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Plastie photovoltaie solar eells represent a very attraetive teehnology for the de
velopment of low eost renewabie energy resourees. Reeent progress aehieved using 
organie mono-erystal, multilayered thin film and interpenetrated network teeh
nologies permit to expeet a very fast inerease in the eonversion yield of organie 
solar eells in order to make them a eompetitive alternative to the various forms 
of silieon eells. Sueh progress requires a speeifie diagnostie of the peeuliar physies 
of amorphous organie semieonduetors and deviees. 
We first give a review of the essential features of plastie photovoltaie solar eells. 
We then review the prineiples, uses and applieations of the speeifie optieal ehar
aeterization tools that we implemented for the diagnostic of plastie solar eells: 
time of fl.ight in different geometries, pump-probe speetroseopy, seeond harmonie 
generation and various ways of studying and interpreting the eurrent-voltage ehar
aeteristies of the cells. 

l. Introduction 

Recent progress achieved using organie mono-crystal, multilayered thin 
film and interpenetrated netwark technologies permit to expect a very fast 
increase in the conversion yield of organie solar cells. This will possibly make 
them a competitive alternative to the various forms of silieon cells. Indeed, 
the passed two years have seen a significant jump in the conversion yield 
of organie photovoltaic (PV) solar cells, passing from a l% yield achieved 
15 years ago [1], to a 5% yield achieved one year ago [2]. This opens the 
perspective to see very soon, on a typical 5 years time-scale, organie PV cell 
with solar effi.ciencies in excess of 10%. The long term objective of such very 
active research is to reduce the cost of PV modules. In this conference, we 
discuss some of the key technical aspects of the problem. 

There is no short term ambition to replace silicon, nor thin film tech
nologies (a-silicon, CIS or photosensitised cells), but to develop a long term 
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technology based on environmentally safe materials with almost unlimited 
availability. Plastic materials bear this potentiality. Such objective hecomes 
feasible nowadays, in the same way as we face the development of efficient 
organie displays in the electronic industry (see [3] for a review). Those dis
plays were developed after a 10-years labaratory research effort because they 
offer a low cost "easy" technology and a technically attractive alternative to 
liquid erystal displays. In this review, we use the organie light emitting cliode 
(OLED) technology [4] to draws the research guidelines in organie PV cells. 
OLED literature will be taken as a reference all along this chapter. 

Progress in organie PV cells require a elear understanding of the peculiar 
physics of amorphous organie semiconductors and devices [5]. In this con
ference, we first give an electrical description of organie solar cells: from the 
organie material to the device. A critical analysis of the physicał processes 
łeading to the photovoltaic effect in organie materials permits to size the 
maximał and minimał yiełds achievable using different clevice structures. This 
permits ałso to size the main physical parameters permitting the achievement 
of a 10% solar energy conversion in triał devices. Wethen describe some ma
terials and clevice structures which are pertinent in view of such objective. We 
finaBy present the optical diagnostics which permit to investigate specifically 
the plastic solar cells. 

2. Organie semiconductors 

2.1. Charge transport and mobHity 

Transport and mobility in organie materials require a knowledge of the 
charged species. A review of transport properties is given by Schott [6]. En
ergy levels of the charges are usually determined by cyclic voltametry as 
concerns materials in solution. They can be characterized by XPS or UPS 
(X-ray and UV photo-electron spectroscopies) as concerns solid materials. In 
smali molecules, charged species are localized spatially, they are simply the 
cation (positive) and anion (negative) radicałs. In polymers, the electron
phonon coupling leads to the so-called polarons which are charges dressed 
by a reorganization o f t he lattice [7]. Połarons may be regarded as defects in 
conjugated połymer chains. Such defect stabilises the charge which is thus 
self-trapped as a consequence of łattice deformation. So in the vast major
ity of organie semiconductors, transport bears all characteristics of a hop
ping process in which the charge ( cation or anion) propagates via side to 
side oxidation-reduction reactions (Fig. la). One must distinguish between 
intra-molecular charge transport ałong a conjugated połymer chain and in
termolecułar charge transport between adjacent molecules or połymer chains 
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FIGURE l. Photophysics of organie semiconducting materials: hopping process between 
molecules l and 2 (a), intra- (full arrows) and intermolecular (broken arrows) 

charge-transport (b), absorption (So ~SI), luminescence (S1 ~ So) and inter-system 
crossing (S1 ~T!) (c), charge separation of an exciton into a free electron (e) -hole (h) 

pair at adonor (D)- acceptor (A) junction (d). 

(Fig. l b). The former w hi ch is specific to conjugated polymers is the most 
efficient . Charge mobility in organics is field dependent, especially in the low 
mobility materialsin which it usually follows phenomenologically the Poole-

Frenkel law: J-L <X exp ( ve) [8]. Mobility can be experimentally determined 

by photo-current transients (t im e o f fiight) [9], field effect transistor satu
ration currents [10], space charge limited currents [11] or impedance spec
troscopy [12]. Mobilities in organie semiconductors are usually rather smali: 
from 10-2 cm2 /Vs in well ordered conjugated polymers (liquid crystalline 
polyfiuorene)[13], down to 10-8 cm2/Vs in guest-host połymer systems ( dye 
doped poly-vinylcarbazole - PVK, for instance) [14]. Electron and hole mo
bilities differ by orders of magnitucle in a single materiał; in smali molecules 
such as the widely studied tris (8-hydroxyquinolinolato) aluminium - [9], as 
well as in conjugated polymers such as the famous poly-paraphenylvinylene 
- PPV [12]. The lowest mobilities are usually dispersive, which is the re
suit of a distribution of mobilities [15]. Mobility can increase by up to two 
decades up on applied voltage, being eventually very large above 1MV /cm in 
conjugated polymers [16]. Mobility is increased by ordersof magnitucle when 
the molecular packing is improved. This is achieved by molecular ordering. 
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Single crystals have the best performances [17], electron mobility in fullerene 
C60 single crystals is 2.1cm2 /Vs [18], but it is reduced by at least 3 ordersof 
magnitucle by imperfect purification and uncontrolled ćrystallization [18], as 
well as by oxygen traps [19]. With this in mind, mobility in photovoltaic ma
terials can be improved using liquid crystals made from molecules ( colurnnar 
LCs [20]) or polymers (nematic LCs [13]). Mobili ty is also increased by orders 
of magnitude, up to 0.1 cm2 /Vs, between a random połymer (poły 3 alkylth
iophene - P3AT) and its regioregular analogue [21,22], the last one leading 
to supraconductivity at low temperature in a field-effect device [23]. Charge 
transport is also improved by purification or deposition conditions; for in
stance, mobili ty hecomes non-dispersive in Alq3 up on purification ( oxygen 
induces traps) [24] and i t hecomes non-dispersive in soluhle PPV derivatives 
upon selection of the solvent used for deposition [25]. Mobility is usually low 
and dispersive in randomly distributed polar molecules, but it is increased 
significantly when the dipoles are organized [26]. A record non dispersive 
electron mobility of up to 2.10-4 cm2 /Vs was recently achieved in an air 
stable amorphous glassy molecular material [27]. Another record non disper
sive hole mobili ty of 10-2 cm2 /Vs was also achieved in an amorphous glassy 
molecular material [27]. Important is that mobili ty always drops by at least 
2 orders of magnitucle with impurities or defects (traps). 

2.2. Light absorption and exciton diffusion 

Light absorption by organie materials can also be rationalized using pho
tophysics concepts [29]. Time resolved analysis of all the different events 
following absorption of light can usually be achieved through pump-probe 
spectroscopy of fiash photolysis. It is from the optically excited state that 
the neutrał excitation (exciton) can gives rise to a free charge pair (Fig.1d). 
Absorption and photoluminescence usually involve the same energy levels: 
the fundamental S0 and first excited S1 singlet states (Fig. 1c). Upon light 
absorption, molecules are excited from the fundamental to the excited state 
with a cross section ao-1· Singlet-singlet transitions are very efficient ones, 
equivalent to the direct transitions in semiconductor crystals, leading to sin
glet excitons with a rather short lifetime (nanoseconds). The absorption spec
trum extends inside the visible and near-infrared ranges. The exciton energy 
can then decay to the ground state radiatively, with a cross-section a 1_ 0 

which is almost the same as ao-1 (dipole coupling with the electromagnetic 
field): typically 10-16 cm2 in organie dyes and pigments. This is the usual 
luminescence which is a loss mechanism in photovoltaic cells. The exciton 
energy can also decay down to the ground state through vibrations (phonon 
emission in extended states). Speed o f this decay is almost proportional to 
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N! where N is the number of vibration quanta Vvib (stepladders in Fig. lc) 
needed to decay down to the lower electronic state: N ~ (>-max Vvib)- 1 . An
other exciton decay channel is through inter system crossing (ISC) to the 
l ower tripiet state T1 (Fig. l c). ISC efficiency is driven by spin-orbit coupling 
inside the molecule. The largest permitted orbital moments permit the most 
efficient ISC . ISC is reduced in planar linear chromophores. Energy in tripiet 
states is carried by tripiet excitons. 'Ihplet excitons have a greatly increased 
lifetime ( microseconds), because radiati ve decay to t he ground state i s for
bidden. It is equivalent to indirect transitians in crystals. Tripiet excitons can 
diffuse over large distances, up to 100 nm if no trapping occurs, although sin
glet excitons would not diffuse more than lO nm by radiative energy transfer . 
Finally, singlet or tripiet excitons can decay into geminate pairs of charges: 
charge generation, which is the useful channel for the PV effect. This can also 
be probed by pump-probe spectroscopy. Exciton diffusion length is evaluated 
using the photovoltaic action spectra (Sec. 3.2). 

2.3. Charge generation 

Ex ci ton dissociation in to a pair o f ch ar ges occurs under larg e electric 
fields which can compete with Coulomb interaction. The process is usu
ally described by the so-called Onsager theory which gives the efficiency of 
photo-dissociation rjJ of the exciton as a power series of the electric field E: 

rjJ = r/Jo exp ( -~) [l+ ;kea~ + · · ·], with re = e2 /47rEksT the critical clis

tance bellow which Coulomb energy is larger than kinetic energy and r0 the 
"thermalisation distance". Exciton dissociation can be equivalently promoted 
by charge transfer between donor and acceptor molecules (Fig. ld) A partner 
of the donor acceptor pair can simply be an impurity (02 for instance is an 
acceptor [29]). A junction at the interface with a metal or at the interface 
between a donor and an acceptor layer can also be a region of exciton disso
ciation. Such junction effect can be phenomenologically interpreted in terms 
of an interfacial electric field, especially if the materials are the doped layers 
of a p-n junction. It is elear that long exciton lifetimes will permit efficient 
charge generation events. 

3. Physics of plastic solar cells 

3.1. Photovoltaic effect 

The production of electric energy from sun-light is the result of a chain 
process (Fig. 2). Sunlight photons are absorbed inside the device (A), carriers 
are then generated from exciton dissociation (G), carriers are collected by t he 

http://rcin.org.pl



46 J.-M. NUNZI 

o 
Ał l 

GJo (±)~ l I 
c 

G ~ 

FIGURE 2. The photovoltaic process: Photon Absorption (A), Carrier Generation (G), 
Carrier Collection (C). 

electrodes and dr i ven in to t he external circui t (C). These ar e t he p rod ue t i ve 
events of the PV process [30]. A more detailed analysis permitsto understand 
and eventually improve the different steps of the PV effect [31]. 

Absorption of photons: In most organie devices only a small portion of 
the incident light is absorbed because: The bandgap is too high. A 
bandgap of 1.1 eV (1100 nm) is required to absorb 77% of the solar ra
diation on the earth whereas the majority of semiconducting polymers 
have bandgaps higher than 2.0 eV (600 nm), Iimiting the possible ab
sorption to about 30%. The organie layer is too thin. Low charge carrier 
and exciton mobilities require layer thickness on the order of 100 nm. 
Fortunately the absorption coefficient of organie materials is generally 
much higher than in silieon so that only about 100 nm are necessary to 
absorb between 60 and 90% if a reflective back contact is used. 

Reflection: Reflection losses are probably significant but little investigated 
in these materials. Systematic measurements of photovoltaic materials 
are desired to provide knowledge of their impact on absorption losses. 
Anti-reflection coatings as used in inorganic devices may then prove 
useful once other losses such as recombination hecorne less dominant. 
Surface of the devices can also be structured as in Fig. 2. 

Exciton diffusion: Ideally, all photoexcited excitons should reach a dissoci
ation site. Sincesuch a site may be at the other end of the sernicandue
tor, their diffusion length should be at least equal to t he layer thickness 
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(for sufficient absorption) - otherwise they recombine and photons are 
wasted. Exciton diffusion ranges in polymers and pigments are usually 
around lO nm. 

Charge separation: Charge separation is known to occur at organie semi
conductor/metal interfaces, at impurities such as oxygen or between 
materials with sufficiently different electron affinities (EA) and ionisa
tion potentials (IA). In t he latter, one material can t hen act as electron 
acceptor (A) while the other keeps the positive charge and is referred to 
as electron donor (D). If the difference in lA and EA is not sufficient, 
the exciton may just hop onto the material with the lower bandgap 
without splitting up its charges. Eventually it will recombine without 
contributing charges to the photocurrent. 

Charge transport: The transport of charges is affected by recombination 
during the travel to the electrodes - particularly if the same material 
serves as transport medium for both electrons and holes. Also, interac
tion with atoms or other charges may slow down the travel speed and 
thereby limit the current. 

Charge collection: In order to enter an electrode material with a relatively 
low workfunction (Al or Ca) the charges often have to overcome the 
potential barrier of a thin oxide layer. In addition, the metal may have 
formed a blocking contact with the semiconductor so that they can not 
immediately reach the metal. 

3.2. Characteristics of organie solar cells 

Drawing the current-voltage characteristics of a cell in the dark and un
der illumination (Fig. 3) permits to evaluate most of its photovoltaic perfor
mances as well as its electric behaviour [32] . 

The short circuit current Isc is the one which crosses the cell at zero 
applied voltage, it is a function of illumination G. Charges travel under an 
internal potential difference typically equal to V0 c. 

The open circuit voltage is measured when current in the cell is O, corre
sponding to almost fiat valence and conduction bands . 

Imax and Vmax values are defined in order to maximize the power 
llmax Vmaxl· This one is the maximum power Pmax delivered by the PV cell. 

The fill factor FF is the ratio of the maximum power to the external short 
and open circuit values: FF = ~ = Vmax Imax. 

Voc fsc Voc fsc 

Under monochromatic lightning at a wavelength A, the yield of electron 
generated per incident photon: the Internal Photon to Current Elliciency 
(ICPE) is defined as: IPCE = f!>. hec, with lsc the short-circuit current den-
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FIGURE 3. I-V characteristics of an ideał solar celi: (a) in the dark, (b) under 
illumination. 

sity, or numerically in a very simple manner: IPCE = 1.24~, with Jsc 
in Acm-2 , G in Wcm-2 and). in J-tm. ICPE is the measured parameter in 
the photovoltaic action spectra ~ 

The external photovoltaic yield 17 is defined as the ratio of the maximum 
electric power extracted to the illumination G times the surface S of the 
module: 17 = ~m!l (it is often expressed as a percentage). Conversion yield 
is the key parameter as concerns cells productivity. It must be evaluated 
carefully [33], and not be confused with ICPE. 

3.3. The power efficiency of organie solar cells 

Solar cells are evaluated by their energetic conversion elliciency 17 
(as defined above). It is essentially t he produet of 4 contributions: 
17 = cp A FF V max / ( hv). T he fili factor can be almost dos e to l ( or O. 8), pro
vided shunt resistance i s larg e ( Rsh > 25 Kil) and ser i es resistance i s smali 
(Rs < 50 D). The ratio e Vmax/(hv) between the extracted electron energy 
(0.5 eV) and the average energy of the absorbed photons (2 eV) reaches 1/4 in 
current organie PV cells. One can expect a photogeneration yield cp close to l 
at the active junction [34, 35, 36]. In a homogeneous layer, this would require 
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an exciton diffusion length close to the thickness of the diode, which is also 
possible in some pigments [37]. Organie colorants have an absorption in the 
visible range greater than a ;;:::: 107 m- 1 over a 100 to 200nm band-width. 
This corresponds to a 85% absorption in a 100 nm-thickness layer accounting 
for refiection on a metallic back electrode. Let us take a sunlight absorption 
A = 1/2. We thus get the order of magnitucle of an optimised "achievable" 
photovoltaic conversion efficiency: 7J ~ 10%. This is the necessary level for a 
realistic technology. 

1\vo parameters require a particular engineering: the exciton diffusion 
length (Sec. 2.2) and the charge mobHity (Sec. 2.1) Both are sizable. 

• This is presumably the improvement of the exciton diffusion length 
which has recently permitted to reach a 3.6% solar efficiency with a 
bi-layer molecular cell [38] analogous to the original Tang cell [39]. 
An exciton diffusion length close to 100 nm is needed in homogeneous 
solar cell materials. Exciton diffusion is controlled by dipole coupling 
between molecules. In can be large in "pure" materials (trap free mate
riali>) mad e of "small" molecules exchanging energy through so-called H 
coupling (as opposed to the J coupling) [40], when luminescence yield 
vanishes. This is the usual case for small molecules in a crystalline or 
polycrystalline state, when molecules are stacked paraHel to each óther. 
One must notice that it can be larger than in some inorganic materials 
because most organie materials behave as "direct gap" semiconductors. 

• It is the large mobility of charges (1-3 cm2 / Vs) which may explain the 
exceptional solar efficiency obtained in pentacene crystals [41]. Photo
generated charges must indeed cross the solar cell fast enough, from 
the active junction to the counter electrode, in order for the current to 
be evacuated to the circuit faster than photo-generation brings charges 
into the device. Otherwise, a space charge field in the cell would screen 
the interna! field of the cell and photo-generation efficiency would van
ish. Under AM1 solar illumination, a 10% efficiency would correspond 
to a J = 20mA/ cm2 current extracted out of the cell. Space charge 

limited current follows the law: Jsc = ~E J..L ~, in w hi ch V is the work
ing voltage and L the organie semiconductor thickness. We get a !ower 
limit for the mobility: J..L;;:::: 2.10- 4 cm2 / Vs. This can bean electron or a 
hole mobility which must reach this value, or both, depending on the 
cell structure. 

3.4. Junctions 

The junction is the place where the exciton dissociates. A monolayer cell 
will make a Schottky junction with one of the electrodes. A bi-layer cell will 
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at the interface is large enough to compensate for the potential differ
ence. Owing to the smali carrier density in organie semiconductors, the 
so-called depletion layer extends in the semiconductor only. This is a 
rectifying contact: a Schottky contact. 

4. Structure and technology of organie solar cells 

4.1. Cell structures [5, 30, 31, 40] 

In order to meet the specific requirement for an efficient photon to charge 
conversion, different device architectures have been developed. Figure 5 shows 
a typ i cal bi-layer device (p-n diode). Charge separation occurs at the inter
face between the two layers. Ideally the, donor material should only be in 
contact with the electrode material with the high er workfunction ( typically 
ITO) and the acceptor -materiał with the lower workfunction electrode (typ
ically Al). Of course, as the height of the workfunction of ITO is between 
Al and Au (Al < ITO < Au), the structure is inverted in Fig. 5. The different 
architectures are: 

Single layer cells which consist of only one semiconductor material and 
are often referred to as Schottky type devices or Schottky diodes since 
charge separation occurs at the rectifying (Schottky) junction with one 
electrode. The other electrode interface is supposed to be of ohmic 
nature. The structure is simple but an absorption covering the entire 
visible range is rare using a single type of molecule. The photoactive 
region is often very thin and since both positive and negative pho-

hv V 

Reflecring Electrode (Au) 

p-type organie serniconductor 

n-type organie serniconductor 

Transparent Substrate (glass or plastic) 

FIGURE 5. Typical structure of a bi-layer organie solar cell. 
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toexcited charges may travel through the same material recombination 
losses are generally high. Such cells are currently used for screening and 
evaluation purposes. They are also well studied for laser diagnostics of 
internal photo-physics events. 

Double layer cells benefit from separated charge transport layers that en
sure connectivity with the correct electrode and give the separated 
charge carriers only little chal).ce to recombine with its counterpart . 
The drawback is the smali interface thickness that allows only excitons 
o f a t h in layer (ex ci ton diffusion length + depletion layer thickness) to 
reach it and get dissociated. 

Blend cells exhibit a large interface area if the molecular mixing occurs 
on a scal e that allows go od contact between alike molecules (charge 
percolation in an interpenetrated network) and most excitons to 
reach the D/ A interface. This can usually only be partly achieved, so 
the defects of the network structure- particularly the connectivity with 
t he correct electrode - represents a technological challenge [ 44]. 

4.2. Emerging technologies in organie solar cells 

In the past years, the main difficulty to obtain large solar conversion ef
ficiencies was related to the smali exciton diffusion length of the materials 
used in organie PV cells [45]. In most cases, the useful interface region in 
a planar p-n-type solar cell is limited to almost 10% of the thickness which 
is necessary to absorb a significant proportion of sun light, where the built
in junction-field is large, as pictured in Fig. 6 [46]. The efficiency of such 
diode is limited to almost l% [47]. This difficulty was recently overcome 
in a CuPc/C6o cell designed with improved electrodes, yielding a 3.6% ef-

FIGURE 6. Scheme of a bi-layer p-n-type molecutar PV celi showing the extension of the 
photoactive region in which excitons dissociate, around the junction [5) . 
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ficiency [38] . This proves that bi-layer cells can be good candidates for an 
efficient energy conversion [34]. 

In year 2000, the Lucent group got a 4.5% efficiency with a halogen (Br or 
I2) doped pentacene monoerystal (C22H14) [48] . Efficiency was even larger: 
5%, by eonsiciering only the surface of the cell and not the erystal one. The 
same material deposited in a thin polycrystalline film gave a lower 2.2% 
efficiency. This breakthrough may result from several favourable factors: 

• Pentacene behaves as direct band gap for absorption, but exciton de
cays rapidly to a tripiet exciton which has a long lifetime. 

• The erystal is dense and pure, permitting a large exciton diffusion 
length. 

• Hole mobili ty in pentacene reaches l cm2 /Vs. 
• The material was doped, which permits exciton dissociation apart from 

contact electrodes, reducing the quenching of excitons before charge 
transfer . 

This result opens-up the possibility to build single layer solar cells for 
an efficient PV conversion. However, absorption cannot cover all t he so
l ar spectrum with a single layer of an omogeneous organie materiał, so 
that a bi-layer diode remains a potentially attractive device [49]. Addition
ally, halogen doped crystals may be highly unstable materials, but this also 
can be overcome using controlled molecular doping with strong acceptor 
mo lecule [50]. Promising structures which combine some advantages of the 
crystalline diodes with the processability of multilayer devices are the eolum
nar liquid erystal cells [36, 51], or any other self-organized device struc
ture [52, 53]. 

In order to circumvent problems associated with the weak extension of 
the depletion layer in layered organie solar cells, the idea is to increase the 
effective surface of the junction using composite materials, in blend cells. The 
first successful device was built more than 10 years ago with dye-sensitised 
solar cells [54] (so called Gditzel cells). The concept was applied more re
cently w i t h success to solid single-layer połymer solar celi. It is based on t he 
efficient - ultrafast - charge transfer which occurs between C60-derivatives 
as charge acceptor and semiconducting polymers as charge donor [55, 56]. 
S uch cells exceed 3% solar efficiency. From a chemical point o f view, t he 
advantage is that materials do not have to be optimised for charge AND 
exciton transport, because excitons can dissociate everywhere in the mix
ture, they do not have to migrate owing to the close clistance between donor 
and acceptor moieties (Fig. 7). From a topological point of view, the effective 
surface of the junction is significantly improved by the interpenetrated net
wark. Difficulty lies in the fabrication of a doubly connected netwark made 
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(b) 

FIGURE 7. Scheme of an interpenetrating network of adonor połymer and an acceptor 
C60-derivative (a), Detail of an ultrafast charge transfer event (b) [50] . 

of an electron transport material ( conjugated polymer) and a hole transport 
material (C6o) [57]. A recent trial was to use smali co-evaporated molecules 
to build a model interpenetrated network [58]. A power conversion efficiency 
of 2.2% was achieved in this way. There has been also attempts to link the 
donors and acceptors chemically, but experimental results do not yet show 
any significant progressin this direction [59, 60]. Another actual difficulty lies 
in the stability of the cells: both structural and photochemical stability [61]. 
There is still many room for improvement in the technology of interpene
trated networks [62]: some attempts consist in replacing C6o by inorganic 
semiconductor nano-materials (so-called hybrid cells) [63, 64], as a strat
egy for further improvement of stability and performance of the technology. 
A l. 7% sol ar efficiency was recently reported using a hybrid blend consisting 
of 7-nanometer by 60-nanometer CdSe nanorods and the conjugated poły
mer poly-3 (hexylthiophene) [65]. The blend was assembled from solution, 
yielding an external quantum efficiency of over 54%. 

A new route for the improvement of organie solar cell efficiency was 
demonstrated by the CEA group in Saclay [66, 26]. It consists in the orienta
tion of polar chromophores insicle the volume of the cell. A polar orientation 
is different from an axial orientation: the former permitsto tune and optimise 
separately absorption of light and transport of excitons and charges, as do 
liquid crystals ; the latter permits in addition to induce an internal polar
ization field [67, 68]. This field improves exciton dissociation insicle the cell 
(Sec. 2.3) as well as charge mobility [26] . An internal polarization may also 
help reducing the potential barriers at the electrodes, thus improving series 
resistance. The practical demonstration of a polar orientation was made us
ing several blendsof polymers incorporating polar chromophores [69, 70, 71]. 
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A two ordersof magnitucle efficiency improvement was obtained in a blended 
polythiophene structure (Fig. 8). The efficiency TJ = 0.02% was still very low 
because the materials used were not optimised for absorption, charge gener
ation, charge transport AND orientation. There is need to optimise both the 
połymer matrix and the polar chromophores in the oriented blend in order 
to get significant efficiencies. 

40 
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darlc current 
l. inilial characteri'iti: 
2. after polarizab:>n (green light, +2V) 
3. after polarizatDn (green light, +5V) 

- - 4. after polarizab:>n (green light, +7V) 
-- 5. afterpolarizab:>n (green light, +IOV) 
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FIGURE 8. Current/Voltage characteristics in the darkandunder 12m W jcm2 red light 
illumination through for an ITO/ P3BT +poły- (MMA-DRl) + Indane Dye/ Au device, 

before and after polarization sequences (67). 

5. Conclusion 

Several possibilities are open to fabricate efficient solar cells: single lay
ers, double layers, blended or interpenetrated cells, hybrid cells, as well as 
moleculady organised and oriented cells . All offer a new range of interesting 
research in physics, in chemistry and in technology, and all offer strategies 
to build an efficient PV technology. Such cells will obviously make soft and 
possibly bendable of foldable PV modules. They will be adapted to the fab
rication of solar roofs , but also sails, tents and all kind of plastic outdoor 
furniture or portable devices. Importantly, plastic solar cells will permit to 
orient future generations of photovoltaic solar cells toward an ultra-low-cost 
technology. 
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Progress in this emerging domain requires the development of specific 
optical diagnostic tools for in-situ studies of photovoltaic parameters and 
events. This particular aspect is discussed in the conference. 
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