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The kingdom of heaven is like a mustard seed, which a man took  

and planted in his field. Though it is the smallest of all seeds, yet  

when it grows, it is the largest of garden plants and becomes a  

tree, so that the birds come and perch in its branches (Gospel o  

Matthew  13,31-32)

Il regno dei cieli è simile a un granello di senape che un uomo  

prende e semina nel suo campo. Esso è  il più piccolo di tutti i  

semi;  ma una volta cresciuto è il  più grande di  tutte le erbe e  

diventa  un  albero,  tanto  che  gli  uccelli  del  cielo  vengono  a  

ripararsi tra i suoi rami. (Vangelo di Matteo 13,31-32)
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Abstract

The main purpose of the present work is to investigate properties and issues limiting performance 

and lifetime of active materials used in organic solar cell,  in particular Poly(3-hexylthiophene)] 

(P3HT) and [6,6]phenyl-C61-butyric acid methyl ester (PCBM) blends. The influence of structural 

and morphological properties on such aspects is investigated.

Indeed, organic Photovoltaic (OPV) devices have gained more and more interest in scientific and 

research community. Moreover, as material’s cost is lower compared to silicon cells and structural-

mechanical material’s property are interesting for utility-scale applications, they are gaining interest 

also in the industrial field.

However their performances are still quite far from their inorganic counterpart.

Hence, a great effort is being done to improve cells performances and durability. In this perspective, 

while on one hand the research for new photoactive materials or devices structures can be of great 

importance, on the other hand the study of morphological and structural properties can be a key 

aspect which can unroll Organic Devices possibilities. Indeed, these properties have been shown to 

be strictly linked to cell performances, even if they still present uncovered issues. In particular,  the 

possibility to perform non-invasive time resolved experiments examining not only the films  bulk 

structure but also their surface and interfaces properties may play a crucial role.

This  works  deals,  in  particular,  with  P3HT:PCBM  (Poly  (3-Hexylthiophene):[6,6]-phenyl-C61-

butyric acid methyl ester) blends, which is one of the most studied because of its promising PV 

properties.

The investigation of such multi-layered systems, which present thickness of each layer of the order 

of 100-200nm, implies that techniques able to detect nano and meso-scale structures must be used. 

Moreover when the experiments are carried out in-situ and in real time, as the case of this work, non 

perturbative techniques are required.

Here, structural and morphological properties where studied by means of an unconventional tool 

which  allows  to  use  jointly,  in  situ and  in  real-time,  Energy  Dispersive  X-ray  Reflectometry 

(EDXR) and Atomic Force Microscopy (AFM) techniques. Thus, non-destructive investigations, 

both in reciprocal and direct space could be performed. Also, Energy Dispersive X-ray (EDXR) 

Diffraction and complementary FTIR studies were carried on.
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A first  part  of this  work was devoted to the set-up the joint EDXR and AFM tecnique.  Hence 

information both on the reciprocal (EDXR) space and on the direct space (AFM) are obtained, and 

the possibility to probe the properties of  buried interfaces is gained. The technique was validated 

by performing a series of preliminary test experiments on a reference sample and enabled to carry 

on the subsequent work of examining the multilayered system composing the intermediate stages of 

OPV cells.

 There’s no de-facto standard in OSC device structure, however two common configurations are 

ITO/PEDOT:PSS/P3HT:PCBM/Al.Electrode  and  ITO/P3HT:PCBM/Al.Electrode,  the  only 

difference being the buffer PEDOT:PSS (Poly(3,4-ethylenedioxythiophene) poly (styrenesulfonate)) 

layer. This buffer layer is often used for its smoothing and conduction-enhancing properties, but in 

working  conditions  it  has  shown  to  have  some  drawbacks,  in  particular  when  exposed  to 

environmental humidity.

Hence a second phase of this work has been dedicated to the understanding of the structural and 

morphological processes which occur in the bulk of PEDOT:PSS and at its interface with ITO. 

These investigations, performed by time resolved EDXR and AFM experiments, used jointly in-

situ, pointed out that this layer is subject to a water uptake/release when exposed to humidity and 

then to heat induced by solar irradiation. This process induces bulk morphological modifications 

which  result  to  be  irreversible,  as  confirmed by FTIR analysis,  thus  compromising  its  role  as 

conduction  enhancer  layer,  and  indicating  that  a  more  stable  polymer  buffer  layer  and  better 

encapsulation techniques are required.

The study then focused on the P3HT:PCBM blend active layer. A preliminary investigation on the 

role of PEDOT:PSS buffer layer and of the relative P3HT and PCBM weight ratios on the blend 

characteristics was carried on. The results show that in any case the photoactive layer results to be 

characterized by the morphological and structural parameters in the optimal range for application 

for organic solar devices.

Being aging one of the most consistent factor which limits performances, a systematic study of 

morphological and structural degradation of P3HT:PCBM active layer bends has been carried on 

up-on illumination, making use of the aforementioned joint AFM/EDXR technique.

In  pristine  samples  a  bulk  aging  effect  was  detected,  and  further  Energy  Dispersive  X-ray 

Diffraction (EDXD)  experiments allowed to relate this phenomenon to a secondary crystallization 

process of the P3HT counterpart. On the other hand, annealed samples active layer showed to have 

a good bulk stability, and only a slight increase of roughness limited to the buried interface was 
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detected.  In  addition,  FTIR spectroscopy  studies   strongly  supported  the  hypothesis  that  inter-

diffusion of ITO into the organic layer (in ITO/P3HT:PCBM sample structure) was most likely the 

cause of morphological degradation. Therefore, the joint application of the in situ X-ray and AFM 

techniques,  together  with  FTIR  ex  situ  analysis,  provided  a  clear  picture  of  the  concomitant 

chemical physical process occurring in the organic film. Importantly, such study demonstrated, for 

the first time, that the present approach for in situ non-invasive investigations of organic systems for 

PV devices is able to discriminate among the bulk, interface and surface aging effects.

The detected structural modification was then studied in-situ during illumination by means of a 

time-resolved EDXD analysis, thus pointing out the kinetics of the rearrangement of the active layer 

molecules. Such rearrangement could be described in real-time evidencing two different processes 

(P3HT crystallization and PCBM clustering into larger domains) which together with FTIR and 

AFM analysis support the hypothesis of a phase separation of the two components of the blend, 

which is one of the most relevant issues restraining conduction in active layer blends.

With  these  studies,  also,  a  further  proof  that  annealing  results  to  be  an  effective  treatment  to 

stabilize P3HT:PCBM bulk hetherojunction active layer is given.

However, for the development of a flexible OPV technology, plastic substrates are needed. These 

letter  are  characterized  by rather  low glass  transition  temperatures,  so that  the  employ of  high 

temperature thermal treatments should be avoided.

Thus, in order to explore different promising solutions for cell stability, avoiding thermal annealing, 

the investigation of  P3HT:PCBM blend doped with Silver Nanoparticles (Ag-Nps) was carried on. 

These materials are of great interest as the inclusion of Nps leads to an impressive improvement of 

device power conversion efficiency, up to 250% with respect to reference devices based on un 

doped P3HT:PCBM blends. Indeed, the incorporation of metallic nanoparticles in the active layer is 

expected to enhance absorption due to a plasmon mediated effect,  causing improved initial  cell 

efficiency.

Importantly,  such  improved  performances  come  together  with   an  enhanced  stability.  Indeed, 

pristine  Ag-Nps  doped  samples,  studied  during  illumination  with  EDXR/AFM joint  technique, 

show improved bulk properties, the only morphological modification which was detected consisted 

in  a  minor  roughening  process  taking  place  at  the  interface  with  PEDOT:PSS  (in 

ITO/PEDOT:PSS/P3HT:PCBM  sample  structure).  Moreover,  the  blends  structural  properties 

remained stable over time, thus evidencing that the doping of the blend with Ag Nps gives rise to  

enhanced structural stability.
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The latter investigations are very encouraging, if we consider that the blend was not annealed. In 

this perspective, our finding pave the way to a systematic study of  organic PV layers doped with 

metallic nanostructures, which can be key strategy towards the development of efficient and durable 

Organic Solar Devices.
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- Part One -

State of the art
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-Chapter I - 

Materials and Devices

 1.1 Introduction

Electricity produced by the sun, currently known as photovoltaic (PV) energy, is one of the most 

interesting alternatives to the so called non-renewable energy sources. It can enable one to avoid all  

the threats associated with traditional energy production techniques, and has many advantages and 

benefits, like the possibility of having clean energy in isolated places which are difficult to connect 

to traditional power plants [1]. A really persuasive example of the possibilities that an extended use 

of photovoltaics can unroll are satellites, which are powered by solar cell modules, and can orbit 

around the Earth for over twenty years [2]. In this perspective, science is getting more and more 

interested in photovoltaics, as the incredible increase of scientific studies in the last decade testify 

[3] (Fig.1).

The different PV technologies can be grouped in:  crystalline silicon (c-Si) (first generation), thin 

film  technologies  (second  generation)  and  organic  solar  cell  (OSC)  also  known  as  Organic 

Photovoltaic (OPV)  (third generation) [4].  The latter , based on organic materials,  is gaining more 

and more interest in the scientific and research community, although the efficiencies are still lower 

than the inorganic counterpart (Fig 2).

Figure 1: The intensity of publication such as the number of papers published per year and the annual growth of  

publication was comparatively higher in the latter period. Courtesy of [3]
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Figure 2: Efficiency increase through years of different solar cell technologies.  Source: Goswami

OPV modules indeed use the lowest carbon footprint of all solar panels; moreover the production of 

organic-based PV using industrial printing  process allows to produce in one day an amount of cell 

area which, with the silicon-based technologies, typically takes one year [5].
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As the materials costs are much lower compared to silicon cells,  the cost reduction due to printing 

techniques can be enormous. Organic cells also have some structural-mechanical advantages like 

flexibility and light weight, which make them interesting for utility-scale applications and enable 

the cell to be installed almost everywhere. The advantages of this technology are mainly the low-

cost processing procedures and the possibility of tailoring the properties of the active materials [6], 

which can be done only in a limited way when inorganic materials are used.

The study of organic materials  and their  possible  applications  usually  focuses both  (i)  on the 

production processes and on organic materials chemistry, in order to relate them with material's 

performances  (in  the  case  of  OPV efficiency and lifetime,  for  instance),  and (ii)  on analytical 

procedures whose aim is to correlate material's micro and mesoscopic properties to electrical and 

macroscopic properties.  In the present work we mainly use the latter methodology in order to focus 

on the comprehension of the processes, which occur in organic materials used for third generation 

photovoltaics  connected  both  to  the  physical  -  chemical   properties  of  materials  and  to  the 

modifications of such properties.

Several studies [7-13] paved the way towards the understanding that the optimization of structural 

and morphological characteristics of the photo-active components of an organic solar cell strongly 

influences the photo-active properties. Hence in this work a primary role is played by crystallinity, 

order,  orientation,  anisotropy,  which  are  some  material's  structural  properties,  and  thickness, 

roughness, homogeneity, surface topology, which are some morphological properties.

Photovoltaic material blends like P3HT:PCBM (Poly (3-Hexylthiophene):[6,6]-phenyl-C61-butyric 

13



acid methyl ester), which constitute the photoactive portion of the devices, can be organized in 

nanodomains  thus enhancing the photovoltaic properties [12]. Also, the molecular order of the two 

components  influences  the  film charge-transport  properties  [10,   11,  13].  Moreover,  when  the 

organic materials are blends in which polymers are included, as in the case of P3HT, both polymer 

regularity and film molecular packing strongly influence the optical and electrical  properties of 

bulk  hetherojunction  films  [7-9].  Nanodomains  structure,  molecular  order,  polymer  regularity, 

hence result to be key aspects, whose control strongly influences the two main parameters which are 

used to determine organic materials' suitability for use in PV devices: efficiency and lifetime. Even 

if  different the two parameters  are strongly correlated and while the first  describes the overall  

material's  performances  in  all  its  different  aspects  (capacity  to  convert  the  sunlight  in  electric 

energy, electron-hole conduction inside the material etc.), the second deals with degradation issues 

and material's  resistance  over  time or  when exposed to  environmental  factors  like  moisture  or 

heating due to illumination. However, these topographical and structural studies are often carried on 

with ex-situ investigation techniques, which do not allow to follow the dynamical modifications of 

the parameters of interest.

Within  this  framework,  the  present  study  intends  to  be  a  contribution  to  the  investigations  of 

structural/morphological properties correlated with efficiency and degradation of P3HT:PCBM bulk 

hetero-junction blends, through the joint use of complementary experimental tools. For this purpose 

time-resolved  Energy  Dispersive  X-ray  Diffraction  (EDXD)  and  Energy  Dispersive  X-ray 

Reflectometry (EDXR) [14, 15] have been used, in synergy with Atomic Force Microscopy (AFM) 

and FT-IR, to perform non-perturbative and non-destructive investigations. These techniques are 

used  in  an  in-situ,  real-time set-up,   which  allows  to  gain  a  deeper  insight  of  structural  and 

morphological  processes  which  occur  in  the  bulk,  the  surface  and  at  the  interfaces  of  organic 

materials thin film used for organic photovoltaic devices simulating working conditions or exposure 

to environmental factors like heat or humidity.  

A detailed  knowledge  of  the  dynamic  of  the  modifications  occurring  in  simulated  working 

conditions in the OPV cells, can as a matter of fact enable us to modificate the materials properties 

in order to have better efficiency and lifetime, which still are two key aspects that – if substantially 

improved – can pave the way for a capillary diffusion of devices which make use of  the so-called 

plastic photovoltaic materials, as organic bulk hereto-junction blends.
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1.2 Organic Photovoltaic Cells: Physics and Materials

As introduced in  the  previous  paragraph,  even though the  OPV cells  still  have  low efficiency 

compared to  silicon cells, they result to be incredibly interesting for the market, mostly for some 

advantages of the organic materials they are based on: they can be easily processed using relatively 

simple and low-cost techniques, like doctor blade, spin coating (wet-processing ) or evaporation 

technique (dry- processing); the amount of organic material required to build a cell is relatively 

small  because  the  configuration  is  usually  a  thin-film  (100  nm  thick  film)  and  large  scale 

production, which involves chemical processes, is easier than for inorganic materials, which involve 

growth processes; also, organic materials can be chemically tuned to obtain desired properties, so 

that we can build materials with ad hoc properties can be build [16], like band gap and conducting 

energies.

1.2.1 Physics  

Organic materials used in PV cells are basically semiconducting materials, so the physics behind 

these devices inherits many of the concepts of semiconductor physics.

All organic semiconductor are called conjugated system. They  are large molecules composed of 

repeating structural units that form a short (in the case of oligomers, with a few repeating units) or 

long chain (in the case of polymers) and are made, at molecular scale, of connected π orbitals with 

delocalized  π electrons. The chains are composed by an alternation between  single and double 

bond. The property coming out from conjugation is that π electrons can jump from site to site with 

low  potential  energy  barrier,  thus  allowing  the  essential  features  of  organic  materials:  charge 

transport (conduction) and generation, light absorption and emission[16].

Like for inorganic semiconductor in semiconductor physics, to describe this phenomena, a band 

model can be used. For organic materials the band energy gap between the π−π* orbitals is defined 

as  the  difference  between  the  LUMO  (Lowest  Occupied  Molecular  Orbital)  and  the  HOMO 

(Highest  Occupied  Molecular  Orbital)  as  shown  in  Fig.  3  lower  left.  The  highest  occupied 

electronic levels constitute the valence band (VB) and the lowest unoccupied levels, the conduction 

band (CB). The width of the forbidden band, or bandgap (Eg), between the VB and CB determines 

the intrinsic electrical properties of the material (fig 6) [17, 18].

In  organic  semiconductors,  intramolecular  interactions  are  mainly  covalent  and  intermolecular 

interactions are due to much weaker van der Waals and London forces, so there's a low coupling 
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between molecules; the conduction bands are hence much narrower than those of their inorganic 

counterparts,  the concept of allowed energy bands is of limited validity and the predominant role is 

played by excitations and interactions localized on individual molecules [18]. Indeed, a defect can 

occur in the organic chain, for instance by means of an oxidative doping (electron is removed from 

the  π system of  the  backbone,  producing  a  free  radical  and  a  spinless  positive  charge).  This 

combination of charge site and radical is called polaron (Fig. 3b). However, as the charged cations 

are not bound to each other by high energy bonding, they can freely separate along the chain. These 

charged defects which are independent of one another and can travel along the chain, referred to as 

soliton  which  can  be  negatively,  positively  or  neutrally  charged.   Thus  transport  occurs  via  a 

sequence of charge transfer steps from one molecule to another  (Fig. 3c), similar to the hopping 

between defect states in inorganic semiconductors.

Figure  3:  illustration  of  different  conjugated  chain:  neutral  chain  and  chains  which  include  defects  (polaron  or  

solitons). The  energy gap (Eg) between the  π-π* orbitals is defined as the difference between the LUMO (Lowest  

Occupied Molecular Orbital) and the HOMO (Highest Occupied Molecular Orbital). The highest occupied electronic  

levels constitute the valence band (VB) and the lowest unoccupied levels, the conduction band (CB)

The insertion of defects into an organic semiconductor, like a conducting polymer, is called doping, 

by analogy with the doping of inorganic semiconductors, even if this is a rather misleading analogy. 

The pristine polymer is indeed converted into an ionic complex consisting of a polymeric cation (or 

anion) and a counterion which is the reduced form of the oxidizing agent (or the oxidized form of 

the reducing agent)[17]. Studies  on polymer doping have been done, which stress the importance of 

16



doping to enhance conductivity [19].

Again, like for inorganic semiconductors, the junction of two differently doped materials (n-type 

and p-type), the depletion zone or depletion layer, plays an important role in OPV active materials. 

In this zone indeed there are approximately no moving charge, and there is an electric field that is 

essential  for  charge separation which can occur  when an excited state  is  arisen because of the 

photovoltaic effect. The photovoltaic effect, that is the basical physical effect allowing production of 

electric energy (i.e. electric current) from sun-light, happens when an active material, for example a 

thin film, is hit by the solar radiation. A part of  this photon flux is reflected, a part tunnels thorugh 

the film and a part is absorbed. The photovoltaic process is accomplished by four steps [17]:

1)  Absorption  of  a  photon  with  an  energy  slightly  higher  than  the  band  gap,   leading  to  the 

formation of an excited state called exciton, which can be regarded as an electron-hole pair bound 

together by electrostatic interactions.

2) Exciton diffusion: for the light-electric current conversion process to take place, the exciton must 

diffuse to the depletion zone, where the charge separation occur.

3) Charge separation. It  happens in the depletion zone, where effective fields break up excitons by 

causing the electron to fall from the conduction band of the absorber to the conduction band of the 

acceptor molecule

4) Finally the charge transport to the anode (holes) and cathode (electrons) occurs.

For  organic  materials,  however,  photoinduced  charge  (electron)  transfer  from optically  excited 

conjugated  polymers  to  the  fullerene  (C60)  electron  acceptor  molecule  [20,21],  together  with 

increased photoconductivity  upon C60 addiction to conjugated polymers [22-24] were observed. 

These studies on the photophysics of mixtures of conjugated polymers and C60 hence reported the 

evidence  of   reversible,  metastable  photo-induced,  ultrafast  electron  transfer  from  conjugated 

polymers onto Buckminsterfullerene in a solid film. It was shown that a depletion zone exist not 

only at the interface of two semiconductors: the active material, indeed, in this case is a blend of 

electron  donor (conjugated  polymer)  and electron  acceptor (C60 for  instance)  materials,  mixed 

together to form a  bicontinuous  interpenetrating network of bulk hetherojunction. The concept of 

bulk hetherojunction will be discussed deeper in the following pharagraphs.

In an OPV device, the delivered electric current corresponds to the number of created charges that 

are collected at the electrodes:

ηj = ηabs x ηdiss x ηout

This  number  depends  on:  the  fraction  of  photons  absorbed  (ηabs)  which  is  correlated  with  the 

electron  donor  organic  semiconductor  band-gap;  the  fraction  of  electron-hole  pairs  that  are 

dissociated (ηdiss) which depends also on the exciton diffusion length and exciton lifetime; and 
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finally the fraction of (separated) charges that reach the electrodes (ηout) determining the overall 

photocurrent efficiency, which depends on recombination effects and on the material's conductivity 

[25].

It is hence evident the importance of collecting all the excitons generated by the solar radiation 

(photons); indeed if the diffusion length is less than the path lenght to the donor/acceptor interface, 

the exciton recombines, thus losing the possibility of generating a charge (i.e. electricity). Also,  the 

problem of conductivity inside organic materials must be raised: transport of charges is affected by 

recombination during the journey to electrodes and the interactions with atoms or other charges may 

slow down the travel speed and thereby limit the current [26].

1.2.2 Materials and cell engineering

Organic semiconductors are a huge class of materials, and according to the mechanical properties 

required  for  their  processing  can  be  roughly  grouped  in:  a)  polymers,  made  of  large  (10-103) 

number of identical repeat units all linked together by covalent bonds in a linear way, b) oligomers,  

small fragments of polymers attached linearly and with a well defined length, c) dendrimers, also 

made of identical repeat units all linked together by covalent bonds, but in a three-dimensional way, 

d) pigments, which come from paint industry, which are small molecules bearing specific properties 

relevant to light absorption and charge generation, e) dyes, which have an electronic structure and 

properties similar to pigments, but are soluble [16].

Among them, polymers which can be conducting (conducting polymers) have been a promising 

area of research for technological applications since more than a decade [27],  and result  to be 

incredibly interesting because of the ease of processability (for instance deposition in thin films 

from  solutions)  and  the  possibility  of  tailoring  their  chemical  properties  (crosslinking  and 

functionalization). The conductivity of polymers can vary over a very wide range, starting from 

insulating to semiconductor and towards metallic, by simply varying the concentration of the dopant 

and/or the type of dopant, which can be non-effective if used with different polymers.

In table I we report, as an example, a set of polymers, and respective dopant, together with the 

conductivity of the doped material.
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Table I

Figure 4:  Several solution processable conjugated polymers and a fullerene derivative used in organic solar cells.  

Courtesy of [116]

Conducting polymers belongs to the family of conjugated polymer, which are also used as active 

materials  in  organic  solar  cell.  However  in  the  case  of  OPV  the  fundamental  property  is  

photoconversion of light in electric current, and the primary role is played by the junctions at the 

interface between a donor and an acceptor material, that can be a region of exciton creation, whose 

dissociation can eventually determine a charge transfer. The dissociation can occur at the sharp drop 

of potential at donor–acceptor (D-A) as well as semiconductor–metal interfaces. The junction can 

hence be created  both by two doped organic materials,  and by  blends made up of  a  donor (a 
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conjugated polymer, for instance P3HT) and an acceptor material(for instance fullerene). In Fig. 4 

we report some examples of conjugated polymer and acceptor molecules. One of the most used [28] 

pair of dopant-polymer is P3HT:PCBM, that will be discussed deeply in the next paragraphs.

Different  device  architectures  are  possible,  which  are  strictly  dependant  on  the  active  layer 

material's arrangement:

Single layer organic photovoltaic cell

Single layer organic photovoltaic cells were the first organic solar cells, and were based on single 

thermally  evaporated  molecular  organic  layers  sandwiched  between  two  metal  electrodes  with 

different work functions. The difference of work function between the two conductors sets up an 

electric field in the organic layer which helps to separate the exciton pairs, pulling electrons to the 

positive electrode and holes to the negative electrode, the already mentioned depletion zone (or 

depletion  layer).  The  potential  barrier  formed  at  a  metal–semiconductor  junction  which  has 

rectifying characteristics is called Schottky barrier or Schottky junction [29] (Fig. 5).  Efficiency of 

such cells is extremely low also because of the high rate of hole-electron recombination through the 

path to electrodes.
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Figure 5: Upper part:  sketch of a single, bi-layer and bulk heterojunction solar cell.  Lower part: schematic of work  

functions of  single  layer  (left),  double  layer  (center),  and bulk  heterojunction  (right)  devices.  In  the  single  layer,  

photogenerated excitons can only be dissociated in a thin depletion layer W, so the exciton diffusion path is limited. In  

the bilayer device, the donor (D) contacts the higher and the acceptor (A) the lower work function metal, to achieve  

good  hole  and  electron  collection,  respectively.  Also  in  this  case  ,  as  the  photogenerated  excitons  can  only  be  

dissociated in a thin layer at the heterojunction, the exciton diffusion path is limited. In the Bulk heterojunction device,  

the donor (D) is blended with the acceptor (A) throughout the whole film. Thus, pho to generated excitons can be  

dissociated into charges at any place. Courtesy of [116].

Bilayer organic photovoltaic cell

In the case of a bilayer device, two layers, one of donor and the other of  acceptor material, are  

planarly stacked together. Electrostatic forces at the interface between the two materials are present,  

which  result  from the  differences  in  electron  affinity  and ionisation  potential.  In  this  case  the 

interfacial electric field can drive charge separation, if both electron affinity and ionisation potential 

are greater in one material (the electron acceptor) than the other (the electron donor). The bilayer is 

sandwiched  between  two  electrodes  matching  the  donor  HOMO and  the  acceptor  LUMO,  for 

efficient extraction of the corresponding charge carriers, as shown in fig. 5, centre.  This structure is 

also called planar donor-acceptor heterojunctions [30].
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Bulk heterojunction organic photovoltaic cell

A breakthrough was done in   the mid 1990s with the introduction of dispersed heterojunction by 

different groups [31,32], where it was showed that a blend of electron-accepting and an electron 

donor material greatly improved quantum efficiency (the ratio of electrons delivered to the external 

circuit per incident photon of a given wavelength). If the length scale of the blend is similar  to the  

exciton diffusion length, then wherever an exciton is photogenerated in either material, it is likely to 

diffuse to an interface and break up [30] (Fig. 6). If continuous paths exist in each material from the 

interface to the respective electrodes, then the separated charge carriers may travel to the contacts 

and deliver current to the external circuit.  Those paths are called percolation paths,  and can be 

imagined substantially  like  a  bicontinuous   interpenetrating  network [33].  As the  junctions  are 

dispersed in the bulk, the electric field between the two electrodes doesn't exhibit sudden drops.

  

Figure 6: donor and acceptor materials may be blended together to yield a dispersed heterojunction. If the length scale  

of the blend is similar to the exciton diffusion length, then the probability that an exciton will reach the interface and  

dissociate is high. For efficient photocurrent collection, each material must provide a continuous path for the transport  

of separated charge to the contacts. Courtesy of [30bis].

The bulk heterojunction is thus the most successful device architecture for polymeric photovoltaics, 

because exciton harvesting is made near-perfect by creating a highly folded architecture such that 

all excitons are formed near a heterojunction [28]. Moreover, the bulk heterojunction configuration 

has opened the path to a wide study of materials that can be used like donor or acceptor:  common 

acceptors  used  in  polymer  BHJs  are  indeed  fullerenes  [30bis-33bis],  polymers[34],  and  n-type 
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inorganic nanoparticles[35,36]; common donor materials include  MDMO-PPV poly[2-methoxy-5-

(3,7-dimethyloctyloxy)-phenylene vinylene], P3HT [26].  Many studies can be found in literature, 

which focus on blends of P3HT or MDMO-PPV and the C60 derivative, PCBM [28].

Cell parameters

In  order  to  understand  cell  efficiency  and  electrical  behaviour  in  different  conditions,  some 

parameters must be introduced, whose tailoring can enhance cells performances. In an organic solar 

cell, informations about efficiency can be gathered by its I-V characteristic curve, where: Isc is the 

short  circuit  current;  IL is  the current  generated by the solar  radiation;  VOC is  the open circuit 

voltage, that is to say the voltage of a running solar cell when no load is applied; Im and Vm are 

current and tension values with which the power is maximum; Pm is the maximum value of power, 

represented like a rectangle (Fig. 7) [16].

In a OSC with  constant solar incident radiation rate, when the load (required tension) increase and 

get close to the VOC, the current may drastically decrease. The preferable behaviour would be to 

have a step-like current drop  at VOC (red lines in Fig. 7). With such ideal characteristic the device 

would have a linear behaviour within a certain range.

The ratio between the real and ideal characteristic is called Fill Factor (FF) and is calculated as:

FF=
Im⋅V m

IL⋅V OC

So, being the power conversion efficiency (PCE) η the ratio between the generated power (Pm) and 

the incident solar radiation power (Pi), we have that:

n=
Pm

P i

=
I m⋅V m

Pi

=
FF⋅I L⋅V OC

Pi

Figure 7: I-V characteristic curve of an organic solar device.
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Hence, to increase the efficiency, some parameters must be modified, like short circuit current ISC, 

open circuit voltage VOC, fill factor FF, and characteristic resistivity (parallel, series, and shunt). It is 

easy  to  link  these  parameters  with  microscopic  mechanisms:  ISC is  nothing  more  than  charge 

carriers, which is determined by exciton generation and separation efficiency, and charge collection. 

VOC is related to the band gap between LUMO of acceptor and HOMO of donor. FF describes the 

part of energy loss in the form of Joule heat, which mainly determined by surface resistivity. [30]

The discussed parameters are influenced by the choice of material blends, their functionalization, 

the active layer nano-structure and the issues related to contacts between different organic layers or 

between organic-layer and electrode.
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1.3 Cell Materials

Even if active materials plays a predominant role because they're responsible of the conversion of 

light into electric energy, an important contribution is given also by the other cell's layers, that is to 

say  electrodes  and  additional  layers  that  may  enhance  conductivity.  So  cell  structure  and 

configuration is also an important issue.

Figure 8:  Device structure Schematic for polymer/fullerene solar cells. The active layer is between ITO electrode  

coated with a hole transport layer PEDOT:PSS and an aluminium top electrode [37]

The most used configuration, shown in Fig. 8, forcedly requires  one of the two electrodes to be 

semi-transparent so that solar radiation can reach the active layer; indium–tin-oxide (ITO) is one of 

the most used mainly because of its electrical conductivity and high transparency[38], but a thin 

metal  layer  can  also  be  used.  The  high  conductivity  of  ITO  films  is  due  to  high  carrier  

concentration. In organic solar cells ITO is used as the anode, a hole injection layer.

The other electrode is very often aluminium but calcium, magnesium, gold, silver and others are 

also used [6].  The reason of the choice of such electrodes,  is  that  after  the dissociation of the 

exciton, the electron must reach one electrode while the hole must reach the other electrode, and 

this  process is  as efficient  as  the intensity  of the electrical  field provided by the asymmetrical 

ionisation energy/workfunctions of the electrodes is  high.  However  it  is  not  always possible  to 

choose electrode materials which deliver the highest electric field. Indeed this necessity must be 

mediated with the degradation issues at the electrode interface, which increase the electron injection 
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barrier, and that can occur both at the ITO side (indium diffusion into organic layer [39]) or at the  

non-transparent electrode side as suggested in [40] where oxidation phenomena are hypothesised. 

So it is necessary to select electrodes materials which are both stable and which deliver a proper 

electric field.

Because of this phenomena, many of the high efficiency polymer:fullerene solar cells are made with 

a  Poly(3,4-ethylenedioxythiophene)  poly  (styrenesulfonate)  PEDOT:PSS  buffer  layer,  which  is 

inserted between the transparent  electrode  and the active organic layer, and has a positive effect on 

cell performances [41] for a number of reason that will be investigated in the next paragraph.

For  active  layers  a  wide  range  of  possibility  unrolls  because,  in  the  case  of  organic  bulk 

heterojunction donor-acceptor blends, there is theoretically a variety of choice both for the donor 

and  for  the  acceptor  semiconductor  materials.  However,  one  of   the  most  successful  electron-

acceptor materials for polymer solar cells in terms of efficiency is C60 and some of its derivates [42-

45]. In this work the methano-fullerene PCBM was used.

With regard to the electron donor semiconductor semiconducting polymers, three representative can 

be cited [25,30]: (a) derivatives of phenylene vinylene backbones such as MDMO-PPV, and (b) 

derivatives of thiophene chains such as P3HT, and (c) derivatives of fluoren backbones such as 

(poly(9,9-dioctylfluorene-co-bis-N,N-(4- butylphenyl-1,4-phenylenediamine) (PFB/F8BT).

The P3HT and PCBM blend (P3HT:PCBM) is reported in a great number of works, and  is one of 

the most interesting blend for OPV active layers [25,46-48].

1.3.1 PEDOT:PSS

One  of  the  most  used  buffer  layer  is  PEDOT:PSS  or  Poly(3,4-ethylenedioxythiophene)  poly 

(styrenesulfonate),  which  is  a  polymer  mixture  of  two  ionomers  [49].

One of  the  components  in  this  mixture,  PEDOT,  is  a  conjugated  polymer  and carries  positive 

charges and the other component,  PSS, which is made up of sodium polystyrene sulfonate and 

carries a negative charge [49], the chemical structures being reported in Fig.9.

PEDOT:PSS is stable at high temperatures (100 °C) for a long period of time (1000 h) without 

noticeable changes in  either  their  electrical  conductivity  or optical  transparency[50].  This  latter 

characteristic make it suitable for use in photovoltaic devices. Indeed, ITO electrode is often used 

alone as anode in OSC, but it has been shown that an additional layer of PEDOT:PSS can improve 

the devices performances because of a better selectivity of the anode, on account of the higher work 

function relative to ITO [51]; moreover the PEDOT:PSS layer improves the surface quality of the 

ITO electrode by smoothing out the ITO surface [52], increase the photovoltage through the surface 

enrichment of PSS components  which facilitates the charge injection /extraction [53],  seals  the 

active layer from oxygen, and keeps cathode material from diffusing directly into an active layer 
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[54,55].

Figure 9: Chemical structure of the PEDOT:PSS film

PEDOT:PSS can be also modified by the addition into solution of glycerol [55], which improves 

hole-injection from the active polymer film into the PEDOT:PSS anode.

However, issues related to degradation have to be addressed, as will be described in the following 

sections.

1.3.2 P3HT:PCBM Bulk Heterojunctions

In recent years incredible progress has been made in increasing efficiencies of OPV  using P3HT 

blended with methano-fullerene PCBM as active layer,  in  a  bulk-hetherojunction configuration, 

with a PCE that exceed 6% [56-58]. At the moment of writing this work, the best efficiencies are 

reported  by  Mitsubishi  Chemical  which  affirm  to  have  reached  the  8.5%.   Such  efficiencies, 

together  with  some  interesting  properties  of  good  solubility,  processability  and  environmental 

stability  [59,60],   make  the  P3HT:PCBM  one  of  the  most  promising  and  used  materials  for 

applications in OPV. Chemical structure of both P3HT and PCBM is reported in Fig. 4.

However, being still far from the efficiencies of the inorganic counterpart (more than 16% [61]), 

much effort is being done to improve  P3HT:PCBM performances. The general aim is to optimize 

the percolation, structure and orientation of both the donor and acceptor materials in the film, in 

order  to  increase  both  conductivity  and conversion  efficiency.  This  latter  parameter  is  strongly 

affected by the low band gap of organic materials, which can be tuned to make overlap better the 

absorption spectrum and the solar radiation [32], whose  maximum is a wavelength corresponding 

to a band-gap of 1.8eV [62].

Hence as described in [63, 64], different approaches and issues must be taken into account when 

dealing with efficiency optimization of the active layer blend, which  are connected with blend 

morphology control:

1. Processing of materials (solvents and additives) and deposition procedures have been found 
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to play an important role in efficiency enhancement. For instance, they have shown to influence the 

light absorption of P3HT:PCBM [65];  also, the introduction of a few volume per cent of other 

substances (alkanedithiols) in solution used to spin-cast the blend [33], definitively enhances the 

efficiency  through  altering  the  bulk  heterojunction  morphology.  Depending  on  the  solvent 

(chloroform or chlorobenzene), the blend shows different absorption spectra which can indicate a 

higher degree of P3HT side chain ordering [66]. The ratio of the two components [67] and the 

molecular weight [68] can be  determinant for the efficiency of the resulting bulk etherojunction 

solar  cell,  as  well  as  the  thickness  of  active-layer  [69,  70].   Different  solubilities  and surface 

energies of the blend components as well as the dynamics of the spin-coating process influence 

vertical stratification and regularity [63] which favour charge transport.

2. Structure and morphology are very important issues as well; an example is given by the 

study of regioregular (RR) P3HT blended with PCBM [62], where through GIXS measurement 

carried out in a Synchrotron facility it was possible to demonstrate that high RR is not necessary to 

achieve high-efficiency solar cells and that using a polymer with a lower RR actually has the benefit 

of improving the thermal stability of the device.

3. Many studies focus on annealing, which seems to be one of the most used treatment to 

control structure and morphology: as a matter of fact,  X-ray diffraction experiments [71] and other 

Transmission Electron Microscopy (TEM) studies [10,11] done to correlate structural to optical 

properties,  showed  that  these  properties  can  improve  with  pre-processing  or  post-processing 

treatments like annealing at proper temperatures and for specific time length (150°C for 30 minutes 

[32]).  Annealing  was  also  studied  in  combination  with  the  concentration  ratio  of  the  two 

components[72]. Furthermore, EDXR was successfully used to demonstrate that the reorganization 

of the blend bulk can be inhibited by thermal annealing treatments capable of stabilizing the organic 

layer bulk morphology [73].

4. Another  important  issue  to  address  to  in  P3HT:PCBM  blend,  is  the  inter-diffusion  or 

clustering of PCBM in the P3HT matrix.  This issue will  be discussed also in the experimental 

section, but we cite some interesting studies that have been carried on, like the one of Treat [74], 

which using a bilayer of P3HT and PCBM observes a fast interdiffusion of these two components 

at low temperatures in a homogeneous system previously annealed at 150 ° C for 30 s. Also, its 

results support the idea that the presence of PCBM within disordered P3HT has little influence on 

the increase in the number and size of P3HT crystallites during thermal annealing. Other interesting 

studies[75], applying grazing-incidence small-angle X-ray scattering (GISAXS) and wide-angle X-

ray diffraction (GIWAXD) to study the morphology of P3HT/PCBM bulk heterojunction solar cells 

after their thermal annealing, show the relationship between the relative length scales of the PCBM 

clusters  and  P3HT  crystallites  and  the  devices’ performance:  after  annealing,  indeed,  PCBM 
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molecules  diffuse  out  of  the  P3HT matrix  and  forming  larger  PCBM  clusters[76],  and  phase 

separation of P3HT and PCBM occurs to provide improved continuous pathways for the holes and 

electrons, with PCBM cluster with a radium of giration of about 15 nm. Phase-separated domain 

size is indeed imperative for good device performance, and the experimental data is consistent with 

theoretical  studies  [78,79]  which  shows  that  nanoscale  phase  separation  with  a  bicontinuous 

pathway toward the electrode is the desired configuration.

From the above, it is evident that a better knowledge of structure and morphology of the blend is 

necessary in order to correlate the modifications or treatments which can be made before, during, or 

after the processing of the blend, to the structural properties that enhance efficiency and lifetime.

1.3.3 Incorporation of metallic nanostructures in P3HT:PCBM BHJs

The study of BHJs polymer blends structure and morphology can profitably overextend including 

non polymeric materials.

In the case of NPs, the principle is to make a blend in which small nanoparticles (10-30nm) are  

present. Nanoparticles can be also made with the composants of the blend (one or both) [80]. They 

are an intermediate system between bulk films and single molecules, but have a reduced complexity 

and  heterogeneity  compared  to  the  bulk  material  because  the  number  of  molecules  under 

investigation is lower.

Devices  incorporating  metallic  nanostructures  are  promising  candidates  to  overcome  some 

traditional BHJs devices limits, among them: (i) the relatively low absorption of the P3HT:PCBM 

blend in the near-IR range, leading to rather poor spectral match with the solar spectrum, and (ii) 

the OPV devices “sandwich-like” configuration and the low carrier mobility of the polymer [81] 

imposing a restriction in the active layer thickness, so that it is not possible to gain absorption by 

using  thicker  films.  Hence,  NPs  doped  films  take  advantage  of  the  localized  surface  plasmon 

resonance (LSPR), resulting from the resonant interaction of the surface electrons of the metallic 

nanostructures and the electromagnetic field of light.

In particular,  incorporating metallic nanoparticles in the BHJ of OPV cells, the LSRP effect of the 

NPs  enhances  their  surrounding  electromagnetic  fields,  which  is  expected  to  boost  the  light 

harvesting (absorption) ability of active layer in their vicinity and increase the probability of exciton 

generation and dissociation, leading to an increase of the Jsc and FF of the NPs-doped devices.

Illumination  induces  the  excitation  of  surface-waves  (surface  plasmons),  propagating  at  the 

interface between the dielectric-polymer material and the metal nanostructures, having size smaller 

than the light wavelength. As a result of such collective electron oscillations, a local enhancement 

29



of the incident electromagnetic irradiation field occurs, leading to enhanced exciton generation and 

improved device efficiency [82-86] .

Besides  the  possibility  to  obtain  superior  photovoltaic  performance,  we  will  show  in  the 

experimental section that  the composite blends exhibit improved structural stability compared to 

the pristine bulk heterojunction layers.
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1.4 Stability and degradation

1.4.1 Chemical physical aspects related to material and device degradation

Necessity of improving PCE through tailoring of  polymer properties is not the only crucial aspect 

related to OSC. Another problem that must be faced is the degradation of materials which is strictly 

correlated to cell lifetime and stability.

Degradation  can  be  considered  as  the  loss  of  material's  properties  induced by any external  or 

internal factor.

Many concomitant chemical-physical effects concur to the device degradation which are addressed 

in the review paper [129] and schematized below. According to [129] degradation phenomena can 

be grouped in two main categories: chemical degradation and physical/mechanical degradation.

The molecules playing a predominant role in the former type of degradation are oxygen and water  

that can be absorbed during fabrication process or can diffuse in the post-production phase into the 

device. Also, an important role is played by the chemical reactions between the electrode material 

and the active layer. Mechanical degradation is, as obvious, correlated to cell materials mechanics. 

In  turn,  materials  structure  and mechanics  can be correlated to  phenomenon like  heating.  It  is 

indeed evident that the spatial organization of the different materials composing the layers strongly 

influences  efficiency,  which  results  to  be  enhanced when an  organized  morphology is  adopted 

[111,112] but can be reduced in presence of phase segregations or clustering [9,113].

Chemical effects related to degradation

Diffusion of oxygen and water into the OPV device

Several studies also suggest that degradation can be correlated to the air exposure of the cell, as 

shown in [104], where the degradation is independent from light exposure, and is rather caused by 

the water absorption by the hygroscopic PEDOT:PSS buffer layer, which increases the resistance at 

the interface with the active  layer. Also in this case a good strategy can be an annealing treatment, 

which causes an increase in conductivity correlated with evaporation of sorbitol  (which can be 

regarded as a processing additive) from the film [105].

Photochemistry and photo-oxidation of polymers

Photo-oxidation can occur when active materials blends are exposed to illumination and to oxygen 

or water vapor as reported for MDMO-PPV/C60-PCBM[87], while they should be photochemically 

stable  and  the  nanoscale  bicontinuous  donor-acceptor  network  (i.e.  BHJ  structure)  should  be 
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preserved. A way to decrease the photodegradation of such organic materials, is  to mix them with 

fullerenes as demonstrated in [88,89], where the stability of the conjugated polymer-fullerene solar 

cell mixture, forming a charge-transfer donor and acceptor couple, has shown to be higher than the 

stability of conjugated polymers in light emitting diodes [90] .

Degradation as a function of polymer preparation

Polymer synthesis can be also correlated to lifetime of OPV, as shown in [130,131]

It is known, indeed, from literature that various amounts (a few %) of impurities and defects are 

present in PPV polymers when differently synthesized, probably affecting the performances. 

However a direct connection was not established. Consequently purification seems to play a 

primary role as reported in a few instances, but it is still far from being a general rule.

Degradation at the metal/organic interface.

Reese [99,100] investigated the stability of a variety of electrodes for devices stored in an inert, 

dark  environment,  and  also  performed  a  set  of  experiments   to  separate  the  effects  at  the 

metal/organic interface from the degradation of the active layer or the hole extraction interface. The 

results show that one of the most important factor for stability, compared to whether or not a device  

is  exposed to sunlight,  is  the exposure time of a complete device to “one-sun illumination”,  at 

reasonably elevated temperatures. Also, air metal/organic interface can be a significant source of 

degradation in the devices. In this direction, a deeper study has been carried on in [101], evidencing 

the correlation between the decrease of photo-current and photo-oxidation phenomena occurring at 

the Al-organic film buried interface. Furthermore, as evidenced in some studies by mean of the 

Energy Dispersive X-ray Reflectometry  technique [102], the  Ca  electrode could be subject to 

degradation  in  presence  of  PEDOT:PSS  due  to  residual  water  molecules  in  the  cell  from 

PEDOT:PSS deposition, and this effect may be inhibited by depositing the organic film directly 

onto  the  ITO transparent  electrode.  Degradation  effects  due  to   instability  of  PEDOT:PSS can 

therefore be compensated by annealing treatments at a proper temperature, as described in [103].

Degradation of the PEDOT:PSS layer

As already described, the  PEDOT:PSS often used as a buffer- hole transporting layer between the 

ITO electrode and active layer.  Its  instability in ambient condition,  especially when exposed to 

humidity, has been studied in  [132,133]

Rapid degradation was evident in the cells illuminated under humid conditions (>40% RH) either in 

air or in nitrogen. This phenomena were correlated to the hygroscopic PEDOT:PSS layer water 

uptake from the atmosphere, increasing sheet resistance. Experiments were carried on over a time of 
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about 8 hours.

In the buffer layer, PSS is present in excess amount compared with PEDOT and can thus diffuse to 

other parts of the device, i.e. to other layers and possibly react with other components of the device, 

thus giving birth to degradation phenomenon or particle formation [134]

In the present work this subject will be deeply investigated and morphological and structural aspects 

related to PEDOT:PSS instability will be shown, in the experimental section.

Mechanical effects related to degradation

Degradation caused by temperature

Another type of degradation is correlated to the high temperature that the solar cell can reach when 

exposed to sun light [9]. If it gets near to the glass transition temperature (Tg), a degradation can 

take place [7], which is not associated to the chemical stability, but rather to the increased molecules 

mobility; indeed, PCBM acceptor molecules can diffuse through the organic material matrix and 

form large clusters, thereby increasing the dimension and extent of phase separation [8]. In this case 

a basic strategy to compensate the limited thermal stability of the morphology is to obtain, through 

functionalization, materials with a higher Tg. Also, this nanomorphological instability can be fixed 

by post production cross-linking of the components, to prevent their diffusion [91] which hinder the 

conductivity of the thin film. Annealing can be an effective strategy to enhance blend stability under 

light  induced heat.  In  P3HT:PCBM blend indeed,  thermal  annealing  was  used  to  produce  and 

stabilize a nanoscale interpenetrating network with crystalline order for both components [92]. It 

results to be such a powerful treatment because it causes recrystallization (which is correlated with 

improved optical absorption [94] and to the mobility of holes  [95]) and reduces the free volume 

and the density of defects at the interfaces [96]. Moreover,  thermal annealing under chloroform 

vapor [97]  or simple thermal treatment [98]  leads to an overall increase in power conversion 

efficiency.

Morphology control and morphological stability

The  relative  high  efficiency  of  bulk  hetherojunction  solar  cell  is  correlated  to  the  blend 

nanostructure. Indeed, after the creation of an exciton subsequent to the interaction between solar 

radiation and active layer material, the exciton must reach the donor/acceptor interface where it can 

split in a hole-electron couple. The exciton diffusion path in the organic material is of the order of 

10 nm limiting the optimum size of the polymer domains. At the same time, the charges that are 

created at the interface between the donor and acceptor must have continuous paths to the outer 

electrodes. So the role of the nanostructured materials blend  is evidently of primary importance.

It is, however, not obvious how to obtain the optimal nanophase separation in the final device since 

it is probably not the thermodynamically most favorable geometry.
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An entire new scenario unrolls when methods for nanomorphology control are investigated, and a 

number of works reporting different techniques can be found, for instance:  in [135]  the presence of 

single wall carbon nanotubes (SWCNTs) is correlated to performances and structure of the active 

material; in the paper [136]  the fibrillar nanostructure was investigated evidencing the intimate 

relationship between processing protocols, which define the mesoscale phase-separated domains, 

and  the  molecular  level  ordering  within  the  domains,  which  determines  local  transport 

characteristics; the work [137] explored the direct writing approach of active layer (P3HT:PCBM) 

through  inkjet-printing  techniques,  correlating  different  experimental  conditions  with  cell 

performance.

Among the methods used to improve cell stability against  degradation factors, annealing results to 

be one of the most suitable. For instance, it was used to improve the efficiency of solar cells based 

on P3HT [98,76] and studies have been carried on to determine the optimal duration of annealing 

[106].  Also it  was  demonstrated that  by annealing the  devices  and simultaneously applying an 

external voltage, the characteristics of solar cells based on P3HT:PCBM are improved [107].  It is 

considered hence a powerful technique to increase cell efficiency which is strongly correlated to 

morphology, as shown in the next paragraph.

Still,  annealing  should  be  avoided  in  order  to  use  flexible  substrates  as  PET  (Polyethylene 

terephthalate) and possible different strategies should be explored as well. An interesting possibility 

is  offered  by  polymer-inorganic  nanostructures  nanocomposites,  as  will  be  discussed  in  the 

experimental section,  presenting the results obtained by doping the BHJ active layer with metallic 

Nanoparticles (Nps).

Morphology control issues will be analyzed deeply in the next paragraph.

1.4.2 Characterization Methods

The ability of detecting the mechanisms which contribute to degradation is of primary importance 

in OPV devices studies, as evidenced in the previous paragraphs, in order to understand and avoid 

such phenomenona and also to improve performances.

As shown in [129], investigation methods can be grouped according to the type of information they 

can  provide,  that  is  to  say  chemical  or  physical  information.  In  this  perspective,  a  number  of 

parameters  can  be  enumerated  in  order  to  define  a  characterization  method:  type  of  analysis 

(bulk/surface),  type  of  imaging  (2D,  3D),  possibility  of  depth  profiling,  destructive  (non-

destructive) analysis, type of information (chemical/morphological/structural), etc.

When performing a measurement, the achieved results can be average or site specific information. 
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In the first case the methods provide information from non-specific locations in the sample. This is 

the case of, for instance, impedance spectroscopy,  Near-field scanning optical microscopy (NSOM) 

or reflectometry; in the latter case the experimental methods provide information from more or less 

specific locations in the sample,  like in the case of  time-of-flight-secondary ion mass spectrometry 

or Atomic Force Microscopy.

Impedance spectroscopy measures the dielectric properties of a material as a function of frequency, 

and for a polymer solar cell, the results can be interpreted in terms of the equivalent circuit with a 

resistive/capacitive  (RC) element.  It  has  been used successfully  to  monitor  the progress  of  the 

annealing process [138] or to investigate the C60/metal interface [139]. This technique can provide 

a  bulk,  non  destructive  analysis  and  relevant  information  about  chemical  and  morphological 

parameters can be obtained.

A variation of NSOM called NSPM (near-field scanning photocurrent microscopy) has been used to 

correlate morphology with current generation in polymer solar cells [140]. No conclusions on how 

the device morphology affects  the efficiency or  degradation of polymer solar  cells  were made. 

However this work demonstrated the possibilities offered by such technique, being one of a few 

methods able to characterize the solar cell performance at nanometer level.

Time-of-flight-secondary  ion  mass  spectrometry has  proven  to  be  versatile  in  the  study  of 

degradation mechanisms of  OPV. It can provide valuable information on the molecular structure 

and it  allows to  monitor  the structural  changes in  variable  environmental  conditions,  providing 

interesting  information  on  surface,  2D  imaging  and  depth  profiling.  However,  being  a  mass 

spectrometry technique, it results to be destructive.

Time-resolved X-ray reflectometry and Atomic Force Microscopy are deeply discussed elsewhere 

in this work.

Ideally,  techniques  which  could  provide  time-resolved analysis  of  structural  and morphological 

parameters at the same time would be really helpful to understand the hidden mechanisms which 

contribute to performance lowering. Of course it is an ideal situation and it is not achievable with 

one single kind of measurement. However an interesting opportunity is given by the possibility of 

performing measurements with different techniques at the same time.

Following this philosophy, a very promising way seems to be the use of techniques which can give 

both local and average information, like the ones shown in the present work (Energy dispersive  X-

ray reflectometry and Atomic Force Microscopy)

Indeed, both surface and interface information can be obtained, thus providing a morphological 
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description of  the sample.  The particular  set-up used allowed to carry on in-situ  time resolved 

experiments,  thus  giving  the  possibility  of  monitoring  morphological  modifications  over  time. 

Additional  information  are  also obtained by the  use  of  in-situ  time resolved X-ray diffraction, 

together with FTIR spectroscopy. Both techniques, as discussed in the experimental section, provide 

information about structural/chemical  modifications of the studied samples in  a non destructive 

way.

1.4.3 Increasing efficiency and lifetime through morphology control

Nanoscale morphology becomes a primary key parameter in bulk hetherojunction solar cells, and is 

important to improve cell efficiency, as demonstrated using  different organic active materials [108-

110].  Experiments  show  that  when  an  organic  material  blend  like  P3HT:PCBM  or  MDMO-

PPV:PCBM adopts an organized morphology, the cell’s performance is improved [107, 111,112,31], 

while, on the other hand, a phase segregation and a formation of cluster [9] of one of the two blend's 

components  reduces  performance  [113].   When  morphology  is  organized,  it  is  found  that  the 

absorption spectra  is  widened,  ISC increases,  while  VOC slightly decreases.  Moreover,  surface 

resistivity decreases.

However, morphology can be subject to degradation during cell working mostly due to molecular 

diffusion of fullerenes at elevated temperatures for long times, which are the operation conditions of 

the cell  exposed to sunlight. The thermally activated phase separation, which in polymer: PCBM 

blends  consists  in  PCBM  diffusion  and  formation  of  crystalline  aggregates,  increases  the 

morphological instability [8].

Fortunately,  nanoscale  morphology  can  be  somewhat  controlled.  Some  parameters  have  been 

experimentally identified, like in the case of in  MDMO- PPV/PCBM polymer-fullerene blends, as 

influencing the nanoscale morphology [30]:  (a)  the primary chemical structure of the materials 

determining tertiary organization structures, (b) the used solvent, (c) processing temperature,(d) the 

relative ratio in composition between polymer and fullerene, (e) the solution concentration,   and (f) 

the before mentioned thermal annealing.

The  primary  chemical  structures  of  polymer  and  fullerene  determine  the  solubility  in  organic 

solvents  and  the  miscibility  between  these  two  compounds.  The  solvent  itself  furthermore 

influences  the  drying  time  during  film  formation,  whereas  thermal  annealing  enables  the 

recrystallization. Diffusion of one or both components in the blend leads to a modification of the 

phase  separation  [14]  which,  as  already  mentioned,  is  an  undesired  effect.  Also,  relative 

concentration  of  the  two  component  of  the  blend  plays  an  important  role  in  determining 

morphology and hence performances [114,115].
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Nanoscale morphology is of course correlated with the degree of order of the blend or of one of its  

components.  For instance,  the regioregularity  of P3HT, if  tuned within certain limits,  has been 

found to increase the thermal stability [62]. The overview on organic photovoltaic of Spanggaard 

[6] reports different possible morphologies of  hetherojunction solar cells, which we report in Fig.10 

as an example. For a complete and exhaustive description of each morphology and corresponding 

performances we invite the reader to look at [6].

 

Figure 10: Different morphologies of heterojunction cells. Top, left: Two-layered structure of fullerenes and polymer  

chains. Top, right: dispersed heterojunction. Middle, left: fullerenes with polymer chains attached. Middle, right: self-

assembled layered structure of double-cable polymers. Bottom: self-assembled layered structure of diblock copolymers.  

The layered structure of double-cable polymers and diblock copolymers are expected to facilitate efficient electron and  

hole transport. Courtesy of [6]

Also, different configuration of the blend can enhance morphology order and cell efficiency, as 

shown in [116], where  a finger joint ordered configuration is suggested (In Fig. 11 we report the 

two device architectures for comparison).
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Moreover, literature reports discussions on to obtain and construct ordered bulk heterojunctions for 

a better control of the nanomorphology itself, like using self-assembled inorganic nanostructures for 

the infiltration of conjugated polymers [117,118] or self-organizing diblock copolymers [119,120], 

where the two blocks carry the different functionalities of donor and acceptor, respectively.

 

Figure 11: example of device architectures of conjugated polymer-based photovoltaic cells: a) disordered BHJs; b)  

ordered bulk hetherojuntion. Courtesy of [116]

Also,  donor-acceptor blends with (metal) nanoparticles and  blend with the polymeric material 

structured in nanofibers result to be extremely interesting.

In  the  case  of  nanofibers,  they  have  attracted  interest  because  of  their  one-dimensional 

nanostructures. They can be prepared by various procedures [121], and also they can enhance power 

conversion  efficiency  [92,122].  They  result  to  be  particularly  interesting  because  they  show 

optimized morphologies directly upon deposition, without annealing or other thermal treatments 

[123].

Still, conjugated polymers are inherently unstable and as a result limited device stabilities in model 

OPV systems aged under inert atmospheres has been measured [124,125]. Active layer degradation 

pathways  include  changing  morphologies  [73,126,127],  photo-oxidation  [89],  and  carrier 

accumulation within the active layer [128].

In order to mitigate the degradation pathway related to the active layer structural/morphological 

changes  occurring  during  prolonged  illumination  in  air,  a  different  approach  based  on  the 

introduction in the BHJ of metallic nanostructures can be considered. In the experimental part it will 

be discussed how Ag nanoparticles (NPs) can be incorporated in the P3HT:PCBM active layer,  
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leading to improved structural and morphological properties of the composite blend and, thus, to 

better PV performance and stability after long periods of continuous illumination in air, compared 

with the pristine ones.

In  conclusion,  when  trying  to  improve  performances  and  stability  of  an  organic  solar  cell, 

morphological and structural aspect plays a primary role. Studies that make use of novel techniques 

like joint AFM/EDXR, object of this thesis, can play a crucial role in determining simultaneously 

the surface/interface morphology and bulk-structure modifications of organic thin-film deposited on 

substrates, and can be profitably used in organic layers for OPV applications, as will be discussed in 

the experimental section.
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- Chapter II -

Experimental Methods

2.1 Energy dispersive X-ray Spectroscopy

Information about the atomic structure of a sample can be gained by observing the modulation of 

the intensity spectrum of a probe whose wavelength is comparable with the interatomic distances. If 

the probe is an electromagnetic radiation, the wavelength is in the X-ray range.  

When  X-rays  interact  with  matter,  the  incident  photons  can  be  (i)  absorbed,   (ii)  inelastically 

scattered or (iii) elastically scattered. The absorption process occurs when photons are absorbed by 

matter, and can generate various effects like the photoelectric effect, which occurs when photons 

interact with matter with resulting ejection of electrons (photoelectrons or Auger Electrons) from 

the  matter.  The  Compton  effect  or  Compton  scattering,  also  known as  incoherent  or  inelastic 

scattering, occurs when the incident X-ray photon ejects a electron from an atom and an X-ray 

photon of lower energy is  scattered from the atom. In this process, the incident X-ray changes 

direction and loses energy, imparting that energy to the electron. The elastic scattering, also known 

as Rayleigh, Thomson, coherent, or classical scattering, occurs when the X-ray photon interacts 

with  the  whole  atom so  that  the  photon is  scattered  with  no  change in  internal  energy to  the 

scattering atom, nor to the X-ray photon. This effect is minor to when related to absorption, but is 

the primary effect which makes X-ray diffraction possible.

The incident X-ray beam scattering can be considered perfectly elastic, starting from the assumption 

that electrons  are somehow integral with their nuclei.

The  elastic  contribution  to  the  scattering  is  a  function  of  the  momentum  Δp exchanged  by the 

radiation with the atomic tightly bound electrons. For a generic system Δp ,  is a vectorial quantity, 

having  three  components.  In  the  case  of  isotropic  systems,  the  intensity  only  depends  on  the 

modulus of  Δp  and not on its orientation, and a scalar quantity q, called scattering parameter which 
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represents the modulus of Δp expressed in h units,  can be defined as q=
1
2

k sinϑ where   2ϑ  is the 

total scattering angle and k the modulus of both wavevectors k1 and k2.

Spectroscopy patterns can thus be drawn by plotting the scattered intensity as a function of the free 

parameter q only. Fig. 1 shows the relation between q and the experimental quantities.

ϑ 

ϑ 
q 

k 

k 

1 

2 

Figure 1: Diagram of the exchanged wavevector

Since the scattering is elastic, the energy E of the radiation remains unchanged during scattering, 

and as the wavevector (wave number) is proportional to energy, it can vary its direction but not its  

modulus,  that  is  the  X-ray  beam  can  change  its  direction  but  not  its  wavelength.  Being  E 

proportional to k, the following equation holds: q (E,ϑ )=αE sinϑ where  the  constant  α is  1.014 

[  Å-1  /  KeV].  The  preceding  relation  is  another  way  of  expressing  the  well-known  relation 

q=
4π
λ

sinϑ , where λ is the radiation wavelength. [1]

As q is function both of  E and ϑ , when using an X-ray spectroscopy technique, two methods are 

available to perform a scan of q and to draw the scattered intensity profile as a function of it:

1) The first is to use a monochromatic beam (E fixed), for instance a fluorescence line produced by 

a laboratory X-ray tube, and carry out an angular scan (Angular Dispersive, AD)

2) The second consists of utilizing a continuous spectrum radiation, often called white by analogy 

with the visible light, for example the Bremmstrahlung of an X-ray tube, the scattering angle being 

fixed (Energy Dispersive, ED)

The former alternative is the conventional method and the distinction between the two methods was 

made in  the late  sixties  [2].  The latter,  which requires  a  certain  amount  of  work to  refine the 

diffraction data, is less conventional but can be profitable in some case. It is worth comparing the 

two techniques in order to illustrate quality and defects.

The merits of ED can be summarized as follows:

1.The accessible region in the reciprocal space is wider. In the AD technique, the maximum q value 
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is limited by the condition  
sin ϑ ≤ 1 

, and by the upper limit  qmax~ 19 Å-1, imposed by  physic-

technical limitations (targets producing fluorescence lines of higher energy are not available). In the 

ED  methods,  once  the  scattering  angle  is  fixed,  qmax is  determined  by  the  highest  energy 

component contained in the white spectrum. For example, if the power supply voltage is 50 KV, the 

maximum energy is, by definition, 50 KeV. At an angle of 40°, theoretical qmax is 30 Å-1 .

2.Reduction of the acquisition time. The Acquisition time depends on the total scattered intensity.  

As the intensity concentrated in the fluorescence line (in AD) is, in typical working conditions, from 

one  to  two  orders  of  magnitude  lower  than  the  intensity  distributed  in  the  entire  continuous 

spectrum (in ED),  this is also, roughly, the ratio between the acquisition times in the two cases.

3.Steady apparatus during data collection.  This simplifies the experimental procedure, since the 

beam hits always the same point and unlike AD, no movements compromise the alignment, which 

may induce systematic errors. Hence, also very small samples can be used. Furthermore, complex 

and cumbersome devices can be installed, such as high pressure or variable temperature cells, even 

though the path to the sample is very narrow: it is sufficient that the incoming hole of the device is  

wider than the transversal section of the X-ray beam.

4.Parallel  collecting of the spectrum points.  In the AD methods,  spectrum points are  collected 

sequentially, and the scanning rate is proportional to the angular speed of the diffractometer arms 

and to the acquisition time. Vice versa,  ED permits a multiplex acquisition: the points are collected 

simultaneously at each value of q, and it can be strongly advantageous in the case of sample which 

dynamically change their structural configuration, as changes at different values of  q are probed 

simultaneously.

On the other hand some drawbacks must be noticed:

1.Decrease of q resolution.  The logarithmic derivative of q is Δq
q
≃ΔE

E
+cotg Δ ϑ ϑso the relative q 

resolution is then composed by two terms. The first contribution is due to the energy resolution of 

the detector and of its electronic chain; the second, originates from the angular divergence of the X-

ray beam. In AD, only the latter is present. However while it can be a serious drawback in the case 

of  crystallographic  experiments,  where  accurate  measurements  are  needed,  in  the  case  of  not-

crystalline or disordered system the effects are negligible. In the case of X-ray Reflecometry, the 

lower resolution is not a serious drawback, since patterns are characterized by broad modulations.

2.Complex data processing. elastic and inelastic scattering, absorption, polarization, and all other 

phenomena  involved  in  the  diffraction  experiments,  are  energy  dependent.  Each  chromatic 

component contained in the spectrum of the secondary beam has to be analysed separately.

3.Limited accessible range in q space at fixed angle. At a given  ϑ angle and for a given energy 
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EMAX, this range should span from zero to qmax = a EMAX sinϑ. From this point of view a change in 

ϑ which acts  as an instrumental parameter  to be set  before the beginning of the measurement, 

corresponds to an expansion or contraction of the accessible window in the reciprocal space. Hence 

when, to cover the q-interval of interest, several patterns must be collected in correspondence to a 

set of angular value, the final join performed to recombine them in a unique pattern must be carried 

out by considering that, in the region where the spectra are overlapped, a fixed q value corresponds 

to different energies, being the spectra collected at different angles [3].

In conclusion,  drawbacks can be more or less remarkable depending on the measurements to be 

carried out and on the samples studied. The ED techniques usually become really profitable in the 

case of measurements which include dynamical changes of the sample exposed to temperature or 

other  environmental  variations,  which  often  involve  the  use  of  heat  cell  or  other  cumbersome 

devices; also, it is advantageous in the case of non-crystalline samples, disordered samples, or other 

devices for which extremely accuracy in q is not required.

In the following paragraphs we're going to describe the techniques used in the present work.

2.1.1 Energy Dispersive X-ray Diffraction

X-ray  Diffraction  is  a  spectroscopic  technique  based  on X-rays  that  can  enable  one  to  gather 

information about the crystallographic structure, chemical composition, and physical properties of 

materials and thin films. It is of great interest when one needs to have structural information on 

single and multi-layered complex systems with materials which have a certain degree of structural 

order,  as  the  case  of  organic  photovoltaic  cells.  On  those  systems,  the  diffraction  allows  to 

determine the preferred orientation of substrate-anchored polymer thin films, the aggregation of 

active material components in crystallites and, if used in situ in a dynamical way (i.e. change of  

environmental parameters like temperature or pressure during the measurements), it can show the 

evolution of the parameters which characterise the system, in function of time.

X-ray  Diffraction  theory  by  Thomson  and  Debye  describes  the  modulation  of  the  intensity 

spectrum, due to the interaction with the sample, as the effect of coherent superposition of waves 

elastically scattered by atomic core electrons, which are regarded as small antennas scattering with 

a dipolar distribution.

Even though this approach is completely classic, it  is  sufficient to explain the features and the 

characteristics of diffraction patterns and to get the required structural information [4]. Quantum 

effects at these energies are still small, can be considered as perturbations and can be taken into 

account  by  introducing some suitable  corrections  connected  to  the  inelastic  contribution  to  the 

scattering of the outer shell electrons, that is the Compton effect.
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As first assumption we can consider atomic electrons interacting with X radiation as if they were 

isolated and if they elastically scatter the incident wave. In this case we have simple scattering and 

according  to  Thomson's  theory,  the  incident  wave  is  plane  and  electrons  behave  as  a  classic 

vibrating  dipoles.  They  re-emit  waves  with  the  same frequency as  the  incident  ones  and  with 

amplitudes proportional  to  the sine of the deflection angle between the electrical  field and the 

direction of observation. In Fig. 2,  k1 and k2 are incident and scattered wavevector, respectively, 

and q is their difference.

To describe the overall  effect of the interference,  we must consider a system with at  least  two 

electrons where phase shift of scattered radiation must be evaluated. It can be done in the position 

domain, by calculating the length of the optical path of each scattered radiation. In fig 2 the two 

waves  coming from the  same direction  (1 and 2),  with  the  same length,  are  scattered  by two 

electrons A and B.

They  exhibit  a  phase  shift,  with  respect  to  each other,  which  depends  on  the  positions  of  the 

electrons and on the direction of observation. If the two electrons are connected by the vector r , the 

phase shift between the scattered waves is:  
kΔx=k ( k

ˆ

1⋅r−k
ˆ

2⋅r )=k (k1−k2)⋅r=q⋅r
where q is 

the exchanged wavevector.  

k 1 

A 

B x 1 

x 2 

1 

2 

    

r 
k 2 

k 2 

k 1 

Figure 2: scattering of two electrons at distance r

Hence it demonstrate that the elastically scattered radiation shows a well defined phase difference 

induced by the position of scattering atoms. As an effect of this phase coherence they also interfere 

with each other[1] modulating the scattered (observed) intensity of the detected wave. Moreover, its 

value is affected by several effects (polarization, presence of cell or devices in which the sample is 

contained, etc). In conclusion, as shown in [5,6], the final master equation of diffraction of observed 

intensity can be written as:
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IObs( E , E ' ,ϑ )=KI0( E )P ( E ,ϑ ) ACoh
Tot ( E ,ϑ )[ I Coh( E ,ϑ )+.

E'I0(E') P( E ',ϑ ) A Inc
Sam

(E,E',ϑ )

EI0( E )P( E,ϑ) ACoh
Sam

(E,ϑ )
I Inc( E ' ,ϑ ) ]

+ACoh
Sam

( E ,ϑ )⋅I Emp( E , E' ,ϑ )

where ACoh
Tot

(E,ϑ)=ACoh
Sam

( E,ϑ)⋅ACoh
Cel

In this equation inelastic scattering is taken into account as well, and E' is the photon energy before 

the deflection due to interaction with the sample, E after interaction. The quantity ∆E=E'-E can be 

determined with the Compton shift equation as shown in [6].

K is a constant different for each scattering angle, it contains the factor (r0/R)2 and all the quantities 

that  modify  the  photon flux  at  the  detector  (X-ray  tube  to  sample  distance,  sample-to-detector 

distance, positions of the collimation slits and the surface they delimit etc).

I0 is the intensity of the primary beam in function of energy.

P is the polarization of the scattered beam, for the coherent and incoherent contributions.

A is the correction due to absorption, and the superscripts sam, cell,  correspond to sample and cell 

respectively.

The subscript emp refers to the empty cell.

The subscripts coh and inc refers to coherent (elastically scattered)  and incoherent inelastically 

scattered) radiation related to Absorption and scattered Intensity. The main difference between 

Icoh(E,ϑ) and Iinc(E',ϑ) is that the latter has no interference modulation.

Our purpose is isolating the term ICoh which contains i(q), that is the structural information on the 

sample. We can define a new quantity 
I
˜

Obs(E,E',ϑ )
as follows:

I
˜

Obs (E,E',ϑ )=K [ ICoh (E,ϑ )+
E' I 0(E' )P(E',ϑ ) A Inc

Sam( E ,E',ϑ)

EI0(E ) P(E,ϑ) ACoh
Sam (E,ϑ)

I Inc( E',ϑ) ]

temporarily neglecting the sample holder contribution.

In this  form the  equation  is  constituted by two terms on the right  hand:  the first  is  related  to  

coherent  contributions,  the  second  to  incoherent.  It  is  then  more  simple  to  handle.  Some 

observations can hence be done: first,  it must be remembered that the measurements are carried out 

at a constant angle and the dependence of 
I
˜

Obs(E,E',ϑ )
on ϑ is parametric and disappears when the 

angle  is  fixed.  Second,  all  the  contributions  on  the  right  hand  side  can  be  measured  and  are 

supposed to be already known, so 
I
˜

Obs(E,E',ϑ )
is a known quantity as well. Third,  E' is a function of 

E and ϑ, according to the Compton shift equation, thus the only free variable is E which is given in 
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a diffractogram.

Thus, the coefficient of IInc is also known and IInc itself can be theoretically calculated. The term K, 

which varies with the angle: K=K(ϑ), can be calculated in exact or approximate form as described 

in [5].

Advantages of ED mode for the study of films for OPVs

The energy dispersive technique has several advantages which have been fundamental for the  type 

of sample studied in the present work.

1.First, it has been shown that theoretically it enable to remove or simplify the terms depending on 

the scattering angle, which in the energy dispersive mode is fixed.

2.Second, as the acquisition time is relatively short compared to the angular dispersive option, it 

allows to carry on in-situ experiments which monitor the sample structural variation in reasonable 

time intervals (from minuets to hours).  

3.Third, with complex multi-layered sample for organic photovoltaics, which are the subject of this 

work, mechanical errors or movements, even if minimal, can interfere on the diffraction conditions 

an thus compromise the experiment or giving as result diffractograms affected by artifacts effects, 

which doesn't occur when arms are fixed as in EDXD.  

4.Fourth, the use of relatively high energy, allows to investigate in a reasonable time multi-layered 

systems with layers of non-light metallic elements (Au, Ag, ITO).

In conclusion, the use of Energy Dispersive mode can enable one to carry on laboratory experiment 

in a reasonable amount of time and with reasonable precision on complex systems, without the strict 

necessity of requesting beam time in large facilities like synchrotrons.

2.1.2 Energy Dispersive X-ray Reflectometry

Through the use of X-ray reflectometry technique (XRR) it is possible to study monolithic and 

multilayered film properties on a mesoscopic scale. This technique result to be a powerful method 

for several reason: it is sensitive to electron density gradients regardless of the crystalline nature of 

the system investigated [7]; it allows one to gather informations (roughness) on the free surface and 

the (buried)  interface(s) with great accuracy (at  the Ångstrom resolution)[8];  it  also enables to 

determine  the  mass  density,  the  thickness  and the  roughness  of  thin  layers  along the  direction 

normal to the specimen surface [9]. Those information can be profitably used in the case of organic 
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multilayered  photovoltaic  cells,  where a  particular  attention is  devoted to  the understanding of 

interface phenomena between layer of different materials.

X-ray reflectometry is based on the total reflection phenomenon, common for all travelling waves. 

While, for light, total reflection occurs when light waves travel from an optically dense medium 

(high index of refraction) to a less dense (low index of refraction) medium[10], determining total 

reflection on internal surfaces of materials (of glass, for example), for X-rays, for which refractive 

index of most materials is smaller than that of air, total external reflection occurs. The total reflection 

is accompanied by an evanescent wave propagating along the interface between the two media and 

being  exponentially  damped  into  the  less  dense  medium  [11].

This fact enables one to use the reflectometry as a tool for physical and material science studies 

because an X-ray beam impinging a sample (either in air or in a vacuum) can be totally reflected by 

it, carrying morphological information on the reflection surface.

When  a  two-medium  system  is  considered,  this  phenomenon  can  be  described   at  a  first 

approximation by Snell’s law, which in reference to Fig.3 , can be written as : n1 cosαi = n2 cosαr

where  αi  is  the  incidence angle of  the  primary X-ray beam, n1  the refractive  index of  the first 

medium and αr and n2 the reflection angle and the refractive index of the second medium

Figure 3:  Geometry of specular reflectivity. The initial and final wave vector ki and kf define the scattering plane.

If n1 > n2, then αi > αr, q = kr –ki consequently, there must be a value of αi called critical angle αc so 

that  αr = 0. In this case cos  αc = n2 / n1. If the first medium is air, then the expression becomes:  

cos αc = n2.  In these conditions the beam will not be refracted anymore but totally reflected.

In case of X-ray, at a first approximation, this is still true. Only a change is required: a different 

definition of the refractive index [12]. The (complex) index of refraction in the X-ray region can be 

written as:  n = 1- δ - iβ, where the real term δ is associated with the dispersion, and the imaginary 

term β with the absorption:

δ = (λ2/2π) ρr0Z2
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β = (λ/4π) µ 

where  λ is the incident wavelength,  ρ the material density, r0 the classical electron radius, Z the 

atomic number and µ the linear absorption coefficient [13].

Both terms are small compared to unity (about 10-4 to 10-8) in this energy region.

β is usually much smaller than δ. 

δ  is a positive quantity for all elements in the energy region away from the absorption edges, so the 

real part of the refractive index is smaller than unity. Total reflection of X-rays can thus be observed 

in the region of incident angles below the critical angle of total reflection [14]:                                  .

Hence, Snell law for an incident  X-ray beam can be rewritten substituting the correct expression of 

the refractive index n into the equation  

cosαc = n2, thus obtaining:

cosαc = 1- (λ2/2π) ρr0Z2 - i(λ/4π) µ

As the refractive index in case of X-rays is very close to unity, then the critical angle is very small 

[15].  It  implies  that  the  absorption  effect  can  be  neglected  [16],  and  also  that,  expanding  the 

expression till the third order in Mc Laurin series, for a given material at Z and ρ fixed, the previous 

expression becomes  αc/λ =  constant.

Since the scattering parameter (momentum transfer)  is q ≅ 4πsinα/λ, the  X-ray total  reflection 

occurs when the critical wave vector value qc = αc/λ , is reached.

Therefore, at a very good approximation, in a total reflection experiment far from the absorption 

edge, the relevant parameter is not the critical angle alone, since it changes with the X-ray energy, 

but rather the critical angle to wavelength ratio, i.e. the critical value of the scattering parameter qc 

[17], where:

q =  4πsinα/λ  = E sin α / hc = K E sinα

This  approximate model show us that X-ray reflectometry can be used for the determination of 

surface and interface roughness,  layer thickness of thin films and multilayer samples,  and near-

surface density gradients and layer density.

These information should be however determined quantitatively, so an accurate fitting procedure 

based on the more rigorous theoretical model must be performed. Those models take into account 

reflection and transmission coefficients as derived from electromagnetic wave propagation theory, 

the Fresnel coefficients [10]; also the multi-layer case, through the use of the Parratt formalism [8], 

is taken into account; this formalism is valid only in the case of ideal sharp surfaces and interfaces, 

and relates the reflected and transmitted amplitude, Rj and Tt, respectively, via:
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X j=
R j

T j

=exp (−2 ik z,j z j

)⋅R j,j+1+X j+1⋅exp (2 ikz,j+1 z j )

1+R j,j+1 X j+1⋅exp (2 ikz,j+1 z j)

where Rj,j+1:  R j,j+1=
kz,j−kz,j+ 1

kz,j +kz,j+ 1

is  the Fresnel  coefficient  of  interface j,  and  kz,j =k √n j
2
−cos2α I

indicates the wave vector component of the j layer along the z direction (in Fig. 4).

Figure 4: A schematic diagram showing the definitions used in the Parratt formalism for a multilayered film.

Finally,  to  introduce  the  effect  of  rough  surfaces  and  interfaces  into  the  reflectivity  model,  a 

roughness factor Qj like the Debye-Waller factor [18] or Nevot-Croce Factor [19] must be used.

Qj = exp (-2k2
z,j σ2

j) ( Debye-Waller factor )

Qj = exp(−2kz,jk z,j+1 σ j
2
) (Nevot-Croce Factor )

In Fig.5, an example of reflectivity patterns is shown, in the two cases of single layer and double 

layer; the differences between a Fresnel reflectivity pattern (on the left) and the reflectivity collected 

from a thin film on a substrate (right) are evident.

In the first  case the reflected intensity decays  after the critical  q value more than exponentially 

following the Porod's “q-4 ” law valid in case of large q [5]. The critical parameter is easily deduced 

by the position of the reflection edge.

In the second case the characteristic Kiessig fringes [20] are visible and the Parratt model calculated 

for two layers can be applied in order to deduce all morphological information. Those fringes are 
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intensity oscillations due to the interference of waves, which are reflected from different interfaces 

within a system, and can be related to the thickness d of the film with the equations: d ≈ 2π/ ∆qz,

Figure 5:  An example of reflectivity patterns is shown, in the two cases of single layer and double layer

Advantages of ED mode

Since a reflectivity measurement consists in collecting the reflected intensity as a function of the 

scattering parameter [21], q = 4πsinα/λ = KE sinα,  which depends on the radiation energy and on 

the scattering angle, it is possible to perform the q scan and to draw the reflected intensity profile as 

a function of it  also in the energy dispersive mode, and not only in the most common angular  

dispersive (AD) mode. The advantages of the ED mode in X-ray reflectometry are remarkable and 

the disadvantages become almost irrelevant.

The  experimental  geometry  remains  in  fact  unchanged  during  data  collection,  which  is  a 

fundamental advantage for in situ studies [22-23]: in the grazing incidence geometry required in 

reflectivity measurements, any misalignments may induce relevant relative errors during the angular 

scan necessary to collect the reflectivity pattern in the Angular Dispersive mode. As in situ ED X-

ray reflectivity the sample is not removed from its location and no instrumental movements are 

required, misalignment problems are prevented and film morphology modifications to be followed 

with extreme accuracy [24,25].

The most important  feature may be related to the resolution in the k space.  A single spectrum 

collected at fixed angle, using the whole white beam of a conventional W anode X-ray tube, covers 

typically a range of some 10-2 Å-1. A few hundred points, whose number is decreased by a factor 5 

(groups of 5 adjacent points are summed to encounter the SSD resolution), are collected in this 

range.
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To get the same resolution using the kα of a Cu anode tube as primary beam, in the same k range, 

angular steps of 0.001° are required, and even if such angular movements may be performed by 

extremely accurate goniometers, the time expense to collect  all points constituting the reflectivity 

pattern, would not allow to perform real time measurements.

The increased signal intensity and the parallel collection of the spectra,  together with the fixed 

geometry,  make  the  Energy  Dispersive  mode  a  powerful  laboratory  reflectometry  technique  to 

perform in situ and time resolved measurements.

On the other hand, the decrease in q resolution due to the uncertainties on both the angle and the 

energy  which  is  the  main  drawback  of  the  ED  mode  in  diffraction  measurements,  does  not 

significantly  affect the reflectometry patterns, because they are characterized by broad peaks or 

long period oscillations.
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2.2 Atomic Force Microscopy

Atomic  Force  Microscopy  (AFM)  technique  belongs  to  the  wider  family  of  scanning  probe 

microscopy (SPM),  which  is  a  branch of  microscopy that  deals  with the  creation  of  images  of 

surfaces using a physical probe that scans a given specimen.

The basic working principle is very simple: a sharp tip (the probe) with a radius of curvature on the 

order of nanometers, is mounted on a cantilever. Then the tip is brought in proximity of the surface 

of the studied specimen, and  the forces interacting between the tip and surface cause the deflection 

of  the cantilever according to Hooke's law [26].  The intensity of such interaction is measured in 

real time by force sensors, and, through the use of electronic apparatus, the topography of the surface 

is reconstructed [27,28].

An AFM measurement can be carried out in three different modes:

•  In contact mode the tip scans the surface of the sample at contact distance (Ångstrom's order), 

and the force between tip and surface is kept constant by an electronic feedback system. In this 

mode it is also possible to estimate the friction coefficient. Although contact mode allow one to 

have the best image quality, it could damage samples whose surface is made of soft matter.

•  In  non contact mode, the tip is not in contact with the sample surface, and the cantilever is 

oscillated at a frequency near to its resonance frequency. This mode doesn't suffer of tip or sample 

degradation.

•  In tapping mode the cantilever is oscillated at a frequency near to its resonance frequency as well, 

but before reaching the maximum of oscillation's amplitude, the tip gets in contact with the sample 

surface so that Van der Waals force, dipole-dipole interaction, electrostatic forces, and other forces, 

cause the amplitude of this oscillation to decrease as the tip gets closer to the sample. Measuring the 

variation of phase and amplitude it is hence possible to obtain (i) a topographic image and (ii) a  

“phase lag” image which allows to discriminate different types of materials.

Moreover,  AFM  technique  has  the  advantage  of  performing  surface  characterization  with 

nanometrical  resolution  in  a  non-destructive  way  and  without  surface  preparation.  Again,  it  is 

extremely useful on materials  like organic thin films used as active materials in OSC, in which 

surface components are not stable and sometimes subject to wear (ageing, friction strains, damages), 

and must be characterized while preserving their integrity[29].

60



2.3 Joint EDXR/AFM

Microscopy and X-ray scattering are very different techniques, which are also based on different 

physics phenomena. However, they both share the ability of imaging objects at high resolution: the 

former  probes  the  samples  structure  in  the  direct  (physical)  space,  the  latter  provides  a 

representation in the reciprocal space [30]. In particular X-rays, as seen in the previous paragraphs, 

can be also used to study the characteristics of a surface by utilizing their reflection properties at the 

interface  between  two  means  having  different  electronic  densities  [31],  i.e.  using  the  X-ray 

Reflectometry technique.

Both X-ray reflectometry and AFM microscopy can be used to study the surface roughness ρ of a 

sample, although using two different physical effects. From an AFM image, indeed, the surface 

roughness is obtained by applying the definition of ρ itself, that is the rot mean square of the height 

fluctuations (around the height average value) at the surface. From an X-ray Reflectometry spectra, 

on the other hand,  ρ can be calculated as the slope of the reflection curve above the total X-ray 

reflection edge [32].

Theoretically, the two techniques should be equivalent, but when comparing the experimental data, 

discrepancies  between the  two numerical  values  of  roughness  may be  observed,  which  can  be 

caused by different experimental errors that may occur, and by the fact that one technique gives the 

ρ mean value (EDXR), while the other a local ρ value (AFM). By comparing the data collected in 

both  ways  is  possible  to  prevent  mistakes  in  interpreting  the  results.  In  the  case  of  samples 

undergoing  modification  for  which  time-resolved  measurements  are  required,  the  possibility  to 

compare results given by different techniques can be essential.

An  example  is  given  in  the  case  in  which  this  joint  technique  is  used  to  study   the  surface 

morphology of a sample: AFM can give local information about the surface arrangements, but as it 

samples small portions of the surface, to obtain statistically meaningful data several zones must be 

measured; X-ray reflection, on the other hand, provides the (average) surface roughness of a large 

portion  of  surface,  even  though  it  is  not  able  to  describe  what  kind  of  surface  arrangement 

corresponds to such roughness.

Also, when we apply the joint technique to the study of thin films deposited on substrates, as the 

case of OSC  where substrate plays a functional role, acting as either an electrode or a current 

collector [25,33], reflectometry gives a reflection pattern whose fit allows in theory to discriminate 

the surface and interface roughness parameters, ρs and ρi respectively. From the practical point of 

view,  analytical expressions of  ρs and  ρi   are tightly entangled, so while their joint value can be 
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accurately determined, their individual values are rather uncertain. An independent determination of 

one of them, for instance the surface roughness by AFM, allows to separate the two contributions.

The  possibility  of  simultaneous  AFM/EDXR  measurements  is  hence  to  be  regarded  as  new 

opportunity: this is particularly true when the modifications of the morphological parameter (film 

thickness and roughness) over time are to be followed in situ, which cannot be done by using the 

two  techniques  separately  because,  like  in  the  case  of  OPV cells  active  layers  [34,35],  these 

materials can exhibit a bad stability upon working or ambient conditions.
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2.4 Fourier Transform Infrared Spectroscopy

Fourier Transform Infrared  Spectroscopy (FTIR) is one of the most common infrared spectroscopy 

techniques used to determine the molecular composition of a specimen.

Infrared spectroscopy is  a technique able to detect  the non symmetrical functional groups of a 

molecule [36], in which the electric dipole moment of the molecule changes during the vibration 

due  to  absorption of  infrared radiation.  An infrared  spectrum indeed is  commonly  obtained by 

illuminating a sample with infrared radiation and determining what fraction of the incident radiation 

is absorbed at a particular energy. The energy at which any peak in an absorption spectrum appears, 

corresponds to the vibration frequency of a sample part and represents a molecular fingerprint of the 

sample. Hence this technique enables one to make qualitative analysis, that is to identify unknown 

materials, to determine the quality or consistency of a sample and, through the use of algorithms 

and with a reference specimen,  also a quantitative analysis [37] which  helps to determine the 

amount of components in a mixture.

The original infrared instruments were of the dispersive type [38]. These instruments separated the 

individual frequencies of energy emitted from the infrared source, through the use of a prism or 

grating. The detector measures the amount of energy at each frequency which has passed through 

the sample. This results in a spectrum which is a plot of intensity vs. frequency.

Fourier  Transform  Infrared  (FT-IR)  spectrometry  was  developed  in  order  to  overcome  the 

limitations encountered with dispersive instruments, the main difficulty being the slow scanning 

process. Then, a solution was developed which employed a very simple optical device called an 

interferometer  which  allowed  to  measure  all  of  the  infrared  frequencies  simultaneously.  The 

resulting signal, called an interferogram,  contains information about all frequency components of 

the direct (intensity vs.  wavelength) spectrum, which can be decoded in the direct  space using 

Fourier transformation [36,38] .

Fourier transform infrared spectroscopy is preferred over dispersive or filter methods of infrared 

spectral analysis for several reasons: (I) it is a non-destructive technique, (ii) it provides a precise 

measurement method which requires no external calibration, (iii) it can increase speed collecting a 

scan every second, (iv) it can increase sensitivity – one second scans can be co-added together to 

ratio out random noise, (v) it has greater optical throughput, (vi) it is mechanically simple with only 

one moving part [38].

When studying complex sample like organic materials for OPVs, the use of FTIR spectroscopy can 
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support, validate and add information about chemical compositions, bondings, configurations and 

conformations of the specimen [39], as a complement to the results of other techniques used in 

combination with it. These information can be used for a better comprehension of the process the 

cell is subject to when exposed to particular environmental conditions like humidity or heat [40].
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- Chapter III -

Experimental Apparatus and set-up

When characterizing a specimen or, as in the case of present work, thin films of organic materials, 

the synergic use of different techniques can enable one to gather  information on different aspects of 

the  sample,  as  for  instance  layer  thickness  and  roughness,  or  bulk  structural  information  like 

aggregations of active materials in crystallites of different sizes.

However the use of different characterization techniques can be seriously improved when they are 

used in a joint way, which allows to study the sample simultaneously with the different methods. 

Hence  the  data  obtained  are  much  more  correlated  than  data  obtained  making  single  non-

simultaneous measurements on similar samples, as seen in [1].

Using different techniques simultaneously,  however,  usually requires the integration of different 

scientific instrumentation  in a single machine, which results to be a more complicated object than 

the assembly of the various different instruments. So in some cases it could be convenient to project 

and create non-commercial instruments which combine the different techniques and that, having 

more degrees of freedom respect to the single technique instruments, have a more complicated set-

up. These are the instruments described in the following paragraphs.
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3.1 Energy Dispersive Techniques and joint AFM

3.1.1 EDXR and EDXD

All  measurements were performed by a non-commercial [1] Energy Dispersive machine joint with 

an AFM at the X-ray laboratory, I.S.M., C.N.R., Area della ricerca di Tor Vergata, Roma.

As this machine is basically made by a combination of a non-commercial ED machine and an AFM, 

we can describe separately the two apparatus.

From a geometrical point of view, the energy dispersive (ED) diffractometer/reflectometer (Fig. 1) 

is  similar  to  a  conventional  angular  dispersive  (AD)  one:  the  main  differences  concern  the 

detection,  the absence of monochromator  [2] and the arms motion which in the case of ED is 

executed prior to measurement and can hence can be regarded as an instrumental parameter.

Figure 1:  Photo of  the energy dispersive X-ray Diffractometer/Reflectometer.  The fundamental  components are as  

follows: (1) X-ray source (W anode tube), (2) collimation slits, (3) sample holder, and (4) Ge single crystal energy-

sensitive detector.

The instrument is  mechanically very simple [3], with two arms contained in the vertical  plane, 

pivoting around a single central axis. The arms are moved by two linear actuators driven by step 

motors and the tangent of  the inclination angle is read by two linear encoders. Both the minimum 

step movement and the resolution of the encoders are 1µm, leading to a minimum angle increment 

and reproducibility of (4x10-4)° [4].  

An ordinary X-ray source [5]  can be used as the radiation source, and in Fig. 2 the typical spectrum 

produced  by  a  hot  cathode  W  tube  (Philips,  model  PW  2214/20)  is  shown:  the  tungsten  L 

fluorescence  lines  and the  continuous  Bremmstrahlung hunch (white  beam)  can be recognized. 

While the fluorescence lines are produced by de-excitation of tungsten atoms when ionized by the 
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fast electrons beam impinging the target , the rest of the spectrum (white beam) is not a quantized 

phenomenon, as it is due to a deceleration of the same electrons in the electrostatic field present in  

the tungsten crystalline lattice,  which produces the emission of radiation,  according to classical 

electro dynamical laws [6].

Figure 2: typical X-ray spectrum produced by  produced by a hot cathode W tube (Philips, model PW 2214/20) is  

shown: the tungsten L fluorescence lines and the continuous Bremmstrahlung hunch (white beam) can be recognized.

To detect the X-rays spectrum  an EG&G ultra-pure Ge solid-state detector (SSD) is used, cooled 

with  X-cooler  cryostat  unit.  The sensitive part  of  the detector  is  a  semiconducting high purity 

germanium single crystal which is doped by another suitable element (lithium) in order to create a  

p-n  junction  inside  it  and make it  behave like  a  diode  that,  in  working conditions,  is  directly  

polarized by applying a high voltage at  its  sides.  Many different mechanisms of excitation are 

activated in the Ge lattice when a photon of a certain energy penetrates the crystal and is absorbed.  

However the final result is the production of  electron-hole pairs which are pushed in opposite 

directions under the effect of high external voltage. The integral over time of this pulse gives the 

total charge, that is the number of electron- hole pairs. Since this number is directly proportional to 

the energy of the absorbed photon, the intensity vs energy graph can be plot .

The detector  is  connected to an integrated spectroscopy amplifier-multichannel  analyser system 

(92X  Spectrum  Master),  which  is  basically  a  frequency  histogram  of  the  detected  energies, 

quantized in channel. Depending on the calibration, every channel represents an energy interval., 

with an energy resolution of ca. 1.5% with a maximum counting rate of 10 Kcounts/s. By mean of  

home  made  software  created  for  the  laboratory  system  [8,9]  the  resulting  spectrum  can  be 

visualized  and  also  a  preliminary  analysis  can  be  done,  together  with  the  option  of  running 

measurements programmatically [8].
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The same ED instrument is used both for Reflectometry and Diffraction experiments, the main 

difference being the angle of incidence of the X-ray primary beam on the sample, which in the case  

of reflectometry is, depending also on the studied material, less than 0.3 ° degrees.

3.1.2 EDXR joint AFM  

In the setup used for joint measurements,  an  AFM microscope and a X-ray Reflectometer are 

bundled together.

The AFM instrument is a home made machine which consists of a stainless-steel unit made of two 

separable cylindrical  supports  equipped with a  passive  vibration  isolating system.  The sample 

holder, placed in the lower unit, is mounted at the top of a piezoelectric scanner which allows a 

maximal scan size of 30 × 30 × 6 μm. Additionally an x-y-z motor-controlled translator is used to  

move the sample and hence to select the sample area to be measured. The cantilever holder, together 

with the mirror deflection system and a four-sector position-sensitive photodiode used as deflection 

detector, are placed in the upper unit. Finally, an electronic feedback loop is used to integrate the 

optical signal and maintain a constant cantilever deflection during the data acquisition.  Also, an 

additional active vibration isolation system was mounted as the basis of al microscope, the Accurion 

Halcyonics Nano 20, which enabled to carry out measurements getting rid of disturbing vibrations 

caused by machinery, air conditioning systems, vibrations caused by nearby traffic etc. The tip is 

ticked to the cantilever is an AFM tips from Veeco, made of antimony (n) doped Si; the cantilever 

has a resonance frequency  f0=257-308 kHz, and a spring constant  k= 20-80 N/m. The electronic 

stage is then connected to an home made software which allows to perform experiment in different 

probing modes, as well as running measurements programmatically. This latter option enable us to 

synchronize the AFM acquisitions with the EDXR acquisition, thus obtaining coherent data from 

the two different techniques.

The AFM microscope,  in  this  configuration,  plays  the  role  of  the  X-ray  Reflectometer  sample 

holder.  It  is  therefore mounted on translators  and rotating stages  to  allow a fine centering and 

alignment of the sample (see Fig. 3).
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Figure 3: sketch of the EDXR joint AFM instrument. The AFM is used as a sample holder and  can be moved and  

rotated to permit the sample centring and alignment (see movementation stages).

The  sketch  of  Fig.  3  shows  the  Atomic  Force  Microscope  specifically  constructed  taking  into 

account  the  characteristics  needed to  perform simultaneous AFM and EDXR experiments.  The 

microscope chamber is provided with two thin Al windows, expressly designed to allow the passage 

of  both  the  incident  and  out  coming  X-ray  beam  with  negligible  absorption.  Moreover,  the 

microscope can be moved and rotated to permit the sample centring and alignment, as discussed in 

[7]. In addition, a chamber that can be placed in the AF microscope allows performing the two 

morphological characterizations under controlled atmosphere, thus preventing difficult procedures 

required to avoid the contact of the sample with air during its transport from the AFM to the XR 

instrument in a non-joint machine, as well as the sub sequent repositioning.

When performing a joint measurement, preliminary EDXR measures should be done to check that 

neither the presence of the microscope mechanical components, nor the motion of the AFM tip 

influence the original reflection pattern.
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3.2 Fourier Transform Infrared Spectroscopy setup

A sketch representing the working of a FT-IR instrument from the source to the displayed data is 

shown in Fig. 4.

Figure 4:  sketch representing the working of a FT-IR instrument from the source to the displayed data

The common instrumental process is as follows:

1.  The Source:  Infrared energy is emitted from a glowing black-body source. This beam passes 

through an aperture which controls the amount of energy presented to the sample (and, ultimately,

to the detector).

2.  The Interferometer:  The  beam enters  the interferometer  where  the  “spectral  encoding”  takes 

place. The resulting interferogram signal then exits the interferometer.

3.  The  Sample:  The  beam  enters  the  sample  compartment  where  it  is  transmitted  through  or 

reflected off of the surface of the sample, depending on the type of analysis being accomplished. 

This is where specific frequencies of energy, which are uniquely characteristic of the sample, are 

absorbed.

4. The Detector: The beam finally passes to the detector for final measurement. The detectors used 

are specially designed to measure the interferogram signal.

5.  The Computer:  The measured signal is digitized and sent to the computer where the Fourier 

transformation  takes  place.  The  final  infrared  spectrum  is  then  presented  to  the  user  for 

interpretation and any further manipulation.

In the case of the present work, spectra of Fourier Transform Infrared Spectroscopy measurements 

were  obtained   by  means  of  a  Jasco  FT/IR  470  Plus  interferometer  (Italy),  equipped  with  an 

IRTRON  IRT-30  microscope.  Spectra  were  acquired  in  transmittance  mode  by  executing  300 
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scans/point at 8 cm-1 resolution.
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- Part Two -

Results and 

Discussion
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In the previous part of the thesis the advantages of Solar Devices based on organic materials, and in 

particular bulk hetherojunction blends of P3HT:PCBM, have been emphasized to give reason for 

the great interest that these materials are generating both in the research field and in the worldwide 

market.  In  fact,  despite  the  efficiencies  which  just  nowadays  begin  theoretically  to  be  slightly 

comparable  to  their  inorganic  counterpart  [1],  i.e.  the  silicon-based  solar  cells,  the  several 

advantages connected to the use of organic materials and in particular polymeric blends, as (i) the 

relatively cheap in production and purification, (ii) possibility of tailoring materials properties “on 

demand”,  (iii) possibility of use on flexible substrate, (iv) possibility to be shaped or tinted to suit 

architectural applications, (v) ease of processing and many other, make them competitive on the 

market [2].

Also, disadvantages of organic materials used as active layers in thin film organic solar cells have 

been pointed out. They can be roughly grouped in two categories: (i) problems connected to the 

materials chemical and molecular properties, like the band gap which in the case of polymer blends 

can be tailored in order to enhance solar radiation harvesting and thus efficiency, (ii)  problems 

connected  to  stability  of  materials  blends,  which  under  the  effect  of  environmental  agents  are 

subject to aging effects which influence the morphology of the blend and eventually lifetime and 

efficiency. It is worth observing that molecular and chemical properties as well can be influenced by 

the  structure and morphology of  the  blend,  in  fact  when organic  semiconductors  can reach an 

ordered solid crystalline structure, their absorption band becomes broadened with evident benefits 

with respect to the solar cell efficiency [3].

Still, in order to increase lifetime and efficiency, two key aspects for a wide spreading of devices 

based  on  organic  materials  blend,  control and  monitoring of  structural and  morphological 

characteristics,  are  fundamental  issues.  These  characteristics  can  be  subject  to  relevant 

modifications when exposed to environmental agents or other external agent, as already mentioned, 

thus affecting cell performances and lifetime.

In general OPV devices are composed by different organic layers, as discussed in previously  (see 

Illustration 13 chapter 1, part I) .

The glass transparent substrate is the depositions substrate which needs to be transparent to let the 

solar radiation pass through and hit the active layers where the energy production occurs. ITO layer 

is the transparent electrode.  PEDOT:PSS layer and P3HT:PCBM layer are thin films which are 

studied in the present work: the first is traditionally used as buffer layer to avoid conduction and 

ageing effects, the second is the active layer which deals with the conversion of solar energy into 

electric energy.
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In  this  work  a  systematic  study  of  the  organic  layers  will  be  carried  on,  focusing  on  the 

morphological  and structural  parameters  which influence efficiency and lifetime.  The approach 

mainly  relies  on  the  in-situ  joint  EDXR/AFM  studies.  Preliminary  investigations  on  a  model 

sample, were needed in order to point out the major experimental aspects connected to the joint 

characterization using a non commercial apparatus, as discussed in the next section.
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 - Chapter I -

Optimization of Procedures 

and Techniques

The thesis work, aiming to address the fundamental problem in OPVs of the degradation of the 

organic layers structural/morphological characteristics, mainly relies on a joint use of EDXR and 

AFM techniques, as discussed.

A fist part of the experimental work is, therefore, devoted to the validation of the novel approach 

and to  the optimization of  the set-up here  applied for  the first  time to organic  films for  OPV 

applications. This set-up, far from being straightforward, needs indeed an accurate calibration in 

order to obtain affordable and reproducible results.
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1.1 Preliminary studies validating the Joint EDXR / AFM 

technique approach

The great advantages presented by EDXR / AFM technique, which is a unique tool for the study of 

thin film organic layers of solar devices, become evident when one needs to investigate the surface 

and bulk properties of organic layers, whose behaviour at the interface with the substrate is of the 

uttermost importance for the device performances.

To harvest these information together in real-time, it follows that it is necessary to perform joint  

AFM and EDXR, to be sure that the two measurements are executed on the system in the same 

state.  A further advantage of the technique setup shown in the first  part  of this  work, is that a 

chamber  that  can  be  placed  in  the  AF  microscope  allows  performing  the  two  morphological 

characterizations under controlled atmosphere and thus, if necessary, avoids difficult  procedures 

required to prevent the contact of the sample with air during its transport from the AFM to the 

EDXR instrument.

Prior to the use of this techniques on the samples of interest, i.e. organic layers for organic solar 

cells, a validation has been necessary in order to verify the applicability of the technique and prove 

the accuracy of the results.

As a test sample, a Co-porphyrazine metallo-organic film was chosen, being particularly suited for 

the purpose of this work because of some of its characteristics: (i) it belongs to a family of metallo-

organic  sensing  films  whose  morphological  behaviour  in  static  or  dynamic  environmental 

conditions  is  well  known [4-5]  (ii)  it  is  a  single  layered  films,  hence  multiple   effects  due to 

superposition of signal coming from different layers are avoided, (iii) it shows an optimal  film-

substrate optical contrast [5], (iv) it is stable in ambient conditions (air and light).  It was grown by 

vacuum sublimation on a Si (001) wafer. The deposition of these molecules is a well established 

and  reliable  procedure,  typically  resulting  in  highly  homogeneous  and  smooth  films.  The film 

surface is expected to be finely textured with small structures of a few Ångstroms of diameter. The 

“landscape” is, therefore, varied and rich in details but regular, so that no discrepancy between the 

AFM and the EDXR results is expected, allowing extracting the interface characteristics with a high 

level of confidence.

First of all, in order to verify that the presence of the AF microscope produces no relevant effects on 

the X-ray reflection, a sequence of EDXR patterns on a reference sample was collected in various 

experimental conditions.  
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All the EDXR measurements we're going to describe were carried on with a beam energy of 55KeV, 

at a  scattering angles of 0.150° degrees, with a  square collimation slides shape and slides apertures 

of  50µm*50µm.  The  AFM  measurements  were  performed  in  non-contact  mode.   The  first 

measurement was executed on the test-sample using a standard sample holder (pattern A of fig. 1). 

The subsequent measurements, instead, were accomplished after replacing the sample holder with 

the AF microscope. In the latter arrangement, referred to as B, several patterns were collected (fig. 

1) in order to observe, step by step, the possible interference of the single mechanical parts of the 

AF microscope with  the  primary  or  the  reflected  X-ray beam.  In particular,  B1 represents  the 

pattern  acquired  keeping the  microscope head open and  B2 corresponds  to  that  obtained after 

closing the microscope head. Finally, patterns B3 and B4 correspond to two EDXR measurements 

performed while collecting AFM images (reported in Fig. 2), i.e. the microscope head closed and 

the tip upon working. As it can be noticed by observing Fig. 1, no visible change in the pattern 

shape is observed. This confirms that neither the replacement of the sample holder with the AF 

microscope, nor the presence of the microscope mechanical components, nor the motion of the 

AFM tip to explore different zones of the surface, influence the original reflection pattern A.

Figure 1: ED Reflectivity profiles collected upon the test sample using a traditional sample holder (A); positioning the  

sample into the AFM keeping the microscope head opened (B1), closed (B2), and during the simultaneous EDXR/AFM  

data collection (B3 and B4).

The two AFM images in Fig. 2 appear very similar, testifying that the slight vibrations of the X-ray 

apparatus do not compromise the stability and the accuracy of the AFM system and that the sample 

surface is  homogeneous as expected.  Two equivalent  profiles were extracted from both images 

along the arrows drawn in Fig. 2, which confirms what previously stated on qualitative bases.

As  visible  in  the  3D  maps,  an  ordered  granular  texture  corresponding  to  the  characteristic 

porphyrazine morphology was observed, the average grain size being 0.5nm in vertical and 50nm as 

lateral dimension.
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Figure  2:  AFM images  (1mm*1mm) and their  3D projections (right  side)  collected  upon a Co-porphirazine  film  

simultaneously  with  the  EDXR  patterns.  The  upper  and  the  lower  image  correspond  to  the  B3  and  B4  spectra  

respectively.

In table II quantitative results obtained through a Parratt fit of the reflectivity profiles and from 

statistical procedures (standard deviation from the average height) applied on AFM images,  are 

reported: sample thickness, calculated for all the samples, and sample roughness deduced both from 

AFM (only samples B3 and B4) and EDXR experiments, show that the values of the considered 

physical quantities remain constant within the statistical error for all the samples. This confirm the 

above-mentioned assumptions, that is to say the independence of measurement results from the 

possible interaction of the primary beam with microscope tip or mechanical parts, and independence 

of measurement from slight external vibrations.

Sample Si(001) A B1 B2 B3 B4
σAFM (Å) 0.7 

(0.7)

1.7(0.7) 1.9(0.7)

σEDXR (Å) 1.0 

(0.4)

2.8 (0.5) 2.7 (0.5) 2.4 (0.5) 2.0 (0.5) 2.2 (0.5)

dEDXR (Å) 1010.0 

(0.5)

1011.0 

(0.5)

1010.5 

(0.5)

1011.7 

(0.5)

1010.2 

(0.5)

Table II.  Roughness values deduced from AFM images and EDXR patterns are shown for all  samples considered,  
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together with the thickness values as obtained by the accurate fitting procedure of each reflectivity spectrum.

However looking at the roughness values  σ calculated for samples B3 and B4 both in AFM and 

EDXR, some discrepancies can be noticed: the fact that the σAFM is in the two cases lower than the 

σEDXR  give us the occasion to deeply discuss and investigate the relation between the two roughness 

calculated both in EDXR and AFM. As stated in the first part of this work, they have two main 

differences: the first is that the  σ  calculated from AFM images, is calculated in the direct space, 

while in EDXR it is deduced from the reciprocal space. The second difference is that while the 

σAFM   is  a  measure  of  surface  roughness,  the  σEDXR  incorporates  both  surface  and  interface 

roughness terms, which even if theoretically distinct, under the practical point of view are tightly 

entangled:  while their joint value can be accurately determined, their individual values are rather 

uncertain. In fact the overall film roughness represents the variance of two joint distributions (the 

distributions  of  the  film  surface  and  interface  local  heights).  When  they  can  be  considered 

independent [6], as in the case of film not extremely thin or not deposited layer by layer, they fulfil 

the relation

σ2
film overall = σ2

film surface+ σ2
film interface    (1)

where σ2
film overall and σ2

film surface correspond in our case to σ2
film EDXR and σ2

film AFM, respectively

In this  perspective,  the two joint  AFM/EDXR experiments  B3 and B4 were used to  show the 

possibility offered by the proposed set-up of gaining reliable information on the surface of a bulk 

sample and most  of all  on the  interface between a film and its  substrate.  Indeed an additional 

AFM/EDXR measurements was performed on the Si (001) wafer used as substrate. Its reflectivity 

profile  is  plotted  in  Fig.  3  together  with  its  Parratt  fit,  while  the  3D  representation  of  the 

(1µm*1µm) AFM image is shown in the inset of the same figure. The roughness values deduced 

from the EDXR and the AFM measurements are reported in table II. They are coincident within the 

error,  and correspond to an atomically flat surface (σSi surface ≈1.0 Å), thus confirming that in the 

EDXR roughness  value  previously  deduced  the  only  term having  a  significant  contribution  is 

surface roughness. Furthermore, it is worth noticing that, from the AFM image, no structure can be 

detected, the surface being so flat that the apparent topography is actually due to electronic noise 

only.

Applying the eq. 1 to roughness values of sample B3 and B4, it turns out that σfilm interface for the film 

is about 1.0 Å, which equals the Si wafer roughness value σSi surface just shown. This is the expected 

result,  since soft  metallo-organic films deposited on hard material  substrates do not disturb the 

original morphology of the substrates, adhering to the surface and following its morphology.
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Figure 3: ED Reflectivity profile (dots) and Parratt fit (continuous line) of a Si (100) surface plotted as a function of the  

scattering parameter. In the inset a 3D projection of an AFM topographic image collected upon the same surface is  

shown.
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1.2 Conclusions

In summary, the results of this first joint EDXR/AFM study [7],enabled to:

•validate  the  joint  EDXR/AFM technique  set-up,  showing that  measurements  carried  on  a  test 

sample (film deposited on a substrate) are feasible, they also give the expected results and most of  

all are not affected by instrumental errors and do not present artefacts.

•validate the joint EDXR/AFM technique set-up for the use with multilayered samples or devices

•validate the joint EDXR/AFM technique as a unique tool for a quantitative estimation of interface 

roughness at buried interfaces.
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- Chapter II-

PEDOT:PSS buffer layer

Because  of  its  processability  and  good  mechanical  properties,  the  optical  transparent  polymer 

poly(3,4- ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) results to be a promising 

candidate for a wide range of applications in OSC.

However it is not free from disadvantages: as already cited, ambient moisture can have a negative 

influence on the conducting properties of the blend [1] and the elevated temperatures reached inside 

the cells during illumination may cause interface degradation effects, as interfacial diffusion [2,3], 

as well as structural and morphological changes that may compromise the correct cell working [4].

Hence, a deeper investigation both in ambient moisture and at the high temperatures at which OPV 

devices operate, addressing problems related to the preservation of the PEDOT:PSS film chemical-

physical properties, is still needed.

In the present work PEDOT:PSS blends were studied by means of the time-resolved EDXR/AFM 

joint technique previously described. The samples were investigated in-situ both under controlled 

moisture  conditions  and  during  thermal  treatments  (45°C  and  70°C).  This  temperature  range 

allowed to simulate  the heating conditions  reached by the components  of  the cell  upon device 

working.  AFM  measurements  provided  information  on  the  surface  morphology,  while  EDXR 

measurements allowed to monitor the changes experienced by the blend morphological parameters 

(thicknesses and joint interface/surface roughness). The cross monitoring provided by EDXR/AFM 

technique  supplied  direct  information  on the  PEDOT:PPS layer  /  ITO substrate  interface,  very 

sensitive to the possible reaction or diffusion processes involving the two materials.
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2.1 System and materials

The studied sample is represented in Fig 1. Being a multilayer  composed by a substrate of glass, a 

layer  of  ITO, the transparent  electrode,  and finally  a  PEDOT:PSS layer.  The indium tin  oxide 

substrate was cleaned in an ultrasonic bath with acetone and isopropanol, then rinsed in deionized 

water, dried in an oven and, finally, treated with UV-ozone. The substrate was then spin-coated with 

PEDOT:PSS from Baytron PH at 1500 rpm, and oven dried at 100 °C for 60 min. The samples were 

fabricated by the research group Composants Solaires CEA INES-RDI, France.

Figure 1:  Sketch of the PEDOT:PSS sample

Measurements  were  carried  by  means  of  X-ray  reflectometry,  Atomic  Force  Microscopy,  and 

Fourier Transform Infrared Spectroscopy. EDXR and AFM experiments were carried out jointly by 

means of the homemade EDXR/AFM joint instrument. All the EDXR measurements  were carried 

on with a beam energy of 55keV, at scattering angles of 0.120° degrees, with square collimation 

slides shape and slides apertures of 50µm*50µm. The AFM measurements were performed in non-

contact  mode.  FTIR  measurements  were  performed  by  means  of  a  Jasco  FT/IR  470  Plus 

interferometer (Italy) equipped with an IRTRON IRT-30 microscope. Each spectrum was acquired 

in the transmittance mode by executing 300 scans at 8cm-1 resolution.
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2.2 Results and discussion

In  order  to  have  a  wider  view  of  morphological  and  structural  phenomena  occurring  in  the 

PEDOT:PSS  layer,  experiments  were  performed  in  different  phases  which  correspond  to  the 

different working conditions OPV cell may be submitted to:

1. preliminary measurements, i.e. ex-situ EDXR/AFM

2. in-situ EDXR/AFM up-on isothermal heating

3. in-situ EDXR/AFM up-on exposure to saturated moisture atmosphere

As last  step,  a  FTIR characterization was performed in order to gain deeper  information about 

processes occurring at ITO/PEDOT:PSS interface.

2.2.1  Ex-situ EDXR/AFM

Preliminary EDXR/AFM ex-situ experiments were performed on both the glass/ITO substrate and 

on the glass/ITO/PEDOT:PSS system. Fig. 2 shows a comparison between the EDXR patterns and 

the AFM images collected on 

the 

substrate 

(a), an 

as-

deposited PEDOT:PSS film (b) and an film stored in ambient conditions (c).

Figure 2: EDXR patterns and corresponding AFM images (lower part) collected on the substrate (a), the as-deposited  

PEDOT:PSS film (b) and the film stored in ambient moisture conditions (c). Red lines: fit of the experimental spectra.

A fit  procedure  was  performed on EDXR reflectivity  patterns  to  calculate  sample  surface  and 
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interface roughness, and thickness, using the Parratt  model. Also, the surface roughness of AFM 

images was calculated as the standard deviation from the average height. The roughness values 

obtained by the AFM and the EDXR data reported in Fig. 2 are summarized in table I.

Sample σAFM σEDXR

ITO 4.0 nm 3.0 nm

(ITO/PEDOT:PSS) 1.5 nm 0.5 nm

(ITO/PEDOT:PSS) 100%RH 1.2 nm 1.5 nm

Table I:  surface roughness  (obtained by AFM) and joint  surface/interface roughness  (obtained by EDXR) of  ITO,  

ITO/PEDOT:PSS AND ITO/PEDOT upon exposure to saturated moisture atmosphere .

As already discussed, the absolute roughness value retrieved by AFM measurements, σAFM , is not 

directly comparable to the one given by EDXR,  σEDXR. However, what is relevant to the present 

study is that the roughness modifications follow the same trend regardless of the technique used. 

That is to say the deposition of a PEDOT:PSS layer on top of the ITO substrate actually allows a 

roughness  reduction.  Reversely,  after  storage  in  ambient  conditions  a  raise  in  roughness  was 

detected by EDXR. This latter process may, in principle, be associated to both surface or interface 

modifications. Nevertheless, here, additional information on the film surface topography gained by 

AFM,  give  evidence  that  the  surface  roughness  is  comparable  (table  I).  This  morphological 

characterization performed applying both AFM  (sensible  to  surface modifications)  and EDXR 

(sensible  to both surface and interface roughness) technique,  allowed the detection of an aging 

process  limited  to  the  film  buried  interface,  in  contact  with  ITO.  Such  degradation  may  be 

imputable  to  the  production  of  an  acid  aqueous-solution  environment  in  contact  with  the  ITO 

substrate, leading to decomposition of ITO and consequent diffusion of Indium species to into the 

PEDOT:PSS layer, in accordance with literature [3,5]. Indeed, absorption of water molecules from 

ambient moisture is expected, owing to the highly hygroscopic nature of PSS. In the next sections 

we will elaborate on such premise, investigating the effect of water uptake/release on the chemical-

physical  characteristics  of  the  blend,  which  in  turn  influence  in  its  conducting  properties  and 

application in OPV systems.

2.2.2  In-situ EDXR/AFM up-on isothermal heating

In order to reproduce the cell working temperature, the sample previously studied after storage in 
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air at ambient temperature was measured in-situ during temperature ramps. The results of the time-

resolved EDXR measurements are reported in Fig. 3. The reflectivity profiles are shifted in height 

for clarity. The minima in the EDXR patterns show a progressive shift toward higher q values as a 

function  of  time  (see,  for  example,  the  line  connecting  the  second  oscillation  minima).  This 

indicates  a  modification  in  the  film  thickness,  connected  to  the  oscillation  period  ∆q by  the 

approximate relation d≈ 2π/∆q.

Figure 3: results of the time-resolved EDXR studies of the PEDOT:PSS film: the reflectivity profiles, shifted in height  

for clarity, were collected in-situ during temperature ramps.

The time dependence of the PEDOT:PSS layer thickness d and roughness σ, obtained by fitting the 

EDXR data using the Parratt model, is reported in Fig. 4. The film thickness decreases for both 

temperature stages, while the overall roughness remains constant (for both temperature stages).

The amplitudes (and time constants) of the overall d variations are: ∆d45°C = (4.0Å ±0.5) Å (at τ = 8 

h) and ∆d70°C = (10.0 Å ±0.5) Å (at τ = 4 h), respectively, where t is the characteristic time of the 

sigmoidal fit of  ∆d/d0 plots reported in fig 4. The overall thickness decrease is about 2%.
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Figure 4: Time dependence of the PEDOT:PSS layer thickness d and roughness σ, obtained by fitting the EDXR data in  
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fig.3.

The surface topography of the sample was studied in situ by AFM: images were collected during 

sample heating, during EDXR experiments. Importantly, using such time-resolved AFM approach 

and monitoring a fixed portion of the film surface, minimal modifications of the film surface and 

changes in the surface roughness in the order of magnitude about 1 Å can be sampled [3,6].

Figure 5: Results of the in-situ study of the PEDOT:PSS film surface morphology during sample heating: σAFM vs time 

curve (a), last image at RT(b), at 45 °C (c) and at 70°C (d).

The result of this sequential collection of images is that the surface morphology is not subject to  

modifications, in accordance whit EDXR analysis. This is evident, looking at the   σAFM vs time 

curve shown in Fig. 5a and at the comparison of the last image at RT, at 45 °C and at 70°C, reported 

in Fig. 5 b, c and d, respectively.

Therefore,  such in-situ study evidences that,  during sample heating,  release of water  molecules 

absorbed due  to  long storage  in  ambient  moisture,  produces  bulk  morphological  modifications 

(shrinking of the layer) while no surface deterioration occurs.

2.2.3 In-situ EDXR/AFM up-on exposure to saturated moisture atmosphere

In the third and final step of the in-situ study, the PEDOT:PSS layer was monitored during exposure 
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to saturated humidity conditions (100%RH) by joint EDXR/AFM experiments. In Fig. 6, a selection 

of AFM images, representative of the film surface at the beginning of the exposure to 100%RH 

atmosphere (Fig. 6a) and of the film surface after 3 hours and after 8 hours (fig. 6b–c), respectively,  

is reported. All images were then processed and their mean roughness was calculated and plotted as 

a function of time in fig. 6d. In this case, in the first 30 hours the surface roughness decreases.

Figure  6:Results  of  the  in-situ  study  of  the  PEDOT:PSS  film  surface  morphology  during  to  saturated  humidity  

(100%RH) conditions: AFM images at the beginning (a), after 3 hours (b), and after 8 h (c), and σAFM vs time curve (d).

A lower roughness is consistent with a growing number of H2O molecules populating the film 

surface and determining a higher uniformity. Complementary information,  reported in Fig. 7, is 

supplied by EDXR: after a first induction time in which the film thickness remains unchanged, the 

water molecules, crowding on the film surface as suggested by AFM, start diffusing inside the film 

so that a rise in  thickness is  detected.  Such increase is  minimal (0.4%) and compatible with a 

diffusion involving only the superficial layer of the film.
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Figure 7:  Time dependence of  the PEDOT:PSS layer thickness  d and roughness  σ,  during exposure to saturated  

humidity conditions (100%RH).

This  fact,  in  turn,  provides  some hint  that  the  PSS component  may  have  loss  its  hygroscopic 

properties, as we will see in the next section. It is worth noticing that detecting a surface roughening 

as small as 0.4-0.5 nm, close to the AFM detection limit, was possible thanks to the fact that the 

experiment was performed in-situ, so that we were able to follow in real time the kinetics of the 

surface modification.

This is not the case of the EDXR technique, which, in the same time scale, was not able to perceive 

any modification in  σ.  Indeed, as discussed above, the joint surface and interface roughness, to 

which EDXR is sensitive, is dominated by the rough interface, making it difficult to distinguish a 

small surface modification.

2.2.4 FTIR characterization

Further FTIR results provided the information needed to clarify the chemical process at the basis of 

the morphological behaviour observed by the previous studies. FTIR data are reported in Fig. 8 and 

the vibrational modes are labelled in Table II. The samples were measured after each described step: 

storage  in  atmosphere;  heating  (at  45  °C and 70 °C) and final  exposure to  saturated  moisture 

atmosphere.  In the FTIR spectra  the bands showing the most remarkable modifications are  the 

following:

•A strong reduction in the broad band in the 3400-3640 cm-1 range, well visible for the sample 
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exposed to moisture, occurs as a consequence of heating. This feature indicates a loss of free water 

molecules, as expected.

•A remarkable drop of the modes related to the PSS solfonic groups, conferring the hygroscopic 

character to the polymer, at 3200 cm-1, at 1522 cm-1 , at 1305 cm-1 and at 1140 cm-1 is revealed, as a 

consequence of heating. This fact suggests that sulphur ions SO-
3 were produced, in accordance 

with what reported in literature for LEDs having PEDOT:PSS intermediate layer [7].

On  the  contrary,  no  relevant  modification  of  the  FTIR  spectrum  was  detected  repeating  the 

experiment after that the sample was kept in moisture saturated atmosphere (during in-situ joint 

EDXR/AFM  experiments).  This  fact  validates  the  previous  hypothesis  that  the  hygroscopic 

properties were lost.

Figure 8: FTIR data after the each step of the in-situ study: storage in ambient atmosphere; heating (at 45 °C + 70 °C)  

and final exposure to saturated moisture atmosphere.

Wavelength (cm-1) PSS H2O

3400-3640 -OH

3200 -OH

3100 C=C aromatic

2918 C-H alkyl

1522 C=C alkyl

1305 S=O

Table II. PEDOT:PSS vibrational modes labelled in fig. 8.

In summary, the overall results of FTIR studies suggest that, due to hygroscopic properties of the 

PSS component, the incorporation of ambient moisture in the pristine blends affects the film bulk 

and interface properties. During thermal treatments, the water molecules are released, leading to 
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morphological  rearrangement  of  the  blend,  as  observed  by  X-ray  experiments.  This  picture  is 

supported  by  FTIR  data,  also  detecting  chemical  modifications  of  the  PSS  component. 

Subsequently, in saturated humidity conditions, only a minimal increase in the thickness of the film 

is observed, consistent whit a process involving only the superficial layer, as confirmed by FTIR 

data, suggesting that PSS may have loss its hygroscopic properties.
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2.3 Conclusions

In conclusion, the morphological and chemical properties of PEDOT:PSS, used as polymeric buffer 

layer in photovoltaic devices, were investigated by means of the unconventional joint use of time 

resolved EDXR/AFM measurements, also integrated by FTIR complementary studies [8].

The  results  suggested  that  when storing  the  samples  in  non-controlled  ambient  conditions,  the 

buried  interface  results  to  be  corrupted.  Such  degradation  is  imputable  to  water  molecules 

absorption,  due  to  ambient  moisture,  and  consequent  production  of  an  acid  aqueous-solution 

environment in contact with the ITO anode (considered the PPS hygroscopic nature).

The effect of water uptake/release on the chemical-physical characteristics of the blend is studied 

in-situ by further investigations performed simulating the range of temperatures in which OPV cells 

work.  In  this  case,  a  modification  of  the  film morphological  parameters  over  time is  detected 

(progressive shrinking of the film) during water desorption.

A subsequent joint EDXR/AFM in-situ experiment under humidity saturated atmosphere evidenced 

a swelling process, followed in real time, compatible with diffusion of water molecules limited to 

the  superficial  layer  of  the  blend.  The  bulk  morphological  modifications,  induced  by  water 

uptake/release, resulted to be irreversible, evidencing denaturation of the PSS component with loss 

of hygroscopic properties of the film. This latter hypothesis is well confirmed by FTIR experiments, 

performed at each stage of the various treatments.

These  results  identify  possible  sources  of  degradation  of  the  PEDOT:PSS  blend,  that  may 

compromise the role as hole transport layer in organic devices. The overall study provides a new 

step toward the identification of those aging effects limiting the present applications of organic 

devices,  suggesting  the  need  for  more  stable  polymer  buffer  layer  materials  and  effective 

encapsulation method.
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- Chapter III -

P3HT:PCBM Bulk 

Heterojunctions

As already extensively discussed in the first part of this work, the P3HT:PCBM bulk heterojunction 

blend is at the moment on of the most promising and used materials for applications in OPV.

Still, in order to fully understand the origin of the aging mechanisms, a deeper inspection of the 

nano-metric processes involved is still required.

In particular, heating due to illumination may result in thermal induced modifications of the active 

layer and consequent phase separations,  PCBM clustering [1,2] and interfacial  diffusion [3].  In 

addition,  in the improvement of plastic photovoltaic cells  efficiency and lifetime, the interfaces 

between adjacent  layers  play a  crucial  role.  Indeed,  morphological  instabilities  of  the  interface 

between the organic film and the transparent electrode were indicated as possible causes of a rapid 

degradation [4,5].

In order to face this situation, this study intends to contribute to the understanding of morphological 

and structural modification and ageing processes which may occur in the cell photoactive layer, 

making joint use of complementary experimental tools. For the first time in fact, the time-resolved 

AFM technique is applied in synergy with EDXR, to study of the effects of white light illumination 

on the morphology of P3HT:PCBM bulk heterojunctions blends.
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3.1 P3HT:PCBM preliminary studies

The study of the cell active component, i.e. the P3HT:PCBM organic blend, was carried out by 

applying  different  experimental  characterization  tools  to  an  intermediate  step  of  the  device 

construction, that is before the deposition of  the metallic electrode, in order to observe also the 

organic film surface by AFM.

The samples have the structure depicted in fig 1, and were prepared with the following procedure: 

the indium thin oxide (ITO) substrates were cleaned in an ultrasonic bath with acetone, isopropanol, 

then rinsed in deionized water, dried in an oven and, finally, treated with UV- ozone. This latter  

procedure was performed in order to remove residual organic impurities, and to increase both the 

surface free energy and the work function of the ITO layer [6]. Organic layers of P3HT:PCBM in 

weight ratio (1:0.6) and (1:1) were deposited by spin-casting from an anhydrous chlorobenzene 

solution on the substrate. In addition, in order to perform the electrical characterization, complete 

cells were prepared. The deposition of the aluminium layer, with a nominal thickness of 110 nm, 

was performed through a shadow mask with 6mm diameter openings. The active surface of these 

devices is 0.32 cm2.  

In some cases (were specified) the substrates were spin-coated with 50 nm films of  PEDOT/PSS 

(Baytron PH) and, subsequently, the P3HT/PCBM active layers (~120 nm) were deposited by spin-

casting from an anhydrous chlorobenzene solution, thus obtaining a device such the one represented 

in fig. 1 b.

All the samples studied in this section were provided by the researcher of the Composants Solaires-

CEA laboratory in  France:  realization,   annealing  treatments  (at  170 °C for  5  min)  and initial 

electrical  characterization of the cell  (J/V characteristics  under  simulated AM1.5,  100 mW/cm2 

illumination)  were done in a glove box under controlled atmosphere (<1 ppm O2 and H2O).

For the cells with organic layers of P3HT:PCBM in weight ratio (1:0.6) the obtained PV parameters 

are Voc = 0.631 V, Jsc = 11.09 mA/cm2, FF = 65.7%, and PCE = 4.6%,  for (1:1) the PV parameters 

are Voc = 0.594 V, Jsc = 10.67 mA/cm2, FF = 64.2%, and PCE = 4.07%.

The tools used in this study,  AFM and EDXR techniques, deeply described in the first part,  allow 

us to monitor surface roughness σ in the direct (AFM) and reciprocal space (EDXR) and the single 

layer thickness  d.  Also, by means of AFM imaging, the organic layer  surface can be analysed 

deeply in order to individuate clusters or other surface structures that might be present.

The aim of this preliminary study is to investigate the influence of PEDOT:PSS underlying buffer 
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layer and of the P3HT:PCBM weight ratios on the structural properties of active layer. In fact, two 

different configurations of devices have been studied (Fig. 1), which  correspond to two different 

pristine sample of un-complete cells whose upper electrode layer has not been deposited.

Figure 1: The two samples investigated in the preliminary study: a) device without PEDOT:PSS layer, b) device with  

PEDOT:PSS layer. Both samples represent an intermediate step of the device construction, that is before the deposition  

of  the metallic electrode, in order to  observe also the organic film surface by means of AF Microscopy.

The first  one (a),  is  a device without   PEDOT:PSS layer.  The second sample (b),  includes  the 

PEDOT:PSS buffer layer.

In the following study, all the EDXR measurements  were carried on with a beam energy of 55keV, 

at a  scattering angles of 0.210° degrees, with a  square collimation slides shape and slides apertures 

of 50µm*50µm. EDXD experiments had the same beam energy (55keV), with a  square collimation 

slides shape and slides apertures of 300µm*300µm. The AFM measurements were performed in 

non-contact  mode.  FTIR measurements  were  performed  by  means  of  a  Jasco  FT/IR  470  Plus 

interferometer (Italy) equipped with an IRTRON IRT-30 microscope. Each spectrum was acquired 

in the transmittance mode by executing 300 scans at 8cm-1 resolution.

3.1.1 Influence of concentration ratio on structural/chemical parameters

The first step of this preliminary study, carried out by means of EDXD and FTIR techniques, aims 

to determine the influence of concentration ratio on structural and chemical properties of the active 

layer. Two sample of type a) were compared, the first one (sample 1) having P3HT:PCBM (1:1) 

concentration  ratio  (black  triangles),  the  second  one  (sample  2)  having  P3HT:PCBM  (1:0,6) 

concentration ratio (grey circles). The results of the EDXD study are reported in Fig. 2.
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Figure  2:  Comparison  of  EDXD  patterns  of  two  sample  of  type  a):  the  first  one  having  P3HT:PCBM  (1:1)  

concentration ratio (black triangles), the second one  having P3HT:PCBM (1:0,6) concentration ratio (grey circles). In  

the inset at high q region,  the intensity of the q = 3.32 (1) Å -1 P3HT (0 2 0) reflection is shown together with its  

Gaussian fit.

In both samples the diffraction peaks corresponding to PCBM and P3HT are detected. In the inset, 

where  the intensity of the q = 3.32 (1) Å-1 P3HT (0 2 0) reflection is shown, it is possible to notice 

that the two peaks are almost identical. After proper normalization (counting rates and scattering 

volumes), the Gaussian fit performed on the P3HT peaks shows a slight difference in peak's height ,  

i.e. a difference in overall cristallinity between the two samples. Indeed , as expected, the  (1:1) 

concentration sample shows an slightly higher crystallinity of the polymeric component compared 

to (1:0,6) sample.

Subsequently  FTIR  studies  were  carried  on  the  same  samples  previously  described  and  the 

comparison of  the  two spectra  is  reported  in  Fig.  3.  Various  bands  are  visible  and  have  been 

assigned  (see  table  I)  to  the  blend  components.  The  (1:1)  sample  shows  more  intense  PCBM 

spectral markers, confirming that such film contains a higher PCBM content, as indicated by the 

nominal weight ratios.
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Figure 3:  Comparison of the FTIR experiments: (1:0.6) pristine film (red line) and (1:1) pristine film (black line)

λ (cm-1) Modes Molecule
990 δ (=CH  & 

=CH2)

P3HT & PCBM

1120 ν esther PCBM
1165 δ  (CH2) P3HT & PCBM
1256 ν esther PCBM
1427 δ (CH) 

alkyl

P3HT & PCBM

1557 δ (C=C) PCBM

Table I. Major FTIR bands assigned to the blend components for the (1:0.6) and (1:1) films

3.1.2 Influence of PEDOT:PSS buffer layer on structural/morphological parameters

The  second  step  aims  to  investigate  the  influence  of  PEDOT:PSS  buffer  layer  on  structural 

properties of the active layer. Also in this case EDXD technique was used, and two sample with 

P3HT:PCBM  concentration ratio of (1:1) were studied, one  without PEDOT:PSS  buffer layer, and 

one with PEDOT:PSS  buffer layer. Results are shown in Fig 4.
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Figure 4: Comparison of EDXD patterns of two sample, one of type a) without PEDOT:PSS  buffer layer, the other of  

type b)  without PEDOT:PSS  buffer layer , both with a P3HT:PCBM  concentration ratio of (1:1). In the inset at high q  

region,  the intensity of the q = 3.32 (1) Å-1 P3HT (0 2 0) reflection is shown together with its Gaussian fit.

Both samples show the presence of crystalline P3HT and PCBM. However, after performing the 

proper normalizations of the spectra, the Gaussian fits of the P3HT reflection show a quantitative 

difference (inset of Fig. 4). Indeed despite the measurements were performed ex-situ, thus affected 

by  an  higher  error  due  to  the  repositioning of  the  samples,  the  intensity  of  the  P3HT peak is 

enhanced when the PEDOT:PSS buffer layer is present. In fact when the buffer layer is deposited, a 

more crystalline active layer is obtained, as expected by literature [20].

A slightly visible shift of the P3HT peak towards higher q-values (less d-spacing) is also  detected 

in the film deposited without buffer layer, which might be an hint of a somewhat stressed growth of  

the active layer.

Once  the  effect  of  PEDOT:PSS  buffer  layer  on  the  structural  parameters  was  addressed, its 

influence on surface morphology, being a crucial issue for the Al electrode deposition, was also 

studied. AFM measurements were performed on several portions of both samples, and the results 

are reported in Fig. 5, these high resolution images being representative of the whole surface. The 

quantitative  analysis  of  the  images  revealed  the  average  surface  roughness  being  comparable: 
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(0.60±0.05)nm without buffer layer and (0.70±0.05)nm with buffer layer.

Figure 5: Comparison of 3*3 µm AFM images: pristine film without PEDOT:PSS buffer layer (left side) and pristine  

film deposited on PEDOT:PSS /ITO/glass (right side)

In conclusion, in both sample  structures (with or without buffer layer) and both concentration ratio 

(1:1 and 1:0,6)  the presence of crystalline P3HT  is detected and good surface morphology was 

observed,  thus  indicating  that  the  active  layers   presents  optimal  parameters  for  application  in 

photovoltaic devices. Hence a layer-by-layer approach to the study of such devices can be done, 

taking into account P3HT:PCBM blends with different weight ratio deposited directly on ITO or on 

the PEDOT:PSS buffer layer, in order to clarify the phenomena occurring at the active layer or at its 

interface with adjacent layers.
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3.2 P3HT:PCBM in situ study of morphological ageing

In  the  previous  sections,  the  use  of  the  EDXR/AFM  joint  technique  was  validated.  Also,  a 

preliminary study confirmed the applicability of this joint technique to different sample structures, 

whose layer of interest is actually the active P3HT:PCBM bulk heterojunction layer. In this section 

the effects  of white light illumination on the morphology of P3HT:PCBM heterojunctions with 

different weight ratio and in different configuration are investigated, in order to detect morphology 

modifications related to efficiency and degradation issues, the two main disadvantages of active 

materials for solar organic devices.  

3.2.1 Materials and methods

All samples based on P3HT:PCBM blends studied in this section were fabricated by the research 

group “Composants Solaires CEA INES-RDI, France”, as described in the previous paragraph.

In  sample  A,  B  and  C  the  use  of  PEDOT:PSS  interlayer  was  avoided,  in  order  to  limit  the 

occurrence of possible concomitant chemical–physical processes that may cause devices instability. 

Indeed,  investigations carried on by the EDXR technique, focusing on the role of the metallic 

electrode in OPV devices [7], evidenced degradation of the electrode in cells having PEDOT:PSS 

underlayer and demonstrated that this effect may be inhibited by depositing the organic film directly 

onto the ITO transparent electrode. The samples represent an intermediate step in the organic device 

construction, in which the top layer cathode is absent, to be able to physically reach, and observe by 

atomic force microscopy (AFM), the organic film surface.

In the following study, all the EDXR measurements  were carried on with a beam energy of 55keV, 

at a  scattering angles of 0.210° degrees, with a  square collimation slides shape and slides apertures 

of 50µm*50µm. EDXD experiments had the same beam energy (55keV), with a  square collimation 

slides shape and slides apertures of 300µm*300µm. The AFM measurements were performed in 

non-contact  mode.  FTIR measurements  were  performed  by  means  of  a  Jasco  FT/IR  470  Plus 

interferometer (Italy) equipped with an IRTRON IRT-30 microscope. Each spectrum was acquired 

in the transmittance mode by executing 300 scans at 8cm-1 resolution.

3.2.2 Results and discussion

As a first step of this characterization, EDXR was applied in situ to study possible modifications in 

the P3HT:PCBM (1:0.6) films morphology, due to light exposure.  The results of the time-resolved 
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EDXR measurements on the as deposited sample (sample-A), are reported in Fig. 6. The reflectivity 

profiles  (shifted  in  height  for  clarity)  were collected  during  the  irradiation of  the  sample by a 

10mW/cm2 white lamp for about 70 h.

Figure  6:  a) EDXR profiles  (shifted in  height  for  clarity)  collected  on P3HT:PCBM as deposited  sample,  during  

illumination for about 70 h. b) morphological data points evolution (film roughness σ vs. time, film thickness d vs. time)  

obtained by the analysis of the EDXR patterns.

Each  pattern  was  fitted  according  to  Parratt  model  and  the  thickness  d  and  roughness  σ so 

determined are plotted in  Fig 6 b). The curves undergo a progressive compression, testified by the 

shift  of  their  minima toward  lower  q  values  as  a  function  of  time (see,  for  example,  the  line 

connecting  the  second  oscillation  minima).  This  indicates  an  increase  in  the  film  thickness, 

connected to the oscillation period  ∆q by the approximate relation d =2π/∆q. The d(t)  and  σ(t) 

curves can be described by Boltzmann growth. The amplitudes (and time constants) of the overall 

variations are about: ∆d =8  (0.5) Å (τ = 37 h) and ∆σ = 7.5  (0.7) Å (τ = 40 h), respectively. The 

overall thickness increase is about 1%.

The change in the morphological parameters gives evidence of a modification in the film packing, 

suggesting that the blend molecules undergo a bulk reorganization under illumination, likely due to 

heating effects (the measured samples temperature was about 70 °C). Therefore, a first finding is 

that the bulk of such low PCBM content films is morphologically quite stable, only a minimal  

change (few Ångstroms)   being detected. Still, it appears important to understand the origin of the 

latter modification and possibly inhibit it.

106



Additional information on the structural properties of the P3HT:PCBM layer is gained by EDXD, 

applied to the sample before and after exposure to light (during the in situ EDXR experiments). The 

diffraction angle was chosen in order to have a diffraction pattern whose diffraction peak do not 

superpose  to  fluorescence  peaks,  and  in  general  to  have  a  clear  diffraction  pattern  of  simple 

interpretation.  Hence  the  selected  angle  is  ϑ=5.1° degrees.  The patterns  reported  in  Fig.  5  are 

characterized  by  several  contributions  arising  from the  various  layers.  Fluorescence  lines  from 

barium (contained in the glass substrate),  indium (from ITO) and of Ag are present. The latter, 

suggests  the  presence  of  impurities  in  the  deposition  chamber,  likely  due  to  the  fact  that  Ag 

cathodes were deposited in the same environment). Several reflections from the ITO underlayer are 

also well visible (labeled in Fig. 7). In addition, the P3HT (0 2 0) reflection at q = 3.32 (1) Å -1 [8] is 

detected, together with a (minimal) modulation of the signal at about q = 2.11 (1) Å -1, where a 

reflection due to PCBM is expected [9].

Figure 7: a): Comparison of the EDXD patterns: pristine film (open circles) and illuminated film (black circles). b):  

high q region, showing the intensity increase and the sharpening of the q = 3.32 (1) Å-1 P3HT (0 2 0) reflection

Therefore,  the  blend  morphology  appears  to  consist  of  regions  characterized  by  a  partially 

crystalline texture of P3HT (as evidenced by the presence of the P3HT (0 2 0) reflection at q = 3.32 

(1) Å-1),  embedded in an amorphous polymer matrix.  Some evidence of PCBM nanocrystalline 

domains is also gained. These data are in agreement with literature, where the presence of a P3HT 

crystalline component in pristine films made from low PCBM concentration blends is reported [10].

The P3HT crystallite  average  size  was  estimated  from the  diffraction  pattern,  by  means  of  an 

equation based on the Laue relations (equivalent  to the Scherrer formula valid for the Angular 

Dispersive X-ray Diffraction mode):
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1
2

tq2= (n+ 1 ) π and    1
2

tq1= (n−1 ) π

where t is the crystallites average diameter; q1 and q2 are the interference function zeros adjacent to 

the function maximum (q1 < q2); n is the order of the interference function peaks (the parameter that 

labels the features of the ‘sinc’ interference function).

The grain size of the P3HT nanodomains is estimated to be about 7 nm.

These  results  point  out  that  the  active  layer  shows  interesting  structural/morphological 

characteristics. In addition, the diffraction profile collected after the irradiation allowed to verify the 

effect of light on the film nanoscale properties. A sensible change of the shape of the P3HT (0 2 0) 

reflection is observed in the illuminated sample, consisting of both an intensity increase and a peak 

sharpening. The peak intensity, obtained by a Gaussian function fit, increased of about 105%. All 

the rest being unchanged, this latter parameter is proportional to the sample crystallinity (number of 

P3HT crystallite nanodomains for unit volume). Therefore, the EDXD data gives evidence for a 

crystallization process of the P3HT component of the blend during exposure to light. Furthermore, 

the diffraction peak sharpening indicates an increase in the P3HT nanodomains size, up to a grain 

dimension of about 10 nm. Finally, in the pattern acquired after illumination, the PCBM reflection 

around q = 2.11 (1) Å-1 is largely enhanced.

These data demonstrate that illumination favours a further organization of the P3HT in crystalline 

domains,  proceeding  by  nucleation  of  the  pre-existing  crystallites  (secondary  crystallization 

process).  At  the same time,  after  illumination,  an improved signal  form PCBM nanocrystalline 

domains is obtained. Therefore, the picture gained by EDXD suggests a reorganization of the active 

layers  molecules,  that,  in  turn  is  likely  the  origin  of  the  changes  in  the  film  morphological 

parameters  observed  by in  situ  EDXR technique.  Importantly,  controlling  modifications  in  the 

structure and morphology of bulk heterojunction films, that may result in phase separation between 

the  donor  and  acceptor  materials,  is  among  the  key  aspects  in  addressing  cell  durability  and 

reliability.

Annealed Sample - EDXR

Therefore, to deeper address the blend aging, a further in situ investigation was executed. A new 

film, sample-B, was prepared, annealed at 110 °C for 5 min after deposition, and measured during 

exposure to light.

The morphological data points (film roughness σ vs. time, film thickness d vs. time) of sample-B, 

obtained by processing the EDXR patterns are reported in Fig. 8 (left side).
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Figure 8: Results of experiments on P3HT:PCBM annealed film: time evolution of  the morphological data points,  

obtained by EDXR (lower side) and comparison of the AFM images (A) collected before illumination and (B) after  

illumination.

The thickness resulted to be constant,  while the film roughness augments over time. The time-

resolved experiment allows to appreciate the sigmoidal increase trend of the σ(t) curve, despite that 

the overall roughening is minimal. In this case, the amplitude and time constant of the roughness 

increase process are: ∆σ = 0.7 (0.6) Å and τ =13h, respectively. Therefore, unlike the previous case, 

where a bulk process occurred, this time only the film surface and/or, possibly, its interface with the 

substrate are involved in the morphological modifications produced by illumination.

As  a  result  of  the  reported  time-resolved  EDXR  experiments,  we  can  conclude  that,  if  a 

reorganization  inside  the  blend  occurs  during  illumination,  the  process  concerns  a  negligible 

number of molecules, not modifying the bulk structure. Nevertheless, a roughening phenomenon 

still occurs, testifying the deterioration of the organic layer surface and/or of its buried interface.

At this  point,  in  order  to  understand the origin  of  this  latter  process,  additional  information is 
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needed to understand the nature of the roughening increase, that is to say if it depends from the 

interface  or  from  surface  modifications  that  have  occurred.  Indeed  as  already  discussed  the 

roughness value includes both terms (surface and interface roughness) which are tightly entangled 

from the analytical point of view, and their exact calculation is difficult.

To solve the difficulty, here an independent measurement of the surface roughness was executed by 

AFM, performed on the annealed sample  before and after its exposure to light (during the time-

resolved EXDR measurements).  Comparing the AFM results (Fig. 8, right side: image A before 

illumination and B after illumination) no surface modifications up-on simulated working conditions 

of the annealed sample is observed. The initial surface morphology is qualitatively analogous to the 

final one: the sample is characterized by uniform topography, testifying that the components are 

homogenously dispersed in the blend matrix. In particular, no significant modification of the surface 

roughness was detected (σAFM = 6.8 (0.5) Å before illumination (A) and σAFM = 7.0 (0.5) Å after 

illumination (B)).

Therefore, this first EDXR/AFM cross-monitoring suggests that the major responsible for the film 

roughening is its buried interface. To further conform this statement, a number of AFM experiments 

was performed on several region of the surface to verify that the images are representative of the 

sample topography. However, despite this multiple sampling, an accurate description of the surface 

may  not  be  gained  by  such  ex  situ  AFM  experiments,  since  small  differences  in  the  local  

morphology may result in large variations of the roughness calculated by processing the images.

Annealed Sample - AFM

To overcame this problem, and have a direct proof that the roughening increase is limited to the 

buried  interface,  a  new  sample  (sample-C)  was  deposited,  submitted  to  the  same  annealing 

procedure  and  studied  by  in  situ  AFM  up-on  exposure  to  light,  thus  reproducing  the  same 

conditions in which sample-B was studied by EDXR.

The subsequent time-resolved AFM study monitored a fixed portion of the sample surface, allowing 

to detect any possible change in real time. The result of this sequential collection of images is that 

the surface morphology does not modify (see Fig. 9 A and B comparing the first and the last image). 

The roughness values deduced from the AFM measurements (σAFM) are reported in Fig. 9. The 

σAFM vs. time curve is constant, indicating that no surface deterioration occurs.

Therefore, a direct information on the evolution of the buried interface and/or of the sample surface 

may be obtained by comparing the results of AFM/EDXR time-resolved experiments. Indeed, as a 

major result of this synergic study, it becomes clear that the raise in roughness, observed by EDXR, 

is due to the deterioration of the organic film buried interface, the surface roughness (obtained by 
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AFM) remaining practically unchanged.

Figure 9: Surface morphology of P3HT:PCBM annealed film: AFM images (and line profiles) at the beginning (A) of  

illumination, at the end (B) of illumination and  σAFM vs. time curve obtained processing each AFM image acquired  

during illumination.

At this point, the origin of such interface variation must be established. One possible explanation is 

that  inter-diffusion between the polymer and the  ITO substrate  may occur,  in  analogy to what 

observed in  polymer  light-emitting diodes,  based  on a  different  polymeric  film (polyphenylene 

vinylene)  [11].  An  alternative  justification  may  be  a  film  adhesion  loss  consequent  to  intense 

heating of the blend at its interface, due to ITO strong absorption in the IR band.
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FTIR study

The  following  study,  based  on Fourier  Transform Infrared  Spectroscopy  (FTIR)  measurements 

acquired on the samples, before and after illumination, provided additional information useful to 

discriminate  among  the  different  hypothesis.  The  FTIR  spectra  relative  to  sample-B,  after 

subtraction of the background signal from the ITO substrate (measured separately), are reported in 

Fig. 10.

Figure 10: FTIR spectra relative to P3HT:PCBM annealed film. The spectrum of the as deposited sample (red line) is  

compared with that acquired after illumination (black line).

The spectrum of the as deposited sample (red line) is compared with that acquired after illumination 

(black line). The most remarkable differences between the two spectra are the following (see fig. 

101):

(1).The appearance, for the illuminated blend, of the broad band at 3550 cm-1, i.e. a spectral 

marker of the stretching mode of (-OH), both in H2O and bounded in carboxylic acids

(2).The appearance of the (-OH) band at 3200 cm-1, i.e. a spectral marker of bounded (-OH) 

in alcohols

(3).The dramatic reduction of the PCBM (C–O) ester band at 1165 cm-1

Therefore, indication is gained of the presence of H2O free molecules inside the illuminated blend. 

Indeed, water is present in the hygroscopic ITO substrate (both residual from the deposition and 

adsorbed from ambient moisture). Then, during illumination, sample heating may have promoted 
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the  H2O  molecules  release  in  the  blend.  In  addition,  the  observed  spectral  changes  can  be 

interpreted as a signature of the fact that PCBM ester hydrolysis has occurred, with the formation of 

PCBM–carboxylic  acid  and methanol.  Such  reaction  occurs  spontaneously  in  presence  of  H2O 

molecules [12]. As a consequence an acid environment is formed at the interface. It is, in turn, 

known that ITO is  unstable  and may decompose in contact with an acid solution [13],  so that 

Indium diffusion in the polymeric layer may well occur.

Therefore,  the  FTIR  experiments  support  the  hypothesis  that  the  roughening  of  the  ITO/ 

P3HT:PCBM interface, during light exposure, originates from inter-diffusion process consequent to 

chemical instability of ITO interface in contact with the organic layer.

3.2.3 Conclusion

The morphological properties of P3HT:PCBM blend with (1:0.6) ratio were studied[14]. The results 

obtained, simulating working conditions, allowed to correlate the modifications of the film surface 

topography (observed by AFM) with the film morphology (detected by EDXR). In particular, a bulk 

aging effect of the organic layer was detected, under illumination, by EDXR experiments for the 

pristine samples. Moreover, diffraction data allowed to relate this latter phenomenon to a secondary 

crystallization process of the blend polymeric component.

The annealed films, on the other hand, were shown to have a good bulk stability and only a minimal 

augmentation  of  the  roughness  was  detected  up-on illumination.  The  joint  use  of  AFM/EDXR 

measurements  established  that  the  observed roughening  is  limited  to  the  film buried  interface. 

Additional  information  obtained  by  FTIR  spectroscopy  allowed  to  identify  the  origin  of  the 

interface aging. Indeed, comparing FTIR and AFM/EDXR results it appeared clear that, among the 

different hypothesis, inter-diffusion at the ITO–organic layer interface is most likely the cause of 

degradation.
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3.3 P3HT:PCBM in situ study of structural aging

In the previous section the morphological modifications correlated to P3HT:PCBM active layer 

aging processes were investigated in-situ and in simulated working conditions. Also, a structural ex-

situ study was performed, pointing out that illumination favours a further organization of the P3HT 

in  crystalline  domains.  In  this  section,  in  order  to  better  understand  the   dynamic  structural 

phenomena occurring in P3HT:PCBM bulk heterojunction active layer, a structural in-situ study is 

performed.

3.3.1 Materials and methods

The bulk heterojunctions were made from blends of PCBM and P3HT, respectively, (1:1) in weight 

ratio. PCBM is from Nano-C and P3HT is from Rieke Metal Inc. The samples were fabricated by 

Laboratoire de Composants Solaires CEA INES-RDI, following the procedure described in chapter 

3.  In order to avoid the cathode material diffusing directly into an active layer suggested by studies 

in the previous section and in literature [15,16], a layer of PEDOT/PSS was also included (device of 

type depicted in fig 1.a)

In the following study, all the EDXD experiments were carried on with a beam energy of 55keV, 

with  a   square  collimation  slides  shape  and  slides  apertures  of  300µm*300µm.  The  AFM 

measurements were performed in non-contact mode. FTIR measurements were performed by means 

of a Jasco FT/IR 470 Plus interferometer (Italy) equipped with an IRTRON IRT-30 microscope. 

Each spectrum was acquired in the transmittance mode by executing 300 scans at 8cm-1 resolution.

3.3.2 Results and discussion

To monitor the dynamical evolution of structural properties of P3HT:PCBM active layer, an EDXD 

analysis was performed during irradiation of the sample, by a 10 mW/cm2 white light lamp, for 

about 150 h. A selection of the patterns, shifted in height for clarity, is reported in Fig. 11 upper-left 

side and a zoom of the high q region of the EDXD diffraction patterns is reported in Fig. 11 upper-

right  side.  Several  contributions  arising  from  the  various  layers  are  present.  The  patterns  are 

characterized by a broad signal arising from the amorphous contribution, to which the diffraction 

reflections from the crystalline components are superimposed. Together with the strong reflections 
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from the ITO underlayer, both the P3HT (0 2 0) reflection at q = 3.32 (1) Å-1 and the PCBM signal, 

at  about  q  =  2.11  (1)  Å-1,  are  detected  [8,9].  The  former  is  a  clear  signature  of  the  partially 

crystalline texture of P3HT and the latter gives evidences of the presence of PCBM nanocrystalline 

domains. In addition, several fluorescence lines are present in the low energy range, coming from 

glass/ITO substrate.

Figure 11: Time-resolved EDXD data on P3HT:PCBM sample. Upper side, left: selection of EDXD diffraction patterns  

(shifted in height for clarity) collected on P3HT:PCBM sample during illumination. The amorphous contribution to the  

X-ray diffractograms was obtained by performing the integral of a six order polynomial fit of each pattern (red line).  

Upper side, right: high q region of EDXD diffraction patterns, showing the P3HT (0 2 0) reflection. Lower side: result  

of Rocking Curve analysis (left) and comparison  of the P3HT signal at the rocking angles  α = -0.5° and α = 0.5°  

(right).
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The time dependence of the amorphous contribution to the X-ray diffractograms was obtained by 

performing the integral of a six order polynomial fit of each pattern (see red line in fig. 12).

The main effect of light is a reduction in the contribution coming from the amorphous matrix, as 

reported  in  Fig.  12,  upper  side.  These  data  can  accommodate  a  model  with  two  decay  times, 

suggesting that two processes eventually contribute to the amorphous to crystalline conversion: a 

faster process (red fit) having a characteristic time (i.e. reciprocal of the highest conversion rate 

over time) of about 36 h and a slower one (blue fit) with a characteristic time of about 55 h.

At the same time, during illumination a sensible increase of scattering intensity in the crystalline 

peaks is observed. This fact is consistent with an increased number of crystallite nanodomains for 

unit volume (crystallinity). The overall intensity increase is about 26% for the PCBM signal and 

13% for the P3HT one (Fig.  11 upper-right  side),  therefore closely matching with the reduced 

amorphous  scattering  intensity  (40%).  In  addition,  both  the  P3HT  and  PCBM  signals  are 

characterized  by  progressive  peak  sharpening,  consistent  with  the  formation  of  larger 

nanocrystalline domains.

On the  other  hand,  the  crystalline  scattering  signal  may also  be correlated  to  modifications  in 

orientation distribution (texture) of the crystalline domains that, in principle, may vary due to rise in 

temperature. To clarify this point, a rocking curve (RC) analysis was performed. The RC of the 

Bragg reflections was measured as a function of the asymmetry parameter α =(ϑi-ϑr)/2, where the 

incidence angle ϑi and the reflection angle ϑr are defined with respect to the sample surface.

The distribution of the diffracted intensity as a function of α keeping ϑi+ϑr =2ϑ unchanged (energy 

dispersive mode), reproduces the statistical distribution of the domain orientation. As a result, no 

relevant texture of the crystalline domains was detected, as evidenced by the RC results reported in 

Fig. 11 lower side, together with the comparison of the P3HT signal collected at the rocking angles 

α = -0.5° and  α = 0.5°. Therefore, we can safely state that the observed increase of crystalline 

scattering  signal  during  illumination  is  associated  to  a  progressive  improvement  in  sample 

cristallinity.

An accurate analysis of the diffraction patterns was obtained on the basis of the Laue relation seen 

in the previous section, that is the equivalent for the ED mode of the Scherrer formula (valid for the 

conventional Angular Dispersive X-ray Diffraction).

In this way the time dependence of the average size of the crystallite of the film components was 

obtained.  The  kinetics  of  growth  of  the  PCBM  and  P3HT  nanocrystalline  domains  upon 

illumination is reported in Fig. 12, lower side. The characteristic times of the PCBM and P3HT 
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grain  size  growth  are,  respectively,  about  27  and  57  hours.  Therefore,  the  two  processes  are 

consistent  with  the  hypothesis  of  a  twofold  contribution  to  the  reduction  of  the  amorphous 

contribution to the EDXD signal (red line and blue line representing the data fits in Fig. 12, upper-

side).

Figure 12: Time-resolved EDXD on P3HT:PCBM sample: result of the data analysis. Upper side: amorphous matrix  

contribution vs. time curve (in % of the initial value). Lower side: kinetics of growth of PCBM (left curve) and P3HT  

(right curve) grain size.

A clear picture is gained from the overall EDXD analysis, indicating the occurrence of two distinct  

processes: crystallization of the P3HT component of the blend and clustering of PCBM molecules 

into larger crystalline domains, proceeding by nucleation of the pre-existing crystallites.

These evidences suggest that the blend undergoes a structural rearrangement under illumination, 

due to heating consequent to illumination, which eventually results in phase separation of the two 

components of the bulk heterojunction. Such observation is in agreement with the results reported 

for a similar device [17], where both illumination and heating (in the dark) produce equivalent 

morphological  changes  in  P3HT:PCBM  films.  Indeed,  being  the  crystallization  of  the  organic 

component due to thermal effects, the only relevant parameter is the sample temperature, regardless 

if it is produced by thermal heating or by illumination-induced heating.
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This hypothesis is supported by the AFM results. In Fig. 13, a comparison between the AFM image 

acquired at  the beginning (A, upper) and at the end (B, upper part)  of the illumination (during 

EDXD data collection) is shown. On the lower side, (1 x 1 µm) zoom and line profiles extracted in 

correspondence of the black lines are plotted.

Figure 13: Surface morphology of P3HT:PCBM film: comparison of the AFM images collected before illumination (A)  

and after illumination (B). For each image, in the lower side,  its (1 x 1) µm zoom and a line profile are shown.

It is clearly visible that a remarkable modification of the sample topography occurred. Observing 

both the images and the line profiles, it is evident that the pre-existing granular aggregates increased 

in the lateral dimensions from an average value of about 70 nm to an average value of about 150 

nm. No modification of the vertical dimension is visible, testifying a 2D grow along the direction 

parallel  to  the  surface  plane.  This  may be  a  further  indication  of  PCBM segregation  in  larger 

aggregates.  Indeed,  at  the temperature (about  75°C) reached by the sample during long lasting 

illumination, a softening of the polymeric component is expected, favouring PCBM diffusion and 

clustering [2,18] and the consequent remixing of the blend components.

Further FTIR experiments validate the phase separation hypothesis and provide a picture of the 

chemical modifications driving such effect,  Fig. 14, compares the spectra collected on the sample 

as deposited (empty dots line) and after illumination (blue continuous line). After illumination, the 

band labelled as 1 at 1751 cm-1, which can be attributed to the C=O vibration (PCBM molecules), 

increases in  intensity  and shifts  towards lower wave-numbers (at  1739 cm-1).  This is  a  clue to 

PCBM rearrangement. The bands labelled as 2, at 1534 cm-1 and at 1553 cm-1, and the band labelled 

118



as 3, at 1490 cm-1, can be attributed to the ν and δ modes of the aromatic C=C bonds in the C60 of 

the PCBM. These bands, after the illumination, are shifted towards lower wave-numbers (1525 and 

1456 cm-1, respectively), therefore indicating that the vibration occurs at higher energies, which is 

compatible with the PCBM clustering assumption.

Finally, the spectral region labelled as 4 is representative of the scissoring mode of both (CH3) and 

(CH2) groups vibrating around 1450–1260 cm-1 and 1480–1440 cm-1, respectively. These groups 

characterize the linear chains of both P3HT and PCBM. In this case, only a slight modification of 

the IR spectrum (intensity decrease) is evidenced after illumination. This result is compatible with 

PCBM clustering.

Figure 14: FTIR spectra relative to P3HT:PCBM film: the spectrum of the as deposited sample (dot line) is compared  

with that acquired after illumination (blue continuous line).

3.3.3 Conclusion

The  structural  study  [19]  provided,  performing  the  first  in  situ  time-resolved  EDXD study  of 

P3HT:PCBM blends, reports a full, real-time description of the re-arrangement of the active layer 

molecules. The data, collected during sample irradiation with simulated solar light,  shows a growth 

of the PCBM and P3HT nanocrystalline domains thus evidencing two different processes: (i) P3HT 

crystallization and (ii) PCBM clustering into  larger crystalline domains, proceeding by nucleation 

of the pre-existing crystallites.  AFM and FTIR  analysis  confirm the  hypothesis  of  structural 

rearrangement under illumination and in particular of a phase separation of the two components of 

the blend, the PCBM diffusing and aggregating in larger clusters.
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- Chapter IV -

P3HT:PCBM doped with AgNPs

In enhancing morphological and structural properties of organic solar cells active materials, several 

techniques can be used. Up to now, in the present work, insertion of buffer layer,  variations in 

weight ratio and annealing procedures have been investigated. Another technique which seems to be 

very promising is the doping of active layer with inorganic materials [1].

In this chapter, through the use of  combined EDXR/AFM technique applied under illumination, 

P3HT:PCBM active layer doped with AgNps were investigated, thus uncovering aging mechanisms 

at the BHJ buried interface, which is of fundamental importance when the morphological stability at 

the elevated temperature conditions, induced by illumination, has to be examined.
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4.1 Materials and methods

One prior way to enhance device performances would be improving absorption of the active layer. 

Nevertheless it is not possible to gain absorption by using thicker films due to the configuration of 

OPV devices and the fact that the polymer has rather low carrier mobility, as discussed before. 

Therefore, different tactics must be explored. The approach of plasmonic devices is a promising 

strategy  to  overcome  this  major  limit.  These  systems  take  advantage  of  the  localized  surface 

plasmon  resonance  (LSPR),  resulting  from the  resonant  interaction  of  the  surface  electrons  of 

metallic nanostructures, with sizes smaller than the wavelenght of the light, and the electromagnetic 

field of light. Illumination induces the excitation of surface-waves (surface plasmons), propagating 

at the interface between the dielectric polymer material and the metal nanostructures. The local 

enhancement  of  the  incident  electromagnetic  irradiation  field,  resulting  from  such  collective 

electron oscillations, provides enhanced exciton generation and improved device efficiency [ 16-

20 ].

In fig 1 the current–voltage characteristics under illumination of as-prepared (slowly grown) and 

annealed P3HT:PCBM (slowly grown + thermal and post-fabrication annealing steps) PV devices 

doped with Ag NPs in comparison with the undoped reference ones are shown [15 ]. 

Figure  1 Current–voltage characteristics showing the PV output of reference P3HT:PCBM and the P3HT:PCBM-NPs  

cells average devices. 

The PV characteristics of the as-prepared and annealed devices, extracted from Figure 1, are given 
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in Table 1 for pristine and annealed blends. As can be seen, the incorporation of Ag NPs in the 

P3HT:PCBM BHJ active layers leads to an impressive improvement of the device PCE up to 250%. 

This is both due to an improved short-circuit current ( J sc ) and to an improved  fill factor ( FF ). 

This improvement is observed for devices based on both as-prepared and annealed blends. It is 

important to stress that all devices were fabricated in air and not in inert atmosphere; this is the 

reason for the relative low efficiency values. 

Device  Structure 

PEDOT:PSS/

P3HT:PCBM/Al

J sc [mA cm − 2 ] V oc [V] FF η  [%]

Reference 1.25 0.36 0.43 0.19

Ag NPs 3.05 0.39 0.43 0.51

Ref. annealed 4.78 0.55 0.40 1.05

Ag NPs annealed 7.03 0.61 0.48 2.06

Table I: PV parameters of devices for both pristine and annealed blends.

The generation of NPs was performed by the research group of Institute of Electronic Structure and 

Laser (IESL), Foundation for Research and Technology-Hellas (FORTH), Crete, Greece. NPs were 

obtained by ultrafast laser ablation of metallic targets (Ag/99.98%). This technique provides the 

possibility of generating a large variety of NPs that are free of both surface-active substances and 

counter-ions[2].  The targets  were  placed into  a  Pyrex  cell  and covered  by a  layer  of  absolute 

ethanol. A femtosecond (~100fs@1kHz) laser beam was focused onto the target through the ethanol 

layer. The cell was mounted on a computer-driven X-Y stage and translated during laser exposure. 

More experimental details can be found elsewhere [3].

Laser irradiation gives rise to a high temperature gradient in the metal bulk and melts of a thin layer 

of the target. A fraction of the molten layer of the target is dispersed into the liquid as NPs. Further 

details on the structural and optical properties of the NPs were reported elsewhere [4].

Photovoltaic  systems  and  devices  based  on  P3HT:PCBM blends  only  (reference  P3HT:PCBM 

devices)  as  well  as  those  incorporating  metallic  NPs  into  the  P3HT:PCBM  active  layer 

(P3HT:PCBM-NPs  devices)  were  fabricated  and  electrically  characterized  (IV  curves)  by  the 

research  group the   Electrical  Engineering  Department  and Center  of  Materials  Technology & 

Photonics Technological Educational Institute of Crete Greece.

Regioregular P3HT was purchased from Rieke Metals and PCBM was purchased from Nano-C. 

Regioregular P3HT and PCBM in 1:1 ratio were dissolved in chloroform and stirred from 1h at 

60°C. The photovoltaic  devices reported were fabricated on 25 mm x 25 mm indium–tin-oxide 

(ITO) glass substrates with a sheet resistance of 8-12 Ω/sq. As a buffer layer,   poly (ethylene-

dioxythiophene)  doped with poly(4-styrenesulfonate)  (PEDOT:PSS), purchased from Bayer AG, 
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was spin cast  from an aqueous solution on the ITO substrate, giving an average thickness of 40 nm 

layer  followed  by  1h  baking  at  110°C  inside  a  nitrogen-filled  glove  box.   The  metallic  NPs 

solutions in ethanol were blended into the P3HT:PCBM solution at various concentrations.  The 

composite photoactive layer was subsequently deposited by spin-coating the P3HT:PCBM mixture 

at 800 rpm for 60 s, then the films were dried for 1h at room temperature. The films studied by X-

ray-AFM techniques were dried for 1h at room temperature, but not annealed.

Complete PV cells were obtained by thermally evaporating aluminium cathodes through a shadow 

mask. Reference and devices with Ag NPs based on both slowly grown blends and annealed blends 

were prepared.  For the annealing process the films were thermally treated at  55 °C for 15 min 

followed by a  post fabrication annealing for another 5 minutes at 75°C in nitrogen.    

Current–voltage  (I–V)  measurements  were  performed  at  room  temperature  using  an  Agilent 

B1500A Semiconductor Device Analyzer in air. Structural and morphological measurements were 

carried out during illumination with a white light lamp (10 mW/cm2), and experimental conditions 

of EDXR and AFM apparatus are the one described in chapter  3.2

In  the  following  a  comparative  study  of  the  structural  and  morphological  properties  of  both 

reference and NPs doped BHJ films is reported.
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4.2 Results and discussion

As discussed in the introduction, and reported in [15] incorporation of Ag NPs in the P3HT:PCBM 

BHJ active layers leads to an impressive improvement of the device PCE, due to improved short-

circuit current (Jsc) and fill factor (FF).

These findings  are  in full  agreement  with previous reports,  indicating that  the incorporation of 

plasmonic nanostructures in OPV cells is expected to provide enhanced optical absorption, due to 

localized surface plasmon resonance (LSPR) [4,5].  LSPR resulting from the resonant interaction of 

the  surface  electrons  of  the  metallic  nanostructures  and  the  electromagnetic  field  of  light. 

Illumination  induces  the  excitation  of  surface-waves  (surface  plasmons),  propagating  at  the 

interface between the dielectric-polymer material and the metal nanostructures, having smaller size 

than the light wavelength. As a result of such collective electron oscillations, a local enhancement 

of the incident electromagnetic irradiation field occurs, leading to enhanced exciton generation and 

improved device efficiency [6-10].

Our goal is to address the major limitations for the poor stability of OPV devices at the typical 

temperatures at which they operate. To this end the effect on NPs incorporation on the active layer 

stability  was  investigated  by  means  of  in-situ  time-resolved  EDXR  and  AFM  measurements, 

complemented by EDXD, during light exposure.

4.2.1 Effect Ag NPs incorporation on the BHJ morphological properties (EDXR/AFM  

analysis)

A  comparative  investigation  of  the  structural/morphological  properties  of  different  blends, 

incorporating NPs and NPs-free-reference, was performed by time-resolved EDXR, applied in-situ, 

jointly with AFM, during exposure to light.

As we aim to detect the occurrence of possible structural rearrangements, due to thermal effects, the 

only relevant parameter is the sample temperature. In turn, as already cited, heating of the OPV cell 

active layer is essentially due to light absorption, the heat released upon cell working through Joule 

effect being negligibly low.  

A preliminary  characterization of  P3HT:PCBM reference  samples  was performed,  to  provide  a 

stringent comparison of the characteristics and of the behaviour of the two systems.  

The results of the in situ EDXR measurements on the reference sample are reported in fig. 1, where 
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the raw patterns are shown as a function of the scattering parameter q, and of illumination time t. 

Each pattern was acquired for 2 hours, for an overall exposure to light of 72 hours.  A shift of the  

oscillation towards lower q-values during light exposure is visible by naked eye and evidenced by 

the arrows, suggesting that the film is getting thicker. The time evolution of the morphological 

parameters,  film  thickness  (d)  and  roughness  (σ),  was  obtained  fitting  the  data  with  the 

aforementioned Parratt  procedure,  which is shown in Fig. 1. The d(t)  and  σ (t)  curves are well 

described by Boltzmann growth functions, and the corresponding amplitudes and time constants of 

the overall variations are about:  ∆d = 8 Å,  τd=(20±2) hours,  and  ∆ σ = 4.5 Å,  τσ=(16±2) hours, 

respectively.
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Figure 1: EDXR measurements on the reference sample. On the upper side raw patterns are shown as a function of the  

scattering parameter q, and of illumination time t. Each pattern was acquired for 2 hours, for an overall exposure to  

light of 72 hours. On the lower side, time evolution of thickness d (lower-left) and  roughness σ (lower-right) obtained  

by means of Parratt fitting procedure, are shown.

The overall thickness increase is about 0.6 %. Such modifications in the morphological parameters 

evidence a bulk reorganization of blend molecules, due to heating effects consequent to illumination 
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[11].

The time-resolved AFM study of the reference sample,  performed by periodically monitoring a 

fixed portion of the sample surface during exposure to light,  is  reported in Fig. 2.  The sample 

appears to have a uniform topography, since the observed structures exhibit a height in the (4÷6) nm 

range and in-plane characteristic size in the (100÷120)nm range. This latter value, being very close 

to the lateral resolution limit, represents a superior limit of the structures’ in-plane dimensions. It is  

observed that the surface morphology does not change at all throughout the sequential collection of 

AFM topography images during illumination (see Fig. 2A and 2B comparing the first and the last 

(4µm*4µm) images and line profiles). This steadiness of the sample topography is confirmed by the 

corresponding evolution of the sample surface roughness (σAFM), deduced from each AFM image.

Figure 2:  Time-resolved AFM study of the reference sample, performed by periodically monitoring a fixed portion of  

the sample surface during exposure to light. A: first 4x4 µ image of the sequence, with respective cross section profile  

on the right. B: last 4x4 µ image of the sequence, with respective cross section profile on the right. C: Time evolution of  

ample surface roughness (rms), deduced from each AFM image.

Indeed, as shown in Fig. 2C the σAFM value remains practically constant over illumination time.

Since  the  surface  roughness  remains  constant  with  illumination  time,  as  detected  by  the  AFM 

128



measurements, the variation of film roughness indicated by the EDXR measurements may solely be 

attributed to a roughening effect of the buried film interface. Therefore, the combined X-ray/AFM 

approach allowed the detection and evaluation of the dynamics of morphological changes occurring 

within the active layer during illumination and revealed two major dynamical phenomena: (i) a bulk 

reorganization process indicated by the film thickness increase and  (ii) a degradation effect taking 

place at the interface between the active and the buffer PEDOT:PSS layers. The bulk phenomenon 

is  related to a secondary crystallization process of the blend polymeric  component as observed 

previously.  The interface aging effect is also well consistent with the literature studies reporting 

swelling  of  the  hole  transport  layer  and  subsequent  etching  of  the  transparent  electrode  [12]. 

Alternatively, Indium diffusion from ITO into the organic layer, observed in either OPV devices 

[13] or in polymer light-emitting diodes [14],  may also be at the origin of interface effects.  
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Figure 3: EDXR measurements on the reference sample. On the right side raw patterns are shown as a function of the  

scattering parameter q, and of illumination time t. Each pattern was acquired for 30 minutes, for an overall monitoring  

of more than 100 hours. On the left side, time evolution of thickness  ∆d/d (lower-left) and  roughness  ∆σ/σ (lower-

right) obtained by means of Parratt fitting procedure, are shown.

The  second  step  of  this  joint  X-ray/AFM  study  is  devoted  to  blends  incorporating  Ag  NPs 

(structure: glass/ITO/PEDOT:PSS/P3HT:PCBM-NPs).
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Each pattern was acquired for 30 minutes, for an overall monitoring of more than 100 hours. The 

Parratt fitting applied to each pattern provided the time evolution of the morphological parameter 

with the corresponding results presented in Fig. 3. It is observed that the overall thickness remains 

unchanged during light exposure; d values follow a steady distribution around their mean value.

On  the  other  hand,  the  EDXR  roughness  σ (joint  interface  and  surface  contribution)  remains 

constant for the first 20 hours, and subsequently undergoes a fast rise up to an asymptotic value. 

The σ (t) curve evolution  can be fitted by a Boltzmann growth (red line), having a characteristic 

time of τσ = (18.0±0.5)hours. The overall roughness increase is about 2 Å (∆σ = 21%). This relative 

change is much lower than that measured in the case of the reference BHJ blend.

Therefore,  EDXR experiments  indicate  that  that  the NPs doped film,  unlike the reference one, 

showed a limited modification of  the  morphological  parameters,  exhibiting  only  a  minor  film 

roughening effect.

A deeper understanding of the origin of such effect was provided by time resolved AFM studies, 

allowing the evolution of surface topography to be monitored as well. Fig. 4 reports the comparison 

between the first  (Fig.  4A, upper part)  and last  (Fig.  4B,  lower part)  of  the AFM (6µm*6µm) 

images collected upon illumination.

The  corresponding  line  profiles  presented  in  Fig.  4  clearly  evidence  that  the  very  same 

topographical features are present, even after 100 hours of continuous illumination. In this case, 

globular structures are present, the characteristic dimensions of which range from xmin=ymin= 200nm 

to xmax=ymax= 700nm (in-plane size) and from zmin = 10nm to zmax= 60nm ( vertical dimension), 

respectively.  The  corresponding  time  evolution  of  the  σAFM surface  roughness  deduced  by  the 

analysis of each AFM image collected during the sample illumination (2 hours acquisition time) is 

reported in Fig. 4C indicating that the rms value remains constant, distributed around the mean 

value  of ~19 nm.

In conclusion, combined EDXR and AFM experiments suggest that the incorporation of Ag NPs in 

the BHJ blend leads essentially to an enhanced structural stability of the bulk of the photo-active 

layer, so that the only source of instability is related to a minor roughening process taking place at 

the blend/PEDOT:PSS interface. This is an important result, considering that the film under study 

was  not  subjected  to  any  prior  thermal  treatment,  usually  mandatory  to  enhance  its  structural 

characteristics.
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Figure 4: Time-resolved AFM study of the AgNPs-doped sample, performed by periodically monitoring a fixed portion  

of the sample surface during exposure to light. (a) first 6x6  µ image of the sequence, with respective cross section  

profile on the right. (b) last 6x6 µ image of the sequence, with respective cross section profile on the right. (c) Time  

evolution of ample surface roughness (rms), deduced from each AFM image.
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4.2.2 Effect of Ag NPs incorporation on the BHJ structural properties  

(EDXD analysis)

Energy Dispersive X-ray diffraction analysis  provided additional  information on the  interesting 

structural properties of the plasmonic active layer. EDXD was applied in-situ during exposure to 

light. The patterns in the sequence of fig. 5 upper side are characterized by both an amorphous  and 

a crystalline contribution.

In  Fig.  5,  lower  side,  magnifications  of  the  q  regions  of  interest,  showing  the  P3HT (0  2  0) 

reflection at q = 3.32(1) Å-1and the PCBM signal at about q = 2.11 (1) Å-1, are reported.

Figure 5:Energy Dispersive X-ray diffraction analysis up-on illumination. On the left side, the raw diffraction patterns  

are shown as a function of the scattering parameter q, and of illumination time t.  On the right side, magnifications of  

the q regions of interest, showing the P3HT (0 2 0) reflection at q = 3.32(1) Å-1and the PCBM signal at about q = 2.11  

(1) Å-1, are shown.

The data indicate that the active layer can be described as composed of P3HT crystallites embedded 
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in an amorphous polymer matrix. This finding is in agreement with results of the previous section, 

demonstrating  that  the  incorporation  of  NPs  does  not  perturb  the  structural  properties  of  the 

P3HT:PCBM blend.

Fig.  6 shows  the  result  of  the  analysis  of  the  time  resolved  diffraction  data  (in  fig.  5). No 

appreciable modification of the crystalline  scattering intensities  is  observed during illumination, 

indicating  that  the  number  of  crystallite  nanodomains  for  unit  volume  (cristallinity)  remains 

unchanged. The average crystallite size of P3HT and PCBM nanodomains was estimated from the 

diffraction pattern, by means of the equation based on the Laue relations.

Figure 6:  Average size of the crystallites of both P3HT AND PCBM film components estimated from the diffraction  

pattern, by means of an equation based on the Laue relations (equivalent to the Scherrer formula valid for the Angular  

Dispersive X-ray Diffraction mode)

The results in fig.  6 show that  the average size of the crystallites of both the film components 

remains constant during illumination. Therefore, the time-resolved diffraction analysis demonstrates 

that the initial structural properties are preserved upon light exposure. This finding is an important 

result  considering our previous observation that illumination induces a secondary crystallization 

process in the crystalline domains of P3HT in NPs free blends.

On the contrary, incorporation of NPs into the blend may well hinder the segmental motions of the 

polymer chains, leading to a mitigation of the detrimental rearrangements of the polymer structure. 

In conclusion,  by comparing the EXDR, AFM and EDXD results it  can be safely asserted that 

doping of the BHJ PV blends with Ag NPs gives rise to enhanced bulk stability. Contrary to the 

reference  undoped  BHJ,  the  only  aging  effect  detected  was  a  minimal  augmentation  of  the 

roughness upon illumination.
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4.3 Conclusions

In conclusion, it is evidenced that the incorporation of metallic Ag NPs into the active layer of BHJ 

PV cells leads to a dual improvement effect compared to the NP-free blend [15].  On the one hand it 

leads to a better PV performance and on the other hand it gives rise to enhanced structural stability 

of the blend. Structural superiority of the composite photo-active layer was confirmed through the 

unconventional joint X-ray and AFM analysis approach.

Experiments performed during illumination of NP-free active layer revealed two major dynamical 

phenomena: (i) a bulk reorganization process indicated by the film thickness increase over time and 

(ii) a degradation effect taking place at the interface between the active and the buffer PEDOT:PSS 

layers.

 On the contrary, the composite active layer exhibited only a minor aging effect taking place at the 

blend/PEDOT:PSS interface. These results are very encouraging, considering that the AFM/EDXR 

structural  stability  studies  were  performed  on  the  slowly  grown  blends  prior  to  any  thermal 

annealing treatment. It can be, therefore, suggested that a systematic study of organic PV layers 

doped with metallic nanostructures will be a key strategy towards the development of novel OPV 

devices with enhanced efficiency durability .
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Conclusions

The present Thesis work aimed addressing the crucial requirement, in the development of organic 

photovoltaics,  of  the  structural/morphological  stability  of  the  organic  active  components  of  the 

devices. Organic solar cells are, indeed, among the most interesting candidates for environmental-

friendly and low-cost conversion of solar energy. However for commercialization of organic PV 

devices  to  take place,  a  substantial  boost  of their  performances  is  still  required,  efficiency and 

lifetime remaining the major aspects to address. In this framework, a central role is played by the 

adoption  of  unconventional  characterization  techniques,  for  a  deeper  understand  the  various 

mechanisms involved in cell aging.

The present study focused in particular on the structural morphological properties of the organic 

films,  constituting  the  active  material  of  the  cell.   The  approach  used  allowed  to  monitor  the 

changes  experienced by the structural  properties  and by the  morphological  parameters  (i.e.  the 

thickness and surface/interface roughness) of organic films, used as active layers in OPVs, during 

illumination.

This  was  possible  thanks  to  an  original  set-up  for  joint  in-situ  Energy  Dispersive  X-ray 

Reflectometry/Diffractometry  (EDXR/EDXD) and AFM experiments.  The  results  of  the  Thesis 

indicate that such cross monitoring, allowing to detect the occurrence of bulk, interface and surface 

degradation phenomena, is a powerful tool to provide direct information on  the structural and 

morphological changes accompanying exposure to light.

In particular, the preliminary studies on a reference monolayer sample allowed validating the joint 

EDXR/AFM technique and demonstrated its effectiveness for a quantitative estimation of surface 

and interface roughness, allowing to export the approach to the study of more complex multilayer 

samples for OPV applications.

Then,  the  possible  causes  of  aging  imputable  to  the  structural/morphological  instability  of  the 

various organic components of the cell, were addressed.

The PEDOT:PSS buffer layer was first  investigated,  in order to  identify the possible  source of 
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degradation  that  may  compromise  its  role  as  hole  transport  layer.  The  aging  structural  and 

morphological issues limiting its applications in organic devices were pointed out, suggesting the 

need for a more stable polymer buffer layer material and effective encapsulation method.

In  a  subsequent  phase,  an  extensive  study  of  the  P3HT:PCBM  active  layer  structural  and 

morphological modifications related to degradation issues was carried on.

Preliminarily,  the influence of the presence of PEDOT:PSS buffer layer and of the active layer 

blend relative P3HT and PCBM weight ratio on structural parameters was considered. It was hence 

possible to verify  that for the different sample structures and for the different active layer weight 

ratios, the P3HT:PCBM layers always present structural/morphological parameters well fulfilling 

the requirements for application in OPV devices.

Then, the active layer was studied in-situ, under the effect of white light illumination and at the 

typical  working temperature,  and its  real  time morphological  and structural  modifications  were 

detected. This enabled to distinguish, in pristine samples, bulk aging and rearrangements of active 

layer molecules, suggesting a phase separation of the blend components. Conversely, an improved 

bulk stability was detected in annealed samples, where only a roughness increase, limited to buried 

interface, was measured.

Finally,  an  approach  to  mitigate  the  degradation  pathway  related  to  the  active  layer 

structural/morphological  degradation, avoiding  post-production thermal annealing,  was proposed. 

This was done by addressing the effect of incorporation of Ag nanoparticles in the P3HT:PCBM 

active layer.  Time-resolved X-ray and AFM investigations, during prolonged illumination in air, 

evidenced that both morphological and structural stability are improved without the need of any 

prior annealing treatment.

To  conclude,  the  non-destructive  joint  X-ray/AFM  characterization  provided  access  to  the 

concomitant chemical–physical processes occurring, during illumination, to the OPV cell organic 

components and related to performances degradation.

Furthermore, the systematic study carried out and aiming to find possible solution  to mitigate the 

aging  effects  in  organic  photovoltaics,   indicates  polymer-nanoparticle  composites  as  very 

promising candidates for the development of novel OPV devices with enhanced durability.
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