workers has shown a notable impact of the surface energy 

difference between the donor and the acceptor material on this self-organisation.[122] This 

imply a possibility of tuning the morphology by doing a careful selection of active materials, 

especially the acceptor. Almost a decade has passed since the non-fullerene acceptors 

(NFAs) have changed the OPV destiny, and in the water-processable OPV point of view, 

they have the ability to help tuning the morphology since they present a large variety of 

surface energies.[164]  

Fullerene derivatives-based donor/acceptor composite nanoparticles prepared by 

mini-emulsion present essentially core–shell morphology due to higher surface energy of 

the acceptor compared to that of the donor material. On the other hand, NFAs present 

lower surface energies than fullerene derivatives and, as a consequence, the morphology 

of donor/acceptor nanoparticles is not always acceptor-rich core/donor-rich shell. These 

findings are encouraging in our journey to control the internal morphology of the 

nanoparticles, and to explore the use of NFAs. 

When blending a donor and an acceptor material, their surface energies can give 

good indications about the miscibility between them. From their values, an additional 

parameter that is the interfacial energy between a material A and B (γ𝐴𝐵) can be extracted 

to further quantify their miscibility following the equation ((4.1) where γ𝐴 and γ𝐵 are the 

total surface energy of the material A and B respectively, γA
d  and γB

d their respective 

depressive component and γA
p
 and γB

p
 their polar component.[165] We thus have 

decided to study the impact of surface energies and interfacial energies on the morphology 

of NP-based active layers.  

 

𝜸𝑨𝑩 =  𝜸𝑨 +  𝜸𝑩 −  
𝟒𝜸𝑨

𝒅𝜸𝑩
𝒅

𝜸𝑨
𝒅+ 𝜸𝑩

𝒅
− 

𝟒𝜸𝑨
𝒑

𝜸𝑩
𝒑

𝜸𝑨
𝒑

+ 𝜸𝑩
𝒑  (4.1) 
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The surface energy of a liquid can directly be measured from several techniques 

such as the pendant drop or the Wilhelmy plate method. However, a direct measurement 

of the surface energy of a solid is not possible due to the bulky nature of a solid, its complex 

surface properties and interactions. Nevertheless it is possible via an undirect method of 

contact angle measurements of liquids onto a solid described by the well-known Young’s 

equation ((4.2) established in 1805 and describing the contact angle (θ) of a liquid drop on 

a plane solid surface.[166] The three boundaries forces at the equilibrium are the surface 

energy at liquid-vapour interface γ𝑙𝑣, the solid-liquid interface γ𝑠𝑙 and the solid-vapour 

interface γ𝑠𝑣. The two component Wu model resulting from the combination of the 

interfacial energy equation and the Young’s equation is used in this work to calculate these 

energies (4.3) where γl
d is the dispersive component of the surface tension of a liquid, γl

p
 

its polar component, γs
d is the dispersive component of the surface energy of a solid, γs

p
 its 

polar component. In order to solve this equation, the contact angle data with two liquids 

are required. In our case, water and ethylene glycol have been chosen. 

 

𝜸𝒍𝒗 𝐜𝐨𝐬 (𝜽) =  𝜸𝒔𝒗 − 𝜸𝒔𝒍 (4.2) 

 

 

𝜸𝒍𝒗 . (𝟏 + 𝐜𝐨𝐬 (𝜽)) =  
𝟒𝜸𝒍

𝒅𝜸𝒔
𝒅

𝜸𝒍
𝒅+ 𝜸𝒔

𝒅
+  

𝟒𝜸𝒍
𝒑

𝜸𝒔
𝒑

𝜸𝒍
𝒑

+ 𝜸𝒔
𝒑 (4.3) 

 

In Table 4-1, the surface energies (dispersive, polar and total) of PTQ10 and several 

acceptors are listed. With these values, the interfacial energy γD:A between PTQ10 and each 

acceptors have been calculated from equation (4.3). From these six donor:acceptor 

systems, various interfacial energies are obtained,  with a maximum value of 13.1 mN m-1 

for PTQ10:PC61BM and a minimum of 4.4 mN m-1 for PTQ10:Y6. In order to study the impact 

of this interfacial energy on the morphology of a nanoparticle, these two systems have been 

selected and aqueous colloidal dispersions have been synthesised from those. The values 

listed in Table 1 have been taken from the PhD thesis work of Robin Szymanski[167]. It is 
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important to note that different batches of PTQ10, PC61BM and Y6 have been used in the 

present thesis. Therefore, contact angles and surface energies calculations have been 

performed once again on the materials specifically used in this work. New values are shown 

in Table 4-2 and were calculated from the contact angle measurements presented in 

Figure 4-1. Very similar values have been obtained and the large difference of interfacial 

energy between PTQ10:PC61BM and PTQ10:Y6 is confirmed.   

Table 4-1: Surface energies (polar, dispersive and total) of PTQ10 and a series of acceptor materials. 

γD:A represents the interfacial energy between PTQ10 and the respective acceptor. Values have been 

taken from the PhD thesis of Robin Szymanski [167].  

 

 

Table 4-2: Surface energies (polar, dispersive and total) of PTQ10, PC61BM and Y6. γD:A represents 

the interfacial energy between PTQ10 and the respective acceptor. Measured values in this work.  

 

Material γD   (mN m-1) γP (mN m-1) γ (mN m-1) γD:A (mN m-1) 

PTQ10 21.2 2.0 23.2 / 

PC61BM 15.7 17.0 32.7 13.1 

ITIC-Th 15.8 11.4 27.23 7.4 

4TIC-4F 17.4 9.5 26.8 6.4 

IT-4F 15.2 10.9 26.1 5.9 

Y9 15.5 8.5 25.0 4.7 

Y6 19.2 8.0 27.2 4.4 

Material γD (mN m-1) γP (mN m-1) γ (mN m-1) γD:A (mN m-1) 

PTQ10 21.3 1.7 23.1 / 

PC61BM 17.1 17.9 35.1 13.8 

Y6 19.6 8.5 28.1 4.5 
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Figure 4-1: Goniometer pictures of contact angles and their values in red of ethylene glycol (left) 

and water (right) on PTQ10, PC61BM and Y6 films deposited from chloroform.  

 

 Nanoparticles synthesis 

 

 Composite nanoparticles with PTQ10:PC61BM and PTQ10:Y6 were synthesised 

following the usual procedure described in Methods: For the organic phases, 25 mg ml-1 

of PTQ10:Y6 [1:1.2] mixture, or 25 mg ml-1 of PTQ10:PC61BM [1:1] mixture, was first 

dissolved in chloroform and stirred for 2 h at 65 °C in a nitrogen-filled glovebox. The ratios 

were set based on the literature for their optimised counterpart organic solvent-based 

devices. Which are [1:1.2] for PTQ10:Y6[168] ; and [1:1] PTQ10:PC61BM. Note that for the 

ratio PTQ10:PC61BM we performed the optimisation ourselves as no results had been 

identified in the literature. The aqueous phase was obtained by dissolving 5 mg ml-1 

(17 mM) of SDS in deionised water and stirred for 30 min at room temperature. The 

concentration of both dispersions was adjusted through the parameters of the last 

centrifugal cycle in order to obtain a concentration of 60 mg ml-1. 

EG H2O

PTQ10

PC61BM

Y6

110.8°80.0°

76.3°47.8°

93.8°59.5°
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After the synthesis of the NPs, we performed UV-visible absorption (Figure 4-3a) 

as well as the photoluminescence (PL) of the nanoparticles in dispersion (Figure 4-3b). 

The average diameter (Z-average) from the DLS measurements are also listed in Table 

4-3. Following our synthesis process, the nanoparticle size does not seem to be material 

dependent and is quite similar to the sizes obtain with P3HT:PC61BM nanoparticles. As it 

has been observed for P3HT:PCBM when forming a nanoparticle, PTQ10:Y6 nanoparticle 

seems to have a similar absorption spectrum than its solid film made from organic solvent, 

which here again highlight a possible high degree of ordering inside the nanoparticle.[46] 

Concerning the PL, with the objective of this characterisation is to investigate a possible 

difference of morphology through the fluorescence of the common material PTQ10. We 

thus applied a photoexcitation at 540 nm, in the PTQ10 region and recorded the emission 

of four different nanoparticles: pure PTQ10, pure Y6, composite PTQ10:Y6 and composite 

PTQ10:PC61BM. For the reference emission of PTQ10 pure nanoparticles, the peak at 735 

nm is typical of a band-to-band transition in the PTQ10 polymer. For PTQ10:PC61BM, the 

 

Figure 4-2: (a) Chemical structures of the donor material (PTQ10) and the two acceptor materials 

(PC61BM, Y6). (b) Highest Occupied Molecular Orbital (HOMO) and Lowest Unoccupied Molecular 

Orbital (LUMO) of PTQ10, PC61BM, and Y6. (c) Absorption spectra of PC61BM NPs, PTQ10 NPs, and 

Y6 nanoparticles (dispersions). (dispersions concentration = 0.06 mg ml-1) 
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quenching of the PTQ10 fluorescence is very effective and up to 96%, indicating that 

exciton dissociation is highly efficient in the PTQ10 region. In the case of PTQ10:Y6 

nanoparticles, PTQ10 fluorescence is totally quenched, which might indicate a slightly more 

intimate morphology which favours the exciton dissociation generated in the polymer. On 

the other hand, one can clearly still see that the fluorescence of Y6 (800– 1150 nm) is only 

partially quenched by 70%. This result indicates that the Y6 domains might be larger than 

the exciton diffusion length and that the morphology is not yet optimised for all the exciton 

formed in the Y6 to be fully dissociated. Care will be given later in this chapter to understand 

the possible reason to the remaining fluorescence.  

 

Figure 4-3: (a) Absorption spectra of PTQ10:PC61BM NPs and PTQ10:Y6 NPs (dispersions) and (b) 

photoluminescence spectra of PTQ10 NPs, Y6 NPs, PTQ10:PC61BM NPs and PTQ10:Y6 NPs 

(dispersions). (dispersions concentration = 0.03 mg ml-1) 

 

 

Table 4-3: Average diameter of PTQ10:Y6 NPs and PTQ10:PC61BM NPs measured with DLS 

System Z-average (d.nm) 

PTQ10:Y6 65 

PTQ10:PC61BM 67 

 

 

 OPV performances 

 

 Water-based OPV solar cells (np-BHJ) from PTQ10:Y6 and PTQ10:PC61BM 

nanoparticles dispersions have been fabricated following the optimised deposition process 
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described in the previous chapter with P3HT:PC61BM np-BHJ. For each system, the most 

favourable annealing temperatures have been selected through a temperature screening 

and their resulting OPV performances are analysed. In this first section, a constant 

annealing time of 5 min is done for each temperature. Care has to be ensured to compare 

what is comparable. Therefore, our approach here again (as it was when comparing 

P3HT:PC61BM np-BHJ with P3HT:PC61BM BHJ) is not to compare directly the performances 

of the two water-based devices (PTQ10:Y6 np-BHJ vs. PTQ10:PC61BM np-BHJ) but to 

compare each of them with their respective counterpart processed with an organic solvent 

(BHJ). Indeed, PC61BM having a much less capability of absorption in the visible and near-

infrared region, both systems are far to be analogous. Organic solvent-based OPV cells 

have thus also been prepared. The annealing temperature optimisation process and the 

final comparison between the two processes are described in the following sections. 

 

4.4.1 PTQ10:PC61BM – high γD:A system 

 

For the first system, namely “high γD:A system” due to PTQ10:PC61BM high interfacial 

energy  (γD:A = 13.8 mN m-1), the evolution of the J-V curves with varying the thermal 

annealing temperature and the resulting PCE are plotted in Figure 4-4 and the different 

photovoltaic parameters are listed in Table 4-4. From a pristine film to a film thermally 

annealed at 200 °C for 5 min, no clear dependency has been observed in the power 

conversion efficiency value that remains around 1% for 100 °C annealing temperature and 

higher. As mentioned in Chapter 3, the only noticeable difference comes from the drying 

at low temperature (here at 100°C) that favour removal of any remaining water and a 

possible change in the inter-nanoparticles spacing. The latter might possibly be the cause 

of the increase in the FF values from 0.42 to 0.56 upon annealing. Thermal treatment might 

induce on the one hand a film shrinkage and a change the domain spacing in the np-BHJ 

film, allowing an appropriate charge transport and extraction and on the other hand induce 

at the same time phase separation.[138] Without this shrinkage, morphological traps created 

by the film morphology could induce an increase of recombination and /or low charge 

carrier mobility explaining the low FF.[169],[170] While it favours the FF, the JSC obtained when 

varying the thermal annealing condition is remaining the same, indicating that there is no 

significant change in the charge photogeneration process. Nonetheless, the increase of FF 



94 

 

upon annealing is compensated by a large VOC loss, falling from 0.90 V at 140°C to 0.69 V 

at 200°C, and does not induce a raise in efficiency. However, the significant evolution of FF 

and VOC can question a possible change in the active layer morphology and/or at the 

ETL/active layer interface. 

 

 

Figure 4-4: (a) J-V curves for PTQ10:PC61BM np-BHJ devices with varying the thermal annealing 

temperature from no annealing to 200°C for 5 min. Note that the selected curves have been chosen 

to be as close as the average performance for each annealing temperature shown in Table 4. (b) 

represents PCE with varying the thermal annealing temperature for PTQ10:PC61BM np-BHJ OPV 

devices. 

 

 

Table 4-4: Average OPV performances of PTQ10:PC61BM np-BHJ extracted from a minimum of 8 

devices with different thermal annealing (TA) temperatures (best devices are shown in brackets). 

TA Temperature (°C) VOC (mV) JSC (mA cm-²) FF PCE (%) 

none 
820 ± 10 

(814) 

2.51 ± 0.05 

(2.56) 

0.42 ± 0.01 

(0.42) 

0.86 ± 0.02 

(0.87) 

140 
900 ± 10 

(901) 

2.54 ± 0.11 

(2.66) 

0.44 ± 0.01 

(0.45) 

1.01 ± 0.05 

(1.08) 

170 
830 ± 20 

(821) 

2.43 ± 0.05 

(2.50) 

0.50 ± 0.01 

(0.50) 

0.93 ± 0.11 

(1.03) 

200 
690 ± 10 

(707) 

2.65 ± 0.33 

(2.62) 

0.56 ± 0.01 

(0.57) 

1.02 ± 0.02 

(1.05) 
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 From these results, no clear optimised temperature was found. Nevertheless, the 

water-based device annealed at 140°C gives a hero cell with 1.08% PCE 

(JSC = 2.66 mA cm-², VOC = 901 mV and FF = 0.45). In order to assess and quantify this 

performance, we compare it with its control device made from a tetramethylbenzidine 

(TMB) solution (BHJ). J-V curves and EQE from the two optimised process (Figure 4-5) 

clearly show a different behaviour. In particular, the JSC obtained from PTQ10:PC61BM np-

BHJ devices is much lower than that of PTQ10:PC61BM BHJ, decreasing from 4.83 mA cm−2 

down to 2.54 mA cm−2 as well as FF, decreasing from 0.58 to 0.44 (Table 4-5). EQE results 

confirm a much lower efficiency for the np-BHJ active layer in terms of photo-conversion 

since only a maximum of 22% of incident photons generate charges in the PTQ10 

absorption region, almost twice lower than for the organic solvent-processed active layer 

in the same region of interest (Figure 4-5b). This result is quite surprising as we observed 

previously a complete quenching in the PL measurement. Therefore, it indicates that 

bimolecular recombination are dominant in the process. Furthermore, the fact that the np-

BHJ devices do not present any VOC loss as compare to the BHJ devices is a sign that 

radiative recombination might be dominant.[171]  When it comes to compare only the PCE, 

the water-based strategy presents a loss of 60% (± 3%) in PCE as compare to the classical 

strategy employing an organic solvent.   

 

Figure 4-5: (a) J-V curves and (b) EQE for PTQ10:PC61BM np-BHJ (blue) and PTQ10:PC61BM BHJ 

(yellow) at the optimal thermal annealing temperature. Note that the selected curves have been 

chosen to be as close as the average performance shown in Table 4. 
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Table 4-5: Average OPV performances of PTQ10:PC61BM BHJ PTQ10:PC61BM np-BHJ extracted 

from a minimum of 8 devices at the optimal thermal annealing temperature (best devices are shown 

in brackets) 

 VOC (mV) JSC (mA cm-²) FF PCE (%) 

PTQ10:PC61BM  

BHJ 
897 ± 11 4.83 ± 0.03 0.58 ± 0.01 

 

2.52 ± 0.06 

 

PTQ10:PC61BM  

np-BHJ 
900 ± 10 2.54 ± 0.11 0.44 ± 0.01 

 

1.01 ± 0.05 

 

 

 

4.4.2 PTQ10:Y6 - low γD:A system 

 

Now taking a look to the “low γD:A system”, a different behaviour was observed for 

devices made from PTQ10:Y6 nanoparticles. The overall performances are continuously 

enhanced by the increase of the thermal annealing temperature until they reach an average 

of 8.08% PCE, with JSC = 18.13 mA cm−2, VOC = 714 mV and FF = 0.62 at 200 °C. The 

spectacular rise of both JSC and FF, from 7.97 mA cm-2 to 18.13 mA cm-2 and from 0.40 to 

0.62 respectively, was essential to obtain such an increase in the efficiency (Figure 4-6 and 

Table 4-6).  

 
Figure 4-6: (a) J-V curves for PTQ10:Y6 np-BHJ devices with varying the thermal annealing 

temperature from no annealing (light blue) to 200°C (dark dashed line. Note that the selected curves 

have been chosen to be as close as the average performance for each annealing temperature shown 

in Table 4-6. And (b) represents PCE vs thermal annealing temperature for PTQ10:Y6 np-BHJ OPV 

devices.  
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Table 4-6: Average OPV performances of PTQ10:Y6 np-BHJ extracted from a minimum of 8 

devices with different thermal annealing (TA) temperatures (best devices are shown in brackets) 

TA Temperature (°C) VOC (mV) JSC (mA cm-2) FF PCE (%) 

none 
688 ± 13 

(697) 

7.97 ± 0.11 

(7.92) 

0.40 ± 0.02 

(0.42) 

2.22 ± 0.13 

(2.34) 

100 
716 ± 17 

(730) 

10.43 ± 0.18 

(10.53) 

0.47 ± 0.02 

(0.48) 

3.53 ± 0.19 

(3.71) 

140 
705 ± 11 

(722) 

14.34 ± 0.82 

(15.02) 

0.49 ± 0.01 

(0.50) 

4.96 ± 0.36 

(5.39) 

170 
714 ± 13 

(725) 

16.90 ± 0.56 

(17.03) 

0.47 ± 0.03 

(0.52) 

5.64 ± 0.50 

(6.43) 

200 
714 ± 15 

(709) 

18.13 ± 1.15 

(19.70) 

0.62 ± 0.01 

(0.64) 

8.08 ± 0.53 

(8.93) 

 

J-V and EQE spectra of PTQ10:Y6 based devices (BHJ and np-BHJ) are presented 

in Figure 4-7. For PTQ10:Y6 BHJ, up to 70% of incident photons generate electrons, with 

PTQ10 contributing to 70% and Y6 to 65%. On the other hand, for PTQ10:Y6 np-BHJ we 

obtain a maximum EQE of 61% in the PTQ10 region but only 56% in the Y6 region. Although 

lower than for organic solvent-based devices, these high EQE values suggest an 

appropriate active layer morphology of PTQ10:Y6 np-BHJ. Devices prepared from organic 

solvent present also higher VOC than those prepared from water-based colloidal inks, 0.82 

and 0.73 V, respectively, but lower FF, 0.50 and 0.65, respectively. Although many factors 

can affect those characteristics, one can suggest that the change is attributed here to the 

nanoscale morphology. Indeed, it has been shown that higher degree of organisation of the 

donor and/or the acceptor generally leads to lower VOC due to energy level splitting and 

higher FF due to better charge transport.[172–174] Another possible reason for this VOC loss 

might come from a different molecular orientation of the Y6 molecules in the thin films 

obtain from water-based and organic solvent-based processes. Figure 4-7c is showing a 

much lower absorbance of PTQ10:Y6 np-BHJ than PTQ10:Y6 BHJ despite their similar 

thickness (~115 nm). Such a difference could also be attributed to more mixed orientations 

of Y6 molecules in PTQ10:Y6 np-BHJ reducing the in-plane absorption as reported for 

another polymer:Y6 system involving two different solution process.[175]  
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Figure 4-7: (a) J-V curves (b) EQE and (c) UV-vis spectrum for PTQ10:Y6 np-BHJ and PTQ10:Y6 

BHJ at the optimal annealing temperature. Note that the selected curves have been chosen to be as 

close as the average performance shown in Table 4-7 and both films measured for the absorbance 

are ~115 nm thick. 

 

Table 4-7: Average OPV performances of PTQ10:Y6 BHJ PTQ10:Y6 np-BHJ extracted from a 

minimum of 8 devices at the optimal thermal annealing (best devices are shown in brackets) 

 VOC (mV) JSC (mA cm-2) FF PCE (%) 

PTQ10:Y6 BHJ 809 ± 5 23.15 ± 0.07 0.60 ± 0.02 11.19 ± 0.26 

PTQ10:Y6 np-BHJ 714 ± 15 18.13 ± 1.15 0.62 ± 0.01 8.08 ± 0.53 

 

 

4.4.3 Discussion 

 

From their OPV devices performances, different behaviour for each system have 

been observed. PTQ10:PC61BM np-BHJ generate much less free charges upon illumination 
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as compared to the organic solvent-processed devices prepared with 

1,2,4-Trimethylbenzene. This poor capability to generate charges is reflected by the low 

JSC measured. Several thermal treatments have been performed, but none was successful 

to narrow the gap between the two processes. The EQE measurement highlights a possible 

high bimolecular recombination rate for the water-processed device, which might be due 

to the morphology of the active layer. On the contrary, with the low interfacial energy 

system, the water-processed devices succeed to achieve performances close to the 

organic solvent-processed counterpart. An important amount of charges are photo-

generated and harvested in PTQ10:Y6 np-BHJ, an amount which is really close to what is 

also generated and harvested from the same donor:acceptor system deposited with 

chloroform (PTQ10:Y6 BHJ). For this system, thermal annealing plays a major role on this 

spectacular gain of JSC and FF. And despite a lower VOC, more than 70% of the 

performances obtained with the control cells are reached with PTQ10:Y6 np-BHJ. 

 

 Morphological investigation 

 

Results obtained from the OPV cells suggest that there is a morphological difference 

between both nanoparticle-based systems. For the low γD:A system PTQ10:Y6 np-BHJ, this 

difference still exists initially (i.e. before thermal treatment) but is partially reduced as the 

annealing temperature increases. The observed differences seem to be even more 

important when increasing the interfacial energy. Morphological studies were undertaken 

to explore whether the device performances trends observed could be attributed to a 

structural change of the nanoparticle-based active layer films. In this respect, two 

microscopy techniques have been used. First, we have recorded AFM images to gain 

insights on the surface structure of each np-BHJ film system and their evolution with 

temperature. In order to explore the internal and intraparticle morphology and special 

composition, the scanning transmission X-ray microscopy (STXM) technique has been use. 

This technique allows us to map the spatial distribution of each materials in the 

nanoparticles thanks to their near-edge X-ray absorption proprieties.[176] Transmission 

electronic microscopy (TEM) images are also combined with STXM for a better 

understanding of the nanoparticles evolution upon annealing. The primary aim here is to 

corelate these morphologies to OPV cells performances and/or interfacial energy.   
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4.5.1 AFM analysis 

 

Figure 4-8 shows 2 µm² topography AFM images of PTQ10:PC61BM np-BHJ and 

PTQ10:Y6 np-BHJ for with or without thermal treatment (i.e. none and 200°C).  

 
Figure 4-8: AFM topography images (height) of PTQ10:PC61BM (a, b) and PTQ10:Y6 (c, d) np-

BHJ without annealing (a, c) and with a thermal annealing at 200°C for 5min (b, d). (Scale bar = 

500nm) 

 

We note that for both systems, a relatively high surface roughness is present in the 

first place (as cast), which is due to the spherical shapes of the nanoparticles. This can 

imply a poor charge transport between the nanoparticles, thus favouriting the bimolecular 

recombination that could explain the lower FF and VOC for both type of devices without 

annealing. For PTQ10:PC61BM np-BHJ, despite no significant change in the performances 

of upon annealing, a drastic modification of the surface morphology is observed. We can 

clearly observe the surface roughness increases from 8.4 nm to 26.4 nm upon annealing. 

Such a high roughness coming from a strong phase separation could explain the loss VOC 

from 0.90 V to 0.69 mV.[177] The opposite trend is observed for PTQ10:Y6 np-BHJ as the 

RMS roughness decreases from 7.0 nm to 3.8 nm. These opposite behaviours upon 

annealing might come from the interfacial energy difference.  

 

59 nm 27 nm

0 nm 0 nm

51 nm 194 nm

0 nm 0 nm
RMS = 8.4 nm RMS = 26.4 nm

a b

RMS = 7.0 nm RMS = 3.8 nm

c d
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4.5.2 STXM and TEM analysis 

 

In order to get some insights on the composition of the different nanoparticles as 

well as on the thin films fabricated from the NPs, STXM experiments have been conducted. 

However, prior to the STXM measurements, the near-edge X-ray absorption fine structure 

(NEXAFS) spectra of pristine samples of each material (PTQ10, Y6, and PC61BM) were 

recorded and analysed to extract their key absorption energy. Overlaying the spectra of 

the donor and acceptor of each system is necessary in order to make the selection of their 

orthogonal energies. From the NEXAFS shown in Figure 4-9, the overlay of the PTQ10 and 

PCBM spectra shows the dissimilarities due to the difference atomic composition between 

the polymer and the fullerene. Therefore, the choice of two key absorption energies that 

are 288.1 eV (PTQ10) and 284.4 eV (PC61BM) has been made. Looking now at the second 

spectrum for PTQ10:Y6, both NEXAFS are showing comparable signature, which is not 

surprising as we find the same type of atoms in both materials. With only a simple choice 

of two orthogonal energies, it has been thus impossible to obtain reliable compositional 

maps. A selection of three energies has been made in order to correctly build the 

compositional maps: 284.0 eV (Pre-edge), 285.1 eV and 293.0 eV.  Sequentially using these 

energies during the STXM measurement leads to generate a compositional map of each 

blend. More description about NEXAFS and STXM are available in the Methods section.  

 

Figure 4-9: NEXAFS spectra for the pure materials (a) PTQ10 and PC61BM overlapped (purple 

and orange respectively, (b) PTQ10 and Y6 overlapped (purple and blue respectively). 

 

Consecutively, samples were prepared for STXM measurements following the 

preparation process described in the Methods section. It is important to mention that due 
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to the spectral resolution available for STXM (~25 nm), bigger particles were synthesised 

for this study than the actual nanoparticles diameter used for the solar cells. With the aim 

of identifying the nanoparticles morphology down to the resolution limit, we propose to 

interpret trends in smaller nanoparticle data with the results of STXM studies on large 

nanoparticles, assuming that the morphology does not change with the size of the 

nanoparticle.  Therefore, high polydisperse nanoparticle inks (100 nm – 400 nm) were 

prepared using a much lower SDS concentration (0.01 mg ml-1).  

 First measurements were done on “as cast” nanoparticle films, in order to observe 

the internal morphology of each system right after their synthesis. Taking a first look at 

PTQ10:PC61BM NPs (Figure 4-10a), a core–shell type morphology is observed. While the 

shell is PTQ10-rich (75–90%), it is interesting to note that the composition of the core is 

more intermixed, but still acceptor-rich with around 60% of PC61BM and 40% of PTQ10 

(Figure 4-13a). In Table 4-2 one can observe that PC61BM has a much larger surface 

energy (35.1 mN m−1) than PTQ10 (23.1 mN m−1), similarly to other kinds of donor/fullerene 

systems (P3HT:PC61BM, TQ1:PC61BM). This difference explains the nanomorphology of the 

PTQ10:PC61BM nanoparticles, with the outer shell predominantly composed of the lower 

surface energy element. Even though core–shell with a highly donor-rich core, previous PL 

results showed that exciton dissociation is highly efficient in the PTQ10 region. 

Nevertheless, this morphology driven by the surface energies seems not adapted to a 

nanoparticles-based organic photovoltaic device. The presence of an almost pure PTQ10 

shell around the intermixed core can impede the electron transport. Thermal annealing 

should in theory allow the creation of transport pathways, but the strong phase separation 

upon annealing is predominant as previously seen in AFM images. 

The thermal annealing at 200 °C has a dramatic effect on the phase separation 

between PTQ10 and PC61BM as previously observed in the AFM images. Figure 4-10b & 

10d shows large clusters (2 - 4 μm) composed mostly of PCBM (≈ 62%) surrounded by 

PTQ10 highly rich areas (≈ 89%). This tendency to phase segregate is the result of the high 

interfacial energy between the donor and the acceptor in addition to the high energy 

brought by the annealing. One can notice that the spherical shape cannot be seen anymore, 

indicating that the nanoparticles have merged in the form of a thin film. As expected, this 

evolution of the active layer morphology with large scale separated domains did not lead to 

an improvement of the OPV performance. Thermal annealing at 140°C, 170°C or 200°C of 
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PTQ10:PC61BM np-BHJ resulted in devices with 1.01%, 0.93% and 1.02% PCE, 

respectively. 

 

Figure 4-10: STXM composition maps of PTQ10:PC61BM NPs without thermal treatment: relative 

concentration of (a) PTQ10 and (c) PC61BM. With a 200 °C thermal treatment for 5 min: relative 

concentration of (b) PTQ10 and (d) PC61BM. All scale bars are 500 nm. The color contrast is 

scaled such that light colors correspond to higher component concentrations. 

 

Now moving to the promising PTQ10:Y6 nanoparticles nanomorphology, the STXM 

images do not show a clear phase separation within the nanoparticles for which the 

morphology seems to be intermixed. The radial composition profile for this donor:acceptor 

system (Figure 4-13b) is showing no clear trend in phase separation within the error bars, 

indicating non-defined domains. This analysis reveals that the initial morphology of 

PTQ10:Y6 nanoparticles is intermixed or with very small subdomains below the resolution 

limit of STXM. This kind of morphology, already observed for nanoparticles synthesised by 

nanoprecipitation, is rather uncommon for mini-emulsion based nanoparticles.[113] In few 

cases intermixed morphology was identified as for PTB7-Th:eh-IDTBR nanoparticles 

synthesised by the mini-emulsion process using TEBS as a surfactant. In the case of 

PTQ10:Y6, the surface energy difference between the donor and the acceptor is much 

lower than that of PTQ10:PC61BM, 5 mN m−1 and 12 mN m−1 respectively (Table 4-2). 
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According to Barr et al., the lower the surface energy difference, the closer the 

nanomorphology is to an intermixed morphology which is a first explanation of the 

morphology observed for the PTQ10:Y6 system. 

Compared to the higher γD:A system, the thermal annealing has a totally different 

effect on PTQ10:Y6 np-BHJ. As seen in Figure 4-11b & e, with a thermal annealing 

treatment at 170 °C, it is still possible to detect the intermixed morphology within a single 

composite nanoparticle, with here again randomly distributed donor-rich and acceptor-rich 

domains. With a thermal annealing treatment at 200 °C, nanoparticles partially sintered 

together, thus removing the grain boundaries. Interfacial energy between PTQ10 and Y6 is 

only 4.5 mN m−1 and such a low value can explain the stability of the nanoscale morphology 

and the absence of large phase separation upon thermal treatment. TEM images of 

unannealed samples and samples annealed at 100, 140, 170 and 200 °C, reveal that high 

temperatures are necessary to merge the nanoparticles (Figure 4-12). Without thermal 

treatment, nanoparticles are well separated and the boundaries between two particles are 

still visible. At low annealing temperatures of 100 and 140 °C, the particle shape is still 

clearly visible but coalescence of the nanoparticles starts: the boundaries between them 

are not as clear as for unannealed nanoparticles. At 170 °C, the coalescence process is 

more pronounced as the boundaries between the particles are fading away, but the shape 

of the nanoparticles is still clearly observable. Finally, at 200 °C, the coalescence of the 

particles is fully effective. Although, it is still possible to identify the original nanoparticle 

shape, they have all merged into a homogeneous thin film. The evolution of the photovoltaic 

performance reflects that of the morphology detected by STXM and TEM. Concomitantly, 

the nanoscale morphology is not affected even at high annealing temperature and nano-

domains of donor and acceptor materials with size approaching the resolution of STXM are 

still detected within a single nanoparticle. 
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Figure 4-11: STXM composition maps of PTQ10:Y6 nanoparticles without thermal treatment: 

relative concentration of (a) PTQ10 and (d) Y6. With a 170 °C thermal treatment for 5 min: relative 

concentration of (b) PTQ10 and (e) Y6. With a 200 °C thermal treatment for 5 min: relative 

concentration of (c) PTQ10 and (f) Y6. All scale bars are 500 nm. The color contrast is scaled such 

that light colors correspond to higher component concentrations. 

 

 

 
Figure 4-12: TEM images of PTQ10:Y6 NPs without thermal annealing (a) and annealed at (b) 

100 °C, (c) 140 °C, (d) 170 °C and (e) 200 °C. All scale bars are 500 nm. 

 

a b c

d e
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Figure 4-13: (a) Average radial composition profiles of (a) PTQ10:PC61BM nanoparticle 

(unannealed) and (b) PTQ10:Y6 nanoparticle (unannealed). The error bars represent the standard 

deviation between multiple particles of the same type. 

 

 

4.5.3 Discussion 

 

The results obtain from this morphological investigation lead us to propose the 

following tentative mechanism (Figure 4-14). PTQ10:PC61BM nanoparticles present initially 

a core–shell morphology due to high surface energy difference between the donor and the 

acceptor. Upon high thermal annealing (200°C), a large phase separation is observed due 

to high interfacial energies which already tend to noticeably separate the two materials. As 

a result, PTQ10:PC61BM nanoparticle-based devices present low efficiency as compared to 

those prepared from organic solvent, only 40% of the PCE achieved from PTQ10:PC61BM 

BHJ is obtained with PTQ10:PC61BM np-BHJ. Without a sufficient annealing, transport 

pathways are limited by the nanoparticle’s boundaries. These boundaries are broken with 

a high temperature annealing, but it also creates the large phase segregation. A good 

balance is thus hard to obtain and almost impossible with that kind of high interfacial energy 

system. On the contrary, PTQ10:Y6 nanoparticles prepared by mini-emulsion present 

initially a donor:acceptor morphology that is intermixed. However, performances of the 

devices are poor if the active layer is only annealed at low temperature, due to a lack of 

transport pathways. Therefore, a high annealing temperature is necessary in order to 

sintered the nanoparticles together and allowed the photogenerated charges to reach their 

respective electrodes. In order to achieve its full photovoltaic efficiency, interconnection of 

the nanoparticles, and ultimately of the domains, while preserving an intermixed 
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morphology between the donor and the acceptor is required. As the performances of 

PTQ10:Y6 np-BHJ devices get really close to PTQ10:Y6 BHJ devices, it is safe to argue 

that the final morphology of these water-based devices is really close to a bulk-

heterojunction morphology obtained by depositing the active layer with chloroform. 

 

Figure 4-14: Schematic diagram of morphological changes in PTQ10:Y6 (left) and PTQ10:PC61BM 

(right) films upon thermal annealing 

 

 Towards improvement of PTQ10:Y6 np-BHJ 

 

At this point of this study, PTQ10:Y6 np-BHJ is undoubtedly the most performing 

nanoparticles system studied until now. With an average PCE of 8.08%, it is already the 

highest value reported for an OPV device made from nanoparticles synthesised by the mini-

emulsion technique. Up to now, only the optimisation of the thermal annealing temperature 

has been done. We propose in this section to extend the study of PTQ10:Y6 np-BHJ 

through several optimisation steps (e.g. thickness, nanoparticle size, annealing duration…). 

Doing so, we aim to reduce the gap with its organic solvent-processed counterpart and 

bring to light the manifest potential of water-based process for the photoactive layer. A 

further understanding about the dependence of the performances with the annealing 

temperature is also needed and will be discussed using differential scanning calorimetry 

(DSC) and thermogravimetric (TGA) analysis. Cryo-TEM has been also used as well to gain 

so insight on the arrangement of the material within the nanoparticle.  
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4.6.1 Thickness dependency   

 

One of the main challenges for OPV devices remains their ability to meet the lab-

to-fab processing requirements and lower the large efficiency gap between the 

experimental results in laboratories and the practical commercial production. This gap is 

largely due to the thickness difference between what is done in research laboratories and 

the upscaling requirements. In the literature, most optimal thickness of the active layer are 

found to be around 100 nm.[178] However, such thin films are extremely challenging to realise 

at a larger scale and are not compatible with high-throughput processing. Therefore, to 

accomplish this lab-to-fab transition, we need materials with constant performances despite 

changes in thickness. Increasing thickness can obviously boost the absorption, but there 

are multiple drawbacks such as limited charge mobilities or the increase in recombination 

rates.[179] Studying the impact of the active layer thickness on the performances of 

PTQ10:Y6 np-BHJ devices will allow to gain insight  in the system resiliency when changing 

thickness.  

 

 

Figure 4-15: (a) PCE, (b) VOC, (c) FF and (d) JSC vs thickness of PTQ10:Y6 np-BHJ. Error bars 

represent the standard deviation for a minimum of 4 replicate devices 
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Table 4-8: OPV parameters vs thickness of PTQ10:Y6 np-BHJ. Error values represent the standard 

deviation for a minimum of 4 replicate devices 

 

 
Thickness (nm) Shunt R (kΩ) VOC (mV) JSC (mA cm-2) FF PCE (%) 

PTQ10:Y6 

np-BHJ 

90 38 689 ± 16 15.77 ± 1.15 0.58 ± 0.03 6.32 ± 0.76 

115 243 714 ± 15 18.13 ± 1.15 0.62 ± 0.01 8.08 ± 0.53 

140 168 723 ± 7 19.05 ± 0.45 0.65 ± 0.01 8.90 ± 0.28 

175 131 714 ± 14 18.83 ± 0.45 0.59 ± 0.05 7.98 ± 0.77 

210 202 720 ± 14 19.18 ± 0.55 0.59 ± 0.05 8.18 ± 0.84 

270 3.7 104 710 ± 8 18.17 ± 1.76 0.59 ± 0.01 7.63 ± 0.78 

  

Figure 4-15 and Table 4-8 show the evolution of the performances of the np-BHJ 

devices having the active layer varying from 90 nm to 200 nm. A thermal annealing was 

performed at 200°C for 5 min for each device. An increase of the JSC and the VOC with 

increasing the thickness from 90 nm to 140 nm is observed, resulting in an optimal PCE of 

8.90%. As previously mentioned, a water-processable active layer is easily subject to de-

wetting point when spin-coating the dispersion, and the thinner the film is the easier is the 

formation of dewetting points. For 90 nm, the low VOC measured might result to a 

dependency with the low shunt resistance observed for such a thin film. Interestingly, 

PTQ10:Y6 np-BHJ demonstrates a broad thickness tolerance as only a loss of 14% of the 

maximum PCE is observed for a thick film of 240 nm. In this regard, this water-based system 

is comparable to its counterpart organic solvent-based as it experiences similar resiliency 

to thickness changes and remains a good candidate for a potential upscaling.[180] This is not 

surprising as the performances dependence on the thickness is usually arising from a 

morphology dependence. But in our case, the morphology is set by the nanoparticles 

should not change upon increasing the thickness. 
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4.6.2 Annealing duration dependency 

 

The time duration during which the nanoparticulate film was annealed has also been 

investigated (Table 4-9). However, only the optimal annealing temperature of 200°C 

previously shown has been consider in this section, no time-dependency for the lower 

temperature are presented here. Three annealing duration have been carried out that are 

2 min, 5 min and 10 min. A clear trend is observed when varying the treatment duration, 

the shorter the annealing is, the higher are the performances. Except for the FF which is 

identical for 2 and 5 min, both the JSC and the VOC are enhanced when annealed for only 

2 min. When increasing the time to 10 min, this sustained thermal annealing might induce 

the separation of the donor and acceptor phase leading to a degraded morphology. 

However, it is hard to determine the exact reason as no similar trend has been reported at 

such a high temperature. Another pathway of degradation could be the diffusion of the ZnO 

layer into the active layer.[181]  

 

Table 4-9: Average OPV performances of PTQ10:Y6 np-BHJ (active layer thickness = 140 nm). 

Influence of the thermal annealing (TA) time. Average values given for 8 individual devices (record 

cell in brackets) 

 TA (min) VOC (mV) JSC (mA cm-2) FF PCE (%) 

PTQ10:Y6 

np-BHJ 

2 
731 ± 3 

(733) 

19.93 ± 0.07 

(19.96) 

0.65 ± 0.00 

(0.66) 

9.49 ± 0.10 

(9.60%) 

5 
723 ± 7 

(727) 

19.05 ± 0.45 

(19.52) 

0.65 ± 0.01 

(0.66) 

8.90 ± 0.28 

(9.36%) 

10 
725 ± 3 

(727) 

19.30 ± 0.33 

(19.49) 

0.63 ± 0.01 

(0.62) 

8.77 ± 0.06 

(8.85%) 

 

 

4.6.3 Nanoparticles diameter 

 

Herein, PTQ10:Y6 nanoparticles diameter have been varied to assess the impact of 

the later on OPV performances. In order to change the size of the nanoparticles, we used 

two different strategies. For the first one, the sonification parameters have been varied 

through the power and the duration involve during the sonification step, which has proven 

to be an efficient way to easily change the average nanoparticles diameter.[139] 
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We have focused our study on two different sonification power that are 40 W and 

70 W, as well as two sonification duration, 1 min and 2 min. From these parameters, we 

have obtained three different diameters of 84 nm, 72 nm and 63 nm (Table 4-10 & Figure 

4-16a). No devices have been fabricated with these batches, but the UV-visible spectra 

along with the PL emission spectra for the varying diameters are presented in Figure 4-16b 

& Figure 4-16c respectively. 

 

Table 4-10: Evolution of the nanoparticle size according to different sonification parameters. 

 

 

 

 

 

Looking at the UV-visible spectroscopy measurements, the spectral signatures of 

the three dispersions are similar and are showing the same features as previously seen. 

The PL emission spectra are showing much more difference when varying the diameter as 

a clear reduction of the Y6 emission signal is observed with the decrease of the diameter. 

This is particularly obvious when going from the sonification parameter of 1 min at 40 W 

(84 nm) to 2 min at 40 W (72 nm) for which we observed a decrease of the emission signal 

by 15 %. In this case, a decrease of the nanoparticle size might imply a decrease of the Y6 

domains, minimising therefore the radiative recombination and thus improving the exciton 

dissociation rate. Concerning the PTQ10 signal, for all nanoparticle diameters, no emission 

is observed even for the large particle, indicating smaller PTQ10 domain size than Y6 are 

present in the nanoparticles. As a consequence, radiative recombination in PTQ10 is not 

affected by the nanoparticle diameter.  

Power (W) time (min) Average NPs diameter (nm) 

40 1 84 ± 40 

40 2 72 ± 30 

70 2 63 ± 30 
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Figure 4-16: (a) DLS measurements with varying the sonification conditions. (b) Absorption spectra 

of PTQ10:Y6 nanoparticles dispersions for three different nanoparticle diameter and (c) 

photoluminescence spectra of PTQ10:Y6 nanoparticles dispersions for three different nanoparticle 

size after excitation at 540 nm. (dispersions concentration = 0.03 mg ml-1) 

 

For the second strategies, only the concentration of the organic phase has been 

varied as this one has a strong impact on the nanoparticle size.[182] Using three different 

concentrations (i.e. 35 mg ml-1, 25 mg ml-1 and 15 mg ml-1) it was expected to measure a 

decrease in the nanoparticle’s average diameter with a decrease of the organic phase 

concentration. However, in order to facilitate and to keep the centrifugal dialysis step 

unchanged, the total active material weight has been kept constant. As a consequence, the 

volume of the organic phase with the lowest concentration was larger than for the highly 

concentrated one (see Figure 4-17), resulting in three different volumes of 

macro-emulsion.  
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Figure 4-17: Schematic representation of water-based dispersions during the sonification step 

illustrating the difference in power density due to a volume change in the macro-emulsion solution. 

 

Despite this change in the volume, the duration of the sonification and its power 

were kept the same (60 W, 2 min). In other words, the power density per volume unit applied 

was higher for the low volume macro-emulsion (35 mg ml-1) than for the large volume 

macro-emulsion (15 mg ml-1). Therefore, the obtained trend in the average nanoparticle 

diameter was the opposite to the expected one. A decrease in the average diameter of the 

nanoparticles was obtained with a diameter as low as 55 nm for the small volume batch 

(C = 35 mg ml-1, V = 9.5 ml), while increasing this volume gave rise to nanoparticle diameter 

of 65 nm (C = 25 mg ml-1, V = 13.2 ml) and 80 nm (C = 15 mg ml-1, V = 22.2 ml). The smaller 

diameter was found to give the best performances with a remarkable increase in the JSC 

from 18.86 mA cm-2 for the large particles to 21.14 mA cm-2 with 55 nm diameter, leading 

to 9.55% average PCE. This trend is in accordance with the previous PL measurements 

that are showing a better quenching of the Y6 emission when the diameter is smaller, 

leading to higher charge generation.  

Table 4-11: Average OPV performances of PTQ10:Y6 np-BHJ (active layer thickness = 140 nm). 

Influence of the average nanoparticle diameter. Average values given for 8 individual devices (record 

cell in brackets) 

 NPs average 

diameter (nm) 
VOC (mV) JSC (mA cm-2) FF PCE (%) 

PTQ10:Y6 

np-BHJ 

80 ± 30 
723 ± 11 

(723) 

18.86 ± 0.48 

(19.38) 

0.62 ± 0.01 

(0.63) 

8.40 ± 0.27 

(8.83) 

65 ± 30 
723 ± 7 

(727) 

19.05± 0.45 

(19.52) 

0.65 ± 0.01 

(0.66) 

8.90 ± 0.28 

(9.36) 

55 ± 30 
722 ± 4 

(728) 

21.14 ± 0.24 

(21.39) 

0.62 ± 0.02 

(0.64) 

9.55 ± 0.27 

(9.98) 
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 Nonetheless, looking closely to the EQE (Figure 4-18b), the contributions of both 

PTQ10 and Y6 have been enhanced by the reduction of the nanoparticles diameter. 

Therefore, as the charge generation from the photon absorbed in PTQ10 was already very 

efficient, an additional phenomenon might be occurring. Decreasing the size of the particles 

could be beneficial for the sintering of the nanoparticles, which would lead to more 

favourable charge transport pathways. 

 

Figure 4-18: (a) J-V curves and (b) EQE for PTQ10:Y6 np-BHJ with varying the nanoparticles 

diameter. Note that the selected curves have been chosen to be as close as the average 

performance shown in Table 4-11. 

 

 

  Further understanding of PTQ10:Y6 np-BHJ 

 

In order to understand the necessity of having high thermal annealing temperature 

to reach the optimised efficiencies, we investigated the transitions happening at 170°C, and 

most importantly at 200°C. We showed that this temperature is essential to sinter the 

nanoparticles and thus to reach such high efficiencies for a water-based device. Two 

effective analytical tools have been used, thermogravimetric analysis (TGA) and differential 

scanning calorimetry (DSC) measurements. The first one has been performed to get 

information on the temperature at which the active layer materials and the surfactant 

degrade. The second is helpful to understand the different transitions in the pure material 

or blends such as the determination of melting and crystallisation temperature. More 

discussion and details about these techniques are available in the Methods section. 
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4.7.1 TGA analysis 

 

TGA was performed on pure materials SDS, Y6 and PTQ10 (Figure 4-19a) and on 

PTQ10:Y6 NPs with different annealing conditions: no annealing, 2 min at 200 °C and 5 min 

at 200 °C (Figure 4-19b). Focusing on single materials, one can observe that the main 

degradation of the two organic semiconductors happens at high temperatures, 

350 – 450 °C for PTQ10 and between 300 – 475 °C for Y6. On the other hand, SDS 

degradation begins much sooner, between 180 and 300 °C.  

 

Figure 4-19: (a) Thermogravimetric analysis on PTQ10, Y6 and SDS and (b) as well as on PTQ10:Y6 

NPs with different thermal treatment: no annealing, 2 min at 200 °C and 5 min at 200°C. Inset in 

panel (b) zoom in the degradation of SDS between 150 and 330 °C. 

 

For PTQ10:Y6 NPs, the aim is to detect and estimate the remaining SDS content. 

For unannealed materials, the proportion of SDS (weight%) with respect to the overall mass 

is estimated at 15w% according to TGA. This SDS value is expected to be the minimal SDS 

amount required for stabilisation of the nanoparticles since five washing steps were 

performed. Interestingly, when the nanoparticles are exposed to a thermal annealing 

treatment at 200 °C prior to TGA, this proportion decreases down to 14w% and 11w% for 

2 min and 5 min at 200 °C respectively. Therefore, the thermal annealing at 200 °C seems 

to favour the elimination of SDS surfactant through a degradation process. Yet, it seems 

that 14w% remaining SDS is already sufficiently low not to impact the performances. 

Indeed, based on this analysis, a thermal treatment at 200°C for 5 min will give a lower SDS 
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amount (11w%) in the film than the same treatment but for a shorter time of 2 min (14w%). 

However, we observed higher performances for the shortest duration thermal treatment in 

the annealing duration study (Paragraph 4.6.2). We would have expected that the 

decrease of SDS amount would enhance the performances as we reduce the presence of 

an insulating material in the active layer. However, the trade-off time-temperature of the 

annealing might dominate in this case as the optimised morphology is reached for a short 

annealing duration and the decrease of 3w% might not be significant to see any 

improvement.  

 

4.7.2 DSC analysis 

 

Differential scanning calorimetry (DSC) measurements have be ran under a 

nitrogen environment on four different samples that are PTQ10, Y6, SDS and PTQ10:Y6 

nanoparticles. For each sample, the temperature was increased from 25°C to 200°C at 

10 °C min−1, then cooled down to 25 °C following the same ramp. For pure materials 

(PTQ10, Y6 and SDS), this process was repeated for a second cycle. For PTQ10:Y6 NPs, 

only one cycle was performed, in order to observe the transitions happening during the 

thermal annealing when preparing OPV devices.  

The DSC thermogram of PTQ10 did not show any features during heating and 

cooling ramps in the range of temperature measured in accordance with previous 

 

Figure 4-20: (a) Heating and (b) cooling thermograms of PTQ10, Y6, SDS and PTQ10:Y6 NPs. 
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literature,[46,183] indicating that no measurable phase transition happens up to 200 °C (Figure 

4-20). Neat Y6 is clearly different and present an endothermic peak at 192 °C on the heating 

trace (Figure 4-20a) and exothermic one at 183 °C on the cooling traces (Figure 4-20b). 

They correspond respectively to the melting and recrystallisation of Y6 crystals[184,185]. The 

heating thermogram of SDS reveals that the surfactant shows a broad endothermic peak 

centred around 105 °C, attributed to the fusion of SDS crystals (Figure 4-20a). PTQ10:Y6 

NPs first heating thermogram present three peaks: an endothermic peak centred at 96 °C 

which corresponds to the fusion of SDS crystals, quickly followed by an exothermic broad 

peak centred at 120 °C. The origin of this second peak can be related to Y6 cold 

crystallisation,[186] probably helped by the mobility gained from SDS melting. The cold 

crystallisation means that the mini-emulsion process and the interaction with PTQ10 or SDS 

does not allow complete crystallisation of the acceptor. This also reveals that the crystalline 

volume of Y6 in the nanoparticles can be increased by thermal annealing. Finally, a third 

endothermic peak is measured at 193 °C, corresponding to the melting of Y6 crystalline 

domains. This temperature corresponds precisely with the sharp increase of OPV 

performance and the sintering of the PTQ10:Y6 nanoparticles observed in TEM images. 

Therefore, one can suggest that the sintering of the nanoparticles is linked to the degree of 

crystallinity in the nanoparticles. 

 

4.7.3 Cryo-TEM analysis 

 

Cryogenic Transmission Electronic Microscopy (Cryo-TEM) is a powerful tool 

allowing the characterisation of organic semiconductor assemblies in solution. This 

technique has shown good capability to reveal the orientation of several material and 

highlighted theirs crystallinity[187],[123]. Here, images were taken on water dispersed 

PTQ10:Y6 NPs to confirm the presence of crystalline domains within the composite 

nanoparticles prepared by mini-emulsion (Figure 4-21). Images do not show any contrast 

but clearly show lamellar arrangements in different areas for a single composite PTQ10:Y6 

nanoparticle, confirming therefore its poly-crystalline nature. One can observe a 

homogenous distribution of these crystalline domains in the nanoparticle, which is 

suggesting more a distributed nano-domains morphology than a closely intermixed 

morphology as previously described.  
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It is therefore quite manifest that the high temperature required to reach the optimal 

performances is set by the poly-crystalline nature of the PTQ10:Y6 nanoparticles prepared 

with the mini-emulsion method. The crystalline domain can only be melted at high 

temperature, and this melting is crucial to sintered the nanoparticles together. As we have 

already pointed out, the appropriate temperature for the annealing differs a lot from the 

same nanoparticles prepared with the nanoprecipitation method. It was therefore 

interesting to compare the physio-chemical features of PTQ10:Y6 prepared by the two 

methods. In Figure 4-22a, the thermograms collected from the two methods are shown. 

The previously observed Y6 melting and crystallisation features for the mini-emulsions 

based nanoparticles do not appear for the nanoparticles prepared with nanoprecipitation, 

resulting in a featureless thermogram in both cooling and heating trace. Another major 

difference can be spotted when looking at the cryo-TEM images in Figure 4-22b. The 

featureless thermogram for the nanoprecipitation-based nanoparticles matches the 

absence of crystalline domains in the cryo-TEM image, showing instead fully amorphous 

nanoparticles. This can explain the much lower temperature needed to sintered the 

nanoparticles in the case of the nanoprecipitation method (130°C). As previously suggested 

in Chapter 2, the different kinetics of the two methods (slow nanoparticles formation for 

mini-emulsion and a fast one for nanoprecipitation) greatly impacts the internal structure of 

the nanoparticle. Because of the slow kinetic and the formation of nanoparticle upon 3h, 

the formation of Y6 crystalline domains are possible, whereas the almost direct formation 

of the nanoparticles when using nanoprecipitation keeps an amorphous structure inside 

the nanoparticle. 
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Figure 4-21: Cryo-TEM images of PTQ10:Y6 nanoparticles prepared via mini-emulsion 
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Figure 4-22: (a) Heating thermograms of PTQ10:Y6 NPs prepared by nanoprecipitation and mini-

emulsion. (b) Cryo-TEM images of PTQ10:Y6 NPs prepared by nanoprecipitation (left) and mini-

emulsion (right). Reproduced with permission.[188] Copyright 2024, Royal Society of Chemistry 

 

 

4.7.4 Photo-stability 

 

Being a very promising donor:acceptor system for water-based OPV, the lifetime of 

these devices is an important aspect to assess. A preliminary investigation has been 

conducted in order to understand the possible impact of the remaining surfactant and/or 

difference in the morphology on the stability of the OPV devices. The use of a UV-O3 

treatment on ZnO was also questionable on the stability behaviour as a recent study have 

shown that hydroxyl groups on the surface of ZnO films was proved to enhance the 

photocatalytic activity and lead to fast degradation of Y6[189]. The devices were submitted 

for up to 530 h to continuous illumination (AM 1.5G, 1000 W/m², open-circuit condition, at 
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~50°C, with UV filter). The evolutions of the different photovoltaic parameters are plotted in 

Figure 4-23.  

 
Figure 4-23: Evolution of the photovoltaic performances of OPV devices prepared from chloroform  

and water-based colloidal inks over 530h: (a) JSC , (b) VOC , (c) PCE, and (d) FF.  

 

For both kinds of devices, water-processed and organic solvent-processed, a fast 

burn-in is observed in the first 10 h, leading to ≈15% loss of efficiency; mainly due to large 

loss in JSC and FF (Figure 4-23). Interestingly, it can be seen that no degradation of the VOC 

is observed for both of them. After this first degradation phase, the PCE stabilises at around 

8% and a slower degradation takes place. We can also quantify the degradation by 

reporting typical points, defining OPV device stability according to Reese et al.[52]. One of 

them is T80, which is the time taken by the devices to lose 20% of its efficiency from the 

initial testing measurement. For the control devices fabricated from organic solvent, this 

value has been measured at +74h. In contrast, this value has never been reached for water-

processed devices and is therefore over 530h. This difference is quite remarkable, and 

mainly comes from the FF of devices fabricated from water-based dispersion that seems to 

be more stable than the control device. Hypothetically, two main explanations could be 

given. The first one is that the presence of a surfactant either stabilises the active layer 
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morphology by crosslinking[190], or creating a pseudo-interfacial layer between the active 

layer and the ZnO. The layer could act as a Na-doped ZnO layer, and thus removes defects 

that act as trap states similarly from what has been seen in other type of ZnO doping.[191,192] 

Alternatively, the more stable morphology of PTQ10:Y6 np-BHJ is induced by Y6 

crystalline-like nature, thus decreasing the diffusions and demixing kinetics[193],[194].  

 
Figure 4-24: Burn-in of the photovoltaic performances of OPV devices prepared from chloroform 

(yellow) and water-based colloidal inks (blue) : (a) PCE , (b) JSC and (c) FF. 

 

To gain more insight onto the charge carrier dynamic processes, photocurrent 

density (Jph), versus effective voltage (Veff) curves during ageing of the optimised PTQ10:Y6 

BHJ and PTQ10:Y6 np-BHJ were investigated and are shown in Figure 4-25. Initially, the 

saturation regime of the photocurrent is hardly achieved for both devices considering the 

low maximum effective voltage (1.7 V). Nevertheless, this saturated current density (Jsat) is 

higher for the PTQ10:Y6 BHJ than PTQ10:Y6 np-BHJ (21.90 vs. 19.17 mA cm−2) which 

agrees with the previous EQE results as Jsat is driven by the total photogenerated exciton 

density. Indeed, when the saturation regime is obtained, it is considered that all the 

photogenerated bound electron–hole pairs (GMAX) dissociate into free charge carriers. 

Otherwise, the generation rate G is given by G(T, E) = GMAX × P(T, E) where P(T,E) is the 

probability of charge separation[195]. In Figure 4-25c and d, we can clearly see that P(T, E) 

is much more stable over time in the case of PTQ10:Y6 np-BHJ than its organic solvent-

processed counterparts. After 454h, the later presents a strong field-dependence at high 

Veff while this dependence is much lower for PTQ10:Y6 np-BHJ (Figure 4-25e). This result 

indicates higher recombination (geminate and/or bimolecular) and/or less efficient charge 

extraction in PTQ10:Y6 BHJ devices upon ageing, thus decreasing FF[196],[197].  
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Figure 4-25: Photocurrent density versus effective voltage (Jph–Veff) characteristics for (a)-(c) 

PTQ10:Y6 BHJ and (b)-(d) PTQ10:Y6 np-BHJ. (e) is comparing both devices after 454h under 

incident light intensity (1 sun). 
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This preliminary study on stability highlights that efficient OPV devices, up to 9.98% PCE, 

can be fabricated from water-based dispersions with stability comparable to control 

devices fabricated from organic solvent. This important result highlights that the 

remaining surfactant is not detrimental for the device stability under these ageing 

conditions and could even be beneficial.  

 

 Conclusion of chapter 4 

 

Efficient organic solar cells with PCE up to 9.98% were fabricated from water-based organic 

semiconductor colloidal dispersions prepared by mini-emulsion. In this chapter, we have 

shown that the choice of the donor/acceptor is critical to achieving high performance 

organic solar cells made from water-based dispersions. Indeed, the low surface energy 

difference as well as low interfacial energy, available for PTQ10:Y6, allows for the 

fabrication of donor/acceptor nanoparticles with low phase segregation and intermixed 

morphology. In addition, the internal morphology of the nanoparticle was not dramatically 

modified upon thermal annealing, contrary to donor/acceptor nanoparticles that have a high 

surface energy difference such as PTQ10:PC61BM. Although the internal morphology of the 

PTQ10:Y6 nanoparticles is suited for organic photovoltaics, thermal annealing up to 200 °C 

is necessary to achieve high performance. Extensive thermal analysis revealed the different 

critical temperatures, such as melting temperature of Y6 crystalline domains, at which the 

PTQ10:Y6 nanoparticles films start to change in term of molecular arrangement. At the 

optimal temperature, the nanoparticles sintering occurs, and it perfectly correlates with the 

melting temperature of Y6 crystalline nanodomains present in the nanoparticles. 

Furthermore, the beginning of SDS degradation happened to match the optimal annealing 

temperature, and its elimination could contribute also to the high performances achieved. 

This finding opens the strategy of molecular engineering in order to develop a surfactant 

that would help the formation of nanoparticles and subsequently be removed during the 

active layer processing. The combination of these three phenomena: i) stable 

donor/acceptor intermixed morphology, ii) melting of Y6 crystallites and nanoparticle 

sintering, and iii) degradation/elimination of SDS, results in OPV devices that achieve a PCE 

that is 85% of the PCE of PTQ10:Y6 devices prepared with organic solvents. From our 

knowledge, 9.98% PCE is the highest performance achieved for water-processed OPV 
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devices embedded nanoparticles prepared with mini-emulsion. Last analysis made with 

cryo-TEM have revealed the expected crystalline domain of Y6 in the nanoparticle. The 

same analysis on nanoparticles prepared with nanoprecipitation did not show the same 

feature as more amorphous nanoparticles were observed. This difference introduces the 

concept of hard and soft nanoparticles, which essential as we understand now that going 

from a nanoparticulate film to a BHJ-like film required nanoparticles that can be easily 

sintered without any phase segregation and by avoiding high temperature. 
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Chapter 5  
 

Extension to other polymer 

and non-fullerene acceptor 

systems 
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 Introduction 

 

The previous chapter has illustrated that PTQ10:Y6 nanoparticles-based solar cells 

could reach unprecedent performances close to 10% PCE. The low interfacial energy of 

this donor:acceptor system is believed to be the driven factor to obtain an intimate 

morphology between the donor and the acceptor inside the nanoparticles. This type of 

morphology might be crucial to insure homogenous layers without grain boundaries and 

large domains upon thermal treatment. These encouraging findings were followed by 

thermal analysis revealing a melting of Y6 crystals hence allowing efficient sintering of the 

nanoparticles. Now, it is of great interest to study further a wider variety of donor:acceptor 

systems to continue the correlation with surface energies and morphology, as well as trying 

to decrease the optimal temperature to process the nanoparticulate film – a pre-requisite 

for scaling-up OPV manufacturing on thermally fragile flexible substrates such as PET. This 

annealing temperature is highly linked to the molecular arrangement of PTQ10 and Y6 in 

the nanoparticles, and more specifically of Y6. Therefore, changing the NFA might open 

the door to more insights on how the formation of the nanoparticles is influenced by the 

NFA, and what could be the features that impact the treatment process of the nanoparticles 

layer.  

To this end, binary blend nanoparticles based on PTQ10 associated with IDIC and 

Y12 are studied in the present chapter. Y12 is another small molecule from the Y-series, 

that has shown over 10% of PCE in the literature when associated with PTQ10.[180],[198] The 

use of Y12 here is particularly interesting as it opens the door for studying a possible impact 

of the alkyl side chains on the formation of nanoparticles and the subsequent OPV process. 

It has the identical backbone of Y6, but instead of having 2-ethylhexyl side chains on the 

two nitrogen, it has the longer 2-butyloctyl side chains. Y12 has shown to be more soluble 

and in a wider variety of solvent than Y6. Following this study, the effect of the polymer’s 

alkyl chain is also in the core of this chapter as PTQ10 is then replaced with a novel polymer 

donor FO6-T to form nanoparticles. This polymer is particularly interesting because it also 

allows the study of its derivatives FO4-T and FO8-T, which differ according to their alkyl 

side chains length. This series of polymer have been recently developed by Prof. Martin 

Heeney at Imperial College of London. Materials were nicely provided by this research 

group to ours in a collaborative mode.[199] 
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 PTQ10 and non-fullerene acceptors  

 

In this study, I have associated PTQ10 two other NFAs that are IDIC and Y12. The 

chemical structures and energy levels of the organic semiconductors used in this study are 

shown in Figure 5-1. In order to continue the correlation between the optoelectronic 

properties of the OPV devices and the interfacial energy of the blends, contact angles have 

been measured to extract the different surface energies of the NFAs. The resulting 

measurements and extracted value can be found in Table 5-1 and Figure 5-2. The system 

PTQ10:IDIC has an interfacial energy of 7.0 mN m-1 which is interesting as it gives us the 

possibility to study an “intermediate γD:A system”, somewhere in the middle between 

PTQ10:Y6 (low γD:A) and PTQ10:PCBM (high γD:A). Interestingly for PTQ10:Y12, the longer 

alkyl chains is increasing its compatibility with PTQ10 as a lower γD:A of 4.0 is obtained as 

compared to 4.5 mN m-1 for PTQ10:Y6. With these new results, the aim is to obtain some 

sort of figure of merit which could help to select the right system based on their interfacial 

energy to form nanoparticles for efficient water-based OPV. 

 

 

 

Figure 5-1: (a) Highest Occupied Molecular Orbital (HOMO) and Lowest Unoccupied Molecular 

Orbital (LUMO) of PTQ10, IDIC and Y12. (b) Chemical structures of PTQ10 donor polymer, IDIC and 

Y12 acceptor small molecules. 
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Table 5-1: Surface energies (polar, dispersive and total) of PTQ10, IDIC and Y12. γD:A represents 

the interfacial energy between PTQ10 and the NFAs. 

 

 
Figure 5-2: Goniometer pictures of contact angles and their values in red of ethylene glycol (left) 

and water (right) on IDIC and Y12 films deposited from chloroform. 

 

 

5.2.1 PTQ10:IDIC and PTQ10:Y12 nanoparticles  

 

Composite nanoparticles with PTQ10:IDIC and PTQ10:Y12 were synthesised 

following the usual procedure described in Methods: For the organic phase, 35 mg ml-1 of 

PTQ10:NFA [1:1.2] mixture was first dissolved in chloroform stirred for 2 h at 65 °C in a 

nitrogen-filled glovebox. For PTQ10:IDIC, the ratio has been chosen based on the optimal 

ratio reported in the literature.[46] Then, the same aqueous phases for both system were 

obtained by dissolving 5 mg ml-1 (17 mM) of SDS in deionised water and stirred for 30 min 

at room temperature. The concentration of both dispersions was adjusted in order to obtain 

a concentration of 60 mg ml-1. 

UV-visible spectroscopy and photoluminescence quenching measurements have 

been carried out on the two obtained dispersions (Figure 5-3). PTQ10:IDIC nanoparticles 

show a broad light absorption between 500 nm – 750 nm. The resulting fluorescence peak 

observed at 780 nm, as well as the shoulder emission at 850nm, after a photoexcitation at 

540 nm is arising from the acceptor IDIC.[200] Meanwhile, the electron transfer from PTQ10 

97.0°66.3°

88.4°63.5°IDIC

Y12

EG H2O

Material γD (mN m-1) γP (mN m-1) γ (mN m-1) γD:A (mN m-1) 

PTQ10 21.3 1.7 23.1 / 

IDIC 16.9 10.7 27.6 7.0 

Y12 18.3 7.7 25.9 4.0 
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to IDIC seems to be very efficient as no fluorescence emission from PTQ10 is measured. 

Therefore, this result indicates the presence of large domains of IDIC which could lead to 

a relatively poor exciton dissociation in the nanoparticles. Concerning PTQ10:Y12, the 

system presents two narrow absorption bands between 500 nm – 750 nm and 750 nm – 

850 nm that respectively correspond to PTQ10 and Y12. Just like for PTQ10:IDIC, the 

electron transfer from PTQ10 to NFA is very efficient as no radiative recombination from 

exciton formed in PTQ10 is observed. The emission of Y12 is, on the other hand, not totally 

quenched as the photo-absorption leads to an intense PL peak emission at 924 nm and a 

shoulder peak at 1050 nm. Similar to IDIC, it could indicate the presence of unfavourable 

morphology for the excitons to be dissociated efficiently.  This shoulder have been reported 

to be the sign of a high degree of crystallinity and a large crystal size.[201] In order to fully 

assess the PL results, the same measurements should be done on pure IDIC and Y12 

nanoparticles to quantify the PL quenching. Nonetheless, both absorption spectra 

displayed sharp vibronic peaks which could already assess the crystalline nature of the two 

particles which is consistent with the mini-emulsions process.   

 

 

Figure 5-3: (a) Absorption spectra of PTQ10:Y12 NPs and PTQ10:IDIC NPs (dispersions) and (b) 

PL spectra of PTQ10 NPs, PTQ10:Y12 NPs and PTQ10:IDIC NPs (dispersions). (dispersions 

concentration = 0.03 mg ml-1) 

 

Concerning the diameter of the nanoparticles, both systems present comparable 

average diameter of 63.2 nm and 59.2 nm for PTQ10:IDIC and PTQ10:Y12 respectively, 

which is consistent with the previous donor:acceptor systems studied (Table 5-2).   
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Table 5-2: Average diameter of PTQ10:IDIC NPs and PTQ10:Y12 nanoparticles measured with DLS 

System Z-average (d.nm) PdI 

PTQ10:IDIC 63.2 0.213 

PTQ10:Y12 59.2 0.173 

 

Organic solar cells have been fabricated from these two dispersions and their OPV 

performances are now presented and analysed. For each of them, a morphological 

investigation has also been made to determined how the donor and acceptor materials are 

internally arranged within the nanoparticles. Devices prepared from PTQ10:NFA 

nanoparticles dispersion concentrated at 60 mg ml-1 have been prepared as well as the 

PTQ10:NFA control devices made from chloroform solution concentrated at 14 mg ml-1. 

For the np-BHJ solar cells, the dispersion has been spin-coated onto ZnO at a speed of 

3000 rpm for 60 sec. The resulting nanoparticulate layers were then annealed at different 

temperature for 5 min and the measured thickness were around 165 nm. The reference 

BHJ devices were formed by spin coating the organic solution at a speed of 1000 rpm and 

subsequently annealed at 110 °C for 10 min resulting in a thickness of 118 nm. 

 

5.2.2 PTQ10:IDIC 

 

5.2.2.1. OPV performances 

 

Table 5-3 and Figure 5-4 are showing the evolution of OPV performances with 

varying the thermal annealing temperature. The observed trend is more similar to the 

previously studied PTQ10:PC61BM than it is for PTQ10:Y6 as the treatment did not 

drastically changed the performances. Nevertheless, an obvious optimal temperature of 

140 °C with maximum PCE of 4.98% and a hero-cell of 5.23% (JSC = 11.90 mA cm-², VOC = 

855 mV and FF = 0.52) is obtained. This maximum PCE is directly related to the maximum 

current density obtained with the same annealing temperature. Thereafter, increasing the 

temperature to 170°C and 200° negatively impacts the JSC which drop to 9.25 mA cm-2 and 

8.71 mA cm-2
. In the same way as for PTQ10:PC61BM, this reduction of JSC might be the 

sign of phase separation between PTQ10 and IDIC. Interestingly, one might remark here 

again the constant increase of FF correlated with the increase of annealing temperature 

previously observed with Y6 and PCBM, without yet an increase of PCE. The open-circuit 
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voltage also presents an increase at higher temperatures (170 °C) up to 902 mV, which is 

slightly reduced to 881 mV at 200 °C due to a possible excessive phase separation as seen 

in with PC61BM. 

Table 5-3: Average OPV performances of optimised PTQ10:IDIC np-BHJ extracted from a minimum 

of 8 devices with varying the annealing temperature (best devices are shown in brackets). 

TA Temperature (°C) VOC (mV) JSC (mA cm-²) FF PCE (%) 

100 
857 ± 10 

(863) 

8.36 ± 0.14 

(8.43) 

0.48 ± 0.02 

(0.50) 

3.44 ± 0.19 

(3.62) 

140 
851 ± 7 

(855) 

11.77± 0.07 

(11.90) 

0.50 ± 0.02 

(0.52) 

4.98 ± 0.24 

(5.23) 

170 
902 ± 16 

(908) 

9.25 ± 0.26 

(9.53) 

0.52 ± 0.00 

(0.52) 

4.34 ± 0.16 

(4.48) 

200 
881 ± 16 

(891) 

8.71 ± 0.26 

(8.83) 

0.54 ± 0.02 

(0.55) 

4.18 ± 0.17 

(4.34) 

 

 
Figure 5-4: (a) J-V curves and (c) EQE curves for PTQ10:IDIC np-BHJ devices with varying the 

thermal annealing temperature from 100°C to 200°. (b) represents PCE vs thermal annealing 

temperature for PTQ10:IDIC np-BHJ OPV devices 
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While the overall efficiency of PTQ10:IDIC np-BHJ exhibits a notable strength by 

reaching one of the highest PCE (5.23 %) reported with the mini-emulsion method, it still 

falls short when compared to its counterpart processed from organic solvent, which 

achieves 10.98% PCE (Figure 5-5 and Table 5-4). The difference in performances is mainly 

due to an important loss in FF (0.67 for BHJ devices and 0.50 for np-BHJ devices) as well 

as a low JSC (18.12 mA cm-2 for BHJ devices and 11.77 mA cm-2 for np-BHJ devices). 

Concerning the VOC, a non-negligible loss of 50 mV is observed when switching to the 

nanoparticles-based devices. Nonetheless, this loss can be suppressed with a higher 

annealing temperature, which might be in accordance with a reduction of the 

donor/acceptor interface area that allow longer charge carrier lifetime.[200] In order to reach 

high exciton dissociation rate together with high VOC, intermediate temperature between 

140 °C and 170°C should also be screened. Even though PTQ10:IDIC np-BHJ only reached 

half of the performances obtained with  PTQ10:IDIC BHJ, we observe from the EQE 

measurement a much better photo-conversion with this water-based system than the 

PTQ10:PC61BM system. Herein, the water-based devices are able to convert 53 % of 

absorbed photons into collected charges, which is only 28 % lower than for the organic 

solvent-based system (Figure 5-5). Therefore, having an γD:A that is not as high as  

PTQ10:PC61BM might be beneficial to the IDIC-based system in order to achieve an 

advantageous morphology for the photogeneration of charges.  

 

 

Figure 5-5: (a) J-V curves and (b) EQE for PTQ10:IDIC np-BHJ (blue) and PTQ10:IDIC BHJ (yellow) 

at the optimal thermal annealing temperature. Note that the selected curves have been chosen to 

be as close as the average performance shown in Table 5-4. 
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Table 5-4: Average OPV performances of optimised PTQ10:IDIC np-BHJ and BHJ extracted from a 

minimum of 8 devices at the optimal thermal annealing temperature (best devices are shown in 

brackets). 

 VOC (mV) JSC (mA cm-²) FF PCE (%) 

PTQ10:IDIC BHJ 
898 ± 10 

(914) 

18.12 ± 0.28 

(18.30) 

0.67 ± 0.00 

(0.67) 

10.98 ± 0.18 

(11.27) 

PTQ10:IDIC np-BHJ 
851 ± 7 

(855) 

11.77 ± 0.07 

(11.90) 

0.50 ± 0.02 

(0.52) 

4.98 ± 0.24 

(5.23) 

 

 

5.2.2.2. Morphological investigation 

 

 From the analysis of the PV performances of PTQ10:IDIC np-BHJ, it seems that 

even if the measured interfacial energy of PTQ10:IDIC is lower than PTQ10:PC61BM, this 

nanoparticle-based solar cells does not show an appropriate morphology to reach high 

efficiencies. Scanning transmission X-ray microscopy technique has shown a good 

capability to elucidate the nanoparticle morphology. We first performed the NEXAFS 

measurements on IDIC, and we plotted the results together with the previously obtained 

PTQ10’s NEXAFS spectrum. From Figure 5-6, the choice of the key absorption energies 

had been made by testing different combination of energy, and the following three 

orthogonal energies have been selected: 284.3 eV (IDIC), 288 eV (PTQ10) and 291.8 eV 

(IDIC).  

 

 
Figure 5-6: NEXAFS spectra for the pure materials PTQ10 and IDIC overlapped. 
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The Figure 5-7 is showing the compositional maps extracted from STXM analysis 

for PTQ10:IDIC nanoparticles right after the synthesis as well as the average radial 

composition profiles.  

 
Figure 5-7: (a) STXM composition maps of PTQ10:IDIC NPs without thermal treatment: PTQ10 (left) and 
IDIC (right) All scale bars are 500 nm. The colour contrast is scaled such that light colours correspond to 

higher component concentrations. (b) Average radial composition profiles 

 

From the γD:A of this system (7.0 mN m-1), the phase separation between the donor 

and acceptor was expected to be larger than PTQ10:Y6 having a lower γD:A. The internal 

morphology of PTQ10:IDIC is indeed found to be a core-shell like morphology, with a 
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PTQ10-rich shell and a IDIC-rich core. From the radial composition profile, only 24 % of 

PTQ10 is present in the core with a majority 76% of IDIC (Figure 5-7b). In the shell, we 

observed a majority of PTQ10 but the overall composition of the shell is much more 

intermixed than the core-shell composition of PTQ10:PC61BM. This shows that the core and 

the shell are still more intermixed than what was found for PTQ10:PC61BM nanoparticles, 

which is consistent with the lower interfacial energy obtained with IDIC-based nanoparticles 

but not as intermixed than PTQ10:Y6 an even lower interfacial energy system. Therefore, 

this result highlights here again that is preferable to use systems with low γD:A to achieve 

nanoparticles with more intermixed donor and acceptor phases. Yet core-shell, the OPV 

results of PTQ10:IDIC nanoparticles solar cells have shown loss with respect to their 

organic-solvent counterparts than PTQ10:PC61BM nanoparticles (55 % against 60 %). It is 

perhaps safer to argue that only low interfacial energies system can give well intermixed 

donor and acceptor composite nanoparticles such as PTQ10:Y6. Unfortunately, no images 

of the annealed PTQ10:IDIC nanoparticles have been recorded due to lack of STXM beam 

time. Nonetheless, we could expect that there is no dramatic change upon annealing, 

especially at high temperature as no significant losses have been observed on the different 

OPV parameters. Yet, the nanoparticles are likely to sintered when increasing the 

temperature which would explained the enhancement of the FF and the JSC at 140 °C.  

 

5.2.3 PTQ10:Y12 

 

The results obtained with PTQ10:IDIC showed that even a donor/acceptor blend 

with an intermediate interfacial energy is not fully suitable for water-processed solar cells. 

Moving back now to a low interfacial energy system with PTQ10:Y12, we are expecting to 

confirm the previously observed OPV performances and morphology obtained with 

PTQ10:Y6. 

5.2.3.1. OPV performances 

 

The performances of PTQ10:Y12 nanoparticles-based devices are presented in 

Table 5-5 and Figure 5-8. The data show the evolution of OPV performances with varying 

the thermal annealing temperature from 100 °C to 200 °C. As previously observed for 

PTQ10:Y6 np-BHJ, this np-BHJ with an NFA having longer alkyl chains is showing a similar 
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trend when annealed up to 150 °C. A simultaneous increase in VOC, JSC and FF allow the 

power conversion efficiency to raise from 4.15 % to 7.10 %. Beyond this optimal annealing 

temperature of 150 °C, an important drop of PCE is observed, which becomes dramatic at 

an annealing temperature of 200 °C. EQE spectra have been recorded for PTQ10:Y12 

np-BHJ annealed at different temperature (Figure 5-8c). The results show that the overall 

loss is not related to any material degradation as both the donor and acceptor are still 

contributing equally to the charge generation and only to a lower extent for high annealing 

temperature.  

 

 
Figure 5-8: (a) J-V curves and (c) EQE curves for PTQ10:Y12 np-BHJ devices with varying the 

thermal annealing temperature from 100°C (light blue) to 200°C (dark dashed line). Note that the 

selected curves have been chosen to be as close as the average performance for each annealing 

temperature shown in Table 5. (b) represents PCE vs thermal annealing temperature for 

PTQ10:Y12 np-BHJ OPV devices 

 

a) b)

-15

-10

-5

0
0.0 0.2 0.4 0.6 0.8

 

  100°C

  130°C

  150°C

  170°C

  200°C

Voltage (V)

 

 

 C
u

rr
e
n

t 
D

e
n

s
it

y
 (

m
A

/c
m

²)

100 125 150 175 200
1

2

3

4

5

6

7

8

 

 

P
C

E
 (

%
)

Annealing Temperature (°C)

300 400 500 600 700 800 900
0

10

20

30

40

50

60
 100°C

 130°C

 150°C

 170°C

 200°C

 

 

E
Q

E
 (

%
)

Wavelength (nm)

c)



139 

 

 

Table 5-5: Average OPV performances of PTQ10:Y12 np-BHJ extracted from a minimum of 4 

devices with different thermal treatment (best devices are shown in brackets). 

TA Temperature (°C) VOC (mV) JSC (mA cm-2) FF PCE (%) 

100 
778 ± 9 

(782) 

10.70 ± 0.23 

(10.62) 

0.50 ± 0.01 

(0.51) 

4.15 ± 0.04 

(4.20) 

130 
780 ± 6 

(775) 

12.55 ± 0.13 

(12.77) 

0.55 ± 0.01 

(0.55) 

5.38 ± 0.09 

(5.46) 

150 
797 ± 8 

(804) 

15.44 ± 0.32 

(15.93) 

0.58 ± 0.01 

(0.59) 

7.10 ± 0.33 

(7.52) 

170 
751 ± 17 

(775) 

13.52 ± 0.17 

(13.40) 

0.60 ± 0.01 

(0.61) 

6.14 ± 0.14 

(6.35) 

200 
690 ± 30 

(709) 

5.55 ± 0.60 

(6.30) 

0.52 ± 0.07 

(0.60) 

2.00 ± 0.39 

(2.66) 

 

Although relative high performances have been reached with this system, it only 

reaches 60% of the performances demonstrated by its organic-solvent counterpart 

PTQ10:Y12 BHJ prepared with chloroform (Figure 5-9 and Table 5-6), mainly due to much 

lower shot-circuit current density. The direct correlation between the obtained 

performances and the interfacial energy is not verified as we would expect similar 

behaviour than PTQ10:Y6. Nevertheless, it is quite interesting to see that the optimal 

annealing temperature has been shifted to a lower temperature (150 °C) than the one 

needed for PTQ10:Y6 (200 °C), due to the extension of the alkyl chains of the NFA. 

 

Figure 5-9: (a) J-V curves and (b) EQE for PTQ10Y12 np-BHJ (blue) and PTQ10:Y12 BHJ (yellow) 

at the optimal thermal annealing temperature. Note that the selected curves have been chosen to 

be as close as the average performance shown in Table 5-6. 
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Table 5-6: Average OPV performances of PTQ10:Y12 BHJ and PTQ10:Y12 np-BHJ extracted from 

a minimum of 8 devices with different thermal treatment (best devices are shown in brackets). 

 VOC (mV) JSC (mA cm-2) FF PCE (%) 

PTQ10:Y12 BHJ 
779 ± 12 

(796) 

25.41 ± 0.91 

(25.9) 

0.58 ± 0.00 

(0.58) 

11.54 ± 0.51 

(11.96) 

PTQ10:Y12 np-BHJ 
797 ± 8 

(804) 

15.44 ± 0.32 

(15.93) 

0.58 ± 0.01 

(0.59) 

7.10 ± 0.33 

(7.52) 

 

 

5.2.3.2. Morphological investigation 

 

To get further information on the temperature-dependence of the performances, 

AFM measurements have been performed and the Figure 5-10 is showing the topography 

images of PTQ10:Y12 np-BHJ films annealed at 130, 150, 170 and 200°C for 5 min.  

 

 
Figure 5-10: AFM topography images (height) of PTQ10:Y12 np-BHJ film annealed at various 

temperature. (Scale bar = 300nm) 
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For the first annealing at 130°C, nanoparticles can still be seen with an RMS 

roughness of 7.3 nm which is slightly decreased to 6.2 nm with an annealing of 150°C. This 

optimal annealing temperature does not completely sinter the nanoparticles as spherical 

shapes can still be seen, but much less than at 130°C. The higher temperature of 170°C 

already show some large phase separation illustrated by the larger domains at the bottom 

and top left of the AFM image with an RMS roughness rising to 10.0 nm. Meanwhile, some 

parts of the film are still formed from nanoparticles with grain boundaries. Therefore, the 

window to obtained a smooth and fully blended film does not seem to exist here which can 

be the reason for the limited JSC. Upon annealing at 200°C, the Y12-based nanoparticule 

film seems to behave like the previously studied PTQ10:PC61BM system, illustrated by a 

large phase separation. Large domains are observed (400 - 700 nm) and the roughness 

increases up to 29.5 nm.  The formation of such clusters can explain the massive drop in 

JSC observed at this temperature due to an increase of geminate recombination and poor 

charge extraction due to the presence of large cluster of PTQ10 and Y12 at the ETL and 

HTL interface respectively. However, this does not match with our previous assumption that 

low interfacial energy was beneficial for composite nanoparticles in order to form upon 

annealing a layer which possessed an intermixed donor/acceptor morphology. 

That being said, these results point out the influence of alkyl side chains when 

processing nanoparticles-based OPV cells, and more specifically the influence on the 

optimal annealing temperature. Although no STXM measurements have been ran on this 

system to accurately determined its radial profile composition, cryo-TEM images have been 

collected and are now being presented and discussed (Figure 5-11). 
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Figure 5-11: Cryo-TEM images of PTQ10:Y12 nanoparticles. The periodic spacings highlighted 

by the rectangle 1 and 2 corresponds to PTQ10 (dz = 2.3 nm) and Y12 (dz = 3.0 nm) respectively. 

 

 From the cryo-TEM images, it is obvious that no intimate morphology inside the 

nanoparticle is obtained with the PTQ10:Y12 system as we could expect from its low 

interfacial energy. Instead, PTQ10:Y12 nanoparticles consist of a monocrystalline domain 

in the core and another one with a different orientation in the shell of the particles, while 

PTQ10:Y6 nanoparticles had a polycrystalline structure with multiple lattice orientations. 

From the alternating high and low electron density lines, the lattice spacing dz is easily 

accessible. The shell of the particles has a crystalline structure with a lattice spacing of 2.3 

nm which is consistent with the diffraction peak of PTQ10 at qz = 0.27 Å-1 reported with 

GIWAXS measurements.[202] Therefore, the periodic spacing in the core equal to 2.9 nm 

surely correspond to Y12, which match a similar value reported in the literature from 

GIWAXS measurements.[203] To confirm these observations, pure nanoparticles of PTQ10 

and Y12 should be also analysed with cryo-TEM. Thought it seems on some images that 

the core is single Y12 crystal, further images are showing as well the presence amorphous 

domains of either PTQ10 or Y12 in the core as shown by the white area 3. Such an 

25 nm 25 nm

1

2

25 nm 25 nm

3



143 

 

observation might be in accordance with the low γD:A of PTQ10:Y12 which allow the 

formation of more intermixed nanoparticles. Nonetheless, these results might explain the 

high photoluminescence intensity from Y12 molecules in composite PTQ10:Y12 

nanoparticles (Figure 5-3), due to the large Y12 crystalline domains. The difference of 

arrangement between Y6 and Y12 under the same formation conditions certainly comes 

from the longer alkyl chains of Y12. A possible explanation would be that the higher 

solubility of Y12 in the organic phase during the mini-emulsion process gives to the NFA 

even more time for molecular self-assembly in the nanoparticles. A similar effect is 

observed in the formation of A-DA’D-A type SMAs-based film, deposited with a chloroform 

solution, and having different side chain length, where ordered molecular packing are 

formed even without a thermal treatment.[204] The explanation for the observed core-shell 

morphology could be explained in the same manner, where the radial phase separation is 

driven by the strong arrangement of Y12 which thus prevent the donor and acceptor to 

form mixed domains. In addition, the presence of the NFA in the core is consistent with the 

higher surface energy of Y12 as compare to PTQ10 (γY12 > γPTQ10). 

 

5.2.3.3. VOC loss: Y6 vs Y12 

 

While most of the OPV parameters of PTQ10:Y12 np-BHJ devices can be 

understand through the morphological analysis, the fact that this system does not undergo 

any Voc loss with respect to its organic counterpart, which is in contrast with the Y6-based 

nanoparticle system, was quite surprising. Such result suggests that the chains length has 

an influence on this VOC drop. In order to gain some understandings of such difference, the 

evolutions of VOC vs. light intensity for both PTQ10:Y6 and PTQ10:Y12 np-BHJ is plotted in 

Figure 5-12. Both np-BHJ devices exhibit large slops 1.37 ± 0.02 kT/q and 1.41 ± 0.01 kT/q 

for PTQ10:Y12 np-BHJ and PTQ10:Y12 np-BHJ respectively. These large values indicate 

that trap assisted recombination of less than 2nd order recombination is occurring in both 

systems. Though the slope is lower for Y12-based devices, it is unlikely that the VOC loss 

observed with PTQ10:Y6 np-BHJ originates from non-radiative recombination energy loss 

only. From the monocrystalline domains observed with the cryo-TEM, we could have 

expected a lower trap density from the PTQ10:Y12 np-BHJ and thus less bimolecular 

recombination. More understandings are hence needed in order to probe the parameters 

affecting the VOC PTQ10:Y6 np-BHJ devices. 
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Figure 5-12: Open-circuit voltage (VOC) as a function of light intensity for PTQ10:Y12 np-BHJ (red) 

and PTQ10:Y12 np-BHJ (blue) devices. 

 

5.2.4 Conclusion 

 

From the results obtained with PTQ10 and two additional NFAs, it was possible to 

extend the study of the impact of the interfacial energy of system when forming 

nanoparticles. With an intermediate γD:A, PTQ10:IDIC np-BHJ showed power conversion 

efficiency above 5 %, which is still half of the performances obtained with PTQ10:IDIC BHJ 

devices prepared with chloroform. The core-shell observed in the STXM analysis implies 

that the miscibility between the two material is not high enough to prevent the radial phase 

separation. Coming back to a low γD:A system, devices with PTQ10:Y12 nanoparticles have 

been studied. The OPV performances obtained with these particles have shown a high 

dependence to the thermal treatment and increase continuously up to 150°C thermally. 

Surprisingly and contrary to PTQ10:Y6 np-BHJ, for higher temperatures, the performances 

drop dramatically down to 2.00 % for 200°C. Cryo-TEM images have highlighted a core 

shell morphology where both the donor and the acceptor exhibit highly crystalline 

structures. Upon annealing, the thin shell of PTQ10 might allow the Y12 to easily percolate 

and inevitably create large domain at a too high temperature. Nevertheless, the study of 

Y12 has introduced the notable effect of the acceptor side chains length on the morphology 

of the nanoparticles and subsequently on the OPV performances. More importantly for 

water-processed OPV, the increase of the side chains length seems to allow the use of 

lower temperature for the thermal treatment of the nanoparticulate film, while keeping 

relatively high efficiency. To carry on, and confirm the positive impact of longer side chains 
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on the formation and processing of nanoparticles, the study is now enlarged to the donor 

polymer with varying side chains. 

 

 Impact of polymer alkyl side chain with FOx-T:Y6  

 

Following the results obtained on the effect of the side chain length of the acceptor 

(Y6 vs Y12), the logical next step is now to turn our attention to the alkyl chain length of the 

donor polymer. Like small molecules, alkyl side chains are essential for conjugated 

polymers in order to increase their solubility and consequently their processability.  Other 

than that, their modification can have a strong impact on their proprieties and those of the 

devices based these polymers. For instance, even though longer chains are better for 

solubility, they are often problematic for charge transport and optimal phase 

segregation.[205–207] Nevertheless, side-chain engineering has also shown positive effect on 

mechanical proprieties, molecular aggregation, crystallinity and its orientation.[208–212] 

Therefore, it was also of great interest to assess the impact of such modification when 

forming nanoparticles out of these polymers. Other than the references previously 

mentioned, few examples can be found in the literature for organic solvent-based OPV, and 

no reported studies examining the influence of the side chain length on water-based OPV. 

Being able to perform a large screening of conjugated polymers with differing side chains 

is not an easy task due to their synthetic complexity and the lack of commercially available 

candidates. For this purpose, we have initiated during this PhD a collaboration with Dr. 

Martina Rimmele and Prof. Martin Heeney, following their recent published work on a new 

library of conjugated polymers with record-low synthetic complexity.[199] This library has 

enabled us to study the impact of the side chains on the formation of the nanoparticles and 

their integration in OPV devices. 

 

5.3.1 FOx-T:Y6 nanoparticles 

 

FOx-T is a family of conjugated polymers based on benzo[c]-[1,2,5]thiadiazole which 

is the electron acceptor unit and a thiophene being the electron donor unit.[199] A large 

library has been synthesised based on these combined units, allowing the screening of 

different alkyl side chains. One of the polymers, namely FO6-T, was especially attractive as 
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it reaches 15.4% PCE in a binary blend with L8-BO as the acceptor (processed from 

chloroform and DIO, at lab-scale, in the group of Prof. Gasparani in London). On top of 

being a performing polymer for OPV, its good solubility in non-chlorinated solvents and its 

low synthetic complexity make it a good candidate for potential upscaling.[201],[213] Herein, 

the study will focus on three different polymers, namely FO4-T, FO6-T and FO8-T, with 

different alkyl side chains which are 2-butyl-1-octyl, 2-hexyl-1-decyl and 2-octyl-1-dodecyl 

respectively (Figure 5-13). As we are now familiar with, and as it will also be interesting to 

compare the upcoming results with previous polymer:NFA system, Y6 is used as the 

acceptor small molecule to form composite nanoparticles with each of the FOx-T polymers. 

 

Figure 5-13: (a) Chemical structures of FO4-T, FO6-T and FO8-T donor polymers. (b) Highest 

Occupied Molecular Orbital (HOMO) and Lowest Unoccupied Molecular Orbital (LUMO) of FO4-

T, FO6-T, FO6-T and Y6. 

 

Composite nanoparticles with FOx-T:Y6 nanoparticles were synthesised following 

the usual procedure described in Methods: For the organic phase, 35 mg ml-1 of FOx-T:Y6 

[1:1.5] mixture was first dissolved in chloroform stirred for 2 h at 65 °C in a nitrogen-filled 

glovebox. Aqueous phase was obtained by dissolving 5 mg ml-1 (17 mM) of SDS in 
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deionised water and stirred for 30 min at room temperature. The concentration of each 

dispersion was adjusted in order to obtain a concentration of 60 mg ml-1. 

UV-visible absorbance spectroscopy was then performed for each of the three 

dispersions and are plotted in Figure 5-14. All polymers are showing similar features which 

are a first absorption peak in the high energy region around 350–400 nm, and then two 

peaks in the lower energy region from 600–700 nm. Therefore, in these regions, the 

synthesised nanoparticles of FOx-T:Y6 have the same spectral signature. Looking more 

carefully at the Y6 region (700-850 nm), the composite nanoparticle FO8-T:Y6 presents a 

higher contribution of Y6 absorption. As the spectra are normalised to the maximum 

absorption in the FOx-T polymers region, the higher contribution from Y6 is probably due 

to a lower absorption coefficient of the FO8-T polymer as previously observed for polymers 

when increasing the side chain length.[205] 

 

Figure 5-14: UV-visible absorption spectra of FO4-T:Y6 (blue line), FO6-T:Y6 (grey line), FO8-

T:Y6 (orange line) nanoparticles dispersions. (dispersions concentration = 0.06 mg ml-1) 

 

5.3.2 FOx-T nanoparticles films 

 

The deposition of the aqueous dispersions was done following the optimised 

process described in Chapter 3. Nanoparticle layers were firstly formed on glass substrates 

in order to examine the absorbance behaviour of each blend upon different thermal 

annealing conditions. In Figure 5-15, the absorbance of the np-BHJ films as cast, and 

annealed at 140°C, 170°C and 200°C are shown. For each condition, an interesting trend 

is observed from the ratio between the Y6 peak (around 840 nm) and the FOx-T polymers 

peak (around 675 nm) which increases with the side chain length and for all annealing 
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temperature (Figure 5-16a). This trend is relatively consistent with what is observed in the 

absorption spectra of the dispersions as the Y6/FOx-T ratio was also higher for FO8-T 

based nanoparticles due to lower extinction coefficient for this polymer. Overall, for each 

nanoparticulate layer, an increase in the contribution of the Y6 absorption is observed as 

compare to the dispersions. With increasing annealing temperature, this ratio keeps rising 

as the Y6 peak gets even more pronounced at high temperatures. And for FO8-T:Y6 at 

200°C, the contribution of Y6 becomes even sharper and intense as compare to FO4-T:Y6 

and FO6-T:Y6 nanoparticulate layers. We note that the FOx-T peaks is also getting more 

intense as the temperature increases, but it is less impacted than the NFA peak (Figure 

5-16b & c). These results indicate that upon thermal energy, both the polymer and the Y6 

tend to have more mobility in the film when increasing the side chain. This increase is 

probably enhancing the intermolecular interaction and the crystallisation of Y6. 

 

Figure 5-15: UV-visible absorption spectra of (a) FO4-T:Y6 np-BHJ films, (b) FO6-T:Y6 np-BHJ films 

and (c) FO8-T:Y6 np-BHJ films with varying thermal treatment. 
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Figure 5-16: (a) Evolution of the ratio between the peak intensity of Y6 (at 840 nm) and FOx-T (at 

675 nm) with varying temperature. Evolution of the peak intensity of (b) Y6 and (c) FOx-T with varying 

temperature 

 

5.3.2.1. OPV performances 

 

In order to evaluate the OPV performances of each nanoparticulate layer upon 

thermal annealing, solar cells prepared from FOx-T:Y6 nanoparticles dispersion 

concentrated at 60 mg ml-1 have been prepared. The dispersion has been spin-coated onto 

ZnO at a speed of 2500 rpm for 60 sec resulting in a nanoparticles layer thickness of around 

160 nm. The resulting nanoparticulate layers were then annealed at different temperature 

for 5 min resulting in an active layer thickness of 160 nm. For the control devices, I have 

decided to use the references reported in the published work of Rimmele et al. due to the 

lack of reliable devices fabricated our lab.[214] J-V curves of the three donor:acceptor 

systems with varying thermal annealing are shown in Figure 5-17a-c along with the 

evolution of the average PCE extracted at each temperature (Figure 5-17d). When 

annealed at 140°C, the two FO4-T:Y6 and FO6-T:Y6 nanoparticles-based solar cells exhibit 

similar performances with an overall PCE of 6.65% and 6.77% respectively. Slightly higher 

performances are obtained with the FO8-T:Y6 system reaching a 7.34% PCE mainly due to 

a better VOC as compare to the nanoparticles with shorter chain polymer. When increasing 

the annealing temperature to 170°C, the previous trend is magnified as the FO8-T:Y6 np-

BHJ performances are significantly increased while for FO4-T:Y6 and FO6-T:Y6 np-BHJ 

the increase of PCE is barely noticeable (7.39 % and 7.28 % respectively). A simultaneous 

increase of FF, JSC and VOC allow FO8-T:Y6 np-BHJ to reach an impressive 10.40% PCE 

(Table 5-7). Now taking a look to the performances of all the three devices annealed at 

200°C, the np-BHJ based on shorter alkyl side chains polymers FO4-T:Y6 and FO6-T:Y6 
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are reaching their optimal performances with an average PCE of 9.01% and 9.05% 

respectively. As it is often the case with these nanoparticles-based solar cells, the FF is the 

major parameter that was enhanced with the increase of thermal annealing temperature. 

Surprisingly, FO8-T:Y6 np-BHJ behaves differently. Instead of seeing the performances of 

get even higher, a large drop of all VOC, JSC and FF is observed, causing the PCE to decline 

to an average of 3.19%. From these results, the FO8-T:Y6 nanoparticles-based device 

stand out by its lower optimal annealing temperature surely arising from the longer chains 

of the FO8-T polymer. This is comparable to when the alkyl chains were extended from Y6 

to Y12 earlier in the chapter. But in the case of the polymer the lower temperature also 

gave better performances as compare to the FO4-T and FO6-T based devices. 

 

 

Figure 5-17: J-V curves of (a) FO4-T:Y6, (b) FO6-T:Y6 and (c) FO8-T:Y6 np-BHJ devices with 

varying thermal annealing. Note that the selected curves have been chosen to be as close as the 

average performance for each annealing temperature shown in Table 5-7. The graph (d) represents 

the average PCE vs. annealing temperature for each system. 
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The Table 5-7 presents the details of the previous results as well as the OPV 

performances obtain with the same donor:acceptor systems but fabricated from a 

chloroform solution. Interestingly, the references do not show the same trend in 

performances as the water-processed devices. Indeed, the FO6-T:Y6 solar cells are clearly 

showing higher efficiency than FO4-T:Y6 and FO8-T:Y6. In this regard, a larger gap still 

remains between FO6-T:Y6 np-BHJ solar cells and their organic solvent-procced 

counterpart FO6-T:Y6 BHJ solar cells, 9.05% and 14.1% respectively. Concerning the 

devices prepared with FO8-T:Y6 nanoparticles, almost no difference with the organic 

solvent-processed device in the overall efficiency is observed with 10.4% and 10.7% PCE 

achieved respectively. Thought a VOC loss of 83 mV could be detrimental, a larger FF allows 

the water-processed devices to compete with their organic solvent-processed counterpart. 

The VOC loss concerns every FOx-T:Y6 np-BHJ devices and seems to be here again 

consistent with the presence of Y6 in the nanoparticles. The polymers should be associated 

with additional NFAs to definitely link this VOC loss to the use of Y6, as has been done with 

PTQ10. Nevertheless, as previously shown for Y12, the longer side-chains of a polymer-

based nanoparticles allow their processing at lower temperature while reaching PCE over 

10%.  

 

Table 5-7: Average OPV performances of optimised FOx-T:Y6 np-BHJ and BHJ devices  extracted 

from a minimum of 8 devices with varying annealing temperature (best devices in brackets). 

 TA temperature (°C) VOC (mV) JSC (mA cm-2) FF PCE (%) 

FO4-T:Y6 

np-BHJ 

140 
632 ± 9 

(637) 

20.80 ± 0.39 

(21.02) 

0.51 ± 0.02 

(0.53) 

6.65 ± 0.33 

(7.05) 

170 
609 ± 8 

(619) 

24.58 ± 0.62 

(24.40) 

0.49 ± 0.02 

(0.52) 

7.39 ± 0.31 

(7.79) 

200 
652 ± 12 

(670) 

22.43 ± 0.43 

(22.25) 

0.62 ± 0.01 

(0.63) 

9.01 ± 0.27 

(9.45) 

FO4-T:Y6 

BHJa 
100 750 22.72 0.58 9.80 

FO6-T:Y6 

np-BHJ 

140 
665 ± 8 

(661) 

19.09 ± 1.33 

(21.20) 

0.53 ± 0.03 

(0.52) 

6.77 ± 0.33 

(7.28) 

170 
664 ± 7 

(661) 

20.05 ± 0.39 

(19.96) 

0.55 ± 0.01 

(0.57) 

7.28 ± 0.19 

(7.52) 

200 
656 ± 14 

(657) 

22.33 ± 0.83 

(23.42) 

0.62 ± 0.02 

(0.63) 

9.05 ± 0.34 

(9.88) 
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FO6-T:Y6 

BHJa 
100 790 26.70 0.67 14.10 

FO8-T:Y6 

np-BHJ 

140 
689 ± 11 

(699) 

20.88 ± 0.84 

(20.86) 

0.51 ± 0.02 

(0.52) 

7.34 ± 0.32 

(7.64) 

170 
707 ± 4 

(713) 

24.17 ± 0.48 

(24.78) 

0.61 ± 0.01 

(0.60) 

10.40 ± 0.17 

(10.64) 

200 
626 ± 4 

(628) 

12.75 ± 1.12 

(11.90) 

0.41 ± 0.01 

(0.41) 

3.19 ± 0.25 

(3.68) 

FO8-T:Y6 

BHJa 
100 790 24.16 0.57 10.70 

aThe references were made with chloroform and have been taken from ref [199] 

 

 

5.3.2.2. Morphological investigation 

 

The singular behaviour of FO8-T:Y6 nanoparticles upon annealing is presuming to be 

due to an early morphological change as compared to FO4-T:Y6 and FO6-T:Y6. To have 

more insight this assumption, topological AFM images are shown in Figure 5-18 for two 

different annealing temperature (i.e. 140 and 200 °C).  

 

Figure 5-18: AFM topography images (height) of FO4-T:Y6, FO8-T:Y6 and FO8-T:Y6 (from left to 

right) np-BHJ film annealed at 140°C (top) and 200°C (bottom) for 5 min. (Scale bar = 300nm) 
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For each donor:acceptor system, nanoparticles are still visible even after a thermal 

annealing of 140 °C . The layers present also a relatively high roughness indicating that the 

sintering of nanoparticles is not totally done. However, even with the presence of a 

nanoparticulate films, a trend is observed when increasing the alkyl chains length as the 

RMS roughness is decreasing from 8.2 nm to 7.4 nm for FO4-T:Y6 and FO8-T:Y6 

respectively. This result suggests that, with increasing side chain length, the sintering of the 

nanoparticles begins at lower temperature. At 200 °C, a similar behaviour observed for 

PTQ10:Y6 happens with a large decrease of the roughness which illustrates the total 

sintering of the nanoparticles. Although we could expect a large roughness and phase 

separation with FO8-T:Y6 because the performance dropped by more than 60 %, here 

again the RMS roughness is getting smaller with longer alkyl chains. Focusing now on the 

phase images (Figure 5-19), it is even clearer the nanoparticles are less and less visible 

when increasing the alkyl chains length. Side chains have the ability to create various 

distances between the polymer’s backbone, leading to decrease the polymer backbone 

interaction. Although longer chains do not have an impact on the electronic properties, it 

can allow the polymer a necessary degree of mobility at lower temperature. This can be 

directly related to some transition temperature such as the Tg, which is known to be 

decreased when increasing the polymer side chains.[215],[216] With these preliminary results, 

we show that it is possible to design hard and soft nanoparticle with variation of the alkyl 

chains length. The longer the chains, the softer the particles.  Unfortunately no reliable 

images have been extracted for the films annealed at 170 °C, the optimal temperature for 

FO8-T:Y6 nanoparticles-based OPV cells as it is expected to have the optimal sintering at 

this temperature. The height image at 200 °C do not give any clue to understand the drop 

of performances for FO8-T:Y6 np-BHJ devices. However, when looking at the phase 

images, larger phase segregation is observed for FO8-T:Y6 np-BHJ with large domains 

between 300 nm to more than 1 µm. Such morphological change at the nano/microscale 

can explain the drop of performances due to increased geminate recombination.  
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Figure 5-19: AFM images (phase) of FO4-T:Y6, FO8-T:Y6 and FO8-T:Y6 (from left to right) np-BHJ 

film annealed at 200°C for 5 min. (Scale bar = 300nm) 

 

Since high OPV performances have been achieved with FOx-T:Y6 np-BHJ, 

comparable to what has been obtained with PTQ10:Y6 nanoparticles, an intimate 

donor:acceptor morphology is expected as internal morphology of the three FOx-T:Y6 

nanoparticles. Unfortunately, no STXM mapping of the materials has been done to confirm 

this assumption. Nevertheless, cryo-TEM images have been recorded to analyse the 

internal morphologies of the nanoparticles and detect eventual differences to explain the 

different behaviour of the nanoparticles under thermal annealing (Figure 5-20). Indeed, the 

behaviours of the films upon annealing have some similarities with PTQ10:Y6 prepared with 

mini-emulsion and nanoprecipitation and FO8-T:Y6 nanoparticles seem to be softer than 

the nanoparticles prepared with the shorter side chains polymers. Therefore, we could 

expect from the FO4-T and FO6-T based nanoparticles more crystalline phase. However, 

the cryo-TEM images of the three type of particles are not showing much differences 

between each other. For all the nanoparticles, a strong crystalline nature is observed with 

mixed orientations which is very similar to what has been previously observed with 

PTQ10:Y6 prepared with mini-emulsion. Therefore, it seems that increasing the length of 

the polymer side chains do not have an effect on the crystallinity. 
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Figure 5-20: Cryo-TEM images of (a,d) FO4-T:Y6, (b,e) FO6-T:Y6 and (c,g) FO8-T:Y6 nanoparticles 

 

 

5.3.3  Conclusion 

 

Nanoparticles based on polymers FOx-T, which have different alkyl side-chain 

length, and the NFA Y6 have been studied to assess the effect of varying the polymer side-

chains length. The absorption signature of the nanoparticulate films exposed to various 

annealing temperature already shown some contrast in term of absorption features. The 

contribution of Y6 is getting more and more dominant over the polymer when increasing 

the thermal annealing, and this phenomenon is enhanced when expanding the polymer 

side chain length. This result was a first indication that longer side chains could be more 

favourable to induce a change in the aggregation of both materials. Looking at OPV 

performances of the different nanoparticles-based BHJ, an important contrast is observed 

between FO8-T:Y6 and the two other systems. FO4-T:Y6 and FO6-T:Y6 nanoparticles-

based solar cells need a high temperature (200°C) to reach their highest performances 

(9.01% and 9.05% respectively), while for FO8-T:Y6 a lower temperature was enough 
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(170°C) and achieved also a superior PCE (10.5%). Surface morphology analysis revealed 

that the sintering of FO8-T:Y6 nanoparticles needs less energy to happen with 170°C being 

the optimal temperature. Surprisingly, cryo-TEM images do not displayed any differences 

in term of molecular arrangement. Nevertheless, and despite the low interfacial energy of 

these three systems, the cryo-TEM images are showing that a thin crystalline shell is 

present on all the three nanoparticles. Further investigation are still ongoing such as DSC 

measurements and GIWAXS to understand the parameters that can induce the 

reorganisation of the FOx-T:Y6 nanoparticles based-active layer.    

 

 Conclusion of chapter 5 

 

In this chapter, PTQ10 has been associated with additional NFAs to pursue the 

study of the impact of the interfacial energy between the donor and the acceptor on the 

morphology of nanoparticles and nanoparticles-based BHJ (np-BHJ). Blended with IDIC, 

the PTQ10:IDIC np-BHJ devices have shown a maximum PCE of 5.23 %. This 

donor:acceptor system, which has an intermediate γD:A between PTQ10:Y6 and 

PTQ10:PC61BM, also forms nanoparticles with a core-shell morphology. However, more 

intermixed domains were observed which could favour the formation. This result shows that 

the selection of a system with a low γD:A allows the formation of a fully blended film where 

the nanoparticles are completely sintered. PTQ10 was also associated with Y12, a similar 

acceptor than Y6 with longer side-chain length. Although PTQ10:Y12 has a low γD:A, 

PTQ10:Y12 nanoparticles present a core-shell morphology with a thin shell composed of 

PTQ10. Nonetheless, this morphology is not preventing PTQ10:Y12 np-BHJ solar cells to 

reach a relatively high efficiency of 7.52 % PCE which is limited by a low JSC due to high 

geminate recombination. In addition, the longer alkyl side chains of Y12 with respect to Y6 

have impacted the process of the active layer as the optimal temperature was found to be 

lower. This is encouraging in view of reducing the thermal treatment of nanoparticule films 

to match the industrial processing requirements. Following these results, FOx-T donor 

polymers with different alkyl chain length have been studied in association with Y6. 

Increasing the length of the polymer side-chains allowed to decrease the optimal annealing 

temperature (170°C for FO8-T:Y6 np-BHJ vs 200°C for FO4-T:Y6 np-BHJ and FO6-T:Y6 

np-BHJ) without concessions on the overall performances of FO8-T:Y6 np-BHJ solar cells. 

The resulting PCE was found to be as high as the PCE obtain for the same donor:acceptor 
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system but processed from chloroform solution bridging the gap between water processed 

and chlorinated solvent processed active layers. From the AFM measurements, such lower 

temperature is believed to come from the softer nanoparticles obtained by increasing the 

side chain length of the polymer. However, more morphological analysis such as GIWAXS 

are needed due to the lack of contrast revealed by the cryo-TEM images. 
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Chapter 6  
 

Linking nano-morphology 

and charge transport with 

nano-gap devices 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Part of the following chapter has been published in a peer-reviewed journal [217]: 

H. Laval, Y. Tian, V. Lafranconi, M. Barr, P. Dastoor, M. M. Marcus, G. Wantz, N. P. Holmes, 

K. Hirakawa, 2024, 2404112, 1. 
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 Introduction 

 

Up to now, the morphology of the nanoparticles has proved to influence greatly 

nanoparticles-based OPV devices, and is closely linked to the final performances.  In an 

effort to pursue our understanding on this dependency, it is crucial to explore charge 

transport in these nano-objects upon morphological differences. Diverse strategies are 

employed to study electronic transport in organic semiconductors. Among the 

experimental techniques used for this purpose; time-of-flight, field-effect transistor 

configuration, electron or hole only devices or charge extraction by linearly increasing 

voltage are the most widely spread.[82,112,138,218] However, all these techniques explored not 

only the charge transport in the nanoparticle itself but also between the nanoparticles since 

the properties of thin films, i.e. nanoparticles assemblies, have been studied. Therefore, in 

an effort to investigate the charge transport properties at the single nanoparticle scale, 

nanogap devices have been developed to probe the charge transport at the nanoparticle 

scale. Nanoscale devices were fabricated using clean-room technology, e-beam 

lithography and photo-lithography. A diode configuration with a sub micrometric gap of 100 

nm was developed in order to characterise the waterborne organic semiconductor 

nanoparticles. Doing so, it allows us to get closer to the electronic properties of a single 

nanoparticle. Dielectrophoresis (DEP) has been used to insert nanoparticles in the 

nanogap. The final nanogap devices with nanoparticles trapped inside were analysed using 

hole-only devices and mobilities were extracted in space charge limited current regime. 

P3HT, P3HT:eh-IDTBR and P3HT:o-IDTBR nanoparticles have been synthetised by mini-

emulsion and their morphology have been studied using STXM. These nanoparticles, 

having different composition and morphology have been inserted in the nanogap device 

and their mobility extracted. Such a comprehensive study allowed us to link the composition 

and morphology of the nanoparticle to understand their possible impact on the final OPV 

device performances. 
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 Nano-gap devices fabrication 

 

The nanogap structures have been built on silicon substrates with 230 nm thermally 

grown silicon oxide using clean-room techniques. First e-beam lithography was used to 

design the nanoscale gap between the two electrodes. Three kinds of nanoscale structures 

have been designed: trapezoid shaped electrodes with length and width of 100 nm, 

rectangular shaped electrodes with nanogap length of 100 nm and a width of 10 µm and 

interdigitated electrode with nanogap length of 100 nm and a width of 29 µm. Titanium 

(10 nm) and gold (50 nm) were thermally evaporated to form the electrodes followed by a 

lift-off process.  Then photolithography was used to create the contacts, followed by a 

second evaporation of Ti/Au electrode and a lift-off process. The workflow of the design of 

such nanoscale electrode is schematised in Figure 6-1 and the detailed experimental 

procedure is described in Methods. The resulting devices for the trapezoid shaped 

electrodes are shown in Figure 6-2. 

 

 
Figure 6-1: Fabrication of the nanoscale device (1) e-beam lithography (2) e-beam development 

(3) electrodes deposition (4) lift-off (5) photolithography (6) electrodes deposition + lift off. 

 

 
Figure 6-2: Photograph and scanning electron microscopy images of the nanogap devices. 
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 DEP force: A tool to trap nanoparticles in the gap 

 

After fabrication of the nanogap channels, nanoparticles have been incorporated 

using DEP technique. This technique has been widely used in biology to trap cells or 

proteins, and can also be used to attract dielectric particles as well as semiconductors or 

metallic particles.[219–223] DEP force is created when a particle is submitted to an alternative 

electric field, which creates a polarisation in the particle. Depending on the permittivity and 

conductivities of the medium and the object, the force can be attractive or repulsive. The 

process involves the deposition of a drop of nanoparticle dispersion on the nanogap. Then 

an alternative voltage is applied between the two electrodes to induce the dielectrophoresis 

force. Finally, the excess of water containing nanoparticles is removed and the substrate 

dried. Figure 6-3 illustrated schematically the process of nanoparticles trapping. The 

dielectrophoresis force exerted to the nanoparticles depends a several parameters as 

described by the following equation (6.1): 

 

𝐹𝐷𝐸𝑃 = 2𝜋𝜀𝑚𝑎3𝑅𝑒[𝐾(𝜔)]𝛻𝐸2 (6.1) 

 

Where a is the particle radius, m is the permittivity of the suspending medium, E is 

the amplitude of the applied field (in case of AC field, root-mean-squared E) and Re[K()] 

the real part of the Clausius-Mossotti factor (CM factor). The latter is dependent on the 

frequency of the applied alternative electric field and can be either positive or negative, 

which implies that the DEP force can be either positive or negative too. Re[K()] is defined 

by the equation (6.2) where ɛp is the permittivity of the particle, 𝜎m is the conductivity of the 

suspending medium, 𝜎p is the  conductivity of the particles, and 𝜔 is the angular frequency 

of the applied electric field: 

 

𝑹𝒆[𝑲(𝝎)] =

[(𝜺𝒑 + 𝟐𝜺𝒎) +  
 (𝝈𝒑 − 𝝈𝒎)(𝝈𝒑 + 𝟐𝝈𝒎)

𝝎𝟐 ]

[(𝜺𝒑 + 𝟐𝜺𝒎)𝟐 +
(𝝈𝒑 + 𝟐𝝈𝒎)

𝟐

𝝎𝟐 ]

 (6.2) 
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The insertion of nanoparticles in trapezoid shaped electrodes using DEP force was 

performed on P3HT nanoparticles synthesised by mini-emulsion (see Chapter 3 for 

experimental details) with 97 nm average diameter determined by DLS. The concentration 

of the dispersion was optimised to 0.05 mg ml-1 as well as some of the DEP conditions: the 

peak-to-peak voltage (Vpp) at 3 V and DEP time (tDEP) equal to 5 seconds. The effect of the 

frequency of the electric field was studied.  

 

 
Figure 6-3: Different steps for the insertion of nanoparticles in the nanogap device. 

 

 

The real part of the Clausius-Mossotti (CM) factor was calculated for different 

frequency of the applied electric field considering that p = 2.9 0, m = 80 0, σm = 4 10-4 S m-1 

and σp = 10-3 S m-1 (Figure 6-4a).[222,224,225] The calculation shows that the DEP force can be 

either attractive or repulsive. At low frequencies, from 1 kHz to 20 kHz, the DEP force is 

attractive and the CM factor constant. Starting from 20 kHz and for higher frequencies, the 

CM factor decreases until it reaches zero around 170 kHz. For higher frequencies, the CM 

factor becomes negative and the DEP force turns repulsive. The impact of the frequency 

on the insertion of P3HT nanoparticles in trapezoid nanogaps is shown in Figure 6-4b. One 

can clearly see that for low frequency of applied electric field, from 3 to 10 kHz, the trapping 

is highly efficient, with nanoparticles in the channel, as well as on the sides of the electrodes. 

For frequencies of 30 and 60 kHz, the nanoparticles are more directed to the nanogap and 
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not around the electrodes, illustrating that the DEP force decreases while still being positive 

(attractive). However, starting from 100 kHz and up to 1 MHz, almost no NP are trapped in 

the channel, suggesting strongly that the DEP force became repulsive. 
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Figure 6-4: (a) Calculation of the CM factor for the applied conditions. (b) SEM images of the 

different nanogap after DEP process and for various applied AC electric field (scale bars: 500 

nm). 

 

 

 

 Space charge limited current mobility 

 

Now that the nanoparticles are trapped in the channel, the mobility can be extract 

by performing a simple I-V characterisation. In particular, the architecture developed is 

suitable for space-charge-limited-current (SCLC) measurements.[226] Doing so, the 

dependence of the measured current to an applied voltage can help to distinguish different 

charge transport regime (Figure 6-5). The first one is observed at low voltage and 

correspond to the ohmic regime, where the current evolves linearly with the voltage (J ∝ 

V). Such a regime can generally emphasise a good ohmic contact. At a higher electric field, 

the current becomes space-charge limited and start to be quadratically dependent to the 

applied voltage (J ∝ V2). In this regime, a SCLC mobility can be extracted by the use 

equation (6.3), which represents the mathematical formulation of the Mott-Gurney law: 
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𝑱𝑺𝑪𝑳𝑪 =
𝟗

𝟖
𝜺𝟎𝜺𝒓𝝁

𝑽𝟐

𝑳𝟑
 (6.3) 

 

In which r is the relative permittivity of the organic semi-conductor, µ the charge 

carrier mobility (in our case the hole mobility µh+ and L the distance between the two 

electrodes. The current density, J, was calculated using the section of the electrode as 

area: A = W × e, with W and e as the width and the thickness of the electrodes. When 

increasing further the electric field, until a point called the trap-filled-limit SCLC where all 

the traps are filled. After that point, a new regime of trap-free is reached, where the mobility 

extracted generally represents the intrinsic mobility of the material. However, the organic 

semiconductors often have a high density of traps and this regime is only attained at high 

electric field. Therefore, the mobility extract from the SCLC trap-free regime do not 

represent the effective mobility in the active layer under the operating point of the organic 

solar cell and for this study, the mobility will be extracted from the shallow-trap SCLC.  

 

 
Figure 6-5: Typical I-V of SCLC in solids with different regime. 

 

 

 Device optimisation 

 

In order to investigate the possibility to probe the charge transport using such nano-

junction, different electrodes geometry have been investigated. Moreover, in addition to a 

lo
g

 (
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thermal treatment, different self-assembled monolayers (SAM) has been used as a surface 

treatment of the nanogap.  

6.5.1 What electrodes? 

 

In addition to the first design with trapezoid electrodes, P3HT nanoparticles have 

also been trapped in the nanogap with the rectangular and interdigitated geometry. For 

trapezoid configuration, the DEP conditions were Vpp = 3 V, tDEP = 5 s and f = 60 kHz and for 

rectangular and interdigitated configuration, the same condition were used except for Vpp 

which was set to 5 V. After the DEP step, the excess of water is removed and the substrates 

dried in a nitrogen environment at 100°C for 10 min. The nanogap electrodes before and 

after DEP are presented in Figure 6-6. 

 
Figure 6-6: SEM images of the rectangular (a, d), trapezoid (b, e) and interdigitated (c, f, g) nanogap 

electrodes before (a-c) and after (d-g) dielectrophoresis step. 

 

From the SCLC regime, hole mobilities were extracted for the rectangular and 

trapezoid geometries, 4.8 and 5.3 10-4 cm2 V-1 s-1 respectively (in forward bias), a value 

commonly found for P3HT.[227] However, for the trapezoid configuration, a perfectly 

quadratic regime was not found, and only slopes around 1.63 were extracted, indicating 

that the SCLC regime might not have been reached for this structure. As one can see in 

3 µm2 µm 2 µm
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a b c

d e f

1 µm

g



167 

 

Figure 6-6d, nanoparticles are not only present inside the 100 nm gap but also around. In 

these side parallel pathways for charges, SCLC regime might not have been reached, 

resulting in I-V characteristic not purely quadratic. In addition, the error calculated for the 

trapezoid structure is large, on the order of magnitude as the mobility itself (Table 6-1). 

Therefore, mobility extracted from such device is not fully reliable. On the other hand, for 

the rectangular nanostructure, a slope of two could be found without and with a thermal 

annealing, which shows that the space charge limited current regime is reached. 

Furthermore, the error calculated on the mobility values for the rectangular configuration 

is lower than that of trapezoid configuration, indicating that the trapping of the nanoparticles 

in a rectangular geometry is more reproducible. 

 
Figure 6-7: I-V characterisation plotted in logarithmic scale of the trapezoid (a) and rectangular (b) 

organic nano-junctions without and with thermal treatment. 

 

 

Table 6-1: Hole mobilities (µh+) in cm² V-1 s-1 for various nanogap device configurations (trapezoid 

and rectangular) and different thermal treatments. 

Architecture 
Thermal 

treatment 

µh+ (cm² V-1 s-1) Error (cm² V-1 s-1) 

forward reverse forward reverse 

Trapezoid 

no 4.3 × 10-4 5.3 × 10-4 ± 3.7 × 10-4 ± 2.0 × 10-4 

yes 2.7 × 10-3 3.8 × 10-3 ± 1.5 × 10-3 ± 1.0 × 10-3 

Rectangular no 4.8 × 10-4 5.0 × 10-4 ± 1.2 × 10-4 ± 1.4 × 10-4 
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yes 2.3 × 10-3 2.4 × 10-3 ± 0.7 × 10-3 ± 0.8 × 10-3 

 

Interdigitated electrodes geometry has been chosen to favour the signal-to-noise 

ratio as well as decrease the contact resistance.[228,229] However, the reproducibility of the 

results obtained with these electrodes was found to be poor and the mobility difficult to 

extract. Indeed, as shown in Figure 6-8, the SCLC regime is not always achieved with such 

architecture. The filling of nanoparticles might not efficient enough with the current DEP 

parameters applied, and further optimisation should be undertaken (Figure 6-6g).  

 

 
Figure 6-8: I-V curves of different interdigitated organic nano-junctions highlighting the poor 

reputability and the lack of SCLC regime. 

 

 

6.5.2 What surface treatment? 

 

In addition to the favourable thermal treatment, surface treatments with SAM have 

been investigated. The use of SAM to treat the surface and the electrodes can be beneficial 

to remove possible charge traps as well as improving the charge injection.[230–232] In the case 

of the DEP, we suspect that this treatment could also improve the insertion of nanoparticles 

in the gap. Three different molecules were used in this study, namely 
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octadecyltrichlorosilane (OTS), 1H,1H,2H,2H-perfluorodecyltrichlorosilane (FDTS) and 

phenethyltrichlorosilane (PETS). The I-V characteristics in logarithmic scales of the 

rectangular nanogap filled with P3HT nanoparticles and annealed at 100 °C for 10 min are 

shown in Figure 6-9 for different SAM treatment. First, we observed an increase of almost 

two order of magnitude difference from the FDTS-treated device to the PETS-treated one. 

Secondly, these two SAM treatments seem to prevent the devices to reach the SCLC as 

no quadratic dependence with the applied voltage is observed. Interestingly, the increase 

of the current from the use of FDTS to PETS could be attributed to the decrease of 

hydrophobicity (less important for the PETS-treated device), which would result in a more 

effective trapping of the nanoparticles as illustrated with the SEM images in Figure 6-10.[233] 

Concerning the absence of a quadratic regime,  the behaviour of the PETS-treated device 

curves seems to tend toward a SCLC, and a higher electric field might be necessary to 

finally reach it. Tests have been done by increasing the voltage but the signal-to-noise ratio 

became lower leading to unreliable results. For the FDTS treated devices, the poor filling is 

probably causing the absence of quadratic effect. 

 

 

 
Figure 6-9: (a) Forward and (b) reverse I-V characterisation plotted in logarithmic scale of the 

organic nano-junctions for different SAM treatments applied (thermal annealing, OTS treatment). 
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Figure 6-10: SEM images of the rectangular electrodes having different SAM treatment after 

dielectrophoresis step: (a) FDTS, (b) OTS, (c) PETS. 

 

 Concerning the OTS treatment, the SCLC regime was easily reached and the nano-

gap devices present an optimal hole mobility of 2.4 10-3 cm2 V-1 s-1. Interestingly, this mobility 

is similar to that obtained when the devices were only submitted to a thermal annealing (2.3 

10-3 cm2 V-1 s-1). These results suggest that both treatment (OTS treatment and thermal 

treatment) have a similar effect. One can suggest that both treatments lead to the 

improvement of charge transport between particles and/or between the particle and the 

electrode by improving the contact between nanoparticles and/or the electrodes. This 

effect can be explained since OTS treatment can get rid of morphological trap,[234] herein 

represented by interparticle spacing, grain boundaries or poor contact with the electrode, 

as the treatment can lead to a better uniformity in the channel. On the other hand, thermal 

annealing of P3HT nanoparticles on OTS treated substrates does not improve the mobility 

further, reaching also 2.4 10-3 cm2 V-1 s-1. This result is surprising as thermal annealing can 

improve the hole mobilities in P3HT thin films deposited from organic solvent due to 

enhanced crystallinity.[235] This difference between P3HT thin films deposited from organic 

solvents and P3HT nanoparticles can be explained by the fabrication method of the 

nanoparticles (mini-emulsion) which involves a thermal treatment for several hours and can 

enhance the crystallinity of P3HT already in the nanoparticle. UV-visible spectra of P3HT 

thin films fabricated from nanoparticles before and after thermal treatment have been 

recorded (Figure 6-11). One can clearly see the two vibronic peaks of P3HT at 554 nm and 

604 nm, an indication of the crystallinity of P3HT, already at room temperature (without 

thermal treatment). The thermal annealing at 130°C did not lead to significant change in the 

position or intensity of these peaks, indicating that the crystallinity has not been improved. 

This result is in accordance with the absence of improvement of hole mobility upon thermal 

annealing at 100°C.  

a b c

1 µm 1 µm 1 µm
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Figure 6-11: UV-vis absorbance of P3HT films deposited from (a) chlorobenzene solution and (b) 

aqueous dispersion as cast and after thermal annealing. 

 

These first experiments on pure P3HT allowed to identify the conditions for 

fabrication of the nano-junctions (geometry, OTS treatment, 100°C thermal annealing) 

which will be used in the following part of the study. 

 

 P3HT:o-/eh-IDTBR nanoparticles: A case study 

 

The primary objective with this nano-gap architecture is study the electronic 

transport in different kind of composite nanoparticles having various morphology type. 

From the literature survey in Chapter 1 and the results obtained so far during this work, 

the core-shell is a morphology that is often observed when using the mini-emulsion. Such 

a morphology can have diverse aspects, either with a donor-rich shell and an acceptor-rich 

core, or the complete opposite with an acceptor-rich shell and a donor-rich core. These 

different spatial distributions of materials inside a nanoparticle have rarely been discussed 

from the standpoint of charge carrier mobility. In order to dive into this, the work of 

Barr et al. have been chosen as the bedrock to select the core-shell-like nanoparticles to 

study.[122] As a reminder, they have shown that the higher surface energy material of the 

blend is preferentially migrating in the nanoparticle core, while the one with the lower 

surface energy is forming the shell. This result was particularly clear with two similar 

systems, P3HT:eh-IDTBR and P3HT:o-IDTBR, where the donor material P3HT is 

respectively predominantly located in the core or in the shell. In order to investigate the 

impact of the morphology and the change in spatial distribution of the donor material 
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(P3HT) in the particle on the hole mobility of composites donor/acceptor particles, the 

nanogap structures previously developed have been used.  

 

Figure 6-12: (a) Chemical structure of donor material P3HT and acceptor materials o-IDTBR and 

eh-IDTBR, (b) Energy level diagram of eh-IDTBR, P3HT and o-IDTBR and gold electrode, (c) 

Schematic representation of P3HT:eh-IDTBR NPs and P3HT:o-IDTBR NPs internal morphology. 

 

6.6.1 Nanoparticles synthesis 

 

P3HT:eh-IDBTR and P3HT:o-IDBTR nanoparticles have been synthesised with the 

procedure detailed in Methods. For the organic phase, 25 mg ml-1 of P3HT:eh-/o-IDBTR 

[1:1] mixture was first dissolved in chloroform stirred for 2 h at 65 °C in a nitrogen-filled 

glovebox. Final aqueous dispersions were obtained with a concentration adjusted at 

0.05 mg ml-1 of active materials. Such low concentrations were used for optimal trapping of 

the nanoparticles using the dielectrophoresis method (Paragraph 6.3). 

 

6.6.2 Morphology investigation 

 

Prior to investigation of the charge transport, the internal morphology for each 

system has been revealed using STXM. The resulting images of the measurements and the 

extracted radial profiles (Figure 6-13 and Figure 6-14) show the distribution of each 

material inside the nanoparticle. A core-shell model is applied to extract the true core 
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composition based on the measured nanoparticle center composition and the core-shell 

dimensions, as reported by Holmes et al.[121] For P3HT:o-IDTBR nanoparticles, the donor 

material is driven to the shell as it has a slightly lower surface energy than the o-IDTBR 

(26.9 mN m-1 and 28.1 mN m-1 respectively). In the case of the P3HT:eh-IDTBR, because of 

the higher surface energy of P3HT as compare to eh-IDTBR (26.9 mN m-1 and 18.3 mN m-

1 respectively), the P3HT is mainly driven to the core of the nanoparticles. However, since 

the two NFA materials do not have high surface energy as compared to fullerene acceptors 

(i.e. PCBM = 38.2 mN m-1 ; PC71BM = 39 mN m-1), the compositions of shell and the core of 

the nanoparticles are more balanced than generally observed for fullerene based particles: 

the proportions of P3HT in the shell are 40% and 60% for P3HT:eh-IDTBR and P3HT:o-

IDTBR respectively.  Therefore, it is possible to conclude that P3HT:eh-IDTBR NP has an 

acceptor-rich shell while P3HT:o-IDTBR has a donor-rich shell. Such a difference in the 

composition of the NP may have an impact on the charge mobility and more specifically on 

the hole transport through the P3HT. One can argue that a better pathway for holes is 

obtained with the P3HT:o-IDTBR nanoparticle as the P3HT is mainly in the shell, whereas 

poor pathways might confine charges inside the core of the P3HT:eh-IDTBR nanoparticle. 

 
Figure 6-13: STXM fractional composition maps showing the concentration of (a) P3HT and (b) 

o-IDTBR for 1:1 P3HT:o-IDTBR nanoparticles and STXM fractional composition maps showing the 

concentration of (e) P3HT and (f) eh-IDTBR for 1:1 P3HT:eh-IDTBR nanoparticles. The scale bars 

in a and b are 1 µm, the scale bars in e and b are 500 nm.  The colour contrast is scaled such that 

light colours correspond to higher component concentrations. 
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Figure 6-14: Radial composition profiles extracted from STXM maps of representative 

nanoparticles for (a) P3HT:o-IDTBR and (b) P3HT:eh-IDTBR. 

 

6.6.3 Mobility studied through nanogap devices 

 

To probe a possible impact of the P3HT spatial distribution in the nanoparticle on 

the hole mobility, the nano-gap device described earlier is used. The architecture was 

slightly improved in order to enhance the signal to noise ratio while keeping a geometrical 

ratio between channel length and width of at least 20 (W/L = 25 in our case). This factor is 

necessary to be able to probe the material in the channel and avoid artefacts coming from 

the edges that might induce overestimation of the mobility.[236] The architecture used had a 

L= 100 nm and W = 2.5 µm. The three different type of nanoparticles were successfully 

inserted in the nanogap channels: P3HT, P3HT:o-IDTBR and P3HT:eh-IDTBR using 

optimised DEP conditions (Vpp = 5 V, f = 60 kHz, tDEP = 5 sec) as seen in Figure 6-15. As 

shown in the energy level diagram (Figure 6-12b), hole injection occurs from the Fermi 

level (EF) of the gold electrode to the highest occupied molecular orbital (HOMO) of P3HT. 

The energy barrier between the EF of the gold electrode and the HOMO of the two NFAs 

should be large enough to not be overcome even if they might present ambipolar 

transport.[237] To confirm these assumptions, and verify if the injection and the extraction of 

the holes is only happening through the P3HT, eh-IDTBR and o-IDTBR pure nanoparticles 

were inserted in the nano-gap devices as a control test and I-V characterisation was 

performed. As a result, no current above the noise level was extracted (Figure 6-16), 
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confirming either the lack of hole injection through the two NFAs or their poor ability to 

transport holes. 

 

 

Figure 6-15: SEM images of the nanogap device with L = 100 nm and W = 2.5 µm after the 

dielectrophoresis step and filled with (a) P3HT NPs, (b) P3HT:eh-IDTBR NPs and (c) P3HT:o-IDTBR 

NPs (scale bars: 1 µm). 

 

 

Figure 6-16: I-V characteristic of o-IDTBR pure nanoparticles in nanogap structure. 

 

 

In Figure 6-17a the I-V characteristics in logarithmic scales of nanogap devices with 

either pure P3HT nanoparticles and the two blend nanoparticles (P3HT:o-IDTBR and 

P3HT:eh-IDTBR) are presented. One can observe from the log(I)-log(V) plots two distinct 

regimes. Similarly to what was previously observed for trapezoid and rectangular 

electrodes with P3HT nanoparticles, at low electric field (V ≤ 0.2 V) the first regime 

corresponds to the ohmic regime (slope of 1), thus confirming an ohmic injection and 

extraction for the holes, and ticking an important assumption for the use of the SCLC 

theory.[238] The second regime is seen at higher electric field (V ≥ 1 V) for each nanoparticle 
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system and is associated to the SCLC regime where the current depends quadratically on 

the applied voltage. 

 
Figure 6-17: I-V characteristics plotted in logarithmic scales of P3HT, P3HT:o-IDTBR and P3HT:eh-

IDTBR nanoparticles with their ohmic region fit (black dashed line) and SCLC region fit (black solid 

line). Figure (b) is showing the resulting hole mobility extracted at the forward and reverse bias. 

 

Table 6-2: Summary of the µh+ for P3HT, P3HT:o-IDTBR and P3HT:eh-IDTBR nanoparticles 

Nanoparticle system 

µh+ (cm² V-1 s-1) error (cm² V-1 s-1) 

forward reverse forward reverse 

P3HT 4.5 × 10-3 4.4 × 10-3 ± 1.2 × 10-3 ± 0.6 × 10-3 

P3HT:o-IDTBR 2.3 × 10-3 2.6 × 10-3 ± 0.4 × 10-3 ± 0.2 × 10-3 

P3HT:eh-IDTBR 1.2 × 10-3 1.5 × 10-3 ± 0.2 × 10-3 ± 0.4 × 10-3 

 

For P3HT:eh-IDTBR and P3HT:o-IDTBR, a hole mobility (forward bias) of 1.2 ± 0.4 

10-3 cm² V-1 s-1 and 2.3 ± 0.2 10-3 cm² V-1 s-1 respectively was calculated, whereas a hole 

mobility of 4.5 ± 1.2 10-3 cm² V-1 s-1 is obtained for pure P3HT NPs. These results first 

confirm that the addition of the acceptor slightly disturbs the hole transport in the composite 

nanoparticles, the mobility decreasing by half compared to pure P3HT NP. In addition, this 

analysis can help understanding the possible impact on the hole mobility induced by a 

change of polymer content in the shell of the composite nanoparticles. However, only a 

very slight increase in the hole mobility in forward bias is observed for P3HT:o-IDTBR 

nanoparticles compared to P3HT:eh-IDTBR nanoparticles. Considering also the error 

calculated on the mobilities, these result suggest that the NP morphology and the P3HT 
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content in the shell (60% in P3HT:o-IDTBR NPs / 40% in P3HT:eh-IDTBR NPs) have no 

significant impact on the hole mobilities in P3HT:IDTBR composite nanoparticles. Even a 

limited amount of P3HT in the shell (here 40% for P3HT:eh-IDTBR NPs) is enough to 

transport holes efficiently through the nanoparticle. 

 

6.6.4 P3HT:o-/eh-IDTBR nanoparticles solar cells 

 

OPV devices prepared from P3HT:eh-IDTBR and P3HT:o-IDTBR nanoparticles 

dispersion concentrated at 60 mg ml-1 have been prepared as well as their control devices 

made with a solution of CB concentrated at 24 mg ml-1. For the np-BHJ solar cells, the 

dispersion has been spin-coated onto ZnO at a speed of 3000 rpm for 60 sec. The resulting 

nanoparticulate layers were then annealed at an optimal temperature of 130 °C for 5 min. 

The reference BHJ devices were formed by spin-coating at a rotation speed of 800 rpm for 

60 sec and subsequently annealed at 100°C for 10 min. More details about the solar cell 

fabrication protocol can be found in Methods. 

Modest performances were obtained with power conversion efficiencies (PCE) of 

1.86% and 1.62% for devices with P3HT:o-IDTBR and P3HT:eh-IDTBR respectively 

obtained for 130°C thermal annealing temperature. Increasing it up to 150°C led to a 

decrease of the performances of the devices down to 1.05% for P3HT:o-IDTBR. It has been 

shown that when nanoparticles are synthesised by mini-emulsion technique, the thermal 

annealing temperature necessary to achieve the nanoparticles sintering and reach optimal 

performances can be quite high, up to 200°C. However, concomitantly, phase segregation 

between the donor and the acceptor phase can also occur at such high temperature. One 

can suggest that for P3HT:IDTBR nanoparticles based active layer, a thermal annealing 

temperature of 130°C is not enough to efficiently sinter the nanoparticle but temperature 

above 130°C promotes large phase segregation leading to a drop of efficiency. In addition, 

two different nanoparticle diameters have been synthesised to assess its impact on the 

water-based OPV devices. Small nanoparticles diameter of around 53 nm and larger ones 

of 74 nm have been made for the two composite nanoparticles. For both donor:acceptor 

systems, having smaller nanoparticles enhanced the performances with a significant 

increase of VOC and FF (Table 6-3 & Figure 6-18). Interestingly, this is even more evident 

for P3HT:o-IDTBR nanoparticles. The NFA in this system shows high crystallinity upon 
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thermal annealing. Decreasing the nanoparticle size of P3HT:o-IDTBR is suspected to 

weakened the high crystallinity of o-IDTBR,[239] which can positively impact the VOC and 

FF.[240] With such kind of NP size optimisation, optimal performances up to 1.86% PCE was 

achieved for P3HT:o-IDTBR OPV devices fabricated from water-based colloidal inks. 

Control devices fabricated from organic solvent have also been prepared as a comparison 

(Figure 6-18c). 

 

 
Figure 6-18: (a) J-V characteristics of OPV devices with active layers fabricated P3HT:o-IDTBR and 

eh-IDTBR from water-based nanoparticles inks with varying the nanoparticles diameter and (b) the 

DLS measurements of the nanoparticles (c) J-V and (d) EQE characteristics of OPV devices with 

active layers fabricated from P3HT:o-IDTBR and eh-IDTBR water-based nanoparticles inks (np-BHJ) 

and from organic solvents inks (BHJ). 
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Table 6-3: Average OPV performances of P3HT:o-IDTBR and P3HT:eh-IDTBR np-BHJ 

(thickness = 230 nm) extracted from a minimum of 8 devices with different nanoparticles diameter. 

Performances of control devices P3HT:o-IDTBR and P3HT:eh-IDTBR BHJ (thickness = 130 nm) are 

also shown. 

 NPs size (nm) JSC (mA cm-2) VOC (V) FF PCE (%) 

P3HT:o-IDTBR 

np-BHJ 

78 7.36 ± 0.21 0.38 ± 0.02 0.51 ± 0.02 1.43 ± 0.14 

52 7.90 ± 0.17 0.43 ± 0.01 0.55 ± 0.01 1.86 ± 0.10 

P3HT:o-IDTBR 

BHJ 
/ 13.19 ± 0.15 0.71 ± 0.01 0.62 ± 0.05 5.8 ± 0.40 

P3HT:eh-IDTBR 

np-BHJ 

78 6.64 ± 0.20 0.43 ± 0.01 0.53 ± 0.00 1.52 ± 0.04 

54 6.43 ± 0.17 0.46 ± 0.01 0.55 ± 0.01 1.62 ± 0.27 

P3HT:eh-IDTBR 

BHJ 
/ 11.17 ± 0.76 0.72 ± 0.02 0.53 ± 0.03 4.21 ± 0.19 

 

The devices fabricated from water suffer from very low Voc compared to the 

reference fabricated from organic solvent, with a loss of 260 to 280 mV. A possible 

explanation for the large difference in VOC could be the higher crystallinity of the acceptor 

and/or the donor in the case of nanoparticle-based thin films. UV-visible absorbance 

spectra of P3HT:eh-IDTBR and P3HT:o-IDTBR films deposited with chloroform and water 

are shown in Figure 6-19. The thin film made of nanoparticles present sharper and more 

intense red-shifted vibronic peaks which could indicate higher crystallinity of both the donor 

and the acceptor, compared to that of thin film processed from organic solvent. The 

formation of large crystalline domains of either donor and acceptor has already been shown 

to decrease the energy of the charge transfer state (ECT) and, as a consequence, the VOC. 

Decrease of 100 to 150 mV of the VOC have been reported upon crystallisation of PCBM 

and P3HT respectively.[173,241] Another explanation might come from the difference of 

crystallisation between the donor and the acceptor which was found to increase the non-

radiative energy loss (ΔVOC non-rad) and thus reduce the VOC.[242,243] In particular, such 

mechanism has been observed when increasing the crystallinity of o-IDTBR with respect to 

the donor material, thus reducing the VOC of 100 mV due to non-radiative recombination. 

The strong aggregation of the donor and/or the acceptor could result in a strong decrease 

of the ECT or an increase of ΔVOC non-rad, and as a consequence, explain the drop of 

260-280 mV in VOC. More investigations are necessary to confirm (or infirm) this hypothesis 

and gain understandings on the VOC loss in water-processed OPV devices. In addition, we 
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compared our results with the literature, Xie et al. fabricated OPV devices based on 

P3HT:o-IDTBR nanoparticles prepared by mini-emulsion. These researchers reported 

higher performances, with 2.53% PCE.[74] The lower PCE obtained in our study is mainly 

due to a significant decrease of the VOC, 430 mV for this study compared to 750 mV reported 

by Xie et al. Several hypotheses could explain such discrepancy. First, it has been shown 

that the P3HT molar mass can impact the VOC of P3HT-based nanoparticles OPV 

devices.[160] Moreover, as mentioned before, higher crystallinity of either P3HT or IDTBR 

molecules could also be the reason of such decrease, as aggregation of donor and/or 

acceptor has been shown to lead to VOC losses. Nevertheless, when comparing 

P3HT:eh-IDTBR and P3HT:o-IDTBR devices prepared for water-based nanoparticles 

dispersions annealed at 130°C, no significant difference is observed in the performances 

of the devices, with 1.62% and 1.86% PCE respectively. In particular, the fill factor, 

particularly sensitive to charge transport, is identical for both kind of active layer: 0.55 for 

P3HT:eh-IDTBR and P3HT:o-IDTBR. Such result can be related to the hole mobilities 

obtained using nanogap devices in which no significant difference in hole transport has 

been observed between the two kind of particles, 1.2 10-3 cm² V-1 s-1 and 2.3 10-3 cm² V-1 s-1 

for P3HT:eh-IDTBR and P3HT:o-IDTBR nanoparticles respectively. 

 

 

Figure 6-19: UV-vis absorbance spectra of (a) P3HT:eh-IDTBR and (b) P3HT:o-IDTBR films 

deposited from chloroform (dark blue) and water (light blue). 
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 Conclusion of chapter 6 

 

Devices with nanogap electrodes have been developed in which either pure donor 

NP (P3HT) or composite NP (P3HT:eh-IDTBR and P3HT:o-IDTBR) have been inserted using 

dielectrophoresis technique. It resulted in planar organic nanojunctions, from which we 

managed to extract hole mobilities. The analysis showed that the hole mobility in composite 

P3HT:IDTBR nanoparticles decreases by a factor two compared to pure P3HT NP. 

However, no significant difference was observed between the two kind of composite 

nanoparticles (P3HT:eh-IDTBR and P3HT:o-IDTBR) although the proportion of P3HT in their 

shell was different. It suggests that conduction pathways for the positive charges could be 

efficiently found even for proportion as low as 40%. Such similarity in the charge transport 

at the nanoscale could also be observed on OPV devices with active layers made of either 

P3HT:eh-IDTBR and P3HT:o-IDTBR NP (from water-based inks). Indeed, similar 

photovoltaic performances was measured in both cases with 1.62% and 1.86% PCE 

respectively. To conclude, this study helped to create a link between the performances of 

macro-scale OPV devices and the properties at the nanoscale of organic semiconductor 

nanoparticles. This development also opens the route to widen the understandings of the 

nanoscale properties of organic semiconductor nanoparticles using nanoscale devices 

such as organic nano-junctions. 
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Chapter 7  
 

Conclusion and outlook 
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 Conclusion 

 

The successful development of water-processed organic solar cells in this work was 

made possible through a meticulous optimisation of the nanoparticulate layer formation. 

Forming homogenous and pin-hole free layers with an aqueous dispersion is challenging, 

and this work has laid the foundations to control this coating process via spin-coating. Such 

an outcome allowed us to progress in our understanding of the OPV performances 

achieved with different kind of organic semiconductor nanoparticles.  

  This work has demonstrated how the surface energies of the donor and acceptor 

material play a major role in the formation of a composite nanoparticle synthesised with the 

mini-emulsion method. In particular, the interfacial energy between the donor and acceptor 

influences the internal morphology of nanoparticles, as well as the conditions to process a 

nanoparticulate film. Achieving intricately mixed nano-domains was made possible through 

the surface energy matching of PTQ10 and Y6, resulting in a low interfacial energy system. 

Upon an optimised thermal treatment, this closely mixed morphology was found to be 

maintained while merging the nanoparticles to form a layer with transport pathways. When 

Y6 was replaced with other acceptors, PC61BM or IDIC, having a higher interfacial energy 

with PTQ10, the phase separation inside the nanoparticle increased, giving rise to a core-

shell-like morphology. However, the impact of the lower interfacial energy of PTQ10:IDIC 

as compared to PTQ10:PC61BM could be observed via a much better photo-conversion 

achieved by the IDIC-based nanoparticle devices. Yet core-shell, PTQ10:IDIC nanoparticles 

showed a more intermixed shell and core than PTQ10:PC61BM nanoparticles due to a lower 

donor/acceptor interfacial energy. 

Nonetheless, this interfacial energy concept has shown its limits when the alkyl side 

chain of Y6 were elongated to Y12. When the latter was associated with PTQ10, the 

resulting composite nanoparticles formed a core-shell-like morphology with highly 

crystalline Y12 rich-core.  Although the reason for the morphological contrast between a 

Y6 and Y12-based nanoparticle is yet not totally clear, this contrast is surely the cause of 

the different behaviours upon thermal annealing. The optimal temperature for PTQ10:Y12 

np-BHJ (150 °C) was much lower than the one for PTQ10:Y6 np-BHJ (200 °C) approaching 

acceptable temperature ranges for industrialisation. Based on these results, the study has 

been extended to the donor polymer material, where the alkyl side chain length has shown 
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a similar influence on the processing of the nanoparticulate film. By switching from a 

polymer with short side chains (FO4-T) to a polymer with longer side chains (FO8-T), it was 

possible to consider lower temperatures to achieve similar and even higher efficiencies that 

those obtained with the FO4-T. Doing so, water-processed organic solar cells based on 

nanoparticles prepared with the mini-emulsion have for the first time shown an efficiency 

surpassing the 10 % power conversion efficiency milestone. 

 

With the aim of establishing a direct link between the nanomorphology and the 

charge transport inside a nanoparticle, the development of nano-gap devices has been 

carried out. The dielectrophoresis force has been showed to be a great tool for the precise 

trapping of nanoparticle inside a sub-micrometre gap. The study of IDTBR-based core-shell 

nanoparticles having different spatial distribution has shown that the shell composition does 

not have an important influence neither on the mobility of the charge carriers in the 

nanoparticle nor on the final OPV performances of the water-processed devices. 

 

 Outlook 

 

Although much efforts have been made to form thin films with nanoparticle 

dispersions with a good coating, this process induces a lot of variability, which has led to 

time and materials consumption. The spin coating is a technique that has some parameters 

set by the operator’s motions (speed of the dispense, height from the substrate, angle of 

the micro-pipette) which are relatively hard to control precisely.  These parameters are 

impacting greatly the quality of the coating, especially in the case of water-based inks, and 

small variations could lead to a non-working device due to dewetting and aggregates 

formation. Therefore, moving on to techniques such as blade coating and slot-die coating 

could allow the precise optimisation and setting of each deposition parameters, and lead to 

a better reproducibility. Indeed, it is important to continue advancing toward a better control 

of this nanoparticulate layer formation, in order to render this process more compatible with 

this upscaling. To continue towards the improvement of the nanoparticulate thin film 

formation, different treatments other than UV-O3 should be investigated on the ZnO surface 

in order to favour the coating of the aqueous ink. In particular, the use of a self-assembled 

monolayer (SAM) could be a good way to tune the surface properties of a surface. Although 
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SAMs often present a hydrophobicity propriety, some molecules can have a hydrophilic 

head group such as 3-aminopropanoic acid (C3-SAM) with its −NH2 hydrophilic head group 

or [3-(N,N-dimethylamino)propyl]trimethoxysilane (NTMS-SAM) with its amine group. The 

former has been shown to be a good ETL modifier, and the latter to favour the unipolar 

behaviour of a n-type OFET.[244,245] The option of changing the ZnO layer with another 

electron transport layer is also to be considered, as the former is showing a hydrophobic 

surface. 

Along this PhD work, an interesting observation was made on devices prepared with 

Y6-based nanoparticles. As shown in Figure 7-1, every water-processed organic solar cell 

prepared with Y6-base system experienced a notable Voc loss (80 – 140 mV) as compared 

to the same system but prepared with organic solvents. When using other acceptors, no 

Voc loss was noted between the two process. Therefore, it seems that forming 

nanoparticles from Y6 induces a change in some energetic levels which is directly seen on 

the measured Voc. Some preliminary investigations have been performed to probe the 

origin of such a loss. In particular, the presence of lower CT states could explain this loss 

as well as a broadening of the Y6 LUMO density of state. Future works would be helpful to 

properly understand the origin of this loss in order to find strategies to reduce it.  

 

Figure 7-1: Open-circuit voltage of different water-processed devices (np-BHJ) and their organic 

solvent-processed counterparts (BHJ). 
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Thanks to this work, we have opened the door to the role and impact of the chemical 

structure on the formation and processing of composite nanoparticles. In particular, the 

Chapter 5 and its promising results coming from the elongation of the side chains length 

of both donor (FO8-T) and acceptor (Y12) is expecting to be continued to acquire deeper 

understandings. Morphological analysis such as GIWAXS combined with DSC 

measurements could further throw some light on the impact of the side chain length on the 

molecular arrangement of the blend upon different annealing temperature. The use of such 

data could guide the community in the optimisation of these nanoparticle system, as well 

as in the choice of new materials to simultaneously decrease the annealing temperature 

while achieving high efficiencies. In addition to side chains, the impact of other chemical 

groups should be investigated such as end-groups of both donor and acceptor materials, 

as well the acceptor fused-ring skeleton. 

It is worth noting that the use of additives during the nanoparticle formation has 

rarely been explored in the community. When looking at the highest PCE (11 %) reported 

in the literature achieved by Xie et al., such results has been obtained thanks to DIO as an 

additive in the organic phase.[73] Even though this solvent it not the best example in term of 

sustainability (high toxicity) and is known to impact long-term ageing of solar cells[246], its 

impact on the morphology demonstrates the advantage of additives for nanoparticles 

formation. In the case of the mini-emulsion, additives could be beneficial to facilitate the 

processing of the highly crystalline nanoparticles. This strategy has been explored for 

organic solvent-processed OPV to regulate the crystal nucleation and crystal growth of 

Y6.[247,248] While additives could help softening nanoparticles for better processability, their 

role in the phase separation during the nanoparticle formation should be investigated. 

Indeed, additives might be a good way to tune the different surface energy involved in the 

arrangement of the materials within the nanoparticles. Further pushing the concept of solid 

additive, ternary blended nanoparticles can be seen as the next big investigation. For 

solvent-processed OPV, this ternary strategy is currently giving the best efficiencies 

reported in the literature as it allows a broader spectral coverage as well as an energy 

cascade alignment that improves the charge separation and transport.[249] The interest for 

ternary organic solar cells also comes from the possibility of regulating the morphology 

(crystallinity, phase separation, molecular orientation…).[250] Therefore, the internal 

morphology of a binary blended nanoparticle could be greatly influenced upon the addition 
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of a third component, with the aim of cancelling the large phase separation inside the 

nanoparticle and during the annealing of the film while sintering the nanoparticles. 

The following Figure 7-2 aimed to place this work within the stat-of-the-art of the 

water-processed OPV. Undeniably, our results demonstrate the capacity of the 

mini-emulsion method to produce nanoparticles that can compete with the ones produced 

with the nanoprecipitation despite the use of an anionic surfactant. With our contribution to 

the encouraging trend showing the increasing of the efficiency over the years, we hope to 

see again a fresh momentum in the community. 

 

 
Figure 7-2: Evolution of the PCE obtained from water-based organic solar cells (this work 

included) prepared via different method over the years. 
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1. Materials 

 

The following section is listed the materials used during my PhD thesis:  

Chloroform (≥99%),1,2,4-trimethylbenzene TMB (≥98%), ethanolamine (≥99.5%), 

ethanol (≥99.8%), zinc acetate dihydrate, sodium dodecyl sulfate (SDS), sodium dodecyl 

benzene sulfonate (SDBS), trichloro(octadecyl)silane (OTS) and Pluronic F127 were 

purchased from Sigma Aldrich. 1H,1H,2H,2H-perfluorodecyltrichlorosilane (FDTS) and 

phenethyltrichlorosilane (PETS) were purchased from Tokyo Chemical Industry. MoO3 

powder was purchased from NEYCO. Deionised water was obtained from a PURELAB Flex 

system (≈15 MΩ). PTQ10 (Mw = 60 kDa), Y6 and Y12 were purchased from Brillant Matters. 

P3HT (MW = 53 kDa) and PC61BM were purchased from Solaris Chem Inc. o-IDTBR and eh-

IDTBR were purchased from 1-Material. IDIC was purchased from Ossila. The donor 

polymers FO4-T, FO6-T and FO8-T were prepared by Dr. Martina Rimmele following the 

procedure reported in the article from Rimmele et al.[251] All the materials were used as 

received without further purification 

 

2. Nanoparticles fabrication 

 

Unless otherwise specified, here is described the synthesis of nanoparticles via the 

mini-emulsion method reported by Landfester et al.[91,140]: For the preparation of the organic 

and aqueous phase, the reader is referred to the section of interest. A macro-emulsion is 

then obtained by adding the organic phase into the aqueous phase (1:5 volume ratio) and 

stirred for 1 h at 40 °C (1000 rpm). The mini-emulsion dispersion was formed by sonicating 

the macro-emulsion using a BRANSON Digital Sonifier 450 in an ice-water bath for 2 min. 

Once the sonification done, chloroform evaporation was done by stirring the mini-emulsion 

for a minimum of 3 h at 65 °C. Centrifugal dialysis was carried out by using Amicon Ultra-15 

centrifuge filter (cut-off 100 kDa) and Hettich Universal 320 centrifugal. Four centrifugation 

cycles were done at 2200 rpm for 9 min. The retentate was raised to 15 ml with deionised 

water between each step. Final aqueous dispersions were obtained with a concentration 

adjusted to the desire concentration of active materials. 
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3. Devices fabrication 

 

3.1.  Organic solar cells 

 

Organic solar cells were fabricated with an inverted architecture glass/ITO/ZnO/ 

active layer/MoO3/Ag, where ZnO and MoO3 were used as electron transport (ETL) and 

hole transport (HTL) interlayer, respectively. The ITO covered glasses (1.5 x 1.5 cm², 

10 Ω sq-1, VisionTek) were cleaned by sequential ultrasonic treatments: diluted soap 

Hellmanex™ III, deionised water and isopropanol. The ZnO precursor solution was 

prepared by mixing zinc acetate dihydrate (165 mg) and ethanolamine (90 µl) with ultrapure 

ethanol (5 ml). The solution was then stirred at 55 °C in air for 30 min and left at room 

temperature under continuous stirring prior to deposition. Before depositing the ETL, the 

substrates were dried and treated by UV-ozone for 15 min. ZnO precursor solution was 

then spin-coated to form 40 nm thin films. The substrates were then thermally annealed in 

air at 180 °C for 30 min. For np-BHJ active layers, substrates were treated by UV-ozone for 

20 min before deposition in order to increase the hydrophilicity of the surface. The np-BHJ 

active layers were obtained by spin coating on ZnO-covered substrates the nanoparticle 

dispersions with variable rotation speed. For BHJ active layers, deposited from organic 

solvents, the details are shown in each chapter depending of the donor:acceptor system. 

Afterwards, for both type of devices (water-processed and organic solvent-processed) 

vacuum evaporation (P = 10-6 mbar) was used to deposit HTL MoO3 (7 nm thick with a rate 

of 0.5 Å s-1) and electrode Ag (80 nm thick with a rate of 2 Å s-1). The area of OPV devices 

was set by the shadow mask at 10.5 mm2 and the pattern is shown in Figure M0-1. 

 

Figure M0-1: Structure of an OPV cell fabricated at the IMS laboratory during this PhD work.  
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3.2.  Nano-gap devices  

 

The nano-gap electrodes were fabricated on Si/SiO2 substrates. Prior the deposition of 

the e-beam lithography resist polymethyl methacrylate (PMMA), the substrates were 

cleaned by sequential ultrasonic treatments: acetone and isopropanol. Consecutively, the 

substrates were dried for 10 min at 110°C in an oven containing Ar flow. A solution of PMMA 

in anisole (wt% 6) was spin coated onto the substrate at 4000 rpm for 50 sec resulting in a 

300 nm thick PMMA layer. PMMA resist film was then dried for 5 min at 180°C in an oven 

containing Ar flow. Subsequently, the e-beam lithography JEOL JBX-6300SG was used to 

transfer the pre-defined pattern of the nano-gap electrode onto the substrate, employing 

the current of 300pA and accelerating voltage of 100kV. The dose value used in writing 

process was 1100C cm-2. Next, the exposed pattern was developed by immersion in 

MIBK:IPA (1:3) solution for 45 sec, and then rinsed in IPA for 30 sec, followed by drying in 

a N2 flow. Metal deposition was carried out using e-beam evaporation of Ti/Au (10/50 nm). 

Subsequently, the lift-off for e-beam evaporated metal electrodes was performed in hot 

acetone followed by IPA rinsing and N2 drying. In order to performed electrical 

characterisation using a probe station, the nano-gap electrodes were extended by using 

photolithography with the Karl Suss MA6 Mask Aligner and thermal evaporation of Ti/Au 

(10/50 nm).  

 

4. Nanoparticles and films characterisation 

 

4.1. UV-visible absorption spectroscopy 

 

UV–visible–NIR absorption spectra were acquired on a Jasco V-570 or Shimadzu 

UV-3600 Plus spectrophotometer from 300 to 1000 nm with 0.5 nm step. For the 

measurements of dispersions, the nanoparticle inks were diluted in D.I. water in a 4-sided 

quartz cuvette with 1 cm optical path. The blank was done using D.I. water in the same type 

of cuvette. For the absorbance of thin-films, the solution or dispersion were spin coated 

onto a clean glass substrate and the blank was done using the same substrate.  
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4.2. Photoluminescence (PL) spectroscopy  

 

PL emission spectra were acquired on a Jasco FP-8700 spectrophotometer 

(Chapter 4 & 5) and on a Photon Technology International Quantmaster 40 setup (Chapter 

3). Excitation wavelength was set at an energy within the absorption range of the material 

of interest, and the emission was recorded up to 1400 nm with a step of 1 nm and a scan 

speed of 100 nm min−1. The nanoparticle inks were diluted in water in a 4-sided quartz 

cuvette with 1 cm optical path and the absorbance at the excitation wavelength was set at 

0.3 a.u. 

 

4.3. Atomic force microscopy (AFM) 

 

During this PhD work, I used the Bruker Innova AFM to record the height and phase 

images in tapping mode. Oxford Instruments cantilevers with 160 microns lengths were 

used (AC-160-TS) were used at their resonant frequency (around 300 kHz). Scan speed 

was set between 0.7 and 1 Hz with a resolution of 512 or 1024 lines/image was used. 

 

4.4. Scanning electron microscopy (SEM) 

 

The SEM images were collected with a Hitachi SU8000 field emission scanning 

electron microscope by setting the accelerating voltage at 3 kV with an emission current of 

5 µA. For the images of the nano-gap electrodes, a conductive carbon tape was placed on 

one side of each electrodes in order to extract the excess of electron induced by the beam. 

 

4.5. Cryo Transmission electron microscopy (Cryo-TEM) 

 

Prior imaging the particles, the vitrification of the samples was carried out in a 

homemade vitrification system. The chamber was maintained at 22 °C, and the relative 

humidity was 80 %. A 5 μL drop of the sample was deposited onto a lacey carbon film 

covered with a 300 mesh Cu grid (Ted Pella) rendered hydrophilic using an ELMO glow 

discharge unit (Cordouan Technologies, Pessac, France). The grid was automatically 
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blotted to form a thin film and plunged in liquid ethane at −190 °C, as maintained by liquid 

nitrogen. Thus, a vitrified film was obtained in which the native structure of the vesicles was 

preserved. The grid was mounted onto a cryo holder (Gatan 626-Pleasanton, CA, USA) and 

observed under low-dose conditions (10 e A-2) in a Tecnai G2 microscope (FEI, Eindhoven, 

Netherlands) at 200 kV. Images were acquired using an Eagle slow scan CCD camera (FEI). 

4.6. X-ray spectromicroscopy 

 

 The STXM characterisation of the internal morphology of the nanoparticles 

presented in this work were performed at two different synchrotron beamlines: the PolLux 

beam line (X07DA) at the Swiss Light Source (SLS) (Villigen, Switzerland), and the Polymer 

STXM 5.3.2.2 beamline of the Advanced Light Source (ALS) (Berkeley, USA).[252,253] 

Second- and third-order light was removed, at the SLS, by an order sorting aperture and 

higher order suppressor and at the ALS by an order sorting aperture and an N2 gas filter. 

The transmitted X-ray beam was detected by a scintillator and a photomultiplier tube. The 

STXM Fresnel zone plate (Ni at SLS, Au at ALS) had an outer most zone width of 25 nm, 

setting the spatial resolution limit of the measurement. 

 

4.6.1. Near-edge X-Ray absorption fine structure (NEXAFS) 

 

 The NEXAFS spectroscopy is a powerful tool to extract the X-ray fingerprint 

absorption spectrum of each component of a blend system. In our case, with organic 

materials, the carbon K-edge is the most important absorption edge and it requires to 

operate with X-ray energies around 285 eV.  The different spectral features obtained in this 

region correspond to the transition of a carbon core 1s electron to an antibonding state (π* 

or σ*). Different transitions are possible depending on the chemical bonding environments 

of carbon atoms, which are specific to each material. Therefore, such a measurement 

needs to be performed on pristine films of each organic semiconductor material. The latter 

were prepared by spin coating chloroform or chlorobenzene solutions of each material onto 

PEDOT:PSS (Clevios PH from Heraeus) coated glass substrates. 2×2 mm2 sections were 

scored on the films using a scalpel, followed by floating off the film sections onto a deionised 

water surface, which was made possible by dissolving the PEDOT:PSS sacrificial layer 

under the semiconductor material films. 2×2 mm2 film sections were subsequently collected 
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onto 300 mesh Cu grids (20 μmbar, 63 μm hole and 3 mm diameter, purchased from 

ProSciTech Pty. Ltd.) as shown in Figure M2. Samples were air dried at room temperature. 

NEXAFS lines scans were performed for each pristine material film, and the energy of the 

X-ray beam was varied between 278 and 390 eV, spanning the carbon K-edge region. 

Orthogonal energies for later STXM mapping were selected by overlaying NEXAFS spectra 

of each donor:acceptor material combination. 

 

 
Figure M2: Section of a thin film floated off onto the mesh copper grid for NEXAFS linescan. 

 

 

4.6.2. Scanning transmission X-ray microscopy (STXM) 

 

 For STXM measurements, composite nanoparticle samples were prepared for by 

spin coating 2.5 μL of aqueous dispersions (< 10 mg ml-1) onto low stress silicon nitride 

(Si3N4) membrane windows (window dimensions 1×1 mm2, window thickness 30 nm, silicon 

frame dimensions 5×5 mm2, purchased from Silson, UK) at 3000 rpm, 1 min, low 

acceleration. These conditions were set in order to obtain a nanoparticle monolayer. Next, 

the resulting samples were loaded in the STXM sample chamber and a zone of interest was 

selected by performing an image scan at 290 eV (Figure M3). Then, the selected 

orthogonal energies were successively used and their corresponding image scan were 

obtained. Singular value decomposition (SVD) was used to fit a sum of the pristine material 

NEXAFS spectra to the measured blend spectrum of the nanoparticles, at each pixel in the 

STXM images. Prior to singular value decomposition (SVD) fitting, the pristine material 

NEXAFS spectra were normalised to film thickness. The method of reference spectrum 

normalisation involves dividing the real spectrum by a theoretical spectrum calculated 

based on the material’s chemical formula using henke.lbl.gov/optical_constants/filter, in 

7746

1 12
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order to convert the absorbance spectrum into the mass absorption coefficient. The 

aXis2000 package (unicorn.mcmaster.ca/aXis2000.html) was used to perform image 

analysis of STXM maps. Correlative TEM was used post-STXM to reimage the same 

nanoparticles for collecting position-matched micrographs. The Si3N4 membrane 

substrates with deposited nanoparticles were transported back to the University of Sydney 

(Australia) to measure TEM on a JEOL JEM-1400 at an accelerating voltage of 120 kV, 

using a Norcada custom TEM holder for Si3N4 membrane substrates (NTS-J-NX5-001). 

 

 
Figure M3: Si3N4 membrane substrates with deposited nanoparticles and an example of a region 

of interest.  

 

 

4.7. Thermal gravimetric analysis (TGA) 

 

TGA was performed on a TGA 2, Mettler Toledo STAR system with a heating rate 

of 10 °C min−1 under nitrogen atmosphere. The nanoparticle dispersions were first 

freeze-dried using a CRIOS-80, Cryotec in order to remove the aqueous dispersant. The 

nanoparticles were then recovered in an alumina crucible and characterised in TGA. For 

the sample annealed prior to any characterisation, annealing was performed directly inside 

of the crucible in glove box for 2 and 5 min. 
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4.8. Differential scanning calorimetry (DSC) 

 

DSC measurements were per formed on a DSC 3, Mettler Toledo STAR system 

under a nitrogen atmosphere. For each sample, the temperature was increased from 25 to 

200 °C at 10 °C min−1, then cooled down to 25 °C following the same ramp. This process 

was repeated for a second cycle. For PTQ10:Y6 nanoparticles, only one cycle was 

performed, representative of the processing conditions used during device preparation. 

 

4.9. Contact angle 

 

The surface energies of the different materials were determined using a Krüss DSA 100 

goniometer by the method proposed by Wu et al.[165] based on the contact angle 

measurements of two different liquids on the substrate surface at 20 °C in static mode. The 

results correspond to the mean of at least 3 measurements. 

 

5. Electrical characterisations 

 

5.1.  Current-Voltage measurement of the OPV cells 

 

To extract the photovoltaic parameters, a solar simulator using a xenon source and 

AM1.5G filters (Newport LCS-100) was used. The spectrum of the lamp is plotted in Figure 

M4 and is over plotted with the theoretical AM1.5G spectrum for comparison. The light 

intensity of the lamp was set at 100 mW cm-2 (1 sun) using a calibrated silicon reference 

cell from Newport Co. The J–V curves were recorded in the dark and under 1 sun with 

single voltage sweeps from -1 V to +1 V using a Keithley 2400 source meter unit, and 

parameters were directly extracted via a LabVIEW program based in the equation 

presented in Chapter 1. J–V characterisation was done in a nitrogen-filled glovebox at 

room temperature. Stability test was performed under continuous light illumination (xenon 

source, UV filter with cut-off at 400 nm, 100 mW cm-2) and under open-circuit voltage 

conditions. Prior every measurement, solar cells were exposed to light from the solar 

simulator for 20 sec in order to induce a “light soaking” effect. More specifically, the UV 
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region of the solar simulator spectrum acts as a photo-dopant for the ZnO layer (ETL) and 

greatly improves its conductivity through an electron traps passivation.[254],[255] This quick 

light soaking was found to be essential to minimise as possible the series resistance Rs. 

 

 

Figure M4: Emission spectrum of the solar simulator used in this work, as well as the reference 

AM1.5G spectrum. 

 

 

5.2.  External Quantum Efficiency measurement (EQE) 

 

EQE measurements were carried out using a PVE300 Photovoltaic EQE system 

from Bentham Co. EQE was performed in ambient atmosphere and all OPV devices were 

encapsulated to avoid any degradation. J–V curves were re-recorded afterward to verify 

the good encapsulation. A Silicon (300 nm – 900 nm) and a Germanium (900 nm – 1800 

nm) reference cells were used to create a data correction file (calibration). The JSC was 

calculated according the equation in Chapter 1.     

 

5.3.  Space Charge Limited Current measurement (SCLC) 

 

The nano-gap devices were measured in the dark and in air under a probe station 

and using an Agilent B1500A semiconductor device parameter analyser. Single voltage 

sweeps from -3 V to +3 V were done to extract the I-V curves of each device. The hole 
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mobilities of the different materials placed in the gap were extracted following the fitting 

and the equation defined in Chapter 5. 

 

5.4.  Light intensity measurement 

 

These linearity measurements were recorded by using a high-power green LED 

(528 nm) supplied by Intelligent LED Solutions, calibrated with a calibrated integrated 

sphere (Labsphere), and double checked with a silicon diode (Centronic Ltd). 

A Keithley 2604B dual channel source measure unit was used to power the LED, bias the 

photodetector and record data. All devices were shielded in a Faraday cage. 
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Glossary 

A.U.  Arbitrary Unit 

AFM  Atomic Force Microscopy 

Ag  Silver 

AM1.5G Air Mass 1.5 Global 

Au  Gold  

BHJ  Bulk Heterojunction 

D:A  Donor:Acceptor 

CM  Clausius-Mossotti 

DEP  Dielectrophoresis  

DLS  Dynamic Light Scattering  

DSC  Differential Scanning Calorimetry 

e-beam Electron beam 

ECT  Charge Transfer Energy 

Eg  Bandgap Energy 

eh-IDTBR (5Z)-3-Ethyl-2-sulfanylidene-5- [[4-[9,9,18,18-tetrakis(2-ethylhexyl)-15-[7-[(Z)-

(3-ethyl-4-oxo-2-sulfanylidene-1,3-thiazolidin-5-ylidene)methyl]-2,1,3-

benzothiadiazol-4-yl]-5,14-dithiapentacyclo[10.6.0.03,10.04,8.013,17]octadeca-

1(12),2,4(8),6,10,13(17),15-heptaen-6-yl]-2,1,3-benzothiadiazol-7-yl] 

methylidene]-1,3-thiazolidin-4-one 

EQE  External Quantum Efficiency 

ETL  Electron Transport Layer 

FDTS  1H,1H,2H,2H-perfluorodecyltrichlorosilane 

FF  Fill Factor 

HOMO  Highest Occupied Molecular Orbital 

HTL  Hole Transport Layer 

IDIC 2,2'-((2Z,2'Z)-((4,4,9,9-tetrahexyl-4,9-dihydro-s-indaceno[1,2-b:5,6-b'] 

dithiophene -2,7-diyl)bis(methanylylidene))bis(3-oxo-2,3-dihydro-1H-indene-

2,1-diylidene))dimalononitrile 

ITO  Indium Tin Oxide 

Jdark  Dark Current Density 

JMPP  Current Density at Maximum Power Point  
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JSC  Short Circuit Current Density 

Jph  Photo Current Density 

J-V  Current Density-Voltage 

L  Channel length 

LED  Light Emitted Diode 

LUMO  Lowest Unoccupied Molecular Orbital 

MoO3  Molybdenum Oxide 

NEXAFS Near Edge X-ray Absorption Spectroscopy 

NFA  Non-Fullerene Acceptor 

NP  Nanoparticle 

NREL  National Renewable Energy Laboratory 

o-IDTBR (5Z,5'Z)-5,5'-((7,7'-(4,4,9,9-tetraoctyl-4,9-dihydro-s-indaceno[1,2-b:5,6-b'] 

dithiophene-2,7-diyl)bis(benzo[c][1,2,5]thiadiazole-7,4-diyl)) bis 

(methanylylidene))bis(3-ethyl-2-thioxothiazolidin-4-one) 

OPV  Organic Photovoltaic 

OSC  Organic Semiconductor 

OTS  Octadecyltrichlorosilane 

P3HT  Poly(3-hexylthiophene-2,5-diyl) 

PMAX  Maximum Power Point 

PC61BM Phenyl-C61-Butyric-Acid-Methyl-Ester 

PCE  Power Conversion Efficiency 

PdI  Polydispersity Index 

PETS  Phenethyltrichlorosilane 

PMMA  Poly(methyl 2-methylpropenoate) 

PL  Photo Luminescence 

PTQ10  Poly[(thiophene)-alt-(6,7-difluoro-2-(2-hexyldecyloxy)quinoxaline)] 

PV  Photovoltaic 

PVT  Poly(1-vinyl-1,2,4-triazole) 

RT  Room Temperature 

RS  Series Resistance 

RS  Shunt Resistance 

SAM  Self-Assembled Monolayer 
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SCLC  Space Charge Limited Current 

SDS  Sodium Dodecyl Sulfate 

SEM  Scanning Electron Microscopy 

STXM  Scanning Transmission X-ray Microscopy 

TA  Thermal Annealing 

TEM  Transmission Electron Microscopy 

TGA  Thermo Gravimetry Analysis 

Ti  Titanium 

UV  Ultraviolet 

VMPP  Voltage at Maximum Power Point 

VPP  Peak-to-Peak Voltage 

VOC  Open-Circuit Voltage 

W  Channel width 

Y6 2,2'-((2Z,2'Z)-((12,13-bis(2-ethylhexyl)-3,9-diundecyl-12,13-

dihydro-[1,2,5]thiadiazolo[3,4-e]thieno[2",3’':4’,5']thieno[2',3':4,5]pyrrolo[3,2-

g]thieno[2',3':4,5]thieno[3,2-b]indole-2,10-diyl)bis(methanylylidene))bis(5,6-

difluoro-3-oxo-2,3-dihydro-1H-indene-2,1-diylidene))dimalononitrile 

Y12 2,2'-((2Z,2'Z)-((12,13-bis(2-butyloctyl)-3,9-diundecyl-12,13-

dihydro-[1,2,5]thiadiazolo[3,4-e]thieno[2",3’':4’,5']thieno[2',3':4,5]pyrrolo[3,2-

g]thieno[2',3':4,5]thieno[3,2-b]indole-2,10-diyl)bis(methanylylidene))bis(5,6-

difluoro-3-oxo-2,3-dihydro-1H-indene-2,1-diylidene))dimalononitrile 

ZnO  Zinc Oxide 

µh+  Hole mobility 
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Titre : Contrôle de la morphologie de nanoparticules de semi-conducteurs organiques pour des 

cellules solaires photovoltaïques fabriquées par encres aqueuses 

 

Résumé : Pour rendre le procédé de fabrication des cellules solaires organiques plus 

écoresponsable, l'utilisation de solvants toxiques doit être remplacée par une solution plus propre. 

Cette thèse aborde cette problématique en explorant l’utilisation de l'eau comme alternative. La 

stratégie pour surmonter cette contrainte consiste à former des nanoparticules à partir de ces 

matériaux, qui peuvent ainsi être dispersées dans l'eau. Deux méthodes principales sont utilisées 

dans la communauté pour obtenir de telles dispersions aqueuses : la mini-émulsion et la nano-

précipitation. Les nanoparticules synthétisées par cette dernière présentent une morphologie interne 

plus favorable entre les matériaux donneurs et accepteurs par rapport à la mini-émulsion. De ce fait, 

les cellules solaires fabriquées à base de dispersions aqueuses préparées par nano-précipitation 

montrent des rendements beaucoup plus élevés. Le travail entrepris dans cette thèse vise à 

comprendre et à surmonter les limitations liées à la morphologie interne des nanoparticules 

préparées par mini-émulsion. En particulier, nous avons étudié l'influence de l'énergie interfaciale 

entre les matériaux donneurs et accepteurs sur la morphologie interne des nanoparticules ainsi que 

la longueur des chaînes alkyles de polymères et petites molécules. Cette thèse a aussi exploré le 

lien entre la morphologie et le transport des porteurs de charges au sein des nanoparticules en 

développant dispositifs à canal nanométrique. Dans ces canaux, nous avons réussi à piéger des 

nanoparticules de type cœur-écorce à l’aide de la force diélectrophorétique. Ce résultat a montré 

que la morphologie des nanoparticules et la composition de l’écorce n'ont pas d'impact significatif ni 

sur la mobilité des charges dans les nanoparticules, ni sur les performances finales des cellules 

solaires. 

Mots-clés : Photovoltaïque, Organique, Nanoparticules, Morphologie, STXM, Nanotechnologie. 

 

 

Title: Control of organic semiconductor nanoparticles morphology for water-processable 

photovoltaic solar cells 

Abstract: In order to improve the sustainability of the organic photovoltaics, the use of toxic solvents 

for processing organic solar cells needs to be replaced by a cleaner alternative. The present thesis 

tackles this issue by exploring a way of replacing these solvents by water. The strategy is to form 

nanoparticles from these materials, that are thus able to be dispersed in water. Two main methods 

are employed in the community to obtain such an aqueous dispersion, the miniemulsion and the 

nanoprecipitation. Nanoparticles synthesised with the latter method are known to present a more 

favourable internal morphology between the donor and acceptor materials as compared to the 

former method. As a result, water-processable organic solar cells prepared from nanoprecipitation 

demonstrate much higher efficiencies. The work undertaken in this thesis aims to understand and 

overcome the limitations arising from the internal morphology of the nanoparticles prepared by 

miniemulsion. In particular, we studied the influence of the interfacial energy between the donor and 

acceptor material on the nanoparticle internal morphology as well as the length of the alkyl chains of 

polymers and small molecules. Moreover, this work explores the link between nanomorphology and 

charge transport within nanoparticles by developing nanogap devices. Dielectrophoresis force has 

been successfully used to insert core-shell nanoparticles in the nanogap. This result shows that 

nanoparticle morphology and shell composition do not have a dramatic impact on the charge mobility 

within the nanoparticle or the overall performance of the solar cells. 

Keywords: Photovoltaic, Organic, Nanoparticles, Morphology, STXM, Nanotechnology. 
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