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-I want to say one word
to you. Just one word.
'Yes, sir.
-Are you listening?
'Yes, I am.
-Plastics.

The Graduate

Abstract
Organic materials, such as conjugated polymers, have emerged as a promising
alternative for the production of inexpensive and flexible photovoltaic cells. As
conjugated polymers are soluble, liquid based printing techniques enable production on
large scale to a price much lower than that for inorganic based solar cells. Present day
state of the art conjugated polymer photovoltaic cells are comprised by blends of a
semiconducting polymer and a soluble derivative of fullerene molecules. Such bulk
heterojunction solar cells now show power conversion efficiencies of up to 4-6%. The
quantum efficiency of thin film organic solar cells is however still limited by several
processes, of which the most prominent limitations are the comparatively low mobility
and the high level of charge recombination. Hence organic cells do not yet perform as
well as their more expensive inorganic counterparts. In order to overcome this present
drawback of conjugated polymer photovoltaics, efforts are continuously devoted to
developing materials or devices with increased absorption or with better charge carrier
transporting properties. The latter can be facilitated by increasing the mobility of the pure
material or by introducing beneficial morphology to prevent carrier recombination.
Minimizing the active layer film thickness is an alternative route to collect more of the
generated free charge carriers. However, a minimum film thickness is always required for
sufficient photon absorption.
A further limitation for low cost large scale production has been the dependence on
expensive transparent electrodes such as indium tin oxide. The development of cheaper
electrodes compatible with fast processing is therefore of high importance.
The primary aim of this work has been to increase the absorption in solar cells made
from thin films of organic materials. Device construction, deploying new geometries, and
evaluation of different methods to provide for light trapping and photon recycling have
been strived for. Different routes to construct and incorporate light trapping structures
that enable higher photon absorption in a thinner film are presented. By recycling the
reflected photons and enhancing the optical path length within a thinner cell, the
absorption rate, as well as the collection of more charge carriers, is provided for.
Attempts have been performed by utilizing a range of different structures with feature
sizes ranging from nanometers up to centimeters. Surface plasmons, Lambertian
scatterers, micro lenses, tandem cells as well as larger folded cell structures have been
evaluated. Naturally, some of these methods have turned out to be more successful than
others. From this work it can nevertheless be concluded that proper light trapping, in thin
films of organic materials for photovoltaic energy conversion, is a technique capable of
improving the cell performance.
In addition to the study of light trapping, two new alternative electrodes for polymer
photovoltaic devices are suggested and evaluated.

Populärvetenskaplig sammanfattning
Solceller har potential att tillgodose delar av människans energibehov, utan utsläpp
av växthusgaser, genom att nyttja direkt konvertering av solljus till elektricitet. Sedan
upptäckten av den fotovoltaiska effekten hos kisel 1953 har detta material varit det
dominerande vid framställning av solceller, men på grund av den allt för dyra
tillverkningsprocessen har kiselceller ännu så länge inte haft sitt genombrott för
storskalig energiomvandling. Flera andra alternativa och förnybara energikällor kan i
nuläget inte heller leverera energi till ett pris som ekonomiskt går att jämföra med fossila
bränslen. Det är därför nödvändigt att utveckla system vars exploatering av förnybar
energi kan tävla ekonomiskt med fossila bränslen. Detta kommer förmodligen också att
bli lättare inom en snar framtid, då priset på fossila bränslen förväntas stiga allteftersom
tillgångarna sinar.
Solceller bestående av organiska material som konjugerade polymerer, byggs
genom att deponera ett 50-200 nanometer tunt lager aktivt material mellan två elektroder,
av vilka åtminstone en är transparent för att släppa in solljus. De har avsevärt större
möjlighet att produceras billigt och i stora volymer jämfört med kiselsolceller. Då dessa
material är lösliga i organiska lösningsmedel är det möjligt att med vanlig tryckteknik
åstadkomma storskalig produktion. En nackdel med organiska solceller är dock att de
ännu så länge visar en förhållandevis låg verkningsgrad, som bäst ungefär en tredjedel till
en fjärdedel av vad t. ex. kisel kan leverera. Anledningen till detta är till viss del känd och
tillräknas till stor del organiska materials oordnade natur. Elektronerna har helt enkelt
svårare att transportera sig genom materialen i en organisk solcell. Utvecklingen av nya
material med bättre förmåga att transportera laddningar är följaktligen en väg att öka
effektiviteten. En annan strategi består i att istället minska tjockleken på cellen och
således minska transportsträckan för elektronerna. Dock kan man inte göra filmen för
tunn, då den inte längre absorberar lika mycket ljus och således inte kan generera lika
mycket ström. En större del av ljuset reflekteras helt enkelt bort om filmen är för tunn.
Huvudmålet med detta arbete har därför varit att på olika sätt öka absorptionen i
tunna organiska solceller. Konstruktion av solcellskomponenter med alternativa
geometrier som kan lösa detta har eftersträvats, och utveckling av olika metoder för att
tillgodose hög ljusinfångning i tunnare filmer har analyserats. Ett antal olika
tillvägagångssätt för att återvinna reflekterat ljus och för att öka ljusets vägsträcka i den
tunnare solcellen har utvärderats. Ljusfångade strukturer i storlekar av både nanometer,
mikrometer och centimeter har tillverkats och analyserats både experimentellt och via
simuleringar. Ett exempel har bestått av att använda nanomönster i metallelektroden för
att tvinga ljuset att färdas mer parallellt med det ljusabsorberande lagret i solcellen, i
stället för vinkelrät mot det. På så sätt ökas sannolikheten att ljuset absorberas. Ett annat
sätt har varit att utnyttja en ljusfångare bestående av mikrolinser och en perforerad
metallspegel som placerats framför solcellerna. Denna ljusfångare är genomskinlig i en
riktning och reflekterande i den andra, vilket gör att ljus som annars skulle ha reflekterats
bort från solcellen nu kan återvinnas tack vare metallspegeln. Ytterligare en konstruktion,

bestående av en veckad solcell med olika ljusabsorberande material på var sin sida, har
visat sig vara en mycket effektiv ljusfälla. Ljus som träffar ena sidan på den här Vformade solcellen, och som inte absorberas och omvandlas till elström, reflekteras till den
andra sidan och får där en ny chans att göra nytta.
Utöver sådana ljusinfångningsmetoder har även metoder att framställa alternativa
och billigare elektroder för polymersolceller analyserats. Bl. a. har ett lättillverkat
mikrogaller av tunn metall utvecklats för att byta ut det dyra genomskinliga
elektrodmaterialet som annars brukar användas. Denna gallerstruktur släpper igenom det
mesta av ljuset, samtidigt som den fungerar väl som en elektrod.
Avslutningsvis visar resultaten att lämpliga metoder för att fånga ljus i organiska
tunnfilmssolceller är tillgängliga och förmodligen också kompatibla med produktion i
stor skala.
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1 Context
The sun is the source of most energy demanding activities on our planet. The
comforting warmth of our closest star is accordingly thoroughly exploited by most
surface living organisms. Considering that a major part of the energy that has been
exploited by human technology also has its past from the sun, it is discouraging that only
a few tenths of a percent of our current energy conversion is direct solar energy. As a
result of the very inefficient conversion process, from sunlight to fossil fuel to free
energy, vast discharges of carbon dioxide pollutants follow once the energy finally is
exploited. Direct energy conversion from sunlight to electrical power through solar cells,
has the possibility to supply parts of the human demand for energy, without the pollutants
of greenhouse gases. The need for cheap and easily manufactured solar cells is hence an
evident objective that has been strived for several decades already. Photovoltaic cells
made of conjugated polymers have the possibility to fill this need.
Solar cells comprised of organic materials, such as conjugated polymers, are
constructed by coating a very thin layer of active organic material between two
electrodes, of which one is transparent to let light in. Ordinary polymers, or plastic
materials, have insulating properties and are thus considered not suited for electrical
device manufacturing, other than as just isolators. The conjugated polymers however,
display both semiconducting, as well as conducting properties. Solar cells made out of
such materials have the possibility to be produced at a pace and price much more
beneficial than commercial solar cells of today. Since these materials are soluble in
organic solvents they can be deposited by means of ordinary printing techniques at a high
speed and to a low price. Solar cells produced via printing from solutions are therefore
manufactured with completely different methods compared to most other solar cells
produced today.
This work has been conducted at the Biomolecular and organic electronics group at
Applied Physics, IFM within the frames of the Center of Organic Electronics (COE). The
thesis is treating the development of conjugated polymer photovoltaic cells and is
particularly focused on light trapping, scattering and coupling phenomena generated by
photonic macro, micro and nanostructures. The ambition has been to design and construct
organic photovoltaic cells that are controlling the light flow optimally to obtain higher
efficiencies. By increasing the photon flux inside the solar cell or by increasing the
optical path length of the light, the efficiency can be improved. Such aspects of light
trapping are commonly known for thicker inorganic solar cells but poorly studied for the
significantly thinner organic solar cells. At present time organic solar cells suffer in
performance mainly due to low charge carrier mobility and recombination of generated
charges. The possibility of making thinner devices may help this electrical setback, but
when doing so, photon absorption is inevitably diminished. Trapping light in the active
film will enable an improved absorption and hence allow the use of thinner films.
This work has primarily been devoted to study if, and how, trapping light can
enable the manufacturing of better performing organic photovoltaic devices.
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2 Conjugated Polymers
2.1 Conjugation and theoretical background
Organic materials are labelled “organic” since they consist mainly of carbon and
hydrogen. Ordinary polymers are basically long molecular chains consisting primarily of
these elements. Since the molecules are long, the material tends to be very tough and
does not crack or break as easy as a material consisting of a mono crystalline structure.
Polymers have traditionally found applications in packaging and protection of other
materials and have been widely used as electrical insulators. However, there are classes
of polymers that can allow mobile charge carriers and can act as both conductors and
semiconductors: the conjugated polymers.
Conjugated polymers are a class of polymers that have a framework of alternating
single and double carbon-carbon bonds. The single bonds are referred to as σ-bonds. The
double bonds contain one σ- and one π-bond. In a sigma bond in carbon the orbital
overlapping is always along the inter-nuclear axis. The probability to find the shared
electron in a σ-bond is large directly between the two carbon nuclei. The π-bonds involve
the electrons in the remaining p-orbital for each carbon atom. The p-orbitals are electron
clouds that are mainly situated above and below each carbon atom. When two p-orbitals
overlap they form a π-bond. The π-bond does not overlap in the region directly between
the two carbon nucleus where the σ-bond is formed. The π-bond is instead found on the
sides, i.e. above and below, of the axis joining the two nuclei. So here the probability to
find the shared electron is larger a bit outside the direct line between the two atoms, and
at two places in the space surrounding the atoms. Together, the σ- and the π-bonds are
called a double bond. Conjugated polymers have a σ-bond backbone of overlapping sp2 –
orbitals. The remaining out-of-plane p-orbitals (pz) of the carbon atoms overlap with
neighbouring pz-orbitals to form the π-bonding. The two overlapping positions are
labelled bonding (π) and anti bonding (π*). The π*-orbital anti bonding has a higher
energy level than the π-orbital bonding. The π-bonding electrons are however not
localised to one carbon nucleus, but have the neat property of being free to move a
certain distance over the molecular chain.
The characteristics of the π-bonds are the source of the semiconducting properties
of these polymers. The quantum mechanical overlap of the p-orbitals that produces the
two bonding orbitals, the π bonding and the π* anti bonding, is what allows the
semiconducting properties. The lower energy π-orbital forms the valence band and the
higher energy π*-orbital acts as the conduction band. The lower energy π level is called
HOMO (Highest Occupied Molecular Orbital) and the higher energy level π* is labelled
LUMO (Lowest Unoccupied Molecular Orbital). The difference in energy between the
two levels defines the band gap that determines the optical properties of the polymer.
Most semiconducting polymers appear to have a band gap that lay in the range 1.5-3 eV,
which makes them ideally suited for optoelectronic devices working in the optical visible
light range.

3

The alternation between single and double bonds is what gives rise to the described
property of π-conjugation. The characteristic double bond of polyacetylene is depicted in
figure 2.1, where its chemical structure is compared to an ordinary plastic material. The
property of π-conjugation allows the π-electrons to move relatively free a specific
distance along the molecular chain. This distance is referred to as the conjugation length
and the π-electrons are considered delocalised within this length. The range of
delocalization is depending on the strength of the overlapping of the pz orbitals and the
conjugation length significantly affects the band gap. An increase of conjugation length,
for example, induces a lowering of the band gap.

Figure 2.1 Chemical structure of the common plastic insulator polyethylene and the first
studied conducting conjugated polymer; polyacetylene.

2.2 Doping
The natural state of conjugated polymers is a semiconducting state with filled
HOMO levels and very low electron density in the LUMO level. Upon doping, the
conductivity is increased by several orders of magnitude just like in inorganic
semiconductors. The doping process is somewhat different though. Doping is achieved
by adding or withdrawing electrons to/from the polymer backbone, usually associated
with the introduction of ionic species. When such an oxidation or reduction process is
done, the conjugated backbone is also affected. A new quasi particle, consisting of both
the charge and the backbone distortion, is created and for degenerate polymers usually
referred to as a soliton. The soliton is an alternation of the single-double bond repetition
and is displayed in figure 2.2. The created soliton has an energy level lying inside the
previous polymer band gap. Upon doping of non-degenerate polymers, polarons or bipolarons are formed. These are also quasi particles with a strong coupling between the
charge and the backbone distortion (electron–phonon coupling). As most of the polymers
in this study are non-degenerate, polarons have most likely been involved.
The conductivity is then facilitated by charge carrier motion within the material,
where the dragging of backbone distortions can be viewed upon as a source of charge
transport limitation. Charge transport takes place both along the polymer backbone and
between different polymer chains through electron hopping. Figure 2.2 displays such an
inter-soliton hopping procedure.
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Figure 2.2 A charged soliton (bottom) is trapped by a nearby ionic dopant species. The
neutral soliton (top) is free to move along the chain. The charged soliton interact with the
neutral one and the electron hops from one polymer chain to the other.

When a conjugated polymer is doped and new inter-band levels are introduced the
polymer will also change (red shift) its absorption spectra due to the lower band gap. One
of the most commonly used doped polymers for conduction applications today is
poly(3,4-etylenedioxythiophene) or PEDOT. When polymerized in the presence of
polystyrene sulphonic acid, PSS, it is water soluble and commercially available in
dispersion.

2.3 Excitons, absorption and luminescence
When an undoped polymer is exposed to light with energy higher than the HOMOLUMO-level difference, a photon will be absorbed and an electron excitation will occur.
The excitation will create an electron-hole-pair-polaron, which is commonly referred to
as an exciton. The exciton thus consists of an electron and a hole which both are coupled
to the backbone distortion. The exciton is bound by attractive coulomb forces, of which
the strength is debated. For photovoltaic applications, to be treated later, this limiting
exciton binding force is of high significance.
Upon photon absorption, electrons are excited from the lowest ground state level to
any of the available levels in the first excited state. Following excitation, a small
conformation rearrangement of the polymer backbone occurs due to energy
minimization. This non-radiative relaxation will continue until the lowest energy level in
the excited state is reached. When the exciton later recombines, via a photoluminescence
decay path, a Stokes shift is therefore observed. Due to the large flexibility of the
conjugated polymers, many different conformations are available and some polymers
also display clear vibrational features in their emission spectra. Exciton recombination in
conjugated polymers can come about both via inter chain and intra chain schemes. In
solution, where polymer chain density is low, intra chain recombination dominates. In
films, where polymer chains are more closely packed, inter chain recombination also
occurs. Hence emission spectra from polymer in solution and films usually appear quite
different.
5

When instead charge carriers are injected into the materials, electroluminescence
can occur. In contrast to optical excitation, electrons are now injected (or removed if
holes) on the polymer chains. Electrons and holes can now recombine to form either
singlet or triplet states. This is converted through either radiative or non-radiative decay
paths. Due to spin statistics only 25% (the singlet states) of the injected electron-hole
pairs will decay radiatively. The process of injection and recombination through
electroluminescence is the reverse of the here more relevant photo absorption and
extraction process, and has only briefly been dealt with in this work.
A large set of different conjugated polymer materials have been studied both for
photo- and electroluminescence, but primarily for photovoltaic applications.
Predominantly conjugated polyfluorenes, but to some extent also polythiophenes and
polyphenylene-vinylenes, have been studied. Some examples of the extensively used
alternating polyfluorenes are depicted in figure 2.3. These materials always include a
fluorene group, which is connected to different configurations of e.g. thiophene and
benzothiadiazole units connected with side chains of different lengths.

Figure 2.3 Chemical structure of the high band gap polymer APFO-3 (left) and the low
band gap polymer APFO-Green5 (right). These are some of the conjugated polymers that
have been deployed in this study.
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3 Organic photovoltaics
The main advantage and technology driving force of organic electronics in general
is the ability to coat a variety of low cost substrates with inexpensive semiconducting or
conducting organic materials from dispersions or solutions. The ease of processing
organic compounds facilitate for the development of a range of devices based on these
materials. Large scale device production techniques such as screen printing and coating
via roll to roll is already exploited. Several advanced organic electronic systems have also
reached commercial production. Bright thin film organic light emitting diodes (OLEDs)
and full RGB color displays made of small organic molecules are manufactured and
commercially available. These organic molecule based devices are however primarily
produced through sublimation and do not yet fully exploit liquid printing techniques.
The direct conversion of radiant energy from the sun into electrical energy on earth
has for long been one of the most desirable applications for clean energy generation. As
global warming seems to increase, and mankind generated CO2 pollutants appears to, at
least to some part, be responsible for this, the demand for non fossil burning alternative
ways to generate electricity is growing. Photovoltaic (PV) cells are well suited for this
purpose. The generation of electrons upon light absorption was first observed by A. E.
Beqcuerel in the 1840’s in a constant current electrochemical cell. The photovoltaic
effect has then further been well exploited in inorganic materials since the 1950’ies when
the first efficient silicon photovoltaic cell was built[1]. Since then, several breakthroughs
have generated new and improved devices with very good performance. Monocrystalline
silicon and amorphous silicon cells as well as GaAs cells are manufactured for both
commercial and space applications. The best cells of today are exploited as power
generators in satellite applications and can reach power conversion efficiencies well
above 25%. Other more recently utilized materials such as Copper-Indium-GalliumSelenide (CIGS), Copper Indium Sulfide (CIS), Cadmium-Telluride (CdTe) and
Cadmium-Selenide (CdSe) are also being studied and developed in both research
laboratories and companies.[2, 3] The main reason why existing efficient cells of today
are not providing a large fraction of the earth electricity is attributed to the very high
manufacturing cost. Although the price of silicon solar cells has dropped lately, the costs
are still too high to compete economically with other sources of power generation.

3.1 Device construction
One potential alternative to the expensive cells are thin film organic photovoltaic
cells. These devices are comprised of a sandwich structure, where the active organic
material is found in between a transparent and a reflective electrode. Usually substrates
consisting of ITO (Indium Tin Oxide) covered glass or plastic are coated with a layer of
PEDOT:PSS via spin coating. The purpose of this is to get better alignment of anode
work function and the HOMO-level of the active polymer. The PEDOT:PSS layer will
further act as an electron blocking layer and accordingly only allow hole extraction. The
7

active polymer layer is subsequently deposited via spin coating from either aromatic or
non aromatic organic solvents. Chloroform and chlorobenzene have most extensively
been used in this work. Other deposition methods such as dip coating, blade coating[4]
and zone casting[5] are also possible. With ink jet printing used for OLED displays[6], it
is difficult to cover large areas with good uniformity. Therefore this method is likely not
suited for solar cells with its present existing techniques. The deposition of top electrodes
is usually performed via thermal evaporation of metals, but other routes such as soft
contact lamination[7] are also possible. Figure 3.1 displays the sandwich structure of a
normal organic photovoltaic cell, and a picture of such a cell delivering 0.79 V.

Figure 3.1. Device configuration and picture of an organic solar cell
Printing production development of organic cells is currently underway. For large
scale production, printing techniques such as blade coating, screen printing or reel to reel
printing will also most likely be required. Assembling devices via thermal lamination is
an alternative approach, which is only to a limited extent studied. A very relevant issue
for the manufacturing of these devices is to always try to keep the thin film homogeneous
to avoid non uniform electric fields as well as pinhole formation.

3.2 Operational principle of the bulk heterojunction solar cell
The semiconducting polymers with extensive processing advantages can, as stated
above, enable large scale and low cost production. The mechanical properties of plastic
materials further facilitates for coating onto flexible material substrates. From a
manufacturing point of view, the organic materials thus seem very promising.
The power conversion efficiency of these materials is however still limited
compared to many of their inorganic counterparts. To be commercially viable a power
conversion efficiency approaching 8-10% is expected to be required. The first reasonably
effective photovoltaic cell made out of organic materials was that reported by Tang in
1986. It comprised a bilayer configuration and had a power conversion efficiency of
about 1%.[8] At the writing time of this thesis, the best reported performing PV-cells
based on conjugated polymers have reached values between 4-6%.[9-11] A primary
8

difference between many inorganic and organic solar cells is the existence of a rather
narrow, but largely tunable, absorption band in the latter. An accompanying limited
overlap of the broad solar spectrum is consequently a significant distinction. The photon
flux of the AM 1.5 solar spectrum peaks around 700 nm (Figure 3.2(A)) whereas most
utilized polymers absorbs strongly only over the wavelength range 350-650 nm. Recent
developments on synthesis on low band gap polymers have however red shifted the
absorption spectra to better cover the low energy light part of the solar irradiance.[12, 13]
Figure 3.2 (B) shows the absorption spectra of a high and a low band gap polyfluorene.

A

B

Figure 3.2 A) The full AM 1.5 solar spectrum and photon flux of the same. B) Normalized
absorption spectra of films comprising the APFO3 and the APFO Green 9 polymer.

The fundamental principles involved in the photovoltaic conversion process in
organic solar cells are also slightly different compared to inorganic materials. The
existence of the bound electron hole pair, the exciton, has a significant impact and hence
needs careful attention in the understanding of the operational principle. The following
process describes the photon to electron photovoltaic conversion in “excitonic” organic
solar cells:
1.
2.
3.
4.
5.
6.
7.

Photon incoupling
Photon absorption
Exciton generation
Exciton migration
Exciton dissociation
Free charge carrier transport
Charge carrier collection at electrodes

All of these processes occur with some ratio or efficiency. The product of all these ratios
ends up in the final important ratio of external quantum efficiency (EQE). First of all the
photons have to enter into the active layer film. Initially they are exposed to reflection at
the device interface and only some fraction will enter the active layer. Secondly, the
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photons have to be absorbed by the active material. The number of photons absorbed is
dependent on the absorption coefficient α of the material and the film thickness d. A
simple approach is therefore that of the Beer-Lambert absorption:
S = S 0 e − αd

[1]

where S represents the power per unit area of the photons and S0 represents the incoming
power (neglecting surface reflection). This approach is however more suited for thicker
layer solar cells and not at all for organic thin films, where interference effects becomes
much more important. This property is also clearly displayed in optical modeling of thin
film solar cells [14, 15]. In order to fully understand the importance of interference and to
obtain a more accurate value of absorbed photons, one has to calculate the time averaged
energy dissipation Q at any point (z) inside the film.[15]
1
2
Q( z ) = cε 0αn E ( z )
2

[2]

Here E(z) is the total electric field, that is the sum of all forward and backward
propagating waves, at the point z. c is the speed of light, ε0 is the vacuum permittivity, α
is the absorption coefficient and n is the index of refraction.
The efficiency of absorption is commonly referred to as ηA. For sufficiently thick
films, i.e. thicker than the optical absorption length LA, the majority of photons with
energy above the band gap will be absorbed. After photon absorption has occurred, the
excited state generated is an exciton as described previously. Only a fraction of the
incoming photons will be absorbed and create excitons. Some photons will be reflected
and some will be absorbed in the electrodes. The exciton formation efficiency is
described by this third step and is labeled ηEC. This and the previous process are
collectively called photo generation. Once the excitons are generated they have a finite
lifetime and move about inside the material only a small distance before they recombine.
This exciton migration, or diffusion, is characterized by the parameter describing this
process and is referred to as the exciton diffusion length LD. This distance is material
dependent but is expected in many polymers to come in the range of 5-15 nm.[16-18] The
next step of exciton dissociation into free charge carriers is crucial for photovoltaic
applications. At a dissociation site the bound electrons and holes are separated and are
now free to move independently. The dissociation step is to a small extent encouraged by
the internal field inside the device, and to a much larger extent by the offset energy levels
of the donor and acceptor species. The high electron affinity of the C60 Buckminster
fullerene molecules makes these materials highly suited as electron acceptor units. The
utilization of donor and acceptor organic molecules, albeit different than the here
mentioned, allowed Tang to generate the first organic cell with bilayer configuration with
appreciable efficiencies in 1986[8]. The name of the soluble derivative of the C60
methanofullerene molecule is [6,6]-phenyl C61-butyric acid methyl ester, commonly
abbreviated PCBM. Figure 3.3 depicts the process of photo absorption on the polymer
followed by electron charge transfer to a PCBM fullerene molecule. The generated free
charges then subsequently have to be transported within their respective specie to their
respective electrode, where they can be collected and contribute to photocurrent. Since
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polymers have low mobilities, this step can be limiting as a large amount of the carriers
can be trapped. The longer distance the carriers have to travel, the larger probability for
both trapping and recombination there is. Finally, the charges have to be collected at the
electrode interface. Selective electrodes, that are more suited for the collection of only
one carrier type, are usually exploited.

Figure 3.3 Photo induced charge transfer depicted for APFO-3 donor polymer and the
fullerene PCBM acceptor. After excitation in the polymer the electron is transferred to
the PCBM due to its higher electron affinity.

The simplest organic solar cell, and also the first considered, was that based on a
single organic layer sandwiched between two electrodes. To here obtain a built in electric
field capable of separating charges, it is necessary to have electrodes with different work
functions. For these single layer devices the open circuit voltage (Voc) is also largely
determined by the difference in electrode work function. Although single layer cells may
have very high Voc, the generated photocurrent is usually extremely low. This is primarily
due to the lack of exciton dissociation sites. The bilayer configuration described in figure
3.4 A) instead consists of one layer of an electron donating species, such as a polymer,
with a second layer of acceptor material, such as the high electron affinity C60-fullerene
molecule, on top. In a bilayer film the dissociation sites are located only along the bilayer
interface. This thin region provides for good dissociation and limited possibility for direct
recombination once the charges have separated. The excitons however need to be
generated very close to the interface so they can migrate there prior to exciton
recombination. As excitons have a diffusion length which is limited to ~10 nm, this is
the primary limiting parameter of the bilayer configuration.
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Figure 3.4 Different possible junction configurations for the organic solar cells. A) The
bilayer where acceptors are located on top of the donors. B) The bulk heterojunction
where the donor and acceptors are blended and C) the ordered heterojunction where the
two species form an interpenetrating network

To remedy the problem of the limited exciton diffusion length, the possibility of
intermixing donor and acceptor materials is provided for by the bulk heterojunction
configuration [19] depicted in figure 3.4 B). Exploiting the soluble form of C60, namely
(6,6)-phenyl-C61-butyric-acid-methyl-ester or PCBM, significantly improves the device
performance. The many possible, and now by exciton migration reachable dissociation
sites present in the bulk heterojunction, seems to achieve dissociation of nearly all
generated excitons and exciton recombination is no longer a problem. The distribution of
donor and acceptor species may however be of isolated island type and will in that case
not allow for charge transfer to electrodes. The carriers will be trapped for some time and
indirect geminate or non geminate recombination will eventually take place. Although
both electrons and holes can reach both the anode and the cathode, it is generally the case
that electrons travel to the low work function (WF) top cathode and holes travel towards
the PEDOT:PSS/ITO high WF anode. The built in field, from the difference in WF of the
electrodes, makes the charges drift towards their respective electrode. The bulk
heterojunction consisting of polymer/PCBM is at present time the best performing
conjugated polymer based photovoltaic cell. Recent advances are achieved by inducing
higher order, via liquid crystal self organization through either melt or solution
processes.[9, 20] A higher hole mobility within the polymer phase is then obtained and a
higher and more balanced carrier extraction is achieved. The latest improvements are
performed via morphology altering dopants that optimize the separation and distribution
of the donor and acceptor phases to achieve both dissociation and prevent direct
recombination.[10] The approach of the ordered bulk heterojunction (Figure 3.4C) is
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further expected to be a better performing configuration. Here the small distance between
donor and acceptor species facilitate for high dissociation probabilities, simultaneously as
high charge carrier collection at electrodes is facilitated by “carrier highways” of single
species, preventing competing processes of interfacial recombination. This highly
ordered morphology on the nano scale however requires some advanced structuring
process, preferably via self organization. Attempts of this have been performed via
polymer brushes and CdSe nano crystals.[21]
The best performing materials synthesized by our colleagues generally produce
comparably high Voc. Efforts at present time are therefore primarily focused on means of
achieving higher current extraction, where commercial materials, such as Poly(3hexylthiophene) (P3HT), currently have a small advantage. One of the possible routes
for this could be through methods of light trapping.

3.3 Characterization techniques
A description of techniques that have been deployed for characterization of the
constructed components is here given. Solar cell performance characterization will be
explained as well as some deployed microscopy techniques.

3.3.1 Photovoltaic characterization
Several parameters are of importance when determining the operational properties
of solar cells. The most relevant figures of merit are the Open Circuit Voltage (Voc), the
Short Circuit Current (Isc) and the Fill Factor (FF). From these values, and knowledge
about the power of the incidence light, the power conversion efficiency of the solar cell
can be concluded.
To determine the EQE, the short circuit current (Isc) of the diode is measured as a
function of λ by illuminating the sample with continuous wavelengths from a white-light
lamp through a monochromator. It is therefore again necessary to have knowledge about
the power of the incident pumping light (L0). The power of the illuminating light as a
function of wavelength is thus measured with a power detector with known properties.
I-V measurements are performed under illumination of a simulated AM 1.5G solar
light spectra. To simulate the presence of a load resistor, a Labview control program is
used to scan an applied bias under illumination and in darkness as the current through the
device is measured. The open circuit voltage and the short circuit current are hence
obtained, and from these measurements one also determines the (JV)MAX. This is the
combination of current and voltage that gives the highest achievable electrical power
output from the device.
To evaluate properties and efficiencies of devices one focuses mainly on two
figures of merit: The mentioned Power conversion efficiency (ηPCE) and the External
quantum efficiency (EQE). The external quantum efficiency states how many percents of
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the incoming photons that create electrons flowing in the external circuit. EQE is
commonly evaluated as a function of wavelength. The also interesting value of
photoresponsivity (PR) of a solar cell is defined as the extracted photocurrent from the
device divided by the impinging power of the light:
PR(λ ) =

J SC (λ )
eN electron / ∆t
N
N electron
eλ
λ
=
= electron
=
−6
Plight (λ ) hνN Photon / ∆t N photon hc 1.24 ⋅ 10 N photon

[3]

The external quantum efficiency of a cell is defined as:
EQE (λ ) =

N electron
1.24 ⋅ 10 −6
= PR(λ ) ⋅
λ
N photon

[4]

or
EQE [%] = 1240

J SC (λ )
λ ⋅ Plight (λ )

[5]

if Jsc is measured in µA/cm2, λ in nm and Plight in W/m2 which is common. The total
power conversion efficiency is defined as the electrical power from the device divided by
the incoming power of the light:

η pc =

Pout J maxVmax
J V
=
= FF sc oc
Pin
Pin
Pin

where

FF =

J maxVmax
J scVoc

[6,7]
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Figure 3.5 Current/Voltage characteristics for an organic solar cell under illumination.

14

From the measured photo response and IV curves, it is further possible to extract other
relevant information about details of the device. The wavelength resolved current
extraction measurement from the PR and the EQE allows i.e. studying the correlation
with absorption as well as thickness dependent light interference effects. The shape of the
IV curves under white light illumination, as well as under dark conditions, can reveal
useful information. Measuring under large reverse and forward bias facilitates for
identifying limiting parameters such as series- and shunt resistances. The FF of the IV
curve is completely governed by these two parameters and it is therefore of importance to
understand their origin. By comparing with an ideal IV curve it is viable to identify the
limiting electrical parameters.

Figure 3.6 Behavioral influences of series resistance (A) and parallel resistance (B) on
the IV curve. The numbers indicate high (1), medium (2) and low (3) resistances. An
equivalent circuit diagram for the solar cell connected to a load (RL) is inset below the
curves.

The series resistance can be identified by studying the in inverse slope of the IV curve
under forward bias larger than VOC. At these voltages the measured current is completely
governed by the series resistance. Figure 3.6(A) displays the influence of high series
resistance on the IV curve under illumination. The VOC is not particularly affected by
series resistance but the JSC is significantly affected. The series resistance of a device is
dominated by three components; the bulk series resistance of the active layer, the
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interface series resistance and the electrode series resistance. Each of these components
needs to be minimized for optimized cell performance. The parallel, or shunt resistance,
is identified by the inverse slope under reverse bias and hence in the fourth quadrant of
the IV graph. Figure 3.6(B) displays the influence of low shunt resistance on the IV curve
under illumination. The shunt resistance affects, except the FF, to a large extent also the
VOC. The shunt resistance present in many organic solar cells is comparatively low
compared to most inorganic devices, and thus one of its limiting factors. The origin of
this is not completely identified, but attributed primarily to the fact that the extracted
photocurrent is internal field dependent, as well as to some of the ongoing recombination
events. The dependence of light intensity on shunt resistance for some polymer solar cells
justifies these assumptions.[22]

3.3.2 Absorption, reflection and luminescence characterization
The UV-VIS-NIR spectrophotometer, equipped with an internal integrating sphere,
is a suitable tool for both material and device characterization. A broad range of
absorption spectra, for both thin solid films of polymers and polymer in solutions, can be
characterized. The dual beams of the setup enable both accurate transmission and
reflectance measurements. The absorbance A is calculated as the logarithm of the ratio
between the incident intensity I0 and the transmitted intensity I:
A = − log(

I
)
I0

[8]

As absorption onset takes place for photons matching the difference of the HOMO and
the LUMO levels of the polymer, it is to a rough estimation also a method of obtaining
the energy of the band gap. The measured optical band gap is however slightly lower than
the actual electrical band gap due to the presence of the bound exciton.[23] With the
inclusion of an integrating sphere both specular and diffuse absorption and reflection, can
be fully determined. The transmission, reflection and absorption of light trapping
elements, that scatters light in multiple directions, can accordingly be characterized. This
equipment has therefore been highly deployed for most light trapping characterization.
Photoluminescence (PL) spectra are determined via a CCD emission spectrometer
in conjunction with an external integrating sphere. The pumping light is impinging
through a small entrance in the sphere, and sample emission at all angles is collected. See
figure 3.7. PL spectra are crucial for the study of emission quenching in active layer
blends, demonstrating the amount of charge dissociation. Total absorbance and
transmittance from scattering and diffuse samples can also be characterized in the
external sphere.
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Figure 3.7 Drawing of the integrating sphere emission setup.

3.3.3 Ellipsometry and microscopy
Spectroscopic ellipsometry[24] is a technique well suited for characterization of
optical properties of polymer materials. The dielectric functions, and hence refractive
index, as well as film thickness can be obtained. The method is based on analysis of
polarization changes upon oblique reflection of a polarized monochromatic wave.
Ellipsometry is a non-destructive characterization technique that allows for the
determination of both real and imaginary parts of the dielectric functions. Ellipsometry
has been deployed for characterization of pure polymers, active layer blends, and
electrode material. As input for optical simulations, where information of refractive index
and absorption coefficient are required, data obtained from ellipsometry is fundamental.
Further, sub Ångström resolution can be obtained for film thickness determination.[25]
Old fashion optical microscopy as well as the somewhat newer fluorescence
microscopy, are techniques that can be exploited for structural and morphological
characterization of both polymers and photonic structures. Depending on the sample
under study, reflection, transmission- and polarization modes can be used. The
fluorescence microscope is obviously well suited for the study of fluorescent conjugated
polymers. By proper combination of pumping source and optical filters, one can with
enhanced magnification study the polymer emission. Oblique angle microscopy is further
a suitable technique for fast and easy observation of sub micron features close to the
diffraction limit of light.
Atomic force microscopy (AFM) is capable of imaging the topology of a surface
via force interactions between a tiny tip mounted on a cantilever and a sample surface.
Unlike traditional microscopes, probe systems like AFM do not use lenses, so their
resolution is not limited by light diffraction but instead by the size of the probe tip. AFM
can measure the vertical deflection of the cantilever with pico meter resolution. In
tapping mode a piezoelectric crystal oscillates the cantilever so that the tip will gently tap
the surface. Surface topological changes will thereby affect the frequency/amplitude of
the oscillations. To achieve the high accuracy, the AFM uses an optical lever that enables
resolution comparable to an interferometer. The optical lever operates by reflecting a
laser beam off the oscillating cantilever. Angular deflection from the cantilever causes a
larger angular deflection of the laser beam. The reflected laser beam strikes a position17

sensitive photo detector and is thus capable of detecting the angular deflection of the
cantilever. In good conditions, such as vacuum, low temperature and noise free
environment, atomic resolution is possible to achieve. Apart from topological surface
characterization, the AFM is able to measure phase differences between the driving
oscillations for the piezoelectric crystal and the detector readouts. This phase difference
is generally an indicator of the elasticity of the studied sample material. Thereby, smooth
topological homogeneous surfaces consisting of different material phases, such as in the
bulk heterojunction blend, can be resolved. The AFM has been used for both
morphological studies as well as for the characterization of photonic nanostructures.
The scanning electron microscope (SEM) takes advantage of electrons instead of
light to form a highly magnified image of a studied sample. As the resolution of any
detection system is limited by the utilized wavelength, as small a wavelength as possible
is preferable. Since the de Broglie wavelength of electrons is in the order of a hundredth
of Ångström, they are well suited for high resolution microscopy. A beam of electrons is
produced at the top of the microscope by the heating of a metallic filament. The electron
beam follows a vertical path through electromagnetic lenses which focus, direct, and
control the electron beam down towards the sample. Once it hits the sample, secondary
electrons are ejected from the sample. Detectors collect the secondary backscattered
electrons, and convert them to a signal on a computer screen. In order to generate a for
detection sufficient amount of backscattered electrons, the sample is initially covered
with a thin metal layer. The SEM is a much faster detection system compared to the
AFM, but it is on the other hand dependent on vacuum.
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4 Limitations for the bulk heterojunction
The uttermost relevant figure of merit for solar cells is, as mentioned above, the
power conversion efficiency (ηeff) comprising the product of short circuit current (Isc),
open circuit voltage (Voc) and the fill factor (FF). As each of these three components
should be as high as possible it is crucial to identify their limiting factors.

4.1 Open circuit voltage, short circuit current and the fill factor
The origin of the Voc in bulk heterojunction devices is not completely understood
although it has been debated for some time. However, it seems that for cells with two
ohmic electrode contacts, Voc is determined by the energy difference between the highest
occupied molecular orbital (HOMO) of the donor polymer and the lowest unoccupied
molecular orbital (LUMO) of the acceptor material. The energy difference of the electron
and hole “quasi” Fermi levels therefore determines the Voc. However, if at least one of the
electrodes makes a non-ohmic contact, the effect of the WF difference of the electrodes
on Voc also becomes important.[26]
Voc has been reported to depend on the difference in work function of the exploited
electrodes[26, 27]. It has also been identified to scale linearly with the difference between
the HOMO of the donor specie and the LUMO of the acceptor specie[28] and its upper
limit cannot exceed this difference. Hence the Voc can to some extent be increased by
increasing the (negative) value of the polymer HOMO or decreasing the (negative) value
of the fullerene LUMO. This will however always be done at the expense of the driving
force for charge separation, which is governed by the difference of the two LUMO levels
of the materials. A too small difference will thus limit the amount of dissociated charge
carriers. The origin of the open circuit voltage is therefore strongly related to most of the
interfaces in the photovoltaic cell. The observed pinning of the work function of the
electron extracting cathode electrode, usually a metal, to the LUMO of the fullerene,
limits the influence of the work function on Voc. Accordingly, even the rather high work
function metal Au can be used as a cathode. The hole extracting anode, usually the
PEDOT:PSS, does however not display this pinning and a change in PEDOT work
function may significantly affect the Voc.[27] The open circuit voltage is further known to
scale logarithmically with light intensity, which is in complete accordance with the diode
function of ordinary solid state materials.
The short circuit current and fill factor limitations of organic photovoltaics are
significantly more complex and a complete understanding is still lacking. As described in
chapter 3.3.1 the importance of identifying the origin and possible improvements of the
series resistance and the parallel resistance is highly relevant in FF optimization. The
series resistance can always be minimized by deploying better conducting electrodes. It
can further be minimized by selecting electrodes with suitable energy levels for good
carrier extraction and collection. The internal series resistance of the active bulk layer
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itself can be traced back to the material conductivity and accordingly also the carrier
mobilities of free electrons and holes. It should here be noted that the FF is significantly
improved with higher concentrations of PCBM, and the improvement is attributed to a
minimization of series resistance originating from improved carrier mobility. The parallel
resistance is to some extent light intensity dependent. It has been attributed to that
conducting paths can be formed between the two electrodes upon illumination.[29] This
wrong direction carrier transport arises either in the polymer or in the PCBM phase, and
is increased for thinner films as well as for higher illumination intensities.
To be able to extract all photo generated free carriers, it is of importance that they
are mobile enough to escape the disordered environment in which they are created. The
length a free carrier can travel prior to recombination is labelled the free carrier drift
length (l).

l = vdτ

where

vd = µE

[9,10]

so that
l = µτE

[11]

Here, νd is the free carrier drift velocity, µ is the carrier mobility and τ is the free carrier
lifetime. Accordingly, to prevent recombination an electrode has to be encountered
within the distance of the free carrier drift length. One option to facilitate for good
collection at the electrodes is hence to make sure that the µτ product is sufficiently large.
This can only be attained by synthesis of materials with such properties. The other option
is to provide the carriers with a higher carrier driving electric field E. The voltage that the
free carriers are exposed to can be traced back to the internal built in field originating
from the work function difference of the deployed electrodes. From this value, the
voltage that is applied over the load must be subtracted if one is interested in operational
conditions. The driving field from the electrodes that the carriers experience can therefore
be made generally stronger by finding electrodes with a larger difference in work
function. A more simple solution is instead to provide the cell with a thinner active layer
film. The same voltage over a smaller distance will significantly improve the local
driving force experienced by the carriers. A thinner film will hence speed up the carrier
drift velocity simultaneously as the distance they have to travel will be shorter. From the
perspective of carrier collection, it is important to evaluate the approach of making
thinner films. The value of the material dependent µτ product determines if this method is
beneficial or not. If the carriers already have a high mobility and a long lifetime, all of
them may already be collected, and film thickness minimization will not provide
anything. Studies of mobility, stoichiometry, and charge transport in polyfluorene solar
cells have been performed[30, 31] but are beyond the scope of this thesis. It can however
be concluded that values of mobilities come in both high and low numbers. The
extensively studied APFO3/PCBM system belongs to the group with slightly higher
mobility.
The influence of thickness of the IV characteristics for solar cell systems
comprising a high band gap polymer is presented in figure 4.1. For this system the series
resistance is becoming significantly higher when thicker films are used, and a linear
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relation is rather easily identified (Inset figure 4.1). The shunt resistance seems however
not particularly affected in this high mobility material.
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Figure 4.1 Thickness dependence on IV curves for the high band gap APFO3. Series
resistance is always increasing with thickness, whereas the short circuit current is
oscillating. The parallel resistance is however not significantly influenced.

4.2 Charge recombination
A primary limitation for the disordered bulk heterojunction is the various types of
recombination events that may occur. Several possibilities for limiting the carrier
extraction through different routes of merging between electrons and holes exist, and
most of the known recombination routes will be mentioned here.
Exciton recombination may occur shortly after excitation, if an electron acceptor
molecule can not be encountered within the exciton lifetime. As mentioned above, such a
dissociation site has to be encountered within the exciton diffusion length, which is
estimated to range between 5-15 nm. This is however not a major limiting factor for the
bulk heterojunction since it has been repeatedly shown that almost 100% of created
excitons can be dissociated even at rather low concentration of acceptor species.[32, 33]
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4.2.1 Geminate recombination.
Recombination of electrons and holes that originates from the same site and
occurring directly after photo excitation is usually referred to as geminate recombination.
Excitonic recombination occurring at the end of the exciton lifetime is obviously of
geminate type. As the probability for dissociation is large in donor/acceptor blends due
to the large surface to volume ratio between the two species, there should by reciprocity
also be a high possibility for direct recombination. The possible recombination of
dissociated carriers can therefore also take place. Upon transfer of the electron to the
acceptor site, and holes still left on the polymer, the pair is still affected by coulombic
interactions. If the carriers are not allowed to drift away from each other, recombination
of geminate type may occur.[34] If the sizes of the domains of the polymer or PCBM
species are too small, the respective carriers have no possibility to drift any significant
distance and will simply return to its dissociation site origin. This is probably one of the
most significant limitations for the bulk heterojunction solar cell. One relevant aspect,
likely to further govern the rate of geminate recombination of the dissociated carriers, is
the amount of excess energy the free carriers obtain after dissociation. Excess energy can
be exploited as kinetic carrier energy and facilitate for a larger initial separation distance,
which should minimize the geminate recombination rate.[35]
The ability to be able to control the morphology of the bulk heterojunction is
extremely important.[36] There is the upper limit in domain size, which is set by the
exciton diffusion length to facilitate for exciton dissociation, but also a lower limit to
prevent geminate recombination of the dissociated carriers. Such geminate recombination
directly after dissociation has also recently been identified as a significant limiting
parameter.[37] Considering that in most organic bulk heterojunction solar cells the
exciton dissociation rate is already at 100% and the level of geminate recombination
significant, a suggested remedy is to accept a slightly lower dissociation rate and a
simultaneous hopefully lower rate of geminate recombination. This will be accomplished
by facilitating for a morphology with slightly larger domain sizes of the donor and
acceptor species in the bulk heterojunction. Attempts of such morphology optimization
have been performed by dictating the conditions for solvent evaporation[9] by deploying
different solvents[38] as well as morphology changing thiols[10].
Another route that may limit the geminate recombination is to make sure that the
dissociated carriers are exposed to an internal electric field, which competes with the
coulombic attractive forces and hopefully enables the separation. A possible method for
achieving such a higher field is to make the film thinner.

4.2.2 Bimolecular free carrier recombination and space charge
limitation.
The low mobility of the separated free charges in disordered materials leaves
charges time to recombine prior to reaching the collecting electrodes. The recombination
of such free carriers may occur either at trap sites or as bimolecular recombination upon
encountering an opposite charge carrier. The usually different mobilities for holes and
electrons further allow for the build up of space charges, which limits both the built in

22

Free carrier drift length (nm)

internal field as well as enhances the bimolecular recombination rate. To prevent space
charges and this type of recombination it is rewarding to facilitate for either a high µτ
product or a thinner film. Mobilities for the polyfluorene based solar cells have
previously been determined to range approximately between 1E-5 and 1E-4 cm2/Vs. By
estimating the free carrier drift length l=µτE with and without an external load applied, it
is possible to get an approximation of what film thicknesses are required to facilitate
collection prior to recombination. In figure 4.2 the calculated free carrier drift length is
plotted vs. the film thickness under short circuit conditions and under an estimated
working load. The driving voltage, which the carriers experience, is in these two cases
assumed to be 1 V and 0.3 V respectively. The assumed free carrier lifetime is 1E-6 s.
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Figure 4.2. Calculated free carrier drift length plotted vs. the film thickness under short
circuit conditions, (higher internal driving field) and under maximum power point (MPP)
working conditions (lower internal driving field).
From this graph it is clear how thickness will influence the possibility to collect the free
carriers. It should be noted that the free carrier lifetime τ could be both shorter and longer
than the 1 µs assumed here. This will accordingly also influence the intersection points
with the film thickness indicator line.
As charges are generated everywhere within the bulk of active layer film, but only
those who are created at a distance shorter than the free carrier drift length l from the
electrodes will be collected, the relation between l and film thickness d directly
influences the extracted current. This is thus the primary influence of the shape of the IV
curve under low applied external voltages. If this limitation is present, it is interpreted as
a low shunt resistance.
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4.2.3 Trap recombination.
Recombination of carriers taking place at energetic defects, usually originating from
chemical impurities such as oxygen or solvent remnants, is considered to occur to some
extent in most organic bulk heterojunction solar cells. To prevent trap recombination it is
obviously important to avoid the presence of such impurities. This may be remedied by
processing in an inert atmosphere and with pure solvents. However, it is here again still
fruitful to facilitate for either a high µτ product or a thinner film. Both of these routes will
lead to that trap sites may simply be avoided by the carriers.

4.2.4 Interface recombination
This type of recombination has not been treated very extensively in the literature of
organic photovoltaics. The bulk heterojunction solar cell will to some extent likely have
both the donor and acceptor species in contact with both of the two exploited electrodes.
This fact is therefore also related to the origin of the suggested possible conduction paths
that are formed and may affect the shunt resistance under illumination. As metals have a
density of states which is continuously distributed, some levels will certainly lie close to
the energy levels of the bulk heterojunction materials. Some free carriers in the electrode
may therefore back transfer into the active layer and contribute with a negative current.
For example; a hole generated upon photo excitation at a donor polymer in the vicinity of
the metal, may immediately be filled by an electron from the low work function metal.
The light intensity dependent parallel resistance can to some extent be attributed to such
back transfer effects. However, by the introduction of selective barrier layers for the
relevant type of charges, this may be prevented. Both PEDOT:PSS and LiF act as such
selective barriers and do to some extent also prevent interface recombination.

-It is obviously very interesting to know which of the above described recombination
processes that are the most limiting. This depends very much on the material properties
and at this state no general statement can be made. All of the described recombination
limitations, except interface recombination, can however to some degree be remedied by
making the film thinner. Bimolecular- and trap recombination minimization will then
simply come about, since the free carriers are less likely to encounter both an opposite
charge as well as trap site, when the film is made thinner. The higher internal electric
field will further speed up the carriers towards their respective electrodes as well as
promote the separation of charges from recently dissociated excitons, thereby also
minimizing the limitation of direct geminate recombination. Film thickness minimization
therefore appears to be a powerful route to remedy several of the recombination
limitations.
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4.3 Optical limitations
As the extinction coefficient for most conjugated polymers is rather high compared
to other semiconductors deployed for photovoltaic applications, it is expected that a large
amount of impinging photons with energies higher than the polymer band gap will be
absorbed. Clearly, the rate of absorption is governed by this value and the thickness of
the active layer. For thick films, the Beer-Lambert law can be considered as a reliable
description of the photon dissipation. When the exponential function of Beer-Lambert is
valid, it can also be safe to conclude that approaches of light trapping will, for these
materials, not be particularly beneficial. The absorption is simply already so high that not
much can be gained by trapping even more light. For thinner films, which are strived for
with respect to electrical considerations described previously, gains are however
expected.
For most organic solar cells, with active layer thickness in the range of less than the
wavelength of visible light, interference effects, from forward and backwards propagating
light, will dominate the dissipation profile and the Beer-Lambert law will no longer be
sufficient. The thickness dependent interference plays a major role in thin film devices
and must be carefully considered. It is beneficial if interference can be tuned into an
optimal fashion for absorption maximization.[14, 39] If this is not fulfilled, high
electromagnetic field intensities can be found in locations of the device where absorption
is not generating carriers. Such parasitic absorption can occur in the PEDOT:PSS or ITO
layers, where it obviously does not contribute to charge generation. Figure 4.3 displays
rather different absorptance profiles obtained from reflectance measurement for two films
with different thicknesses of APFO3/PCBM on Al. The strong influence of interference
is only observed when the device absorption is characterised in reflection mode. As this
is the mode which is closest to the condition for solar cell operation, it is very relevant to
characterize thin films for solar cells in this fashion. The difference in absorptance in this
figure is exclusively attributed to the interference of forward and backward propagating
light.
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Figure 4.3 Devices with varying thickness display different absorptance profiles which
originate purely from interference effects.

Another general aspect of optical losses is that of interface and surface reflectance.
Approximately 4% of impinging photons will, for normal incidence, be lost at the
specular reflecting glass (or plastic)/air interface. Additionally, at every other interface in
the sandwich structure, more photons will be reflected back towards the sun. The internal
interface reflection is however, due to the smaller difference in refractive index, much
smaller compared to the substrate reflection. With utilization of anti reflective coating
layers the deficiency of substrate reflection can to a large extent be remedied. Such
layers, made out of thin films of two materials, generating a low effective medium
refractive index, have only briefly been considered during this work.
A further non insignificant loss of photons may arise at the reflecting back
electrode. Depending on the reflective properties of the deployed electrode metal, some
parts of the solar spectrum will be less effectively utilized.[40, 41] Aluminium and silver
are in general considered as the most preferable reflectors. However, when pursuing full
solar spectral exploitation, both of these metals have their shortcomings. Aluminium has
a dip in reflection at around 810 nm and silver does not reflect well at all below 420 nm.
Figure 4.4 displays the reflectance of some common metals that in principle could be
used as electrodes. It can be seen that silver and aluminium are superior reflectors
compared to most other metals. In most of the light trapping approaches that have been
studied here, it has been a repeated phenomenon that photon energy to some extent
always has been lost in the reflective scattering metal.
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Figure 4.4 Reflectance from a set of common metals in principle possible to use as
electrodes for solar cells.

A far more significant consideration is the spectral coverage of the solar
illumination by the optical absorption of the active material. In general, the greater the
spectral absorption overlaps with the AM 1.5 solar spectra, the greater the currents should
be. For all solar cells a vast amount of photons, with lower energy than the band gap, are
simply lost to reflection. For solar cells deploying only one active material blend, it is
thus necessary to have an as broad absorption profile as possible. This is to a great extent
also achieved by the low band gap polymers recently introduced.[13, 42] These polymers
are however always limited in their ability to deliver a high open circuit voltage, and high
energy photons can not fully be utilized. The absorption profile of many organic solar
cell materials is somewhat different compared to several inorganic materials commonly
deployed. The conduction band of inorganic materials is usually comprised by much
more available energy levels than that of organic materials. Organic cells, comprising a
set of differently absorbing sub units, instead have a tendency to have two or more rather
separated conduction bands into which excitation can occur. This is traced back to the
absorbing properties of the separate and different organic constituents, such as the
fluorene or thiophene units, in the polymer. The feature is also clearly displayed in the
absorption profiles of figure 3.2(B) in chapter 3. A low band gap silicon cell, with a more
uniform distribution of energy states in the conduction band, therefore absorbs more
uniformly compared to most organic materials.
For multi junction solar cells, which exploits two or more differently absorbing
materials, the consideration of broad absorbers is however no longer relevant. This aspect
will be treated more in the following chapter of light trapping.

27

28

5 Trapping light
5.1 Ray optics and light traps in solar cells
The efficiency of solar cells and the current generation per amount of active
material can be increased by controlling the flow of light. By simply maximizing step 1
and 2 in chapter 3.2 one will enhance the efficiency of the cell. Several different
approaches of light concentration and confinement are today exploited in inorganic
semiconductor photovoltaic cells.[43] High efficiency cells perform better when strong
light concentrator systems are incorporated. Low absorption coefficient materials, such as
indirect band gap Si, are depending on light trapping structures to be efficient. The first
reason for exploiting light harvesting in inorganic solar cells is that the volume of active
semiconducting materials can be decreased. Since many inorganic materials, or the
manufacturing process of them, are quite expensive this is of significant importance. The
second reason is that many inorganic photovoltaic cells perform with higher efficiency
under higher photon flux. By increasing the incident photon flux onto the active material
by a certain amount X, the amount of charge carrier generation, and hence the current, is
generally enhanced by the same amount. Further, the open circuit voltage usually
increases logarithmically with X. This therefore gives that the power conversion
efficiency rises faster than X, if the fill factor is unaffected. Increasing the photon flux
can be achieved by concentrator or light trapping systems, but also more weakly by
surface antireflection (AR) coatings.[44]
Increasing the optical path length, for photons inside the active layer, will also raise
the probability of charge carrier generation per incident photon.[45] Of course, this in
turn also provides more current out. Enhancing the photon path length and absorption
probability is usually accomplished by incorporating mirrors or scattering structures on
top or on the bottom of the active material.

5.2 Concentration
For inorganic semiconductor solar cells the relative simple diode theories enable, to
a good approximation, the calculation of efficiency enhancement due to light
concentration. Although differences between the organic and inorganic fundamental
device theories are confirmed, it is still of relevance to mention them here.
When incident photons with a flux bs(E) impinges on a cell surface, some light is
reflected, some is transmitted and absorbed according to the Beer Lambert law. The flux
density attenuates so that at a position x it is given by:
− α ( E , x ) dx
b( E , x) = (1 − R( E ))bs ( E )e ∫

[12]

where α(E,x) is the absorption coefficient and R(E) is the reflectivity of the solar cell
surface. Again, interference effects crucial for thin film organic solar cells are not
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included here. If all absorbed photons generates an electron hole pair the e-h generation
rate g(E,x) is given by:
g ( E , x) = α ( E , x)b( E , x)

[13]

Further, the maximum (if recombination and any other limiting effects are neglected)
generated current IL is proportional to the electron-hole pair generation rate:
L

I L = qS ∫ g ( E , x)dx

[14]

0

where S is the area and L the active layer thickness. So if the photon flux is increased
with a factor of X to a first approximation, so is the generated photocurrent. For a solar
cell concentration system, light is collected over a large area and focused onto a smaller
active cell area. This increases the incident flux density bs(E) by a factor of X, which is
approximately equal to the ratio of the collection and cell areas. For p-n junction solar
cells the standard diode theory can then be utilized for determining what will happen with
the open circuit voltage Voc under higher photon flux. The current has its dark bias
dependent component Jdark(V) and the light generated component depending on flux
density Jsc(bs).
J (V ) = J SC (bs ) − J dark (V )

[15]

The dark current component has the characteristic diode like form:

J (V ) = J SC − J 0 (e

qV
nk B T

− 1)

[16]

By raising the photon flux with a factor of X via concentration, Jsc will increase by the
same factor as stated above. So Jsc(Xbs) ≈ XJsc(bs) and the dark current component is
unaffected. So for a given bias below Voc the net current increases with X. Under
concentration, a higher bias is therefore needed for the dark current to cancel the
photocurrent and achieve the open circuit condition. By changing Jsc with XJsc in eqn.[16]
we obtain the open circuit voltage under concentration:
VOC ( X ) =

nk BT
XJ
nk T
ln( SC + 1) ≈ Voc(1SUN ) + B ln X
q
J0
q

[17]

where VOC (1SUN) is the open circuit voltage under unconcentrated light. Hence, the
open circuit voltage increases logarithmically with concentration factor X. If the cell fill
factor remains unchanged the total power output of the cell should be raised by a factor of
X (1 +

nk BT
ln X )
qVOC (1SUN )

[18]
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So, from a theoretical point of view, based on the general assumptions and diode like
solar cells, light concentration is very beneficial as the total power output increases faster
than the concentration factor X.[46]
In reality however, and in particular for organic solar cells, things are a bit more
complicated. The first approximation that the current increases with the same amount as
the photon flux is not always true. A more valid relation is that of a power law:
I sc = (bs ( E ))α

[19]

where the exponent α is closer to 0.75 for very high intensity light and closer to 1 only for
lower intensity light.[47] This is attributed to that for low light intensities, space charge
limiting effects can be neglected and only the mean free carrier drift length is the limiting
factor. For higher intensities, a transition from space charge free (α=1) to space charge
limited region (α=0.75) is expected. The importance is then to identify exactly at what
illumination intensity space charges becomes a problem. For organic solar cells with
particularly low mobility, under the exposure to strong light intensity, there will indeed
be a build up of space charge carriers inside the material. The limitation of space charges
will strongly prevent high photocurrents to be extracted and many generated carriers will
simply recombine.[48] The overflow generation of charges, under high illumination in
low mobility materials, is thus simply unnecessary and can only be treated as a limiting
factor that should be avoided. The materials studied in this thesis tend to have somewhat
diverging mobilities and a general statement on the build up of space charges cannot be
made. However, the most thoroughly studied polymer, APFO3, is confirmed to show a
power law dependence where the exponent α is very close to 1 for all studied intensities.
Accordingly, space charge limitation does not seem to be a major problem in this
particular material. Still, as the fill factor for many organic solar cells is indeed known to
be intensity dependent[22, 47], high concentration of light can not solely be considered as
an advantage.

5.3 Confinement
In contrast to concentration, which boosts the photon flux of impinging photons
onto the cell, light confinement recycles the available photons and increases the optical
path length of photons inside cell. An enhancement of the optical path length is therefore
best compared with a virtual increase of the thickness of the film and not simply with a
photon flux increment. In solar cells that exploit light confinement, the photons
experience more active absorbing material and the probability for absorption is
consequently raised. This is particularly useful for wavelengths where the absorption
coefficient already is small. Crystalline silicon solar cells, with an indirect band gap and a
low absorption coefficient in the visible part of the spectrum, are dependent on light
trapping structures. Confinement of light, or light trapping, is usually treated by the
theory of geometrical ray optics as the scattering structures are usually large compared to
the wavelength of the light. Light confinement is based on scattering and reflection
within the cell, which forces light to travel more within the cell plane rather than just
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perpendicular to it. The absolute simplest light trap is the planar mirror, which doubles
the optical path length by just one simple reflection. The planar mirror obviously does not
make light travel more pronounced within the plane of the active layer film, but certainly
more within the film. A better light trap configuration should exploit in plane propagation
and therefore consist of structures that are tilted with respect to the incident light beam.
Even greater path length enhancement can be accomplished by exploiting structures that
have angles such that total internal reflection (T.I.R) is also provided for. This is not
possible for planar and parallel cell surfaces as light can then not enter into a T.I.R mode.
A proper T.I.R cell configuration thus must consist of at least one surface, either front or
back, so that light rays approaching the air interface from inside the cell at an angle θs
larger than the critical angle for T.I.R. (θc). Hence, light will be unable to escape from the
cell and will instead be forced back for another double pass within the absorbing layer.
A known approach is to use diffuse reflectors with an as close to a Lambertian
surface reflectance as possible (See figure 5.1.) This is a perfectly randomizing structured
mirror that scatters light at all angles with equal probability. A very important factor to
always consider for this configuration is, as stated above, the reflectance of the exploited
back reflector material.[41] As opposed to T.I.R., metal reflectance can not reach 100%
but is always depending on the dielectric properties of the metal.

Figure 5.1 Lambertian back scatterer and total internal reflection of scattered photons.
The AFM scan depicts such a structure produced here.
Considering a cell with a planar cell/air interface and a Lambertian back reflector and
only treating normally incident light, one can average over all angles and get the mean
optical path length l after one Lambertian back reflection as[46]:

l =

w
= 2w
cos θ s

[20]

That is twice the thickness of the cell. So the light experiences a total cell thickness of 3w
prior to hitting the first air surface again. Comparing this to 2w, which light would
experience from a planar mirror, demonstrates the clear advantage of cell back
randomizers even before light has been trapped by T.I.R. at the front surface. Since only
those rays with θs smaller than the critical angle for T.I.R. θc can escape the cell, only
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1
N s2

[21]

of the rays will leave the cell. Here, NS is the refractive index of the material. The rest
will be reflected and make another pass within the cell. Summing up path lengths from
multiple passes by scattering and T.I.R. before the photons finally leave the film one
finds:[46]
l =

1
1
1
1
1
⋅ 2 w + 2 (1 − 2 ) ⋅ 6 w + 2 (1 − 2 ) 2 ⋅ 10 w + ...
2
NS
NS
NS
NS
NS

[22]

This series expansion gives:

l = (4 N S2 − 2) ⋅ w ≈ 4 N S2 ⋅ w

[23]

which for Si or GaAs with higher NS would give an ideal path length enhancement of
around 50.[49] For conjugated polymers with lower refractive index a maximum path
length enhancement of around 10-12 is therefore expected. This is assuming perfect
reflectance at the scattering reflector, which in reality never occurs. The high extinction
coefficient for organic materials will however facilitate for absorption prior to reaching
these lengths.
Another approach is to use lithography defined smooth textures, where a large part of the
back reflector area is tilted with a specific tilt angle θtilt with respect to the planar front
surface. (See figure 5.2) When θtilt > ½ θc , normally incident light will be totally
internally reflected once hitting the inside of the front surface.

Figure 5.2 Textured back reflector with equal tilt angles and a SEM picture of such a
structure.

For cells with a uniform cell thickness, both negative and positive tilt angles will exist. If
the positive and negative tilt angles are equal, which often is the case for ordinary
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lithography defined structures, a light ray makes, in the worst case, only four passes
through the cell for reasons of symmetry. This is the case depicted in figure 5.2. The
average path length enhancement depends on both the size and the tilt angle of the
structure, but it can generally be stated that[46]:
l ≥ 2(1 + sec 2θ tilt ) w ≈ 4w

[24]

Hence, higher tilt angles lead to greater path length enhancement for the first pass, while
lower angles allow longer structures, which enables higher probability for multiple
passes. If asymmetry is introduced via for example blazed gratings[50] or twodimensional gratings, light rays will be more scattered and light trapping is further
improved. The PERL cell generally utilizes inverted regular pyramids, similar to those
depicted in figure 5.2, for light trapping[51] and is today one of the best performing Si
solar cells. As a general trend, the lower the degree of symmetry, the greater the degree
of light trapping is. The Lambertian scattering structures placed on the back side of the
cell are thus considered to be the most optimal light trap in the field of inorganic solar
cells.
A rather straight forward approach of path length enhancement is to merely tilt the
cell. In this way light rays that enter the active layer will propagate more pronounced
within the layer rather than perpendicular to it. However, when tilting a cell, the
reflection at the air interface will become more pronounced. These two competing
processes will determine if photon absorption can be improved or not. For angles lower
than a critical angle, this simple approach turns out to be beneficial for thin film organic
cells. Upon tilting the cell, significant interference shifts will also arise. Figure 5.3 (A)
displays the absorptance as measured from different tilt reflectance for an APFO3/PCBM
film on top of an Al mirror. Here, an increase in absorption arises for longer wavelengths,
whereas a decrease is observed for shorter ones. This feature shall however not be
considered general, but valid only for this film thickness and film material. Figure 5.3(B)
shows the JV characteristics of an 80 nm thin, tilted APFO3/PCBM solar cell, for
different tilt angles. The current density is calculated with respect to the projection of the
tilted area. A minor peak in current (inset) can be found at an angle between 50-60
degrees. For higher angles the cell becomes limited by surface reflections.
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Figure 5.3(A) Absorptance from a tilted cell as measured from reflectance. (B) A planar
solar cell under oblique angle illumination. A small current peak can be identified at an
angle between 50-60 degrees. The extracted currents are calculated with respect to the
illuminated area.
A major difference between the light trapping executed on inorganic solar cells and
that needed on their organic counterpart, is the impact of the active layer thickness. The
disordered structure and the limited charge carrier mobility in organic cells force the
manufacturing of much thinner cells compared to most inorganic devices. A normal
organic film thickness is for solar cells in the range of 50-300 nm. This prevents the
manufacturing, with rough or structured front- or back- scatterers, following the
inorganic approach. Most inorganic films exploiting light trapping are usually several
microns thick. An efficient scattering element should be somewhat larger than the
wavelength of light, to effectively alter the photon propagation direction. Therefore,
difficulties will always be inherent when incorporating scattering structures inside, or in
close contact with a ~100 nm thick polymer film. The difficulty with e.g. Lambertian
scatterers for organic solar cells is related to the roughness, which is not compatible with
the film thickness of the active layer. The liquid deposition techniques exploited will
easily allow for the formation of pinholes, when deposited upon rough or structured
surfaces. Accordingly, some different approaches in device engineering are required
compared to that of present inorganic components.
So far, not many studies have been performed on trapping light in thin film organic
cells, but some do exist. Peumans[52] has suggested the exploitation of light trapping
structures separated from the very thin small organic molecule active layer. There,
Winston compound concentrators[53] should be exploited in a micro array configuration,
facilitating strong light confinement without interfering with the thin active layers and
electrodes. Another approach, consisting of exploiting diffraction gratings in contact with
the active polymer films, was evaluated by Roman[54] and Niggemann.[55] The gratings
couple light into guided modes and thereby increase the optical path length. An
absorption enhancement of the TE polarization was however accompanied with a larger
diminishing of the TM polarization. Niggemann has further evaluated the possibility of
exploiting triangular shaped etched structures, as light trapping substrates for thin film
cells.[56]
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The possibility of incorporating the scattering structures inside, or in direct contact
with the thin film is difficult with deposition methods such as spin coating and other
solution deposition techniques. The difficulties originate from the poor filling of prestructured surfaces and a large possibility of not inducing full active layer coverage.[56]
This may simply open up pin holes that will short circuit the device. Thin absorber
inorganic films, made in CdTe solar cells, exploit an electrochemical deposition
technique facilitating for a 150 nm thin layer with good coverage[57]. Here a clear
confirmation of improvements originating from light trapping was observed. This, or
similar deposition techniques, such as molecule sublimation, may in principle work for
polymers as well. Such more complex deposition methods should however be avoided, as
they are not considered as suited for a fast, cheap and up scalable technology.
In the efforts to keep the planarity of the organic solar cell, a very desirable element
for light trapping would be comprised by a plate, which is fully transparent in one
direction and fully reflective in the other direction. By placing such an object between the
sun and the solar cell, light that is reflected from the cell will hit the reflecting plate and
get a second chance for absorption back at the cell. As light bounces back and forth,
between the reflective metal electrode surface of the cell and the back surface of the
plate, multiple absorption events in the active layer will occur. Unfortunately however,
rules of reciprocity for “straight forward” light propagation do not allow for the existence
of such an element. But if one allows loosing the phase and collimation of light, it is
nevertheless feasible. By simply slightly altering the propagation direction of the light
rays, and accept the loss of information that is carried by non scattered light, such
elements can be made. The important aspect is of course that this is to a large extent also
possible to achieve without losing light intensity. The suggested Winston reflectors
mentioned above is an example of such an element. Another configuration, which has
been achieved in this work, is instead exploiting micro lenses that focus light through a
set of small apertures on a reflecting mirror. Figure 5.4 (A) demonstrates, through ray
tracing, the principle of such a light trapping element placed in front of a solar cell. A
device like this also has the benefit that it can be produced with methods not that
complicated. The holes in the mirror can be defined by photolithography that exploits the
focusing property of the lenses. This process could be referred to as a “device self
assembly process”, as the holes simply open up at locations where they are also most
useful for light trapping during solar cell operation. The possible increase of solar cell
absorption, by means of this method, will depend on the reflective and transmittive
quality of the utilized trap element. If the single solar cell device reflectance (RS), the trap
element forward transmission (TT) and the trap element backward reflection (RT) are
known, it is possible to calculate the multiple absorption events in the cell and compare it
to the absorption of the same cell without the trap element. Figure 5.4 (B) describes how
the intensity (I0) of the incoming light is decreasing at the different interfaces after
transmission and reflection at all the involved interfaces.
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Figure 5.4 (A) Ray tracing light through the light trap comprised by micro lenses and
mirror. (B) The calculated intensity from multiple bounces occurring between the cell
and the trap element.

The results presented in paper III demonstrates, through calculations as well as in
measured devices, that this method is capable of achieving higher absorption and an
increased photocurrent in thinner films.
To sum up the idea of confining light in organic photovoltaics: the goal is to use a
thin film cell configuration with proper light trapping structures, that will facilitate both
longer optical path length and multiple passes through the absorbing film. This should in
addition be performed without the induction of any electrical limitations from rough
structures. As light trapping in general offers a solution to the described problem of
exciton diffusion, recombination events and optical absorption length mismatch, it has
been considered as a promising approach. Too high intensities for conjugated polymer
photovoltaics, such as the intensities arising from highly concentrated solar light, will
likely not be as beneficial since space charge limitations occurring from a too high
density of charges will prevent any higher current extraction. It is however expected that
intermediate intensity enhancements, such as the one originating from light confinement,
always will be beneficial as larger currents will be generated. Comparing concentration
with confinement, one can conclude that higher charge carrier generation is much easier
accomplished with concentration. Concentration is however a method, that is depending
on external structures, which inevitably will occupy both more area and space than the
cell itself. The structures used for confinement will occupy the same area but generally an
insignificantly larger space than the cell. For real applications this difference is very
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significant. Additional concentration structures are more expensive than simple light
trapping structures and accordingly not suited for cheap photovoltaics. Therefore, light
trapping structures that have the potential to be manufactured in an inexpensive way,
have been strived for in this thesis.
Several approaches of geometrical light trapping, through alteration of light ray
directions, have been evaluated during the scope of this work. In character, some of the
methods are similar to light trapping techniques previously utilized for inorganic devices.
Some observations are also similar to those of the inorganic photovoltaic world. For
example, the limitation of energy dissipation in the wrong layer, usually the cathode
metal as described in chapter 3, turned out to be limiting. This is an inherent limitation in
light trapping that also seems to be present, to a smaller or larger extent, in most of the
trapping tactics here evaluated.
The fabrication of light trapping structures can be performed by a variety of
different lithographical or non lithographical methods. The replication and larger scale
sample production for laboratory studies can easily be performed by means of, for
example, soft lithography described in chapter 7.

5.3 The tandem cell
A straightforward route to collect more solar photons is to use a multitude of
different absorbers. This is provided for in the tandem or multi junction solar cells.[58,
59] By simply stacking different absorbing materials on top of each other, a broader
spectral range of the solar illumination is covered. By deploying a set of different
individually absorbing layers, one does however not only enable a broader spectral
coverage. The tandem cell also facilitates the advantage of greater photon energy
utilization, since a smaller loss from collected photon energy and delivered voltage now
can be achieved. Figure 5.5 displays an example of a stacked tandem cell, comprising
two different absorbers connected in a serial configuration with an inserted interface
recombination layer.

Figure 5.5 Sketch of a stacked tandem cell with two differently absorbing materials
separated by a thin recombination layer.
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The aim of producing broad spectral single absorbers is thus no longer a relevant
consideration. It is in the multi junction case more viable to instead let the high band gap
material only absorb the high energy photons and accordingly deliver a high voltage.
Consequently, the low band gap material should now only absorb the more abundant low
energy photons and deliver a high current. The sub cells are then connected in
configurations of either series or parallel, to facilitate for a cell with overall higher power
conversion efficiency. As conjugated polymers can be spectrally tuned by the addition of
different organic constituents to the backbone, tandem cells appear to be a fruitful route
for the generation of better performing devices.[11, 60] It should here be emphasized that
one should now strive to design materials with a more limited absorption spectra rather
than a broad one. It is thus sound if the low band gap material does not bother to absorb
the high energy photons. Each material should now only attend to the photons which are
close to their own band gap, and spectral overlap between the absorbers should be
avoided. The synthesis of low band gap organic absorbers with a narrow spectrum
however remains to be completed.
A problem with tandem structures manufactured from solution is the possibility that
the solvent from the second deposited layer will influence, and perhaps even dissolve, the
first deposited layer. In the work presented in paper IV and V, the approach of a folded
lateral tandem cell, instead of the stacked configuration, is therefore suggested. By
having materials deposited next to each other, and not on top of each other, one will
avoid production problems from solvent incompatibility. Simultaneously there will be a
significant advantage of pronounced light trapping when the cell is subsequently folded.
This shape, with one absorber on one side and another on the opposite side, will force
light to bounce back and forth multiple times and to eventually be absorbed. Figure 5.6
demonstrates the principle of this type of reflective tandem cell with a folded light
trapping configuration. Ray tracing of light displays the multiple induced absorption
events that will allow for a very high total absorption. As the active films are still kept
planar, and no rough scattering microstructures are deployed, no electrical limitations are
induced. This is accordingly a rather simple, but very effective, way of collecting
significantly more of the impinging solar light. The device is improved through spectral
broadening in conjunction with effective light trapping.

39

A

B

Figure 5.6 (A) Ray tracing in the folded reflective tandem cell. The multiple absorption
events from two different absorbers facilitates for good solar light collection. (B) A
suggested device model for such large area folded plastic solar cell.

5.3 Alternative trapping via surface plasmon coupling
Metal nanostructures are capable of supporting surface plasmon modes, which can
result in very high local electromagnetic fields and an enhancement of optical
responses[61]. A surface plasmon is a polarized confined electromagnetic wave
propagating along the interface between a metal and a dielectric.[62] The plasmons are
trapped on the metal surface due to strong interaction with the free charge carriers of the
conductor. Coupling between spontaneous emission from polymer films and the metal
surface of the electrode, can easily occur and is thus considered as a limitation for light
emitting diodes. Surface plasmons are non radiative, since their wave vector is larger than
the wave vector of the far field photons with the same wavelength. Coupling between
radiative far field photons and plasmons can however occur if the metal is surface
textured with a proper periodic structure. This may be achieved by gratings or complete
indentations (removal of material). The dispersion relation of a surface plasmon,
propagating in the x-direction can be written as:
k x = k0

ε dε m
εd + εm

[25]

where k0 is the free-space wave vector and εd and εm are the permittivities of the dielectric
and the metal respectively. The wavelength position of the plasmonic resonance,
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λ = 2π / k 0 for normal incidence of light upon a grating, can be estimated by the
following relation:

ε dε m
2π
= k0
d
εd + εm

[26]

where d is the period of the utilized grating. This is accordingly the conditions that must
be fulfilled, for far field normal incident light to couple to an in-plane propagating
surface plasmon at the interface between the grating and the covering dielectric. To at all
be able to trigger a surface plasmon at a metal/dielectric interface with such periodic
nanostructures, it is essential that the aspect ratio of the metal structures is sufficient to
facilitate coupling. Surface plasmons are coupled to, and part of, a very strong localized
electromagnetic field that extends a limited distance into the dielectric. This attenuation
length is of similar size as the film thickness of the absorbing layer in organic solar cells.
Therefore, the creation of more excitons with this high field is strived for. The property
that surface plasmons also propagate along the film is expected to be beneficial for
improved absorption. Such approaches have recently also been demonstrated for organic
solar cells in the Kretschmann-Raether coupling configuration.[63] Small metal nano
clusters may in a similar manner also enhance the optical field intensity in their vicinity,
and are labeled localized surface plasmons. Such plasmonic nanostructures act as optical
nano antennas that accumulate and build up the electromagnetic energy in localized small
volumes. This property has been demonstrated and exploited in both light emitters[64] as
well as in inorganic[65] and organic solar cells[66, 67].

5.4 Nano structures and antireflection coatings
Reflectivity at a dielectric interface can be minimized by the introduction of
antireflective (AR) coatings. These are usually made of thin films with an intermediate
refractive index Ncoat matching that of the substrate and air. If the AR film coating has a
index of refraction according to:
[27]

N Coat = N 0 N s

the surface reflection will vanish completely. Since refractive index usually is dispersive,
this condition will only be fulfilled for a limited wavelength range. For AR coating in
solar cells, this wavelength is usually selected following the absorption maxima of the
active material. By instead having several very thin films of continuously increasing
refractive index, or one film with a continuously graded index of refraction, one would
obtain a broad wavelength band of reflection reduction. Because of the continuous
change, small reflections occur at each depth of the coating, and the reflected beams that
are out of phase can interfere destructively. Graded index materials do exist but are rather
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expensive. Also, large manufacturing difficulties are inherent in the approach of multiple
thin films with small steps of increased index.
An alternative to these types of broadband antireflection thin film coatings is to
create structures, considerably smaller than the wavelength of light, on the surface. In this
case, the structures will not be resolved by the light and the surface will take the property
of an effective media index. In turn, if the nano structures can be shaped into pyramidal
forms, a graded index will be experienced by the impinging light. Research has also been
devoted to trying to manufacture such nano structures for AR coatings in optoelectronics.
A very simple approach of generating these types of surfaces is to exploit phase
separation of polymer blends[68] or the periodic structures created by blockcopolymers.[69] Ordered nano structures further appear spontaneous by selected
polymers deposited by zone casting.[5]
The phase separation method, where polymer blends of poly-(methylmethacrylate)
(PMMA) and polystyrene (PS) are prepared in a common solution for the both materials
(chloroform), has been tried here. After deposition from spin coating into a
heterogeneous film, one material can be removed by a selective solvent, such as
cyclohexane which only dissolves the PS part. In this way small nanostructures of
PMMA are formed on the substrate. These sub wavelength features act as an effective
medium with a refractive index somewhere between 1 and 1.5. Substrates manufactured
in this simple way also display slightly higher transmission, but have not yet been
deployed for solar cells.
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6 Alternative electrodes
The common manufacturing route for laboratory organic solar cells is described in
chapter 3 above. In general, the organic material is deposited via spin- or blade coating
on top of a glass or plastic substrate coated by the transparent conductive oxide ITO. The
sandwich structure is completed by thermal evaporation of a low work function metal
such as aluminum. If organic photovoltaic devices are to be considered as low cost and
possible to produce in a large scale, the indium containing conductive oxide is likely
required to be excluded. Since the demand for transparent conductive oxides for the
liquid crystal display (LCD) industry has escalated, the price for the indium material
itself has also increased rapidly. In 2002, prior to the LCD boom, the price for indium
was approximately 110 $ per kg. In 2006 the price was up to 900 $ per kg, but has then
dropped to some extent.[70] The amount of indium consumed is presently a function
governed by worldwide LCD production. For larger scale applications it is also expected
that the conductivity of ITO is actually too low to handle the photo currents without
significant resistive losses. It is therefore preferred that ITO should not be part of the
solar cell, due to the high price as well as the limited conductivity.
A similar argument goes for the thermal evaporation step, which is both time and
energy consuming. From a high speed manufacturing point of view it is obviously futile
to deposit the active layer from solution if a subsequent high vacuum sublimation step is
required anyway. It is therefore argued that the metal evaporation step should not be part
of the finalization of the organic solar cell.

6.1 PEDOT with additives
The high conductive polymer poly(3,4-etylenedioxythiophene) doped with
polystyrene sulphonic acid (PEDOT:PSS) is a very good candidate for plastic electrode
materials. The ordinary form of PEDOT:PSS is always utilized as an interfacial layer,
between the ITO and the active layer, acting as a hole collector and electron blocker. The
high work function of ordinary PEDOT:PSS is approximately 5.1-5.2 eV and is thus
suited as hole collecting electrode, since the HOMO of many donor species utilized in the
active layer blend lies around this value. PEDOT:PSS in its ordinary form, still has a
rather limited conductivity, which is enough for interface applications, but not
particularly suited for longer distances of charge transport. However, the conductivity
can, with correct doping of certain additives or specific polymerization routes, be
increased to considerably more relevant values for extended conduction in the film plane.
By adding small amounts of so called secondary inert dopants, such as sorbitol,
glycerol,[71] different forms of glycol[72] and dimethylsulphoxide (DMSO)[73], the
conductivity improves drastically. It is suggested that upon addition of these materials the
morphology changes into a much more beneficial configuration for good charge
transport.[72] Table 6.1 displays some various forms or versions of doped PEDOT and
their measured conductivities. The so far highest obtained conductivity is achieved from
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a vapour phase polymerisation (VPP) route[74] of PEDOT Tosylate, which demonstrates
conductivities one fifth compared to that of ITO.
Table 6.1 PEDOT conductivities.

Compound

Conductivity

PEDOT:PSS Baytron P
CPP105D (H.C. Stark)
PEDOT:PSS Glycerol
PEDOT (Ethylene glycol)
PH 500 and DMSO (H.C. Starck)
VPP-PEDOT Tos
ITO

~0.03
~20
~70
~100
~500
~1000
~5500

S/cm
S/cm
S/cm
S/cm
S/cm
S/cm
S/cm

The high conductive form of VPP-PEDOT does also demonstrate a significantly lower
work function compared to PEDOT:PSS. This material was accordingly evaluated as
cathode instead of anode. The devices exploiting VPP PEDOT cathodes were
manufactured via soft contact lamination, where the vapour phase polymerization was
performed on a PDMS stamp and subsequently laminated on top of the active layer.
Figure 6.1 depicts four small solar cells manufactured in this fashion.

Figure 6.1 Four small solar cells with a laminated top electrode of a low work function
transparent VPP PEDOT electrode.

A very relevant, and for large scale production highly suitable method, is the
construction of devices with an inverted layer sequence.[75-77] This may allow for
manufacturing via only two printing steps on a pre patterned metallized plastic substrate.
After active layer deposition, a transparent layer of a conducting polymer such as PEDOT
is subsequently printed. For that route to be successful, it is required to use polymer
electrodes with a high conductivity.
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6.2 Grid electrodes
The resistive losses occurring in the electrodes may be of significant proportions for
large area devices. It is unlikely that ITO is capable of handling the larger currents,
produced from cells with square decimetre areas, without significant losses. The
limitation of series resistance in the electrodes is also a common task to be solved for all
solar cells and cell modules. Almost all commercially available cells and modules are
therefore thoroughly equipped with charge collecting grids made of a highly conducting
metal. It is frequent that thick metal pastes are deposited via screen printing as lines or
nets on top of the active layer. Similar methods should be possible for organic solar cells,
but with some attention paid to the thickness of the active layer. As the aim here is to
exclude the underlying ITO interface, the grid should, for normally manufactured
devices, be located underneath the active layer. For the inverted cell configuration, the
opposite is the case. For the normal configuration it is therefore important that the current
collecting fingers are made thin enough not to penetrate through the active layer film.
However, if the fingers are to be conductive enough, to facilitate for the strived series
resistance minimization, they thus need to be made wide. If they are prepared too wide,
they will on the other hand block some of the incoming light. As for all solar cells,
equipped with a grid collecting system, an optimization of finger width vs. finger
shadowing effects thus needs to be performed.

Figure 6.2 A grid of thin silver lines on a plastic sheet to be used as a replacement for
ITO.

45

46

7 Soft lithography
There are many available ways of general micro- or nano-structuring of materials.
Hard crystalline semiconductors are usually patterned through photolithography, e-beam
and chemical etching. These techniques are however not always suitable for conjugated
polymers since both strong UV-light and etching can be destructive and cause severe
material degradation. Soft lithography is a general term, describing a range of patterning
techniques having an elastomeric stamp involved in the process. These sets of gentle
patterning techniques exploit the advantageous physical properties of polymers without
causing material degradation.[78] Soft lithography provides an effective and low cost
method for the fabrication of polymeric micro and nano structures. All soft lithographic
patterns are usually produced by the use of an elastomeric mold or “stamp” which simply
is a rubber replica of a master template. One of the most commonly used elastomers is
polydimethylsiloxane (PDMS), which also has been extensively utilized in this work.

7.1 Soft embossing
Soft embossing is a technique used for patterning small structures, on a large area,
into polymer films. Sub micrometer features on an area of some square centimeters can
easily be achieved with this technique. The structures generated by this method lies in the
sub micrometer regime where this technique is well suited. A polymer from solution is
initially spin coated into a thin uniform film. A rubber stamp is then applied on top of the
film and exposed to elevated temperature on a heating plate. The temperature is set above
the polymer softening interval. A rule of hand is that the melting interval of the polymer
is approximately 3/2 of the glass transition temperature Tg (which is not always known).
Once the polymer is soft it will adjust itself to the profile of the applied stamp. By
cooling the sample below the glass transition temperature, the polymer will get hard and
the stamp can be removed. The polymer film structure will hence be an inversed replica
of the rubber stamp structure. Figure 7.1 depicts the principles of soft hot embossing.

1

2

3

4

Figure 7.1 Display of the principles of hot embossing using a PDMS stamp. Structural
replication is forced by the melting of the material under the pressure of a weight. Upon
cooling, the structures will freeze in, and the stamp can be removed.
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7.2 Mimic
Mimic is short for Micro Molding In Capillaries and can be described as a
patterning method exploiting the capillary forces present in liquids inside small structured
voids in a material in contact with a substrate interface.[78] This method is mainly
intended for controlled flow studies but is also suited for patterning of structures and
channels in particular. PDMS is a well suited material for MIMIC as it easily comes in
good conformal contact with any planar substrate. A liquid which is injected into the
micro channels in PDMS starts to flow because of capillary forces. After channel flow
has been performed, the liquid dispersion are frozen in by either leaving to dry, or by
being cured by UV-light or thermal processes. Higher replication throughput is obtained
from UV-curable resins, such as polyurethane, where very little material shrinkage is
present. Chemical fluidic deposition, where a reagent is flown on a sensitized surface,
also gives accurate and reproducible patterns. This chemical patterning method was
effectively exploited in the manufacturing of the silver grids in paper VII. Figure 7.2
displays fluidic deposition of a PEDOT:PSS dispersion on top of a glass substrate. The
figure features the flow in a channel system interface between large and small (sub
micron) channels.

Figure 7.2 The figure series features MIMIC of a PEDOT:PSS dispersion that flows in a
channel system interface between large and small (sub micron) channels
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7.3 Nano imprint lithography and replica molding
Nano imprint lithography, or NIL, is a very general term that refers to all patterning
that includes nanostructures and printing by pressing a pre-generated structure into a
malleable material. NIL with hard master stamps pressed into formable polymers are
capable of producing very small structures with high resolution on large areas.[79] Soft
embossing could also be labeled soft NIL if the structures are qualified as small enough.
An alternative approach to NIL is to use UV or heat curable resists that are in their liquid
state during stamp application. This method is also compatible with soft elastomeric
stamps. [80] When PDMS itself is cured on a master Si wafer this is usually also referred
to as replica molding.[78] The entire range of NIL processes could hence be classed as
variations of embossing and replica molding or vice versa.
Many of the structures, for photonic micro and nano-applications presented in this
work, have been manufactured with the aid of the here described soft lithographical
patterning techniques. In particular soft UV imprint lithography has been used for the
replication of micro lenses, gratings, Lambertian backscatters and micro pyramids. Figure
7.3 displays the principles of UV imprint lithography as well as a structure master and its
polyurethane replica. Liquid PDMS is accurately reproducing the features of the master
and after curing, its elastomeric form is well suited for subsequent imprinting in materials
such as polyurethane.

A

B

Figure 7.3 (A).Principles of soft UV imprint lithography. (B) SEM pictures of a micro
lens master and its polyurethane replica. The replicated surface is smooth and the feature
replication throughput is very high.
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8 Resulting work (Summary of the papers)

8.1 Solar cells deploying back scatterers (Paper I)
The first approaches to construct and incorporate light trapping structures, that
enable high photon absorption, included the incorporation of scattering elements in
contact with the active layer. Here the electrodes and active films were deposited on top
of scattering microstructures. Although higher absorption could be confirmed, no
enhancement of device performance could be obtained. This was attributed to the
electrical limitations, induced by the rough structures. A significant amount of absorption
was also identified to occur in the metal instead of in the wanted active layer.
A second approach was therefore initially also evaluated. This involved transparent
electrodes on both sides of the active polymer material that allows for placing scattering
elements close to, but not in direct contact with, the thin planar active layer. This will
facilitate light trapping of reflected photons, primarily via scattering structures and
secondarily via total internal reflection. These types of solar cells, with semitransparent
electrodes and light scattering structures, were relying on a thin gold film as cathode
electrode. This directly imposed some constraints, but also initiated the work on
transparent polymer electrodes (Paper VI). During the work of this initial paper, several
limitations and problems to be solved in future work were identified.
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8.2 Surface plasmons for Solar cells (Paper II)
The triggering of surface plasmons, at the interface of a metal grating and a
photovoltaic bulk heterojunction blend of alternating polyfluorenes and a fullerene
derivative, was demonstrated. High conductivity polymer electrodes were used to build
an inverted sandwich structure with top anode and bottom metal grating, facilitating for
triggering and characterization of the surface plasmon effects. The gratings were
generated with feature sizes in the 300 nm domain, suited for plasmonic resonances
located in the visible wavelength range. The gratings were manufactured by replica
molding from a commercial optical diffraction grating with a high aspect ratio. The active
layer film and the conducting top electrode were both deposited by spin coating. Figure
8.2 displays the manufacturing route of these inverted solar cells with an included bottom
grating for the plasmon excitation.

1 Photocureable resin 2. PDMS imprinting
and 1:st photocuring
on substrate

5. Photoactive blend
solution deposited...

3.PDMS removal
and 2:nd photocuring

4. Metalization by
thermal evaporation

6. ..and spincoated
into a film
7. Finalized by PEDOT
top electrode deposition

Figure 8.2 Manufacturing route for the inverted cells with metal grating cathode at the
bottom.
An increased absorption, originating from surface plasmon resonances, was confirmed by
experimental reflection studies and theoretical modeling. Plasmonic resonances were
further confirmed to influence the extracted photocurrent from devices, but only to a very
small extent. The significant amount of energy dissipated in the metal, instead of in the
active layer, is seen as the primary limitation of this approach.
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8.3 Micro lenses as light trapping element (Paper III)
A recently developed micro lithographic process has allowed for the generation of
three-dimensional refractive microstructures. These structures were considered suitable
as master structures for an alternative form of light traps in photovoltaic cells. Curved
structures were formed in quartz, through an isotropic etching process, fully covering
areas of ~3 cm2, with a process which appears scalable to larger sizes. The etched
structures have the features of micro lenses and were accordingly deployed as such. The
inverted lenses were reproduced by polymer replica molding onto glass and plastic
substrate. In conjunction with a perforated mirror generated via a photo lithographical
self assembly procedure, this component displays high transmission in one direction and
high reflection in the other. When such elements, as displayed in figure 8.3, were placed
in front of a thin solar cell, the photocurrent was demonstrated to increase as photon
recycling was occurring.

Figure 8.3. SEM scan of cylindrical micro lenses for focusing light into a trap
configuration,

8.4 Folded reflective tandem cells (Paper IV and V)
In these two papers a simple, but effective, geometrical modification of polymer
solar cells was demonstrated. A significant increase of power conversion efficiency in a
single step could be achieved. By folding of the substrates carrying solar cells we
enhanced the photovoltaic conversion efficiency in three ways. First, the folded structures
cause light trapping at high angles and absorb more photons from incoming solar light.
Thinner absorbing layers could thus be exploited, which relieve demands for mobility of
charge carriers. Second, as the cell is folded, the device occupies less surface and
photocurrents per intercepted illuminated area is increased. Third, and perhaps most
important, the folded structures allow tandem or multiple band gap solar cells in optical
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and electrical series or parallel connection. The optical behaviour of such reflective
tandem solar cells was also modelled by means of finite element method (FEM)
simulations. The absorption of solar light in the active material as well as in both
electrode layers was calculated. The FEM solves the electromagnetic wave equation on
the entire defined geometry, resulting in the consideration of interference effects, as well
as refraction and reflection. Both single cells and tandem cells were modelled and
confirmed to be in accordance with the experimental reflectance measurements. The
simulations clearly displayed the advantage of the light trapping occurring in folded
plastic solar cells. This is especially prominent in cells with thinner active layers, where
folding induces absorption in the active layer equivalent to that of much thicker cells.
These effects combined, gave an enhancement of power conversion efficiency of 1.8±0.3,
in these present experimental systems.

8.5 Transparent conductive polymer cathode (Paper VI)
The low work function and highly conducting vapor phase polymerized poly(3,4ethylenedioxy)thiophene (VPP-PEDOT), as a potential candidate for use as an electron
conducting layer in photovoltaic devices, was studied. A metal free organic solar cell,
constructed by sandwiching an APFO-3/PCBM active layer between two conducting
polymer electrodes, was demonstrated. The bottom electrode (anode) was constructed
from glass/ITO/ PEDOT: PSS substrate as in the normal configuration, while the top
(cathode) was formed from VPP-PEDOT by polymerizing it onto a flexible elastomeric
polymer substrate (PDMS). The solar cells were then formed by putting the top and
bottom parts in intimate conformal contact through soft contact lamination[7]. The
overall efficiency turned out to be much lower compared to cells with metal electrodes,
but the demonstration of an operational metal free polymer cell was achieved.

8.6 Excluding expensive Indium Tin Oxide (Paper VII)
A facile and cheap soft lithographic metal deposition method, in order to construct
metal grids to minimize the series resistance of a device with an otherwise pure polymer
anode, was utilized. A distributed fluidic channel system in elastomeric PDMS was filled
with an electroless silvering solution to generate Ag grids of widths down to 20 µm and
heights of ~100 nm, on both glass and plastic substrates. In conjunction with a highly
conducting transparent polymer layer, the series resistance was minimized and charge
carrier collection was demonstrated to be well provided for. The photovoltaic cells
exploiting silver grids showed power conversion efficiencies comparable to cells
deploying ITO. The primary effect of the metal micro grid was displayed in higher FF
and photocurrent.
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