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Abstract

Conjugated polymer /fullerene based plastic solar cells represent an exciting alter-
native to inorganic ones because of their low production costs, flexibility and low
weight. At present, commercialisation of plastic solar cells is limited due to their
relatively low efficiency in comparison to silicon ones. In order to understand the
operation of plastic solar cells and to increase their efficiency, more information
about structure of absorber layer is needed. Especially the connection between
structure and properties of the absorber layer is of great importance.

The aim of this work was to study the correlation between structural, optical
and transport properties of conjugated polymer /fullerene films, which are used
as absorber layer in plastic solar cells. We start by investigation of pristine poly-
thiophene films. From X-ray diffraction and spectroscopic ellipsometry studies it
follows, that the polythiophene films consist of a highly ordered interface layer.
After this interface layer the order of the polymer drops off with increasing dis-
tance from the substrate. The decisive for growth of the film parameters were
established. A correlation between the anisotropic charge carrier mobilities and
the film structure was shown. After this, the polythiophene/fullerene films were
investigated. We found, that annealing of such films supports the formation
of polythiophene crystallites due to enhanced diffusion of fullerene at elevated
temperatures. The crystallisation of polythiophene leads to an increased opti-
cal absorption in visible region due to stronger interchain interaction between
polythiophene molecules. The observed increase of the efficiency of the poly-
thiophene/fullerene solar cells after annealing was explained by improved optical

absorption together with improved hole mobility.



Zusammenfassung

Plastiksolarzellen stellen aufgrund ihrer niedrigen Produktionskosten, Fle-
xibilitat und niedrigem Gewicht eine vielversprechende Alternative zu
herkémmlichen, auf anorganischen Materialien basierenden Solarzellen, z. B.
Silizium, dar. Momentan wird die Vermarktung durch die relativ geringe Ef-
fizienz im Vergleich zu den sehr haufig eingesetzten Siliziumsolarzellen behindert.
Um das Funktionsprinzip der Plastiksolarzellen zu verstehen und die Effizienz zu
steigern, miissen Informationen tiber die Struktur der Absorberschicht gewon-
nen werden. Speziell der Zusammenhang zwischen dem strukturellen Aufbau
der Absorberschicht und deren optischen und elektrischen Eigenschaften ist von
herausragender Bedeutung.

Das Ziel dieser Arbeit ist es, den Zusammenhang zwischen den struk-
turellen und optischen Eigenschaften sowie dem Ladungstragertransport von kon-
jugierten Polymer/Fulleren-Kompositschichten zu untersuchen, die als Absorber-
schichten in Plastiksolarzellen verwendet werden. Wir haben damit begonnen,
mittels Rontgen-Diffraktometrie und Spektralellipsometrie reine Polythiophen-
Schichten zu untersuchen. Die Ergebnisse beider Methoden zeigen, dass sich
auf der Oberflaiche des Substrates zunéchst eine hoch geordnete Polythiophen-
Grenzschicht ausbildet. Danach findet man fiir das Polythiophen iiber der
geordneten Grenzschicht eine stetige Zunahme der Unordnung mit steigendem
Abstand zum Substrat. Des Weiteren wurden die fiir das Schichtwachstum
wichtigen Parameter ermittelt und der Zusammenhang zwischen der anisotropen
Ladungstragerbeweglichkeit und der Schichtstruktur demonstriert. In einem
néchsten Schritt wurden Polythiophen/Fulleren-Kompositschichten untersucht.
Die Ergebnisse zeigen, dass das Tempern der Kompositschichten zur Ausbildung
der Polythiophenkristalliten fiithrt. Ursache hierfiir ist die verstarkte thermische
Diffusion von Fullerenmolekiilen wihrend des Temperprozesses. Die Ausbildung
von Polythiophenkristalliten hat zur Folge, dass die Absorption im sichtbaren
Spektralbereich verstarkt wird. Die festgestellte Erhohung des Wirkungsgrades



von getemperten Polythiophen/Fulleren-Solarzellen nach dem Tempern wird
durch die verbesserte Absorption und die gestiegene Ladungstriagerbeweglichkeit
erklart.
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Chapter 1
Introduction

The limitation of the fossil fuels leads to the growing interest in the renewable
energy sources like wind, water or solar energy. According to the forecasts of
many leading companies and institutes, the renewable energy sources will play
a major role already in the near future. That is why significant efforts are
concentrated at present on the development of devices which utilise these energy
sources. In particular, photovoltaic solar cells which convert solar energy directly
into electrical power are of interest. The great advantage of the photovoltaic solar
cells is their excellent scalability, which allows the decentralisation of the energy
generation and consumption.

The photovoltaic market has a growth rate of 25%/year over the last 15
years [1]. At present, the photovoltaic market is dominated by silicon solar cells.
Other inorganic solar cells (see Table 1.1) can not compete with Si solar cells
at the moment because of its high costs (GaAs cells, tandem cells) or due to
environmental damage (CdTe, CIGS cells).

The silicon solar cells have an excellent power conversion efficiency and a
lifetime up to 25 years. However, the production costs for silicon solar cells of
approximately 3 Euro/Wp are still too high due to the need for costly semicon-
ductor processing technologies. This significantly limits the overall application
of silicon solar cells.

Conjugated polymer/fullerene based plastic solar cells (further “plastic solar
cells”) (Fig. 1.1) represent an exciting alternative to the inorganic ones. The
active layer of such cells is a so-called “bulk heterojunction”, i. e. a conjugated
polymer /fullerene mixture. The required thickness of the active layer is with 100-
300 nm very low (compared for example with ~2 pm for amorphous and ~300 pm

for crystalline Si-cells), resulting in low material consumption. These cells could
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Table 1.1: Power conversion efficiencies of inorganic and organic laboratory solar
cells under AM1.5 Global 1000 W/m? illumination. Status: 07.09.2004.

Material system Power conversion efficiency (%)

Inorganic solar cells [2]

Si (crystalline) 247
Si (nanocrystalline) 10.1
GaAs (crystalline) 25.1
CdTe (polycrystalline) 16.5
CIGS (polycrystalline) 18.4
Plastic solar cells
MDMO-PPV/PCBM 2.5% [3]
P3HT/PCBM 3.5% [4]

*under 800 W/m? illumination

be fabricated using simple and cheap production techniques like blade casting
or continuous printing process. This would lead to significant cost reduction as
compared to the silicon technology. Production costs as low as 0.3 Euro/Wp
seem to be realistic [1]. Another benefits of the plastic solar cells are mechanical

flexibility and low weight, which is essential for many special applications.

Figure 1.1: Plastic solar cell [5].

Although the efficiency of the plastic solar cells was significantly increased in
the last years [3, 6, 4] (see also Table 1.1), it is still a main limiting factor for
their commercialisation. Another problem which must be solved is not sufficient
stability of the plastic solar cells [7].

There are two processes which mainly determine the efficiency of the plastic



solar cells: a) creation of electron/hole pairs due to absorption of light, and b)
transport of the generated charges to the electrodes. The first process is de-
termined by the absorption coefficient of the used conjugated polymer/fullerene
blend and the charge transfer process between the two components, whereas the
transport of the charge carriers to the electrodes is mainly determined by elec-
tron and hole mobilities. Other factors limiting the efficiency of the plastic solar
cells like low open circuit voltage, high contact resistance, optical losses (see also
Appendix C for more details) were not considered in this work. Let us focus on
the charge transport and optical properties of the active layer.

Optical and charge transport properties of composite conjugated poly-
mer /fullerene films depend not only on optical/transport properties of con-
stituents, but also on the morphology of the active layer. TEM, SEM and AFM
studies [8, 9, 10, 3] on thin conjugated polymer/fullerene films show a strong
phase separation between the conjugated polymer and the fullerene. The de-
gree of the phase separation and therefore the macroscopic optical and transport
properties of the films depend strongly on preparation conditions like fullerene
concentration, solvent type or thermal treatment (annealing). In the case of
poly[2-methoxy-5-(3,7-dimethyloctyloxy)-1,4-phenylenevinylene] / [6,6]-phenyl-
C61-butyric acid methyl ester (MDMO-PPV/PCBM) solar cells, an increase

2 and solar cell effi-

of short circuit current from 2.33 mA/cm? to 5.25 mA/cm
ciency from 0.9% to 2.5% by changing the solvent from toluene to chlorebenzene
was observed [3]. This improvement was explained by increased charge carrier
mobilities in the chlorobenzene-cast active layer. Further on, the efficiency of
poly(3-hexylthiophene) (P3HT)/PCBM solar cells was improved from 0.4% to
2.5% upon annealing of the solar cells [4]. These two examples demonstrate the
enormous influence of the film structure on the solar cell performance.
Although the morphology of the active layer was intensively studied since
several years, the most efforts were focused on the relation between preparation
parameters (solvent type, conjugated polymer/fullerene blend ratio and so on)
and the solar cell performance. This approach could help to reach higher solar cell
efficiencies; however, the fundamental knowledge about the film structure and
the relation between the film structure and film properties can not be gained. To
understand the reasons for better (or worse) solar cell performance, the influence
of the layer structure on the “key parameters” (charge carrier mobilities/lifetimes,
optical absorption) must be clarified. For this reason, the aim of this work was

to study the relation between structural, optical and transport properties of
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conjugated polymer/fullerene films.

Before investigating composite conjugated polymer/fullerene films, the know-
ledge about pristine conjugated polymer films is required. Since the conjugated
polymer and the fullerene phases in conjugated polymer/fullerene layer are sep-
arated, one could expect that the findings for pristine conjugated polymer films
can be adopted for the conjugated polymer/fullerene composites after careful
revision.

The structure—property relation was studied on standard materials, poly(3-
octylthiophene) (P30T) and poly(3-hexylthiophene) (P3HT), and their compos-
ites with PCBM. The polythiophene/fullerene composites are currently widely

used in plastic solar cells.

The structure of this work is as follows:

In Chapter 2, the chemical and physical properties of conjugated polymers
and their composites with fullerenes are briefly discussed. The configuration of
a plastic solar cell and the principles of its operation are described. In Chapter
3, the goal of this work is formulated. Chapter 4 contains the description of the
investigated materials. After this, the experimental methods used in this work for
optical (spectroscopic ellipsometry (SE), photoluminescence spectroscopy (PL))
and structural (X-ray diffraction (XRD)) characterisation are described (Chapter
5).

The results are presented in Chapters 6 and 7. The XRD and SE measure-
ments on pristine polythiophene films are reported in Chapter 6. On the basis of
this data, the model describing structure and growth of the polythiophene films
is proposed. The influence of the film structure on the anisotropic charge carrier
mobility in polythiophene films is discussed.

In Chapter 7, structural and optical properties of polythiophene/fullerene
films were studied and compared with this of pristine polythiophene films. After
this, the effect of annealing on structural, optical and transport properties of
polythiophene/fullerene composite films was studied.

The most important results of this work are summarised in Chapter 8.



Chapter 2

Physics of plastic solar cells

2.1 Conjugated polymers

Conjugated polymers are semiconducting organic materials with m-conjugated
electron system, which exhibit an unique combination of optical, electrical and
mechanical properties [11]. The primary tasks of the conjugated polymer in
plastic solar cell are to absorb the light and to transport the positive charges to
the I'TO electrode.

2.1.1 Chemical structure

The chemical structures of some conjugated polymers are shown in Fig. 2.1.
Among the conjugated polymers, the trans-polyacetylene has the simplest struc-
ture and therefore it is considered here as a model system. To hold together
the polymer backbone, only two of the four valence electrons of carbon atom are
needed. These two electrons of carbon atom form o-orbitals between the carbon
atoms in the backbone. The third electron builds a o-bond with hydrogen. Thus,
one electron per carbon atom is remaining. This remaining fourth electron builds
a p,-orbital, which is perpendicular to the backbone plane. All these p, orbitals
overlap and form a w-band. Because the m-band is half-filled with m-electrons,
each polyacetylene chain should theoretically have metallic conductivity. It was
however shown, that polyacetylene is a semiconductor with band gap of 1.5 eV.
This contradiction can be explained by Peierls instability, which leads to the
alternation of the bond length between neighbour carbon atoms and therefore to
the splitting of the 7m-band into the valence and conduction bands [12].

Although the chemical structures of the other conjugated polymers shown

11
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Figure 2.1: Chemical structure of widely used conjugated polymers .

in Fig. 2.1 are much more complicated than that of trans-polyacetylene, the
mechanism of electrical conductivity is qualitatively the same (i. e. the overlap

of the wave functions of the m-electrons).

2.1.2 Electronic states and electrical conductivity

By placing a positive (or negative) charge on the conjugated polymer chain, a
quasi-particle called positive (negative) polaron is created. This is because the
positive (negative) charge induces a lattice deformation, as shown in Fig. 2.2
for poly(p-phenylenevinylene). Due to the lattice deformation, new states within
the gap arise (Fig. 2.2). These new states can be detected, for example, by
photoinduced absorption spectroscopy.

The polarons can be created in different ways. First, they can be introduced
by electrochemical doping, for example, with iodine atoms [14]. Secondly, the
excitons (see section 2.1.3) generated by absorption of light can be separated by
strong electric fields, resulting in the formation of free positive/negative polaron
pairs. Third, positive polarons can be built through the photoinduced electron
transfer, which occurs in conjugated polymer /fullerene composites as described
in section 2.2.

Since the polarons can move along the polymer backbone, they are responsible

for charge transport in conjugated polymers. The transport along the polymer



2.1. CONJUGATED POLYMERS 13

PPV-chain in a ground state cB
R R R R R L‘LLLLLLLA
R R R R R
777777777
VB
positive polaron on PPV-chain CB
R R R R R AKLLLLLL_LA
® = O
R R R R R -® )
777777777
VB
negative polaron on PPV-chain . CcB
R R R R R
e
e —
©
R R R R R o
77777777

VB

Figure 2.2: Structure of positive and negative polarons on PPV-chain
and corresponding allowed optical transitions [13].

chain is supposed to be quite effective. For instance, relatively high mobilities of
~0.1 cm?/(V s) were obtained for polythiophene transistors [15, 16]. However,
defects like chain kinks or finite chain lengths form potential wells (“traps”) and
potential barriers for the polarons (Fig. 2.3a,b). The trapped polarons and those
which have reached the chain boundary can escape by field-assisted tunneling (see
Fig. 2.3c).

Thus, the charge transport on the macroscopic distance is always assisted
by tunneling (“hopping” transport). The traps drastically limit the mobility of
charge carriers in conjugated polymers. That is why the charge carrier mobilities
of conjugated polymers are 3-10 orders of magnitude lower than these of inorganic
semiconductors (see Table 2.1).

It should be pointed out, that charge carrier mobilities depend strongly not
only on the material, but also on the film morphology. For instance, the mobility
of highly ordered or aligned materials is several orders of magnitude larger than
that of amorphous or not oriented materials (see data for aligned polythiophene
films or for pentacene, Table 2.1). The highest mobilities were reported for
films of well ordered small molecules and oligomers with large crystalline areas
[20, 21, 22]. The intrinsic mobilities as high as 75 cm?/(V s) were estimated
for ideal pentacene crystal [25]. The reason for this is that the number of traps

caused by structural defects is much lower in highly ordered materials. Thus,
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Figure 2.3: Polymer chain with characteristic defects (a); schematic
energy diagram for positive polarons without electric field (b) and
charge transport under applied electric field (c).

the charge carrier mobility can be significantly enhanced by choosing preparation

methods, which give highly ordered films with a low number of structural defects.

2.1.3 Optical excitations in conjugated polymers

The lowest energy optical transition in conjugated polymers FEj is attributed
to the formation of a singlet exciton. The singlet exciton is an electron-hole
pair with spin 0, bound by the Coulomb attraction. The transitions at higher
photon energies correspond to the formation of singlet exciton with one or several
phonons, or to the band-band transition. The difference between electronic gap
E¢ and the energy of excitonic transition Ej is the exciton binding energy Ep.
The lowest energy transition Fj, determines the onset of an optical absorption
(“optical gap”, ESFT).

The scheme of optical excitations in polythiophenes is shown in Fig. 2.4. The
polythiophenes have an optical gap of 1.96 eV, followed by absorption peaks at

Ey=2.05, By = 2.20 and Ey; = 2.35 eV. These peaks are attributed to the singlet
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Table 2.1: Charge carrier mobilities in thin films of some organic and inorganic

materials.
Material Electron (e) or hole (h)  Reference
mobilities (cm?/(V s))
Organic
Polythiophene (spin-coated films) 107* — 1072 (h) [17]
Polythiophene (aligned by drawing method)
parallel to the alignment direction 7.4%107* (h) [18]
perpendicular to the alignment direction 0.9 107 (h) [18]
Polythiophene (printed) 0.1 (h) [16]
MDMO-PPV/PCBM (spin-coated films) 251077 — 5% 1076 (h), [19]
2%107° —4 %1074 (e) [19]
Oligothiophene 0.1 —0.5 (h) [20]
Pentacene (polycrystalline) 0.3 —1.0 (h) [21]
Pentacene (single crystal) 2.0 (h) [22]
Inorganic
c-Si 1400 (e), 480 (h) 23]
c-GaAs 8000 (e), 400 (h) [24]

excitonic transition at 2.05 eV with vibronic sidebands at 2.20 and 2.35 eV. The

shape of the absorption in high photon energy region above 2.5 eV is determined

by band-to-band transition at Es = 2.67 eV. This transition is not clearly seen

in absorption spectrum because of the lower oscillator strength in comparison to

the excitonic transitions. However, it can be detected with another experimental

methods like two-photon absorption [26, 27].

3--EG free electron-hole pair
& TE> exciton + 2 phonons ol
S TE1 exciton + 1 phonon 107
§ +Ep singlet exciton i
8 I
o I
ground state 0 [ | |

15 2.0 2.5

3.0 3.5

Photon energy (eV)

Figure 2.4: Scheme of optical excitations in polythiophenes (left) and

absorption coefficient of P30T (right).

The most theoretical and experimental studies [28, 29, 26, 30, 31] support
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large (~0.5 eV) exciton binding energies. For comparison, the exciton binding
energy for most inorganic semiconductors does not exceed several tens of meV
[32]. Because the thermal energy kT at room temperature is only 26 meV,
there is no noticeable thermal exciton dissociation in organic semiconductors. In
principle, the generated excitons can dissociate in strong enough electric field.
Assuming the exciton size of L ~ 10 nm, which is typical value for the exciton size
in different conjugated polymers [33], the ionisation field of £ =5-10° V/cm is
obtained. Such strong electric fields can be achieved for example by applying the
voltage of 5 Volts between electrodes of a 100 nm thick solar cell. For this reason,
the first plastic solar cells consisting of a single conjugated polymer active layer
between metallic electrodes showed a very weak photovoltaic effect (n < 0.1%).
Thus, pure conjugated polymers are not promising for application in solar cells.
Significantly higher power conversion efficiencies were achieved with so called

“bulk-heterojunction” solar cells.

2.2 Conjugated polymer /fullerene blends

2.2.1 Ultra-fast photoinduced electron transfer

Due to the high exciton binding energy, a very strong electric field is needed in
order to create free positive and negative polarons on the conjugated polymer
chain. This difficulty was overcome in bulk heterojunction solar cells by mix-
ing conjugated polymer with fullerenes [34]. In this mixture, charge separation
occurs in less than 45 fs due to ultra-fast electron transfer from conjugated poly-
mers to fullerenes [35]. This phenomenon is called photoinduced charge transfer

[36]. The photoinduced charge transfer can be divided into following 4 steps [36]:
e excitation of the conjugated polymer and formation of an exciton;
e delocalisation of the excitation on conjugated polymer/fullerene complex;

e clectron transfer from conjugated polymer to the fullerene and formation

of an ion paar;

e charge carrier delocalisation on the conjugated polymer (positive polaron)

and fullerene (electron).

To determine the efficiency of the photoinduced charge transfer, the measure-

ment of photoluminescence quenching can be used [36]. In the photoluminescence



2.2. CONJUGATED POLYMER/FULLERENE BLENDS 17

quenching experiment, the samples of pure conjugated polymer and conjugated
polymer /fullerene blend are excited by a laser, and photoluminescence spectra of
both samples P Lyoiymer(Aw) and P Lyjepq(hiw) are recorded. The intensity of the
pump beam I, is the same for both samples. Let us define the photolumines-
cence quenching Q(hw) as the ratio of photoluminescence intensities of pristine
conjugated polymer film and conjugated polymer /fullerene film, i. e.

PLpolymer (hw)

Q) = PLyena(hw)

(2.1)

It is known, that the excitons on conjugated polymers recombine radiative. On
the other hand, the separated positive polaron on the polymer chain and elec-
tron on the fullerene recombine without emission of light (photoluminescence
intensity = 0). In the conjugated polymer /fullerene composite, some excitons
recombine before the dissociation, and others dissociate due to photoinduced

electron transfer and recombine then non-radiative (see Fig. 2.5).

- CB Polymer -8 Polymer /@’//
DE
LUMO C60 LUMO C60 @ R
i OPT
/\/\/—’ EG
PL
TS S S S S ’//////
“VB Polymer “VB Polymer /@/ <
a) b)

Figure 2.5: Radiative (a) and non-radiative (b) recombination of pho-
togenerated excitons in conjugated polymer/fullerene blend. The
probabilities of the non-radiative and radiative recombination are
nper and 1 — npger, respectively.

Let nppr be the part of excitons which dissociate before recombination; then
1 — nppr is the part of excitons which recombine radiatively. Thus the nppr
characterise the efficiency of photoinduced electron transfer. Let also Gpoymer
and Gyeng be the exciton generation rates for the conjugated polymer and the
conjugated polymer /fullerene films, respectively, and I.,.(hw) be a spectral den-
sity of a single exciton. Then the photoluminescence of this two samples can be

written as:
PLpolymer<hw> = Gpolymerje:pc(hw)u (22)

PLblend<hw) = Gblend(1 - nPET)Iexc(hw>- (23)
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For the photoluminescence quenching Q(hw) one obtains:

G olymer 1
Q(hw) = 2 :
(hw) Goiena 1 —nper

(2.4)

From this, the part of excitons which dissociate before recombination nppr can

be calculated:
1 Gpolymer

nper =1 — :
Q(hw) Ghiend
Further, the generation rates Gpoiymer and Gpeng are proportional to the intensity

(2.5)

of pump beam Ipmp:

Gpolymer = Apolymerjpumpa (26)
Gblend - Ablendlpump; (27)

where Apoiymer and Apenq are the parts of light absorbed by the conjugated poly-
mer and the conjugated polymer /fullerene film, respectively. These quantities
can be calculated from a 3-phase model (see appendix A). In further considera-

tion, the correction factor

A en
K = —tend (2.8)
Apolyme'r
is used. Finally, the Eq. (2.5) can be written as:
1
(2.9)

nper =1 — KO(hw)
A very efficient photoinduced electron transfer was found in MEH-
PPV /PCBM composites. The photoinduced electron transfer in this material
system occurs in less than 45 fs [35]. In [36] it was shown, that addition of only 1
mol% of Cgy to MEH-PPV leads to the quenching of photoluminescence by factor
5. From (2.9) one obtains for the MEH-PPV /Cg, composites the efficiency of the
photoinduced charge transfer nppr = 80% (correction factor K = 1 is assumed).
Thus, a minimal amount of fullerene is sufficient for effective charge separation
in conjugated polymer/fullerene composites.
A primary drawback of solar cells based on conjugated polymer/fullerene
composites is an energy loss AFErg, which is the difference between the conduc-

tion band edge of the conjugated polymer and the LUMO level of the fullerene:
ABrpg = ERymer — gluereme (210)

For MDMO-PPV/PCBM and P3HT/PCBM solar cells, the AErg is 0.9 and
0.2 eV, respectively [37, 38]. In [37] it was shown, that even very low energy
difference AErr = 0.17 eV is already sufficient for effective electron transfer

between the conjugated polymer and the fullerene.
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2.2.2 Morphology and charge transport

The absorber layer of plastic solar cells is a conjugated polymer /fullerene blend.
For effective transport of positive/negative charges to the electrodes, a bicontinu-
ous conjugated polymer/fullerene network with percolation to the corresponding
electrodes is necessary. It is known theoretically, that a fullerene fraction of
only 16%, which is called “percolation limit” in 3D case for spherical particles,
should be sufficient to transport all the electrons in active layer to the electrode
[11]. However, in practice the polymer/fullerene layers with much higher (up
to 80 wt.%) concentrations of fullerene are used. The reason for this is the
enhanced phase separation between the conjugated polymer and the fullerene
phases. It was shown by TEM [9, 8] and SEM [10] measurements, that the
MDMO-PPV/PCBM films with low fullerene fraction (<60%) exhibit a very ho-
mogeneous morphology. The phase separation in such films can not be observed
within the limits of TEM resolution (Fig. 2.6a).

Figure 2.6: TEM images (scale bar: 200nm) of MDMO-PPV/PCBM
films with PCBM concentrations of a) 60, b) 75, ¢) 80 and d) 90 wt.%

18].

With increased PCBM concentrations, the phase separation between two
components becomes clearly visible (Fig. 2.6b-d). The average PCBM clus-

ter size is increased up to nearly 160 nm for PCBM concentration of 90% for the
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films spin coated from chlorobenzene solution. It is supposed, that for samples
with low PCBM concentrations PCBM molecules are very fine dispersed in conju-
gated polymer matrix . For higher PCBM concentrations, the PCBM molecules
aggregate into large PCBM-rich clusters [9, 10], resulting in the observed by
AFM, SEM and TEM phase separation. The degree of the phase separation
depends strongly on preparation conditions like fullerene concentration, solvent
type or thermal treatment (annealing). For example, the average size of fullerene
clusters in composite MDMO-PPV/PCBM films was found to be nearly 500 nm
using toluene and about 50 nm when prepared from chlorobenzene solution (see
Fig. 2.7).

ISE 5.0k\V 8.0mm x200k SE[L)

Figure 2.7: SEM images of MDMO-PPV/PCBM composite films
(PCBM fraction is 80 wt.%) spin coated from chlorobenzene (left)
and toluene (right) solutions. The dark areas are attributed to PCBM
clusters [10].

It is commonly assumed, that the phase separation between conjugated poly-
mer and fullerene is needed in order to prevent fast recombination of charge
carriers. Moreover, the phase separation has a positive effect on charge carrier
mobilities. Choulis et. al. [19] reported, that both electron and hole mobilities in
MDMO-PPV/PCBM blend are increasing with increasing PCBM concentration
in the blend (at least up to a PCBM concentration of 80 wt.%). The improve-
ment in electron mobility with increasing concentration of PCBM was explained
by the growth of PCBM network. The reason for the improvement in hole mo-

bility remains unclear.
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2.3 Operation of plastic solar cells

The configuration of plastic solar cell and typical layer thicknesses are shown
in Fig. 2.8, The substrate consists of glass plate or polyethylenether-
phtalate (PET) foil. Both glass and PET are transparent in the visi-
ble region. The substrate is coated with a thin indium tin oxide (ITO)
layer, which works as a transparent electrode. The intermediate poly(3,4-
ethylendioxythiophene):poly(styrensulfonate (PEDOT:PSS) layer is needed in
order to flatten a rough surface of the ITO layer and thus to improve the con-
tact to the active layer. On the other hand, the increased work function of
PEDOT:PSS in comparison to this of ITO is desired to increase the open circuit
voltage of the device. The active layer consists of the polymer/fullerene blend
with fullerene fraction up to 80 wt.%. Thin interface LiF layer is used to increase
the fill factor and the open circuite voltage of the plastic solar cell [39]. The solar

cell is illuminated from the substrate-side.

Intermediate layer: LiF or Ca (~3nm)

Intemediate layer: PEDOT : PSS (80-100nm)

Bottom electrode: indium tin oxyde (~100nm)

Substrate: glass or PET-foil (100-10001mm)

At

Figure 2.8: Configuration of conjugated polymer/fullerene solar cell.

The operation of the plastic solar cell is as follows. Sun light passes the
substrate and the transparent ITO/PEDOT:PSS electrode. Then it is absorbed
by the polymer in the active layer (see Fig. 2.9). The absorbed photons create
the excitons on conjugated polymer chains. Then the excitons dissociate due to
the photoinduced electron transfer from the polymer chain to the fullerene. As
a result, positive polarons on the polymer chains and electrons on the fullerene
molecules are formed. Due to build-in electric field, the electrons move towards

the Al electrode by hopping from one fullerene molecule to another, while the
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positive polarons are transported by the polymer chains to the ITO electrode.
The charge carriers, which reach the electrodes, produce the electrical current in

an outer circuit.

ITO PEDOT: polymer/fullerene Al
i PSS i

v D CB polymer |
L LUMO Cyp | ;

ey,

V/B poﬁlr,ngrv;i

VAONG Coy 7777777775

Figure 2.9: Schematic band diagram and charge transport in conju-
gated polymer/fullerene solar cell.
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Challenges of this work

3.1 Requirements on optical absorption and

charge transport

The short circuit current of plastic solar cells is mainly determined by absorption
of light and by transport of the separated charges to the electrodes.
In order to achieve effective absorption of the incident light, the thickness D

of the active layer should be chosen as:

D > 1/agiém, (3.1)

where 27, is the maximum of the absorption coefficient of the conjugated

polymer /fullerene blend (see Appendix D for more detail).
On the other hand, the condition of efficient charge carrier transport can be

written as (see Appendix B):
Le(n)Te(r) > D [Voc, (3.2)

where pien) and 7. are electron (hole) mobility and lifetime, respectively, and

Voc is the open circuit voltage. Combining these two equations, one obtains:

e Te(ny (heay)* > 1/ Vo (3.3)

It can be easily proven, that the MDMO-PPV /PCBM solar cells do not fulfill
the condition (3.3). Applying the literature data for hole mobility gy, ~ 5% 107°
cm? /Vs [19], lifetime 7, ~ 10 us [40], open circuit voltage Voo ~ 1 V and absorp-
tion coefficient o719, ~ 5% 10* cm™! | one obtains for the left side of (3.3) 0.125

V~!, which is much lower than 1/Voe (1 V7). For P3HT/PCBM solar cells,

23
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the absence of reliable mobility data for P3HT in blend with PCBM do not allow
us to calculate the left side of (3.3). Most likely, the fio(m e (@9%,)* product
yields higher value due to the improved hole mobility of P3HT in comparison
to MDMO-PPV. Nevertheless, the i Ten (f12%,)? product is still too low even
assuming ten times higher hole mobility than that for MDMO-PPV. Thus, the
efficiency of P3HT /PCBM is limited by charge transport and optical absorption.

The condition (3.3) can be satisfied by optimisation of transport (ues) and

Te()) and/or optical agpes, properties of the blend. In this work we focus on the

influence of structure of the active layer on its optical and transport properties.

3.2 Structure—property relation

In the case of MDMO-PPV/PCBM solar cells, the solar cell performance depends
on the mean size of PCBM clusters. The highest efficiency was achieved for
solar cells prepared by spin coating from chlorobenzene solution with PCBM
concentration of 80 wt.%), which results in mean PCBM cluster size of 50-100 nm
[8, 3]. The PCBM concentration affects the transport properties of the MDMO-
PPV/PCBM blend, i. e. with increased PCBM concentration both electron
and hole mobilities are increasing [19]. If the PCBM clusters become too large,
the losses due to exciton recombination are increasing. It was concluded [41],
that moderate phase separation between MDMO-PPV and PCBM is needed to
balance exciton dissociation and charge transport requirements. It should be
pointed out, that the optical absorption of MDMO-PPV/PCBM blend does not
depend on the film morphology [3].

On the contrary to MDMO-PPV/PCBM, the optical properties of
P3HT/PCBM composites are strongly affected by the film structure. In [42],
the significant increase (factor 1.5 - 3 at A =500 nm, depending on the anneal-
ing time) of optical absorption of P3HT/PCBM thin films upon annealing at
elevated temperature (130°C) was reported. At the same time, the solar cell
efficiency is improved from 0.4% to 2.5% upon annealing [4]. This unpropor-
tional increase of the solar cell efficiency was explained by simultaneous increase
of charge carrier mobilities and raise of optical absorption. It was presumed that
this is due to enhanced crystallisation of the P3HT during the annealing [4]. In
fact, it is known that the polythiophenes tend to form crystalline domains in pure
films [43, 44]. However, no experimental evidence of the P3HT crystallisation
in P3HT /PCBM blends was provided yet. Thus, the origin of increased optical



3.3. ANISOTROPY IN CONJUGATED POLYMER FILMS 25

absorption of annealed P3HT /PCBM films remains unclear.

Since both optical and transport properties of P3HT /PCBM films depends on
film structure, this material system is of great interest for studying of structure—
property relation. In comparison to MDMO-PPV/PCBM, the structure of
P3HT/PCBM films is not very good investigated. Therefore the relation between
structure of P3HT/PCBM films and their optical and transport properties was

studied in this work.

3.3 Anisotropy in conjugated polymer films

One of the intentions and speciality of this work was to study the optical
anisotropy in conjugated polymer and conjugated polymer /fullerene films. The
motivation for this is that the optical anisotropy provides the information about
the orientation of polymer molecules within the film. Since the 7-electrons are de-
localised along the polymer chain and limited in two other directions, conjugated
polymer molecules have a highly anisotropic polarisability. The anisotropic polar-
isability can reveal itself in macroscopic properties of the material if, for example,
there is a preferable orientation of the molecules. Indeed, a very high anisotropy
of optical properties was demonstrated in case of aligned polymer films, where
polymer molecules are oriented parallel to the draw axis. In this case, the optical
absorption is the highest parallel to the draw axis. For instance, the absorption
anisotropy as high as 50/1 for light polarised parallel /perpendicular to the draw
direction was reported by D. Comoretto et. al. [45] for highly stretch-oriented
MEH-PPV films.

For thin spin-coated and drop-cast films of some conjugated polymers, uni-
axial optical anisotropy with the optical axis perpendicular to the surface was
reported [46, 47, 48, 49, 50, 51]. This phenomenon was related to the preferable
orientation of the polymer chains parallel to the substrate. This assumption was
also confirmed by X-ray diffraction measurements on thin spin-coated poly(3-
alkylthiophene) films [43, 44]. The degree of the optical anisotropy depends on
the angular distribution of the chains, i.e. the higher optical anisotropy corre-
sponds to the better alignment of the chains parallel to the substrate.

It was also shown, that the charge transport in conjugated polymers is
affected by orientation of polymer chains. In the case of oriented poly(3-
dodecylthiophene) films, the hole mobility parallel to the polymer backbone one

order of magnitude larger than that for orthogonal direction [18] was reported.
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A correlation between the orientation of the polymer chains and the anisotropic
conductivity was demonstrated [52, 53, 54] in other cases, too.

In spite of importance of these findings, there is only limited number of pub-
lications related to the optical anisotropy of conjugated polymer films. The
influence of growth parameters such as spin frequency, concentration of the poly-
mer in the solvent and solvent type on the optical anisotropy was not reported
yet. To our knowledge, the optical anisotropy of conjugated polymer/fullerene
blends was not investigated at all.

The information about the orientation of the polymer molecules can be in
principle obtained by X-ray diffration measurements, too. However, in compar-
ison to XRD the optical characterisation has some important advantages. First
of all, the quantitative results about the orientation of polymer molecules or
crystallites could be obtained. For instance, the increase of a diffraction peak
corresponding to orientation of the polymer crystallites parallel to the substrate
could be caused either by increased number of crystallites or by their reorien-
tation. On the other hand, the increase of optical anisotropy means that the
polymer molecules (or crystallites) become on average more oriented parallel to
the substrate. Another advantage of the optical characterisation over the XRD
analysis is that the XRD analysis do not provide any structural information for

non-crystalline films, where optical characterisation still works.
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Materials

The investigated samples consist of the conjugated polymer or conjugated poly-
mer /fullerene films, deposited on Si or glass substrates.

Among the conjugated polymers, poly(3-octylthiophene) (P30T) and poly(3-
octylthiophene) P3HT (see Fig. 4.1) were studied. The polymers were purchased
by Aldrich.

R=C,,H,5: poly(3-dodecylthiophene) P3DDT
R=CgH,;: poly(3-octylthiophene) P30T
R=CgH,5: poly(3-hexylthiophene)  P3HT

Figure 4.1: Chemical structure of poly(3-alkylthiophene) P3DDT,
P30T and P3HT.

The substituted fullerene [6,6]-phenyl-C61-butyric acid methyl ester (PCBM,
see Fig. 4.2) used in this work was synthesized in the group of Prof. J. C.
Hummelen at the University of Groningen (Netherlands).

Thin P30T films were prepared by Harald Hoppe (Linz Institute of Organic
Solar Cells (LIOS)). By the preparation of these samples, parameters like spin
frequency, polymer concentration, solvent, substrate, etc. were varied. The in-

fluence of these parameters on optical properties was systematically investigated.

27
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L

Figure 4.2: Chemical structure of PCBM.

The effect of annealing on optical and structural properties of pristine PSHT
and P3HT/PCBM composite films was studied in collaboration with Siemens
AG Erlangen (Pavel Schilinsky, Christoph Waldauf and Christoph Brabec, de-
partment CT MM 1) and LIOS Linz (Harald Hoppe, Niyazi Serdar Sariciftci).

Influence of annealing temperature on crystallinity and optical absorption of
P3HT/PCBM composite films was investigated in collaboration with Centre for
Micro- and Nanotechnologies (ZMN), Ilmenau. The samples for this study were
prepared by Maher Al-Ibrahim.
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Experimental Methods

5.1 Spectroscopic ellipsometry

Spectroscopic ellipsometry (SE) is a primary technique for determination of di-
electric function (see section 5.1.1) and thicknesses of materials in layered sam-
ples. SE allows to measure the change in polarisation state of light reflected
from the surface of the sample. SE is more accurate than intensity reflectance
(or transmittance) measurements because the absolute intensity of light reflected
(passed) through the sample does not have to be measured.

Generally, the determination of optical constants with SE could be divided

in following 4 steps [55]:

e Measurement of ellipsometric angles W,,..s and A,,..s. This step is de-
scribed in sections 5.1.2 and 5.1.3).

e Development of an optical model for the measured sample and calculation
of the U, 0401 and A,,qe from this model (section 5.1.4).

e Fit of the model parameters to measured data by minimisation of the mean-
square error between calculated (V,,o4e1, Amoder) and measured (V,,eq0s,
Ajeas) data (section 5.1.5).

e Examination of best-fit model parameters (section 5.1.5).

5.1.1 Dielectric function

From Maxwell’s equations, the wave equation for electric field vector E can be
obtained [56]:

29
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e O°E
2 o’

where ¢, € and p are the velocity of light in vacuum, the dielectric function (DF)

AE = (5.1)

and the magnetic permeability, respectively. The simplest solution of the eq. 5.1
is a harmonic plane wave propagating for example in direction determined by

unit vector q:

2

Ex EY% cos (%nq-r —wt+¢2(>
2

Ey | = | EY cos (%q T —wt+ (b%) (5.2)
2

Ey EY cos (%q-r—wt—kqﬁ%)

where w is the angular frequency of the wave, B, E} EZ are constants, ¢
is the phase angle and n = ,/ue is the refractive index of the medium. This

equation can be written in complex form

~ 2
E(r,t) = Re {EU exp (z%q : r> exp(—iwt)] , (5.3)
i E% exp(ig%)
where E° = | EY exp(i¢).) | is a complex vector specifying the amplitude and
EY exp(i})

the polarisation state of the wave. Since for most semiconducting and insulating
materials the magnetic permeability p is nearly unity (u = 1 4 107%, see for

example [57]), the refractive index equals the square root of the DF

n =/, (5.4)

which is a real number for non-conductive, non-dispersive, isotropic materials

considered before. In order to describe absorbing and/or conducting materials,

one introduce the complex DF & = ¢ + 15 and complex refractive index n =

V& = n+ik. If the imaginary part of the DF (or of the complex refractive index)
is not zero, the intensity of the wave will decay as it propagates

drck;
I ~E?~ exp (—%z) . (5.5)

Comparing this with Lambert-Beer’s law

I(z) = 1(0) exp(—az), (5.6)
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we find for the absorption coefficient «

Ak
=, 5.7
0= (5.7
Applying the equations 5 = 2nk and A = 27¢/w to (5.7), one obtains
EqW
=, 5.8
a=— (5.8)

The complex DF € completely describes the propagation, reflection, refraction
and absorption of electromagnetic wave in materials and multi-layer structures.
Therefore the precise determination of € is of great importance for the design of
highly efficient optoelectronic devices.

For anisotropic materials the equation D = e¢yE is applicable in the form
D = ¢yéE, (5.9)

Exx Exvy Exz
where € = | &yx E&yy Eyz | is the tensor of DF. From Eq. (5.9) follows, that
Ezx Ezvy Ezz
the vector of electric displacement is generally not parallel to the electric vector
in medium.
For uniaxial materials in a coordinate system with the z-axis parallel to the

optical axis, the tensor of the DF has the form:

té=|o & of. (5.10)

The propagation of light in such a material can be described by ordinary &, and
extraordinary €. DF’s for the light polarised perpendicular and parallel to the

optical axis, respectively.

5.1.2 Jones matrix formalism

In ellipsometric experiments it is common to use the p- and s- directions as the
two orthogonal basis vectors to express beam polarisation states. The p- direc-
tion is defined as lying in the plane of incidence (which is the plane containing
the incidence and reflected beams and the vector normal to the sample surface).
The s- direction lies perpendicular to the p- direction such that the p- direction,
s- direction and direction of propagation define a right-handed cartesian coordi-

nate system. In this case, the z- component of the electric field is always zero
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YA YA YA
E-field

linearly polarized light circularly polarized light  elliptically polarized light

Figure 5.1: Linear, circular and elliptical polarisation of light.

because the electric field vector lies in the plane perpendicular to the direction
of propagation. So one can express any polarised beam by specifying only the p-
and s- components of the complex vector E°. These two components are complex

numbers, which can be written as a two component vector (“Jones vector” [58])

(B
E= (Es) . (5.11)

Fig. 5.1 shows the orientation of the electric field with respect to the coordinate

cos
system for linear, circular and elliptical polarisation. The Jones vector is ( ' )
sin v

1
for linearly and | | for circular polarised light. Any other Jones vector describes
i

elliptically polarised light. For example, elliptical polarisation shown in Fig. 5.1
1

1+i)

The influence of any sample on the polarisation state can be described then

is described by Jones vector

by means of 2x2 complex matrix (“Jones matrix”)
BB\ (Rer Firs\ (B 519
E§ Rsp Rss) \EL) '

EL ER
where (5;) and <E’;> are the Jones vectors describing the polarisation
s s

Rpp R
of incident and reflected beams, respectively, and SPPTPS ) s the Jones
Rsp Rgs
matrix of the sample. The complex coefficients Rpp, Rps, Rsp and Rgg describe
the change of the amplitude and phase of the light beam upon reflection. If
the sample is isotropic, the off-diagonal elements of the Jones matrix vanish
(Rpg = Rgp = 0). That means, no conversion of p- polarised light into s-
polarised and vice versa occurs. In case of anisotropic sample, the Jones matrix

generally exhibits off-diagonal elements.
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Figure 5.2: Configuration of the Woollam VASE rotating analyser ellipsometer.

5.1.3 Measurement of the ellipsometric angles with ro-

tating analyser ellipsometer (RAE)

The ellipsometric parameter p is defined as the ratio of the complex diagonal
elements of the Jones matrix 5.12
= Fos’

p can be also presented in terms of two real ellipsometric parameters ¥ and A

(5.13)

as follows:
p = tan ¥exp(iA). (5.14)

The ellipsometric measurements were performed by Woollam VASE variable
angle spectroscopic ellipsometer with rotating analyser. The VASE ellipsometer
(Fig. 5.2) consists of the light source (xenon arc lamp, monocromator, chop-
per, filter wheel, fiber optics), input unit (collimating lens (quartz), polariser,
retarder), sample mount, detector unit (rotating analyser, stacked Si/AlGaAs
detector, pre-amplifier), control unit and computer [55].

A 75 watt xenon high-pressure arc lamp is used as light source. The radiation
of the lamp is focused by an elliptical reflector on the entry slit of the monochro-
mator. The beam chopper and the filter wheel are placed at the output of the

monochromator.
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Figure 5.3: Optical scheme of the Woollam VASE ellipsometer and
the polarisation states.

The unpolarised monochromatic light passed through the polariser becomes
linearly polarised (see the onset 2 on 5.3). The retarder introduces the phase shift
between p- and s- components. This results in an elliptically polarised light (onset
3, see also section 5.1.2). The incident beam is then reflected from the sample.
The polarisation state changes upon the reflection (onset 4). The polarisation
state of the reflected beam is then measured by combining the rotating polariser
with a semiconductor detector (onset 5).

It can be shown [55], that for a general elliptical polarisation the detected

signal is a sinusoid with constant offset:
V(t) = C + Acos(2ft) + Bsin(2ft), (5.15)

where f is the angular frequency of rotating analyser. The normalised Fourier
coefficients & = A/C and § = B/C' can be represented in terms of the ¥ and A
values of the sample, the polariser angle P and retardation R as follows:
tan? U — tan? P
=
tan? ¥ + tan? P

(5.16)
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2tan ¥ cos(A + R) tan P

= 1
b tan® ¥ + tan? P (5.17)
The solution for ¥ and A as functions of o and 3 gives:
14+
tan ¥ = | tan P| (5.18)
-«
tan P
cos(A+ R) — [ tan (5.19)

V1 —a?|tan P|

Thus, in ellipsometric measurements the detector signal is measured as a
function of time, the measured signal is Fourier analysed to obtain the Fourier
coefficients v and (3, and finally W and A are calculated from «, # and known
angles P and R.

Ellipsometric data were obtained by means of a Woollam variable angle spec-
troscopic ellipsometer (VASE) with rotating analyser (RAE) in spectral region
from 1.2 to 5.0 eV in steps of 0.02 eV. The spectral resolution was 3 nm (0.01
eV at hw = 2.0 eV). The measurements were performed at several angles of inci-
dence in the range of 60-75° at room temperature in air. During the ellipsometric
measurements the samples were illuminated with low-intensity monochromatic
light and therefore the photooxidation rate should be low. This assumption was
checked by repeating the ellipsometric measurements; no changes in the (U — A)

spectra were observed.

5.1.4 Reflection of light from planar layered system

Before the analysis of the measured experimental data, the ellipsometric angles
W oder and A,,0q0 must be calculated from the chosen optical model.

As a rule, the investigated samples consist of a thin film, deposited on a well-
known substrate (like glass, Si, or GaAs) with known DF &; as shown in Fig.
5.4. The investigated polymer films are uniaxially anisotropic with optical axis
perpendicular to the film plane. The propagation of light in such a film can be
described by two DF’s €| and €, for the light polarised parallel and perpendicular
to the substrate, respectively (cp. Eq. (5.10)). For an uniaxial film deposited on
an isotropic substrate (which is the case for samples studied here) one obtains

for the diagonal elements of the Jones matrix [58]

o R+ Ri expli2e)
T £ RULRIZ, exp(i20p)

(5.20)
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Figure 5.4: Configuration of the investigated samples for the SE measurement.

1+ RILRIZ exp(i283s)’

where Gp and (g are the phase shifts, Rlo_fp, R}DQP, Rgfs and Ré’% are the Fresnel

coefficients for the reflection of light at the air-film and film-substrate interfaces,

which can be written as

VEIELCOSY — \/EL —sin2q5

R, = : (5.22)
rr \/E|ELCOS O + \/»sl—sin%b
Bz _ T E1ELVEs —sin® ¢+ Ei\/EL —sin® ¢ (5.23)
o JRELE — s g+ £\ /L —sin2¢ '
. cos ¢ — 4/ —sin” ¢
RY, = (5.24)

R —\/és—sin2¢+@/§”—sin2¢
Rgy = : (5.25)
g, —sin® ¢ + /& —sin® ¢

where ¢ is the angle of incidence. The phase shifts Gp and s can be expressed
by

27D =
Bp = 22 g — Lsing, (5.26)
A g1

27D
Bs = WT £ — sin2 ¢, (5.27)

where D is the film thickness.
Using the Eqs. (5.20-5.27), the quantities W40 and Ap,ge now can be

calculated:

R
tan Wy0de1 €Xp (1A model) = MCitiy (5.28)

SS
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5.1.5 Analysis of measured data

It should be pointed out, that ellipsometry can not determine directly DF, film
thickness or any other parameter of the investigated sample, because the obtained
quantities V.., and A.;, are not directly significant. However, these quantities
are affected by physical parameters of the sample (for example by film thickness,
optical constants of the film, surface roughness, etc.). In order to obtain the
parameters of a sample, an optical model containing unknown parameters (“fit
parameters”) for the sample must be taken as a basis. Then, the model parame-
ters should be varied to obtain the best fit between experimental data and those
calculated by the model. Consequently, the obtained best-fit parameters depend
on the chosen optical model. That is why the choice of the optical model is a
very critical part of the ellipsometric analysis.

The quantity which represents the quality of the match between the data
calculated from the model and the experimental data called “mean square error”

is determined as following

1 N ool i Al Al

Z[( modeli_ exp)Q +( modeli e;rp)2]’ (529)
=1

MSE =
N —M 4 oy N

where o%, and o’ are the standard deviations of the measured quantities
W7, and A’, respectively, N is the number of experimental points and M is
the number of the fit parameters. MSFE is a function of M fit parameters.
During the fit, the fit parameters are varied in order to find the set of values
for the fit parameters which yields an absolute minimum of the MSFE. This
optimisation problem is solved by using the Levenberg-Marquardt method, which
is the combination of gradient and inverse Hessian methods [55].

After the fit is completed, the best-fit parameter values should be examined.
First, the M SE could be insensitive to one or more fit parameters. For example,
in the case of a thick absorbing film (where the penetration depth of the light is
much smaller than the film thickness), the data generated from the model (and
consequently the M SE) obviously don’t depend on the film thickness. Therefore,
the obtained fit value for the film thickness is not realistic, and the film thickness
should be excluded from the fit parameter set. Another case is a parameter
correlation. If the fit parameter set is too large, some parameters could correlate.

The correlation means, that there are many sets of values of fit parameters, which

provide a good fit to the experimental data. A basic requirement for the absence
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of the parameter correlation is that the number of the fit parameter must not

exceed the number of measured quantities available for the sample:

Nfit parameters S Nemperimental points- (530)

If the number of fit parameters exceeds the number of measured quantities, the
fit is always correlated.

A classic example is a fit for the DF (g1, &5) of a thin film with unknown film
thickness D. Generally, such a fit is highly correlated. For instance, one obtains
a perfect fit to the experimental data at some fixed film thicknesses, as it shown
in Fig. 5.5. The reason for the correlation is that the number of fit parameters
exceeds the number of experimental points available for the fit. In fact, if one
tries to determine the film thickness and the DF at N different photon energies,
the number of measured quantities equals 2N (¥ and A at each photon energy),
while the number of fit parameters equals 2N + 1 (g1, €2 at each photon energy
plus film thickness D). Therefore the film thickness and the DF could not be
determined simultaneously using only the ellipsometric data.

There are some possibilities to prevent the parameter correlation:

e The fit parameter set must be reduced. In our case, one should fit the
experimental data with a fixed film thickness (the film thickness must be deter-
mined from another experiment like AFM or profilometry prior to the fit). The
fit is possible because the number of fit parameters is equal to the number of
experimental points 2/N.

e Independent experimental data must be added to the fit. For example, if
reflectance and transmittance data for the sample are included in the fit, the
number of the experimental points becomes 4N (¥, A, R and T at each photon
energy) and is higher than the number of the fit parameters 2N + 1.

e In the special case of a semiconductor film, the film thickness can be de-
termined by fitting the real part of the DF ¢; and the film thickness D in the
transparent region below the band gap hiw < Eg. The imaginary part of the DF
is fixed at €5 = 0 and can be excluded from the fit. The number of fit parameters
is then reduced to n + 1 (¢; at each photon energy and the film thickness; n
is the number of photon energies below the band gap), whereas the number of
measured quantities remains 2n. After the film thickness was determined from
the fit in the transparent region of the spectrum, the fit for £; and &5 (with
known film thickness) in the non-transparent region above the gap can also be

performed.
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Figure 5.5: The fit of ellipsometric data with one-layer optical model
(left) and the resulting DF’s (right). During the fit, the film thickness
was fixed at: a) 114 and b) 120nm.

In the case of an anisotropic uniaxial sample, both parallel £| = )| +ieg) and

perpendicular £, = €1, + iea; components of the DF must be fitted. Because
of a large (4N + 1) set of fit parameters (ey), €2)|,€11, €21 and film thickness D),
the parameter correlation becomes the main problem. A simultaneous fit for all
of these quantities is totally correlated. There are two approaches to solve this
problem:

e Using the multiple sample analysis (MSA). In multiple sample ana-
lysis, several films of the same material are simultaneously analysed assuming
the same DF for all films, while the film thickness is allowed to be different
for each sample. If K is the number of investigated samples, the number of
measured quantities becomes 2K N (¥ and A for each sample at each photon
energy), while the number of the fit parameters 4N + K (ey)),€2),€11,€21 and
the film thicknesses D;...Dk) increases only slightly with the increasing number

of samples. Thus, the number of experimental points is effectively increased
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without significant increase of the number of fit parameters. From (5.30) we get

the condition for the absence of parameter correlation:
4N + K <2NK. (5.31)

Because of the large number of photon energies N Eq. (5.31) is true for K > 3.
Thus, one can expect that the multiple sample analysis of 3 or more samples is
uncorrelated.

In our work we analysed simultaneously three samples prepared from the
same concentration of the solution, but using slightly different spin frequencies,
which results in slightly different film thicknesses. The fitted anisotropic DF
was then equalised to the DF of the sample with the mean spin frequency. It is
supposed, that the obtained DF corresponds to the “mean” DF of the samples.

e Including the reflectance/transmittance data to the fit (RTWA-
method) (this method works only for films deposited on transparent substrates).
The number of the measured quantities equals 4N (¥, A, R and T" at each photon
energy).

First, the film thickness is determined in the transparent region of the spec-
trum below the band gap. It is assumed, that there is no absorption below the
gap (€9 = 0,e21 = 0), and only the real parts of the anisotropic DF e}, &1, and
the film thickness D are fitted at this step. Because of the reduced number of fit
parameters 2N + 1, this fit is uncorrelated (see Eq. (5.30)).

Once the film thickness is determined from previous step, both real and imag-
inary parts of the anisotropic DF (i. e. ey, €9/, €11, €21, altogether 4N parame-
ters) are fitted with fixed film thickness D. The fit of the parallel and perpen-
dicular components of the DF to the ellipsometric and reflectance/transmittance
data was found to be uncorrelated in agreement with the condition (5.30).

In our work, both MSA and RTWVA-method were used. The results
provided by these two methods were carefully proved by independent re-
flectance/transmittance measurements performed at the Johannes Kepler Uni-
versity Linz in Austria. The reflectance/transmittance measurements provide
both the film thickness and the parallel component of the DF. The results of the
reflectance/transmittance measurements were found to be in a good agreement
with those of ellipsometric analysis. Additionally, the AFM data on scratched
samples were taken to determine the film thickness. The good agreement of
the film thickness provided by ellipsometry, AFM and reflectance/transmittance

measurements indicates the reliability of the ellipsometric analysis.
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A question arises whether the MSA analysis can be applied for characteri-
sation of conjugated polymer films. The main assumption in MSA is that the
optical properties of the films do not change with the film thickness. It will be
shown in this work, that this is not correct for thin conjugated polymer films.
However, if the film thicknesses do not vary too much, this is still a reasonable
approximation.

There are two arguments that the MSA provides correct values for the optical
anisotropy. First, the results of MSA analysis are in a very good agreement with
the results provided by the RT'WA-method. Secondly, the results of MSA analysis
are self-consistent, i. e. there is no scattering of the anisotropy data obtained
from many (>20) samples.

Measurement of optical anisotropy of organic materials is a very interesting
and challenging topic from the experimental point of view. There are quite a
few groups doing ellipsometry to extract film anisotropies. However, each group
uses slightly different experiments in order to obtain more reliable results than
conventional reflection ellipsometry. Currently there is an effort to compare
these techniques by making a simple experiment where a few groups in several
universities analyse with their own technique the anisotropy of a thin conjugated
polymer film [59]. The idea is to prove whether all of them give similar results

and what is the accuracy of measuring anisotropy.

5.2 X-ray diffraction

X-ray diffraction measurements were performed to characterise the structural
properties of thin polymer and polymer/fullerene films. In particular, the mean
size of the polymer domains and their orientation within the film were studied.

X-ray diffraction patterns were recorded with a Philips X Pert-Pro diffrac-
tometer. A monochromatic CuK, beam with the wavelength A\ = 0.154056
nm was used. The powder diffraction measurements were performed in Bragg-
Brentano geometry (see Fig. 5.6a). For these measurements, the powder material
was pressed to 2 mm thick tablets. Thin conjugated polymer and conjugated
polymer /fullerene films were studied in grazing-incidence diffraction geometry
(GID) (Fig. 5.6b) in order to increase the effective XRD beam path in the film
and therefore the signal-noise ratio. The angle a between the film surface and
the incident beam was fixed at 0.3°. Scans in the plane defined by the incident

beam and the surface normal were performed.
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Figure 5.6: XRD measurements in Bragg-Brentano (a) and in grazing
incidence diffraction (b) geometries.

The scattering vector AK, which is defined as the difference between the
scattered Koy and the incident K;y X-ray vectors, AK = Koyr — Ky, is
exactly perpendicular to the surface in the Bragg-Brentano geometry. In GID,
the scattering vector is slightly deviated from surface normal because of the
asymmetry of the GID geometry. However, this deviation is very small [60] and
can be neglected in qualitative analysis.

The Bragg condition for the maximum intensity of the scattered beam in a

vector form can be written as:

AK = G, (5.32)

where G is the reciprocal lattice vector. Since the scattering vector AK is al-
ways (nearly) perpendicular to the substrate, only crystallites with the reciprocal
lattice vectors perpendicular to the surface are detected in both GID and Bragg-
Brentano geometries.

The mean size of the polymer crystallites L can be obtained from Scherrer’s

formula [61]:
0.9\

L~ —M—
Asg cos O

(5.33)

where Asg is the full width half maximum of the diffraction peak. From the
peak intensity and the peak position the crystallinity and the orientation of the

polymer crystallites within the film can be extracted, too [61].
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5.3 Photoluminescence spectroscopy

Photoluminescence spectroscopy (PL) was used primarily to study the phe-
nomenon of the ultra-fast photoinduced electron transfer in conjugated poly-
mer/fullerene composites. The samples were excited with a 25 mW semiconduc-
tor GaN laser, which operates at a wavelength of 408 nm (3.04 eV). In order to
prevent the overheating of the sample, the laser beam was usually attenuated by
a grey laser filter, which passes 10% of incident light reducing the laser radiation
power from 25 mW to 2.5 mW. The sample was placed in cryostat. The cryostat
was evacuated before the measurement, thus preventing the photo-oxidation of
the sample under influence of air oxygen and laser radiation. The photolumines-
cence of the sample was then collected by a photo-objective and analysed by a
single-grating monochromator with an attached N, cooled CCD array.

The PL-setup is controlled by “ScanPL” software [62]. The raw data from
the CCD array were corrected using the reference spectrum of the halogen lamp
and then normalised to Counts/meV/s).

The PL spectra were taken in a spectral region 1.1 ... 3.0 ¢V at room tem-

perature.



Chapter 6

Polythiophene films

6.1 Structure of thin polythiophene films

6.1.1 X-ray powder diffraction measurements

The polythiophene crystallite is shown in Fig. 6.1. Literature data on lattice
constants a, b and ¢ for P3OT and P3HT [43, 63, 64] are summarised in table
6.1.

Figure 6.1: P3HT crystal in different projections.

The distance between the polymer chains in a-direction (along the sidechain)

44
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Table 6.1: Lattice constants of P3OT and P3HT crystallites [43, 63, 64].
Conjugated polymer a (nm) b (nm) ¢ (nm)
P30T 2.06 0.38 0.38
P3HT 1.68 0.38 0.38

is determined by the length of the sidechains. The lattice constant a is larger for
P30T than for P3HT, because the sidechains of P3OT are longer.

The distance between the polymer chains in “stacking” direction (b-direction)
is determined by interaction between neighbour thiophene rings. The thiophene
rings are identical for P3OT and P3HT. For this reason, the lattice parameter b
is the same for these materials.

Finally, the parameter c is simply the length of the repeating unit. Since
the chemical structure of the backbone is not changed, the parameter ¢ is not
altered, too.

Three principle orientations of polythiophene crystallite with respect to the
substrate are shown in Fig. 6.2. In a-axis oriented crystallites (Fig. 6.2a) the
polymer backbone is oriented parallel and the alkyl sidechains perpendicular
to the substrate, respectively. In b-axis oriented crystallites (Fig. 6.2b) both
polymer backbone and sidechains are parallel to the substrate, whereas in c-axis

oriented crystallites (Fig. 6.2c) the backbone is perpendicular to the substrate.

a)iiii b) c)

Figure 6.2: a-, b- and c-axis orientations of P3HT crystal with respect
to the substrate.

Prior to measuring thin conjugated polymer films the XRD-measurements
on bulk materials are needed as a reference. It was pointed above (section 5.2),
that only polymer crystallites with reciprocal lattice vector perpendicular to the
sample surface can be detected. There is no preferred orientation of the polymer
crystallites in bulk material (Fig. 6.3); therefore, the diffraction peaks corre-

sponding to all possible orientations of polymer crystallites should be observed.
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On the contrary, the orientation of polymer crystallites within thin spin-coated

films should be strongly affected by the substrate.

c-axis

amorphous ; .
orientation

P3HT-matrix
P3HT-crystallites

b-axis
orientation

a-axis
orientation

/
o0
D%

Figure 6.3: Structure of bulk P3HT sample and the orientations of
the P3HT-crystallites with respect to the film plane.

In fact, the diffraction peaks corresponding to all three principal orienta-
tions of polythiophene crystallite are observed in X-ray measurements on volume
P30T and P3HT. The powder pattern of, for example, P3OT (Fig. 6.4), shows
four diffraction peaks at 20 = 4.4, 8.8, 13.2 and 23.6°.
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Figure 6.4: Diffractogram of bulk P3OT. The measurement was per-
formed in Bragg-Brentano geometry.

20 25

The diffraction peak at 4.4° corresponds to the a-axis orientation of the crys-
tallites. The peak at 8.8° is the second order and the peak at 13.2° the third
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order of the 4.4° peak. The broad peak at 23.6° is a superposition of reflections
caused by crystallites with b- and c-axis orientation [44, 63, 64].

6.1.2 XRD on thin polythiophene films

For thin spin-coated P3OT and P3HT films, only the a-axis peak appears in
the diffractogram (see Fig. 6.5). This means, that only crystallites with a-axis

perpendicular to the surface (Fig. 6.2a) are available in such films.

60

—P3HT, not annealed k
——P3HT, annealed at 100°C ]

50

40

30

20

Intensity (counts/s)

10

1 a1l

10 15 20 25
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Figure 6.5: Diffractogram of thin spin-coated P3HT film.

The size of the P3HT crystallites can be estimated from Scherrer’s equation
(5.33) [43, 60, 64, 65]. In our case, the mean crystallite size of ~10 nm was
obtained. From this it can be concluded, that the films under study are partially
crystalline. In such films, the P3HT crystallites are dispersed in the amorphous
P3HT matrix. The structure of the spin-coated P3HT-films is schematically
shown in Fig. 6.6.

The ordering of the P3HT molecules parallel to the film plane could be forced
either by polymer-substrate or by polymer-air interfaces. We suppose that the
crystallisation of the film after the spin coating begins at the polymer-substrate
interface. This can explain differences in optical anisotropy between the films
deposited on hydrophobic and hydrophilic substrates (see below).

The crystallinity of polythiophene thin films is only slightly (~7%) increased
upon annealing [66] (see Fig. 6.5). This is probably due to large number of the

polythiophene crystallites available in the films already before annealing.
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P3HT-crystallite
with a-axis orientation
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Substrate

Figure 6.6: Structure of spin-coated P3HT sample. P3HT-crystallites
are oriented with a-axis more or less perpendicular to the substrate.

6.2 Optical anisotropy

6.2.1 Anisotropic dielectric function of thin polythio-
phene films

The anisotropic DF of thin spin-coated P30T film measured with spectroscopic
ellipsometry is shown in Fig. 6.7.

The P30T film demonstrates a strong optical anisotropy. The ratio of the
absorption maxima of ¢4 for the parallel and perpendicular components of DF is
nearly 3:1. The real part of the DF ¢ is highly anisotropic, too.

The strong optical anisotropy is quite typical for thin conjugated polymer
films. The DF of other materials like for example PPV /PPE-copolymers have a
similar frequency dispersion and comparable optical anisotropy [67].

It has been shown [46, 52|, that the imaginary part of the DF &5 (which is
proportional to the absorption coefficient a, see Eq. (5.8)) indicates the degree
of optical anisotropy of the investigated material and therefore characterises the
degree of alignment of the polymer chains in the film. This is because the lowest
energy optical transition (7-7*) is excited due to an electric field that is parallel to
the conjugated main chain (polymer backbone) [46, 50] and hence the absorption
of the polymer is the strongest parallel to the polymer backbone (see Fig. 6.8).
The absorption of light polarised perpendicular to the main chain direction occurs
in ultraviolet region of the spectrum [68, 69] and is very weak in visible region.
Therefore it has been neglected in our study. If now the absorption in the plane
of the film becomes stronger, more polymer backbones are aligned parallel to it.
The real part of the DF e; will not be discussed in further considerations.

In this study the quotient of the maxima of the parallel and perpendicular

components of the imaginary part of DF
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Figure 6.7: Real £; (upper panel) and imaginary o (lower panel)
parts of anisotropic DF of thin (88nm) spin-coated P3OT film.

(6.1)

was used for a qualitative analysis of the optical and structural anisotropy.
The parameter A equals infinity if all of the chains are lying parallel to the sub-
strate and it is unity for an isotropic film. We believe that this simple parameter
is sufficient to describe the investigated phenomena because the shapes of the
parallel and perpendicular components of the DF change only slightly between

the films of the same material.
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Figure 6.8: Light absorption by isolated polythiophene chain.

6.2.2 Interpretation of the anisotropy parameter A in

terms of angular distribution of the polymer chains

In order to relate the anisotropy parameter A to the angular distribution of the
polymer segments, a simple model of the polymer film is presented here. It is
assumed, that the polymer film consists of molecular segments of equal length,
but different orientations with respect to the substrate.

Generally, the imaginary part of the DF &, can be written as [70]:

=2 WQVZZ!G Ppal’0(Ep — Ea — hw)(fa — [B), (6.2)
where f4 (fp) is the probability that the electronic state A (B) is occupied, e
is a unit vector of electric field and p% , is the optical matrix element. In our
case, the double sum over all possible initial A and final B electronic states can
be replaced by the sum over all polymer chains and the double sum over all 7

(initial) and 7* (final) states within a single chain. One obtains for es:

= O S e bl OB, — B~ h)(fa— f), (63)

me?

2
where ¢ is the chain number, C' = —2V Assuming for simplicity only one
mgw
initial 7 and one final 7* state, Eq. (6. 3) can be written as:

:CZ|e-pr,ﬂ*

20(Ey — Ere — hw)(fr — far), (6.4)

or

(6.5)

P2
€9 X E le - pL_ .
i
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The orientation of the polymer segment within the film is given by two angles
6 and ¢ as shown on Fig. 6.9. The three components of the imaginary part of

the DF 5 can be written as:

E9x X P2 Z sin? §; cos® ¢, (6.6)
€9y X P2_. Z sin® 0; sin® ¢, (6.7)
€97 X P2 . Z cos? 0;. (6.8)

film plane

=
Figure 6.9: Orientation of the polymer chain within the film.

Using known angular distribution of the polymer segments ®(6, ¢), one ob-

tains:
Eax X / / ) sin® 0 cos® pdfdg, (6.9)
=0 =0
€9y X / / ) sin’ 0 sin® pdfde, (6.10)
=0 =0

€27 / / ) cos? 0dfdo. (6.11)

0=0 ¢=0
Since the properties of the investigated polymer films were symmetric in respect
to the rotation axis perpendicular to the surface, the distribution function &
should be only function of polar angle 6, ® = ®(6). After the integrating of (6.9)

over ¢ one obtains:

™

E9x = E9y X T / ®(6) sin® do), (6.12)
=0
€97 X 2T / ®(0) cos? db. (6.13)

0=0
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For case of isotropic sample the angular distribution function ®(6) has the

following form:

PITPIE () = sin 6. (6.14)

Applying ®¥otroric(9) to (6.12), one obtains esx = €9y = €9z, i. e. the DF of
isotropic material. In order to introduce the optical anisotropy, the distribution
function ®(#) should be modified. The optical anisotropy follows for example
from the assumption, that the tilt angle of all the polymer chains does not exceed
a maximum tilt angle 0,;4x. This assumption is in agreement with X-ray studies
on polythiophene films (see section 6.1.2). These measurements show, that the
polymer crystallites are oriented preferably with polymer backbone parallel to
the substrate, and there are no crystallites with c-axis orientation (polymer back-
bone perpendicular to the substrate). For this reason, the following distribution

function for anisotropic conjugated polymer films was taken:

sinf 90° — HMAX < 6 < 90° + QMAX

o(0) = { . (6.15)

0 otherwise

This function ®(#) is shown in Fig. 6.10 for 0y,4x = 50°.
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Figure 6.10: Anisotropic angular distribution of polymer chains ®(6).

Now, the anisotropy parameter A can be calculated from (6.12) using the

distribution function ®(6) from (6.15) and taking into account that eox = €9y =
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€9 and g9y = €21

w/240rax
f sin® 6d# ' »
. &) :1 T/2—0ni Ax _ 3SH19MA.X3_ sin OMAX. (6.16)
€21 27/240max 2sin” Oyrax
sin 6 cos? 0df
77/2*9MAX

The anisotropy parameter A in dependence on the maximum tilt angle
Orax is shown in Fig. 6.11. The anisotropy parameter A changes from unity
for Oprax = 90° (isotropic film) to very high values for small 6y,4x (highly
anisotropic film). For typical values of the anisotropy parameter A of 2.5 — 4.0

(see below, section 6.2.3), the maximum tilt angle 0, 4x is in a range of 34° —44°.

Anisotropy parameter A

0 PRI
20 30 40 50 60 70 80 90

Maximum tilt angle Qyax(®)

Figure 6.11: Calculated anisotropy parameter A in dependence on
the maximum tilt angle of the polymer chains 0, 4.

Thus, the Eq. (6.16) gives us the possibility to relate the measured anisotropy
parameter A to the orientation of the polymer segments via maximum tilt angle

Oriax.

6.2.3 Anisotropy of thin polythiophene films in depen-

dence on preparation parameters

In order to investigate the influence of the preparation conditions on the optical

properties of the spin-coated films, we have studied the P3OT-films at Si and
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Table 6.2: P3OT samples for systematical study of the optical anisotropy.

Sample Preparation  Polymer concentration Substrate/  Spin frequencies

# method (wt.%) / Solvent treatment (rpm)

1 Spin coating 1.1/CB Si / - 750, 1000, 1500,
2000, 3000, 4000

2 Spin coating 07/ CB Si /- 1500

3 Spin coating 15/ CB Si /- 1500

4 Spin coating 20/CB Si / - 1500

5 Spin coating 1.1/ Tol Si /- 1500

6 Spin coating 15/CB Glass /- 2000, 3000, 4000

7 Spin coating 1.1/CB Si / - 650

8 Spin coating 1.1/CB Si / HF! 650

9 Drop casting 0.7/ CB Si /- -

10 Drop casting 15/CB Si /- -

11 Drop casting 1.1 / Tol Si / - -

12 Drop casting 0.7/ CB Glass / - -

13 Drop casting 15/ CB Glass / - -

glass substrates, prepared by different spin frequencies and polymer concentra-
tions in the solution. The solvents used were chlorobenzene and toluene. The
spin frequency was varied from 500 to 6000 rounds per minute (rpm), and the
polymer concentration from 0.7% to 2.0%.

The imaginary €5 part of DF of the films on Si substrates prepared by differ-
ent spin frequencies (750-4000 rpm, serie #1, see Table 6.2) and fixed polymer
concentration (1.1%) is shown in Fig. 6.12. With increased spin frequency, the
parallel component of the DF increases and the perpendicular one decreases; the
anisotropy parameter A grows from 2.85 (spin frequency 750 rpm) to 4.08 (spin
frequency 4000 rpm). This means that on average the films become more aligned
with increased spin frequency.

The same behaviour can be observed for films prepared by fixed spin frequency
(1500 rpm) but various polymer concentrations (0.7%, 1,1%, 1,5%, 2.0%, samples
#2-4; see Fig. 6.13). The anisotropy parameter A grows from 2.37 (polymer
concentration 2.0%) to 4.05 (polymer concentration 0.7%).

To investigate the influence of the substrate on the optical properties of the
spin-coated films, the P30T films were spin-coated onto both glass and Si sub-

strates (samples #6 and #7, respectively). In addition, some Si-substrates were
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Figure 6.12: Imaginary e, part of the parallel (upper panel) and
perpendicular (lower panel) components of the anisotropic DF of spin-
coated P30T films prepared by different spin frequencies and fixed
polymer concentration of 1.1% in chlorobenzene.

treated with HF-acid prior to spin-coating of the polymer films (#8). It is known,
that such a treatment changes the surface properties of the Si to be hydrophobic,
whereas the untreated Si is hydrophilic. The anisotropy A of the film deposited
on hydrophilic Si is comparable to the spin-coated films on glass. However, the
films deposited on hydrophobic substrates are much more anisotropic than these
deposited on hydrophilic ones (the anisotropy parameter A changes from 2.30 to
2.97 [71]). The origin of this phenomenon is discussed below.

For comparison, we have plotted the anisotropy parameter A for all spin-
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Figure 6.13: Imaginary e, part of the parallel (upper panel) and
perpendicular (lower panel) components of the anisotropic DF of spin-
coated P30T films prepared from chlorobenzene solutions of different
polymer concentrations and fixed spin frequency 1500rpm.

coated samples in dependence on the film thickness, which was also obtained
from spectroscopic ellipsometry (see Fig. 6.14). The anisotropy of the spin-
coated films increases with decreased film thickness, and depends not strongly
on the spin frequency and polymer concentration. At a given film thickness,
the variation of spin frequency and polymer concentration induces a change in
anisotropy of maximum 15% (see Fig. 6.14). There is also no strong depen-
dence on the solvent type. There are no significant differences between samples

deposited on Si and glass substrates with exception of the film deposited on HF-
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treated (hydrophobic) Si substrates, as it was mentioned above. It can be con-

cluded, that the film thickness is the decisive parameter for the optical anisotropy

of spin-coated films, as all the data points fall unto some kind of “master curve”.
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Figure 6.14: Anisotropy parameter A of spin-coated P3OT-films pre-
pared by: various spin frequencies (750, 1000, 1500, 2000, 3000, 4000
rpm) on untreated Si substrates from 1.1% chlorobenzene solution
(squares); various polymer concentrations (0.7, 1.1, 1.5, 2.0%) on un-
treated Si substrates from chlorobenzene solution by 1500 rpm (di-
amonds); various spin frequencies (2000, 3000, 4000 rpm) on glass
substrates from 1.5% chlorobenzene solution (triangles); 1500 rpm on
Si substrate from 1.1% toluene solution (circle). The experimental
points fall closely on a single “master curve”, an exponential decay.

In addition, we have measured drop-cast films deposited on untreated Si and

glass substrates (samples #9-13). The results are shown in Fig. 6.15. A decrease

of the anisotropy with a film thickness is also observed. On the same figure, the

“master curve” for spin coated films taken from Fig. 6.14 is also shown for

comparison. All measured drop-cast films are more anisotropic than spin-coated

ones of comparable film thickness.

We conclude, that the optical anisotropy in pristine conjugated polymer films

depend mainly on:

e Preparation method: drop-cast films are more oriented than spin-coated

ones;

e Film thickness: with increased film thickness the films become less oriented,



58 CHAPTER 6. POLYTHIOPHENE FILMS

4.5_'I"'I"'I"'I"'I"'I"'I'_
[ “Master curve” for ]
< 40[ ' the spin-coated films ]
> i ' 1
o - \
o [ \
35} ‘@ ]
(o] s ' \
.1’ i ‘\ \.
S a0 L %
— 3.0 B \ ‘\ .
8 [ \\ \\~
."3_ : \\ ¢ \‘\‘- _____ A
O 2.5__ \‘-__—-_ 'x_
2.0 b

40 80 120 160 200 240 280
Film thickness (nm)

Figure 6.15: Anisotropy parameter A of drop-cast P3OT-films pre-
pared from: 0.7% chlorobenzene solution on glas (circle); 0.7%
chlorobenzene solution on untreated Si (square); 1.1% toluene so-
lution on untreated Si (diamond); 1.5% chlorobenzene solution on
glas (triangle); 1.5% chlorobenzene solution on untreated Si (cross).

and

e Substrate properties: the degree of orientation is higher for films deposited

on hydrophobic substrates.

Our results can be understood by the assumption [71, 43], that the film
begins to solidify at the substrate and that the polymers form to some extend
little crystallites by parallel alignment of the polymer main chains [43, 44] (see
Fig. 6.16a) . For the first layers of the polymer film the interaction between
the polymer and the substrate is significant. Depending on the interaction the
alignment of the main chain will be more or less parallel to the substrate. This can
explain the observed differences in the anisotropy between the films deposited
on the HF-treated silicon and the non-treated silicon substrates (Fig. 6.16b).
The interaction of the polymer chain with the hydrophobic surface is enhanced
as compared to the hydrophilic one.

Further on, the deposition time (i.e. the time of evaporation of the solvent)
is the other important parameter that determines the properties of the films.
For drop-cast films, the deposition time is significantly larger (~30 s and more),
and the polymer molecules have more time to settle and align. Therefore the

obtained order of the polymer within these films is better than in the spin-coated
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Figure 6.16: Formation of polythiophene film.

ones (Fig. 6.16¢). For the spin-coated films, the deposition time is (with just a
few seconds) lower. In summary the deposition time and the interaction strength
between substrate and polymer determine the order and the optical anisotropy
within the polymer films.

The differences in the deposition time and the interaction on the glass and
silicon substrates seem not to differ very much for the spin cast films. This can be
an explanation for that the relation between the anisotropy and the film thickness
falls on one curve for the different preparation conditions used to produce these
films. The shape of the curve suggests an exponential drop off of the anisotropy
with film thickness (see fit on Fig. 6.14, 6.15). The characteristic length for the
decay is on the order of a few tens of nanometers. Within the first layers of the
film the ordering of the polymer molecules is driven by the short-range interaction
between substrate and polymer. After this initially strongly ordered layer the
order of the polymer drops off exponentially with a characteristic length, which
can be understood as a correlation length for the main chain direction, similar

to the behavior of nematic liquid crystals in the isotropic phase* [72].

*We have tried to apply a more complicated optical model including an anisotropy
gradient within the conjugated polymer film. However, the multiple sample
analysis failed in this case because of very large number of fit parameters and

strong parameter correlation.
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Figure 6.17: Imaginary part of the anisotropic DF of untreated (upper
panel) and annealed at 85° (lower panel) pristine P3HT films.

6.2.4 Influence of annealing on the optical anisotropy

The anisotropic DF of untreated and annealed at 85°C for 10 min pristine P3SHT
films is shown in Fig. 6.17. The films were prepared by spin coating on untreated
Si substrates from 0.3 wt.% chloroform solution.

Although the differences between untreated and annealed films are not very
strong, the parallel component of the DF of annealed film is larger than that of
untreated one (gg’ﬁ“‘” = 2.66 for annealed and e = 2.63 for untreated film).
At the same time, the perpendicular component of the DF of annealed film is

smaller than that of untreated film (g5’ = 0.51 for annealed and 5" = 0.55
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for untreated film). The shapes of the parallel and perpendicular components
of the DF does not significantly change between the untreated and the annealed
films. The anisotropy parameter A increases by 9% from A = 4.78 for untreated
film to A = 5.22 for annealed one. Thus, polythiophene crystallites become more
aligned parallel to the substrate upon annealing. This is in a good agreement

with the observed increase of the film crystallinity upon annealing (see Fig. 6.5).

6.3 Anisotropic mobility in polythiophene films

The mobility of charge carriers in polythiophene films depends strongly on both
transport direction (parallel/perpendicular to the main chain) and on the films
structure (crystalline/amorphous). In experiments on field-effect transistors pre-
pared by drawing method, the highest mobility u = 7.4 x 107* cm?/(Vs) was
observed in the main chain (c-axis) direction [18]. The mobility perpendicular to
the main chain direction was with g = 0.9 % 10~* ¢cm?/(Vs) one order of magni-
tude lower. This is because the mobility perpendicular to the chain direction (a-
or b-direction) is limited by hopping from one polythiophene chain to another,
whereas the band transport along the main chain is much more effective. The
mobility along the a-axis u, is obviously lower than this along the b-axis p;, be-
cause of higher distance between the neigbour polythiophene molecules in the
a-axis direction (a=1.68 nm for P3HT) compared to this in the b-axis direction
(b=0.38 nm).

From our structural and optical studies it follows, that for thin spin coated
and drop cast polythiophene films the polythiophene crystallites are oriented with
a-axis perpendicular to the substrate. At the same time, there is no preferred
orientation of the c¢- (or b-) axis. Thus, the charge transport perpendicular to
the substrate occurs due to hopping along a-axis with charge mobility p,. On
the contrary, the in-plane mobility is determined by band transport along the
c-axis and by hopping along the b-axis with characteristic mobilities u. and uy,
respectively. Since both u. and p;, are much higher than p,, the in-plane mobility
should be much higher than out-of-plane one.

In fact, the measured out-of-plane mobilities are several orders of magnitude
lower than the in-plane ones. This can be clearly seen from a comparison between
field-effect transistor (FET) and space charge limited current (SCLC) or time-of-
flight (ToF) mobilities. In FET-configuration, the in-plane mobility is measured,

whereas SCLC and ToF mobilities are those out-of-plane. In most cases the best
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in-plane (FET) mobilities (urpr ~ 1072 — 1071 em?/(Vs)) [25, 20, 21, 22, 16]
exceed the out-of-plane (SCLC, ToF) ones (uscroror ~ 10719 —107* cm?/(Vs))
(73, 74, 75, 19, 76] by several orders of magnitude.

Let us discuss the influence of the film structure and the optical anisotropy

on in-plane and out-of-plane mobilities separately.

6.3.1 In-plane mobility

It is commonly assumed, that the in-plane mobility in polythiophene films is
limited by disordered regions [77]. One possibility to reduce a disorder is to align
the polymer molecules (and crystallites) parallel to the substrate. From this
point of view, a comparison between the films deposited on hydrophilic or hy-
drophobic substrates is of interest. We have found in section 6.2.3, that the films
deposited on hydrophilic substrates are more anisotropic than this deposited on
hydrophobic ones. Consequently, the molecule ordering is better for the films on
hydrophobic substrates. One can expect, that the in-plane mobility is increased,
too.

A strong dependence of FET mobilities on the water contact angle was ob-
served in [78, 79]. The mobility is increased with increasing water contact angle
O from 1.4 x 1072 cm?/(V s) for © = 62° to 3.5 x 1072 cm?/(V s) for © = 110°.
Thus, the mobility is higher for films deposited on hydrophobic substrates, which
is in a good agreement with the observed increase of optical anisotropy. We con-
clude, that there is a distinct correlation between the optical anisotropy and the
in-plane mobility.

Further on, a moderate increase of the in-plane mobility was observed upon
annealing of polythiophene films. Despite of the increase of the film crystallinity
(section 6.5) and anisotropy (section 6.17) after annealing, the in-plane mobility
increases only slightly. For the films deposited on Si substrate treated with self-
assembled octadecyltrichlorosilan (OTS) monolayer, the in-plane mobility was
increased from 3.5 x 1072 to 4.2 x 1072 c¢cm?/(V s) [79]. This seems to be in
a contradiction with the observed huge increase of the in-plane mobility with
increased water contact angle.

To understand this difference, one should take into account, that the charge
transport in field-effect transistors takes place only in the thin (several nm) accu-
mulation region on the polymer-isolator interface. For this reason, FET perfor-

mance and FET mobility depend mainly on the structure of the interface layer.
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We suppose, that the structure of the interface layer is forced by the substrate,
whereas the annealing supports the formation of the polythiophene crystallites in
the bulk material. Therefore the in-plane mobility is not significantly increased

after annealing.

6.3.2 Out-of-plane mobility

The out-of-plane mobility can be measured in sandwiched devices like for ex-
ample metal-isolator-semiconductor (MIS) diodes or metal-semiconductor-metal
structures (for SCLC or ToF measurements). In [79, 80], the out-of-plane mo-
bility was determined from the capacitance-frequency and capacitance-voltage
measurements on polythiophene-based MIS diodes. Typical out-of-plane mobili-
ties of 1078-107" cm?/(V s) for not annealed polythiophene films were reported.
The mobility is increased to 1075-107° ¢m?/(V s) upon annealing. We attribute
this increase to the increased crystallinity of the annealed polythiophene films.
This leads to enhanced overlap of the wavefunctions of neighour polythiophene

molecules and therefore to the increased out-of-plane mobility.
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Polythiophene/fullerene films

7.1 Structure of polythiophene/fullerene films

7.1.1 Polythiophene phase

In composite polythiophene/fullerene films, the polythiophene crystallites are
generally a-axis oriented, too [64, 66]. However, the crystallinity of the composite
films is significantly lower than that of pristine polymer films.

On the contrary to pristine polythiophene films, the crystallinity of the
composite polythiophene/fullerene films is drastically increased upon annealing
[66, 81]. Fig. 7.1 shows the diffractograms of untreated (black) and annealed
at 150°C for 2 min. (red) P3HT/PCBM films with 66 wt.% of PCBM. The
films were prepared by spin coating on untreated Si substrates from 1.2 wt.%
chlorobenzene solution. The untreated sample exhibits neither polymer crystal-
lites with a- nor with b- or c-axis orientations (the corresponding peaks fail in the
spectrum, cp. Figs. 6.4 and 6.5). This is probably because the PCBM-molecules,
placed between the P3HT-chains, disturb the formation of the P3HT-crystallites.

The peak at 20=5.4° in the spectrum of the annealed sample indicates, how-
ever, that the annealed sample contains significant number of polymer crystallites
with a-axis orientation. This observation is in a good agreement with the results
of Yang et. al. [8], who have observed the increased diffusion of PCBM-molecules
at high temperatures, resulting in an accelerated phase segregation and in the
formation of large PCBM clusters in the films. Since the PCBM cluster become
larger upon annealing, the concentration of PCBM-molecules between the P3HT-

chains becomes lower, resulting in the improved formation of P3HT-crystallites.

64
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Figure 7.1: Diffractogram of thin untreated and annealed at 150°C
P3HT/PCBM composite films.

Photoluminescence (PL) measurements on the same samples (Fig. 7.2) pro-
vide another evidence of the formation of polymer crystallites. The photolumi-
nescence of annealed sample is several times higher than that of the not annealed
one. That means that photoinduced electron transfer becomes less effective upon
annealing. The efficiency of electron transfer depends obviously from the mean
distance between conjugated polymer and fullerene molecules. If the distance be-
tween polymer and fullerene becomes comparable with exciton diffusion length
(~ 10—20 nm [82]), some excitons can not reach the neighbour fullerene molecules
and recombine radiatively, giving rise to the PL signal (see also section 2.2). Since
the concentration of the PCBM in the film does not change upon annealing, we
conclude, that the change of the PL intensity originates from changes in mor-
phology of the active layer. We assume, that the fullerene molecules tends to
leave the polymer crystallites upon annealing. This results in the increased PL
intensity, because the average distance between polymer and neighbour fullerene
is increased.

The efficiency of electron transfer nppr can be calculated from Eq. (2.9).
For the not annealed P3HT/PCBM composite, PL quenching Q(hw) is 94 at
hw=1.71 eV and the calculated from Eqs. (2.8,A.6) correction factor K equals
0.75. Using (2.9) one obtains for the not annealed sample nppr=98.5%. In the
case of the not annealed sample, the photoluminescence quenching is significantly

lower (Q(hw)=16 at hw=1.71 eV), resulting in lower efficiency of electron trans-
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Figure 7.2: PL spectra of thin untreated and annealed at 150°C
P3HT/PCBM composite films. PL of pristine P3HT is also shown
for comparison.

fer nprr=93% (correction factor K'=0.90 was used). Although the efficiency of
electron transfer nppr becomes lower due to annealing of PSHT /PCBM compos-
ite, it is still high enough for operation of plastic solar cell, because only 7% of
photogenerated charge carriers recombine radiatively and thus can not contribute

to the photocurrent produced by plastic solar cell.

7.1.2 PCBM phase

Figures 7.3a.b display representative tapping mode AFM results obtained on the
untreated and the annealed P3HT/PCBM films. A moderate surface roughness
(2.5 nm peak-to-peak value) is observed already for the not annealed sample.
This is caused by fullerene clusters [3, 10]. In the case of the annealed sample
(Fig. 7.3b), the surface is getting somewhat rougher (3.6 nm). This can be
understood in terms of an ongoing phase separation inside the composite. The
diffusion of the fullerene leads to growth of fullerene clusters.

It should be pointed out, that in our measurements diffraction peaks caused
by PCBM crystallites were not detected. This is in contradiction to [8] who
observed the formation of PCBM single crystals in MDMO-PPV/PCBM films
by transmission electron microscopy (TEM). The size of the PCBM crystals is
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Figure 7.3: Tapping mode AFM topography images of the not an-
nealed (a) and the annealed at 150°C (b) P3HT/PCBM films. The
annealing causes some roughening of the film due to stronger phase
separation inside the mixture. The z-scales are 2.5 nm in (a) and 3.6
nm in (b). (From H. Hoppe (LIOS Linz)).

increased upon annealing. The same group has found single PCBM crystals in
thin pure PCBM films with TEM measurements [83].

To investigate this difference, we studied pure PCBM powder by XRD first.
A distinct diffraction pattern with characteristic narrow peaks was measured
(Fig. 7.4). These peaks, however, are absent in the diffractogram of both not
annealed and annealed P3HT/PCBM thin films. Consequently, the PCBM is
not crystalline in our P3HT /PCBM films within the limit of our sensitivity.

We suppose that the reason lies in the special molecular structure of the
P3HT molecule in combination with the aggregation of P3HT in crystalline na-
nodomains. One possible explanation is that the side chains of P3HT and the na-
nodomains disturb the formation of PCBM crystallites in our thin PSHT/PCBM

films.
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Figure 7.4: Diffractogram of PCBM powder.

Thus, the annealing of PSHT/PCBM composite films leads to better phase
separation in conjugated polymer/fullerene blend, resulting in the formation of

the polymer crystallites and in the growth of the fullerene clusters, as it is shown
in Fig. 7.5a,b.

7.2 Effect of annealing on optical properties

The growth of the polymer crystallites leads also to drastic changes of optical
properties of the composite P3BHT/PCBM films. In the case of P3HT/PCBM
composites, the changes in DF upon annealing are much stronger and more
complicated compared to pristine P3HT films (Fig. 7.6).

In the UV spectral region hw > 3.2 €V, the absorption coefficents are mainly
determined by the optical transition of the PCBM at 3.67 eV. There are only
minor changes in the magnitude of this PCBM peak between the untreated and
the annealed samples.

There are three important differences between the DF of the annealed and

the untreated film in energy region hw < 3.2 eV:

e The local maximum of the imaginary part of the DF ey around 2.5 eV is
shifted to the lower photon energies. This is true for both parallel and

perpendicular components of &5.

e The optical anisotropy is increased upon annealing.
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Figure 7.5: Model for structural changes of the composite
P3HT /PCBM-film upon annealing.

e Both parallel and perpendicular components of €5 are increased upon an-

nealing.

It has been shown [84, 85], that both absorption and emission maxima of con-
jugated polymers are shifted towards lower photon energies with increasing conju-
gation length. Therefore, the first phenomenon is obviously caused by increasing
of the mean conjugation length upon annealing. The increase of the mean conju-
gation length is in a good agreement with XRD-measurements performed on the
same films (see Fig. 7.1). From XRD-measurements, the formation of polymer
crystallites was concluded. The conjugation length in crystallites is larger, be-
cause the polymer molecules within such crystallites are perfectly oriented and
there are no defects like chain kinks, which limit the conjugation length. Thus,
the mean conjugation length for annealed samples should be larger, resulting in
the observed shift of the absorption maxima to the lower photon energies.

The increase of the optical anisotropy could be also explained by formation of
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Figure 7.6: Imaginary part of the anisotropic DF of untreated and
annealed at 150° PSHT:PCBM films.

the polymer crystallites. Such crystallites have a pronounced a-axis orientation
(polymer backbone parallel to the substrate, Fig. 7.5). This results in higher
optical anisotropy.

The third phenomenon, increase of both parallel and perpendicular compo-
nents of €, upon annealing, does not correlate with our measurements on pristine
P30T- (section 6.2.3) and P3HT-films (Fig. 6.17). In case of pristine polythio-
phene films, the increase of for example parallel component of €5 is followed by
decrease of the perpendicular component and vice versa. The physical origin of
these is the reorientation of the polymer molecules. If the polymer molecules be-

comes for example more aligned parallel to the substrate, the parallel component
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should increase and the perpendicular component should decrease. The simul-
taneous increase of both parallel and perpendicular components of €5 can not
be explained by reorientation of the polymer molecules only. We attribute the
increase of the optical absorption to the change of the state of the aggregation of
the P3HT from amorphous (in the case of the untreated film) to nanocrystalline
(in the annealed film). Due to crystallisation of P3HT, the interaction between
the P3HT molecules becomes stronger. We suppose that this is the origin of
increased optical absorption in low photon energy region.

A question arises, whether the crystallisation of P3HT begins in the bulk or
at the substrate. Before the annealing the P3HT /PCBM film is nearly isotropic,
i. e. there is no preferable orientation of P3HT chains. If the crystallisation be-
gins in the bulk, there is no reason why the P3HT molecules should change their
orientation. Therefore, after annealing the P3HT crystallites should be randomly
oriented, too. Such arrangement will lead to isotropic optical properties, which
is in contradiction to observed strong optical anisotropy of the PSHT /PCBM
films after annealing. We conclude, that the P3HT crystallisation begins at the
substrate and propagates subsequently into the bulk. The first P3HT crystal-
lites are a-axis oriented due to interaction with the substrate. This first layer
determines the orientation of the P3HT crystallites in the bulk in an analogous
manner as for pristine polythiophene films (section 6.2.3).

To obtain the maximum tilt angle of the polythiophene crystallites in the
composite films 0,4y as described in section 6.2.2, absorption of P3HT must
be extracted from the anisotropic DF of the P3HT/PCBM composite. In the
first approximation the imaginary part of the DF of the P3HT /PCBM composite
eﬁffND(hw) can be written as a superposition of the imaginary parts of the DF’s

of the constituents:
ef‘ffND(hw) = frelPM(hw) + (1 — f) * 553?(%}), (7.1)

where el“BM (hw) and 5§ifT(hw) are the DF’s of PCBM and P3HT, respectively,
and f=0.594 is the volume fraction of fullerene (P3HT and PCBM densities of
1.1 g/em? and 1.5 g/cm?, respectively, were taken). From (7.1), one obtains for
the P3HT absorption:

(1—f)=x ggﬁle(hw) = gﬁffND(hw) — [ xelOPM (pw). (7.2)

The calculated from (7.2) P3HT absorption for the annealed film is shown

in Fig. 7.7. From this, the anisotropy parameter A and the maximum tilt angle
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of the polythiophene crystallites 05,4x can be calculated. We obtain from (6.1)
A=1.34/0.514=2.6 and from Fig. 6.11 0y, 4x=44°. Thus, the P3HT crystallites

are strongly oriented even in composites with PCBM.

16— 17—
[ —— parallel _
— I ——perpendicular |
% 1.2 F .
<08} -
ho} L
Q) -
© [
3 04Ff -
(-_5 L
O
OO MY A BT ST R S T SR T S T T SR T R S T
15 2.0 2.5 3.0 35 4.0

Photon energy (eV)
Figure 7.7: Calculated P3HT absorption in composite with PCBM.

7.3 Optical absorption as a function of P3HT
crystallinity

It was shown in the last section, that the absorption of annealed PSHT/PCBM
composite films is drastically increased due to crystallisation of P3HT. To study
this phenomenon in detail, we investigated the crystallinity and the optical ab-
sorption of PSHT/PCBM films annealed at different temperatures.

The diffractogramms of not annealed and annealed at 100, 125 und 150°C
P3HT/PCBM films are shown in Fig. 7.8a. The concentration of PCBM was 67
wt.%. The films were prepared by spin coating from chloroform solution. The
films were annealed under nitrogen atmosphere for 5 min. The film thickness
was 5742 nm for all the samples.

The diffraction peak at 20=5.4° corresponding to P3HT crystallites with a-
axis orientation is observed for all annealed samples. A weak diffraction peak at
260=10.8° is the second order of the 5.4° peak. To get structural information about
the samples, the 5.4° peak was fitted with one gaussian. The determined peak
height and peak width for the investigated four samples are shown in Table 7.1.
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Figure 7.8: Diffractogramms (a) and absorption coefficients (b) of
P3HT/PCBM 1/2 films in dependence on annealing temperature.

The peak position remains constant at 26 = (5.39£0.01)° . The mean crystallite
size was calculated from Scherrer’s relation (5.33). The P3HT crystallinity is
defined as a product of the peak height and the peak width.

The lowest crystallinity was observed for the not annealed film. Upon anneal-
ing, the P3HT crystallinity is drastically increased. This is due to the increased
thermal diffusion of PCBM molecules at elevated temperatures into larger PCBM
aggregates and P3HT crystallisation in PCBM free regions (see the discussion in
section 7.1). It is remarkable, that both the P3HT crystallinity and the P3HT

crystallite size have a maximum for the annealing temperature of 125°C. Further
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Table 7.1: Crystallinity of PSHT /PCBM films in dependence on annealing tem-
perature.
Annealing Peak height Peak width P3HT crystallite P3HT crystallinity

temperature (°C) (a. u.) ) size (nm) (a. u.)
not annealed ~0.7 ~1.5 ~5.3 ~1.1
100 11.3 0.91 8.8 10.3
125 33.5 0.65 12.2 21.7
150 25.2 0.71 11.2 17.9

increase of the annealing temperature leads to decrease of the PSHT crystallinity.
We presume that the P3HT crystallites become unstable due to enhanced thermal
motion of the P3HT molecules at high temperatures, which results in reduced
P3HT crystallinity.

The absorption coefficients of the samples are shown in Fig. 7.8b. The mag-
nitude of the absorption coefficient in the low photon energy region changes
strongly. The lowest absorption coefficient is observed for the not annealed sam-
ple. In the case of the annealed samples, the magnitude of the absorption coeffi-
cient increases and the absorption maximum shifts to the lower photon energies
in comparison to the not annealed sample. The origin of these effects was already
discussed in section 7.2. The annealed at 125°C film have the highest absorption
coefficient. Thus, there is a direct correlation between the crystallinity of the
films and their optical absorption in the visible region of the spectrum.

To demonstrate the relation between the optical absorption and the film crys-
tallinity more clearly, the absorption coefficients of the films at photon energies
of 2.06 and 2.26 eV were plotted as a function of the P3HT crystallinity (Fig.
7.9). The absorption increases linearly (at 2.06 eV) or even superlinearly (at 2.26
eV) with increasing crystallinity. The intersection of the curves with ordinate
gives the absorption of P3HT in amorphous state (crystallinity=0). From Fig.
7.9 it follows, that the contribution of amorphous P3HT to the absorption in
low photon energy region can be neglected. Thus, the optical absorption in low

photon energy region is determined by P3HT crystallinity.
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Figure 7.9: Absorption coefficient of P3BHT/PCBM 1/2 films at 2.06
eV and 2.26 eV as a function of film crystallinity.

7.4 Effect of annealing on transport properties

Fig. 7.10 shows the current-voltage characteristic of solar cells made of the not
annealed and annealed sample under 50 mW /cm? AM1.5 simulated illumination
[65]. The open circuit voltage Voo remains nearly unchanged for both cells.
In terms of relative efficiency enhancement, an increase from 1.0% for the not
annealed sample to 3.6% for the annealed sample is observed. The increase in
the short circuit current density (Js¢) is more than a factor 2. The enhanced
near IR absorption certainly contributes to the higher Jgo current densities, but
the observed improvement can not be explained solely by the enhanced spectral
contributions. Other mechanisms must be considered. Investigations of the light
intensity dependence I;; of Jso showed that recombination is more relevant in
the not annealed films. The scaling factor a (Jgo ~ I§;) is reduced to less than
0.9 for not annealed devices compared to 1.0 for annealed films, corresponding
to a reduction of Jgo by at least 30-40% at 50 mW /cm? [65]. The reduction of
recombination losses together with an enhanced spectral sensitivity can explain
the increase in Jgc.

The reduction of recombination losses could in principle occur due to im-
provement of charge carrier mobilities and/or lifetimes. Since the polythiophene
molecules are better ordered in the case of annealed polythiophene/fullerene
films, it is reasonable to assume, that the hole mobility is higher for the annealed

sample. This assumption is strongly supported by the measurements on pris-



76 CHAPTER 7. POLYTHIOPHENE/FULLERENE FILMS

4_...!...,...,...,.
[ i—— not annealed
2 | ;—annealed

Current density (mA/cm?)

-0.2 0 0.2 0.4 0.6 0.8
Voltage (V)

N s N

Figure 7.10: Current-voltage characteristics of the not annealed and
the annealed P3HT /PCBM solar cells [65].

tine polythiophene films, where the significant increase of the out-of-plain hole
mobility after annealing was observed (see section 6.3).

On the other hand, the density of the recombination centers is obviously
lower for annealed film due to reduced interface area between polythiophene and
fullerene (see Fig. 7.5). Most likely, this results in higher charge carrier lifetimes
for annealed sample.

We conclude that morphology modifications upon annealing lead to improved

transport properties and therefore to reduction of recombination losses.



Chapter 8
Conclusions and outlook

In this work, correlation between structural, optical and transport properties of
polythiophene and polythiophene/fullerene films was studied. Thin pristine poly-
thiophene films were found to be partially crystalline. Only the a-axis orientation
of polythiophene crystallites (polymer main chain parallel and side chain perpen-
dicular to the substrate) was observed. Our study shows, that the polythiophene
films consist of a highly ordered interface layer on the polythiophene-substrate
interface. The degree of the orientation of the polythiophene molecules within
this interface layer depends on the strength of the short-range interaction be-
tween the polythiophene molecules and the substrate. After this well ordered
layer, the order drops-off with a characteristic length of several tens of nanome-
ters. The characteristic length (and therefore the degree of orientation of the
polythiophene molecules in the bulk) depends on the time of the evaporation of
the solvent (longer evaporation time results in improved order and vice versa).
Annealing improves the overall crystallinity and anisotropy of the polythiophene
films. From comparison with mobility data it was concluded, that the annealing
support the formation of the polythiophene crystallites in the bulk and do not
significantly change the ordering of the interface layer.

In the case of composite polythiophene/fullerene films, the polythiophene
crystallites are a-axis oriented, too. On the contrary to the pristine polythiophene
films, the crystallinity of not annealed polythiophene/fullerene samples is very
low. The reason for this is that the fullerene molecules disturb the formation of
the polythiophene crystallites. At elevated temperatures, the fullerene molecules
become mobile and diffuse to the fullerene clusters. Due to the thermal diffusion
of fullerene, regions with low fullerene concentration occurs. In this fullerene-free

regions, the polythiophene can crystallise. As a result, polythiophene crystallites

7
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and fullerene clusters are formed upon annealing of the films (see Fig. 8.1).
Due to the crystallisation of polythiophene, the optical absorption and the hole
mobility perpendicular to the film plane increases. The improved absorption
of the annealed films together with improved transport properties result in an

increase of the polythiophene/fullerene solar cell efficiency from 1.0% to 3.6%.

P3HT-crystallite
with a-axis orientation

amorphous

1 P3HT/PCBM
— matrix

PCBM cluster

Substrate

Figure 8.1: Structure of annealed P3HT/PCBM film.

This work contributes to better understanding of the correlation between the
structure, the optical and the transport properties of the pristine polythiophene
and composite polythiophene/fullerene films. In particular, a direct correlation
between the optical absorption and the crystallinity of the films was demon-
strated, which is useful for further optimisation of the polythiophene/fullerene
solar cells. In the case of pristine polythiophene films, the correlation between
the in-plane mobility and the optical anisotropy provides the possibility to study
the ordering of the interface layer and to increase the performance of FET de-
vices. Thus, the gained knowledge about film structure is of great importance
from both fundamental and engineering points of view.

The most important results of this work are:

e first systematic study of the optical anisotropy of thin polythiophene films

and

e first study of the correlation between crystallinity and optical properties of
P3HT/PCBM thin films.

There are still some remaining questions which should be clarified in the fu-
ture. One of the most important problems to our opinion is the determination of
absolute fraction of the polythiophene crystallites in the polythiophene/fullerene
blend. In this work, only relative polythiophene crystallinity could be estimated.
The knowledge about the absolute volume fractions of crystalline and amorphous
regions within the blend could help to understand much more better the physical

processes in plastic solar cells.
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Another challenge is to find out the parameters which affect the polythiophene
crystallinity and the crystallite size. This study is already under work [86]. Some
preliminary results were presented in [87].

On the basis of increased polythiophene/fullerene solar cell performance af-
ter annealing we concluded (section 7.4), that annealing leads to improvement
of charge transport properties of polythiophene/fullerene blends. However, this
conclusion should be supported by direct measurements of charge carrier mo-
bilities (for example by time-of-flight technique) and lifetimes for untreated and
annealed samples. Currently there is an effort to measure the charge carrier
lifetimes in polythiophene/fullerene blends by photoinduced absorption spec-
troscopy [88, 89.



Abbreviations

AFM
AML1.5
CB

DF

EMA

FF

GID
HOMO
ITO
LUMO
MDMO-PPV
MEH-PPV
MIS

MSA
MSE
OFET
OLED
P3DDT, P3HT,
P30T
PCBM
PET
PEDOT
PIA

PL

PSS

RAE
SCLC

SE

atomic force microscopy

air mass 1.5 spectrum (see appendix C)
conduction band

dielectric function

effective medium approximation

fill factor (see appendix C)
grazing-incidence diffraction

highest occupied molecular orbital
indium tin oxide

lowest unoccupied molecular orbital

poly[2-methoxy-5-(3,7-dimethyloctyloxy)-1,4-phenylenevinylene]
poly[2-methoxy-5-(2-ethyl-hexoxy)-1,4-phenylenevinylene]

metal-isolator-semiconductor

multiple sample analysis

mean square error

organic field effect transistor

organic light emitting diode
poly(3-dodecylthiophene), poly(3-hexylthiophene),
poly(3-octylthiophene) (Fig. 4.1)
[6,6]-phenyl-C61-butyric acid methyl ester (Fig. 4.2)
polyethylenetherephtalate
poly(ethylene-dioxythiophene)

photoinduced absorption

photoluminescence

poly-(styrene-sulphonic acid)

rotating analyser ellipsometer

space charge limited current

spectroscopic ellipsometry
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SEM
TEM
ToF
VASE
VB
XRD

scanning electron microscopy
transmission electron microscopy
time-of-flight

variable angle spectroscopic ellipsometer
valence band

X-ray diffraction
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Appendix A
3-phase model

In 3-phase model, the sample which consists of a thin isotropic film with film
thickness D on a substrate placed in ambient with dielectric function &; is con-
sidered (Fig. A.1).  The dielectric functions of the film and the substrate are &
and £g, respectively. The part of p— or s— polarized light absorbed by polymer

(or by polymer /fullerene) film A can be expressed as:
AP,S =1- RP,S — prs, (Al)

where R and T are the reflected and transmitted parts of light, respectively.

They can be calculated as:

. . 2
RY + RE g exp(i2
Rps = PSS - ~sz p( ' B) ’ (A.2)
1+ Rp s Rp's exp(i23)
Tps = Re Vo cos G TIQ’IST]%’QS xplif) (A.3)
’ VEscosdy | |1+ RUGRE exp(i26) | '

Ambient R

Figure A.1: 3-phase model.
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where the RYs, TH and R}, T2% are the Fresnel reflection and transmission
coefficients for ambient-film and film-substrate interfaces and [ is a phase shift
[58]. The phase shift 5 depend on the film thickness D, the dielectric function
of the film € and on the angle of incidence.

In order to calculate the correction factor for photoluminescence quenching
(see section 2.2, Eq. 2.8), the samples were measured with spectroscopic ellip-
sometry. From spectroscopic ellipsometry, the film thicknesses and the dielectric
functions of polymer and polymer/fullerene films were determined. Applying
these quantities to Eq. A.1, the absorption of the polymer and polymer/fullerene

films for p— and s— polarization was calculated. Then, the average values were

taken:
A oLYymernr A oLYymer
Apalymer = poly L _2|— Loty 737 (A4)
A en. + A en
Ablend o blend,P 5 blend,S ' (A5)

After this, the correction factor K was calculated by eqn. 2.8:

A en A EeNn
K- blend,P + Ablend,s (A.6)

Apolymer,P + Apolymer,S



Appendix B

Conditions for efficient charge

transport in plastic solar cell

Highly efficient charge transport of the separated charges is achieved if the
extraction times for electrons and holes 75" and 77" are smaller than their

recombination lifetimes 7, and 7:
TN L 10 T L . (B.1)
The extraction time for electrons can be estimated by:

T = D /v, (B.2)

e

where D is the thickness of active layer and v, is a velocity of the electron in
applied electric field F, which is proportional to the electron mobility ., i. e.
Ve = fe . The maximum value for electric field E is E = Vpe/D. One obtains
for Eq. (B.3):

peTe > D* Vo, pnth > D* [ Voc. (B.3)

This is a condition of efficient charge carrier transport in solar cell. For

example, assuming D = 100nm and Vo = 0.5V, one obtains for ur product:

feTe > 2% 107%m?/V, Ty > 2% 107 0em? V. (B.4)
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Appendix C

Efficiency of an ideal plastic solar

cell

C.1 Power conversion efficiency of solar cells:

definition

The efficiency of a solar cell depends strongly on ambient conditions such as cell
temperature, incident light intensity and incident light spectral content. The
standard conditions are specified as [11]:

light intensity 1000 W /m?,

light spectrum AM 1.5,

sample temperature 25°.

The AML1.5 spectrum 455 5(hw) (Fig. C.1) is the sun spectrum, modified by
scattering and absorption in the atmosphere. This is a standard spectrum for
which solar cell efficiencies are rated. The total energy current density obtained
by integrating of the AM1.5 spectrum over the photon energy is 1000 W/m?. For
calculation of the solar cell efficiency, the number of incident photons per unit
square per time Japn 5(hw) called the photon current density is more relevant.

Jans(hw) is derived from 14y 5(hw) by dividing by the photon energy hw:

Jan1s(hw) = Ly 5(hw) /hw. (C.1)

The resulting spectrum is shown in Fig. C.2.

The power conversion efficiency of a solar cell is defined as:

 VoclsoFF

]LIGHT

(C.2)
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Figure C.2: Photon current density per photon energy of AM1.5 radiation.

where Voo is the open circuit voltage in V, Igc is the short circuit current
density in A/m?, FF is the fill factor, and I ;ggr is the intensity of incident
light in W/m?, which equals 1000 W/m? in case of AM1.5 radiation. Thus, the
efficiency of s solar cell is determined by three quantities: Voo, Isc and F'F. In

next sections, these quantities are considered separately.
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C.2 Open circuit voltage

From the simple band diagram shown in Fig. 2.9, the open circuit voltage is

equal to the difference between work functions of ITO and Aluminium, i. e.

1
Voc = -
e

(Wiro — W) (C.3)

However, this simple model can not explain open circuit voltages observed in ex-

periment. For ITO/(conjugated polymer /fullerene)/Aluminium devices the open

circuit voltages of 800 mV [3, 90, 35] and higher were observed, in comparison to

the 400 mV expected from the Eq. (C.3). In references [90] and [35], the influ-

ence of the work function Wy,g of Me-electrode and the LUMO-level of the used
ppullerenc

fullerene derivatives £y, on the open circuit voltage Voo was systematically

investigated. It was found out that the open circuit voltage Voe:
e depends only slightly on the work function of Me electrode Wy, g;
e correlates with the LUMO-level of the used fullerene derivative.

Both findings are not consistent with MIM model, and could be explained by
mechanism of Fermi-level pinning. The Fermi-level pinning means that the work
function of Me electrode is pinned to the work function of the semiconductor. In
our case, the work function of the metal is related to the LUMO of the fullerene.
As an origin of this phenomenon, the strong charge transfer on the Me/fullerene
interface is assumed [90, 35].

The open circuit voltage is determined by the difference between quasi Fermi
levels for electron Ep ¢ and holes Ery, i. e.

1

Voc = - (Erc — Ery). (C.4)

For a conventional p —n junction solar cell with gap energy Eg, the Voo can
be written as [75, 11]

Eq kT 1 L, L
Voo = —2 -2 {—eNVNC <— + —”)} , (C.5)
e e Ise nT, DTy

where Ny and Ng are the effective densities of states in the valence and con-
duction band, L,, L,, n, p, 7, and 7, are the diffusion lengths, densities and
lifetimes of electrons and holes, respectively. Thus, the open circuit voltage
increases linearly with decreasing temperature and increases logarithmic with

increasing short circuit current in an ideal p — n junction solar cell.
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Figure C.3: Quasi-fermi levels in bulk heterojunction solar cell under
illumination.

In case of a plastic bulk heterojunction solar cell, the energy loss A Ergr occurs
due to ultra-fast electron transfer from polymer to fullerene (see Fig. C.3).  For
this reason, the “effective” band gap, which is the difference between the LUMO

of fullerene and the valence band edge of the polymer Efwirene _ gpolvmer should
be used instead of EQPT. The Eq. (C.5) can be then written as:
1 utterene olymer kT C
o= (st - (), o
(& (& ]SC
where I .
C =eNyNg <—n + _p> . (C?)
N DTy

In fact, similar behavior (i. e. decrease of the open circuit voltage
with increasing temperature) was observed for P3HT /PCBM [75] and MDMO-
PPV /PCBM [11] solar cells. For MDMO-PPV /PCBM solar cell, the open circuit
voltage of nearly 1.33-1.40 V by T=0K was obtained by extrapolating the mea-
sured Voo (T') dependence to the T=0K. This value is in a good agreement with
the theoretical value of (ELGEM — pYPMO=PPVY — 1 45 eV.

In further consideration, the energy loss due to the quasi-fermi level splitting

C

Isc

is used. Taking into account that EJ¢rore — ppolymer — pOPT _ AEyp the open
circuit voltage of conjugated polymer /fullerene solar cell can be written as:

1
Voo = - (EG"" — AErgr — AEqy) . (C.9)
Thus, the open circuit voltage of bulk heterojunction solar cell is determined
by optical gap of the used conjugated polymer ESFT. energy loss due to pho-
toinduced electron transfer AFErr and energy loss due to the quasi-fermi levels

splitting AEgp.
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Since both the conjugated polymer and the fullerene in bulk heterojunction
are undoped in the dark, the constant C' and the energy loss due to the quasi-
fermi levels splitting AEgp can not be directly calculated from the Egs. (C.7)
and (C.8), respectively. The AEgr equals 0.55 eV for MDMO-PPV/PCBM and
nearly 0.85 eV for PSHT /PCBM solar cells at room temperature and high light
intensities. The origin of these values is still not well understood.

For further consideration we introduce the total energy loss AF in plastic
solar cell, which is the sum of the energy losses due to the photoinduced electron

transfer AEpp and the energy loss due to quasi-fermi level splitting AEqgp:
AE = AErgp + AEgp. (C.10)
Using (C.10), (C.11) can be written as
Voo = é (EG"" — AE). (C.11)

Thus, the total energy loss describes the difference between the optical gap and
the open circuit voltage.

AFE is nearly 0.4 eV in Si (EQPT = 1.12 eV, Voo = 0.71 V) and GaAs
(ESPT =1.42 eV, Voo = 1.02 V) solar cells. In plastic solar cells the AE with
nearly 1.35 eV (P3HT/PCBM cells: ESFT = 1.95 eV, Voo = 0.6 V; MDMO-
PPV/PCBM cells: ESTT = 2.15 eV, Voo = 0.85 V) is much higher. As it will
be shown below, the very high value of AF is the main reason for low efficiencies

of the plastic solar cells.

C.3 Fill factor

The fill factor is defined as:
VurInvp
FF=———7—, C.12
Voclsc (612)
where Vy,p and Iy p are the voltage and the current at the maximum power
point of the I/V characteristic. The fill factor for an ideal solar cell can be easily

calculated from ideal current/voltage diode characteristic:

eV

1)1 o (25) 1] - 1 e

where V' is applied voltage, Ig¢ is a short circuit current and [ is the reverse

saturation current. Open circuit voltage Voo is determined by [;. The ideal
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Figure C.5: Fill factor F'F of ideal solar cell in dependence on the
open circuit voltage Vpe.

solar cell I/V characteristics for Voo = 0.4 V and Voo = 0.6 V are shown in Fig.
C.4. From the ideal I/V characteristics, the fill factor F'F' in dependence on
the open circuit voltage could be easily calculated numerically from (C.12). The
result is shown in Fig. C.5.

In order to describe the I/V characteristics of the practical solar cell, a series
and a parallel resistance ([11], p. 214) are introduced. The series resistance
originates from the finite conductivity of ITO layer, and from limited conductivity

of the polymer (or fullerene) of the active layer. The parallel resistance occurs
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due to impurities of the active layer and due to local short circuits between I'TO
and Me electrodes (“pin defects”). Both series and parallel resistances shift the
maximum power point towards the lower output power and reduce therefore the
fill factor. Thus, the fill factor obtained from ideal I/V characteristic is the
highest possible value for the practical solar cell.

The fill factors of the best anorganic solar cells are very close to their the-
oretical limits. For example, the fill factor for Si (Voo = 0.706 V) and GaAs
(Voc = 1.02 V) solar cells reach the values of 82.8% and 87.1%, respectively.
The theoretical limits for these cells obtained from Fig. C.5 are 84.2% and
88.3%, respectively. The obtained fill factors of plastic solar cells (typical open
circuit voltages of 0.5-0.9 V) with 50-60% are very low in comparison to the
highest possible values of 80-87%. This is because of high contact resistance and
low charge carrier mobilities. Thus, using better contacts and organic materials
with higher charge carrier mobilities, the fill factor can be in principle increased
by up to 50%.

C.4 Short circuit current

The short circuit current of a plastic solar cell is limited by following four pro-

cesses:
e absorption of light and generation of excitons;
e exciton dissociation due to ultrafast electron transfer;
e transport of the separated charge carriers to the electrodes;
e optical losses within the device.

The absorption of light, i. e. the number of absorbed photons per square
per time N, can be calculated for the case of relatively thick (D > 1/ajj%%, see
Eq. (D.2)) active layer, consisting of the conjugated polymer with optical band
gap EQFT and the fullerene. In this case, each photon with energy hw > ESFT
is absorbed by polymer, whereas the photons with energy hw < ESFT are not
absorbed. The absorption of the fullerene can be neglected in this consideration,
because 1) the absorption of the fullerene is very weak in the spectral region up
to 3 eV, and 2) the photons absorbed by fullerene do not significantly contribute

to the photocurrent [91]. The number of the absorbed photons N can be found
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Figure C.6: Number of absorbed photons and absorption limited

short circuit current in dependence on the optical gap EQFT for

AM1.5 radiation.

by integrating of photon current density Jaa1.5(hw) over the spectral range from

EZFT to oo:

N = / Janrss(hw)d(hw). (C.14)

OPT
EG

The result of numerical integration in dependence on the optical gap E9F7 is

presented in Fig. C.6.

As it was already mentioned in section 2.2, the efficiency of exciton dissoci-
ation npgr is rather high (nppr > 95%) for all of the investigated conjugated
polymer /fullerene composites. Therefore, the losses by exciton dissociation are
neglected in further consideration.

Optical losses in plastic solar cells occur due to reflection of light from the
substrate and due to undesired absorption of light within the substrate (in UV
region), the ITO- and the PEDOT-layers [92, 93].

Highly efficient charge transport of the separated charges is achieved if the
extraction times for electrons and holes are smaller than their recombination
lifetimes 7. and 7, (B.3).

Assuming, that the optical losses are negligible and that all absorbed photons
are converted to free charge carriers and are transported to the corresponding
electrodes without recombination, i. e. mno losses occurs during the exciton

dissociation and during the transport of the charge carriers to the electrodes, the
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absorption limited short circuit current I42%%™ can be obtained by multiplying

(C.14) with elemental charge e:

nggsumze / Jar 5 (hw)d(hw). (C.15)
E8PT

I5555m s also shown in Fig. C.6. The absorption limited short circuit current
Ig5sLim determines thus the highest possible short circuit current.

Again, the short circuit current of real Si and GaAs solar cells with Igc = 422
A/m? and Isc = 282 A/m?, respectively, are very close to the values calculated
from (C.15). For the optical gaps of 1.12 eV (Si) and 1.42 eV (GaAs) one ob-
tains Igc = 434 A/m? and Isc = 317 A/m?, respectively. In P3HT/PCBM
and in MDMO-PPV /PCBM plastic solar cells (optical gaps of 1.95 eV and 2.15
eV, respectively) these values are Isc = 157 A/m? and Isc = 116 A/m?, re-
spectively. In praxis, however, much lower short circuit currents of 85 A/m? for
P3HT/PCBM [4] and 53 A/m? for MDMO-PPV/PCBM [3] solar cells at light
intensity of 800 W/m? were obtained. Assuming for simplicity that the external
quantum efficiency of these cells does not decrease by increasing the intensity of
incident light, one obtains the short circuit currents of 106 A/m? and 66 A/m?
for PSHT /PCBM and MDMO-PPV /PCBM solar cells by illumination with 1000
W /m? light, respectively. These values are still too low in comparison to the cal-
culated ones (Isc = 157 A/m? and Isc = 116 A/m?) and therefore should be
further improved by using higher film thickness according to Eq. D.2 and materi-
als with improved charge carrier mobilities and lifetimes according to Eq. (B.3).

In ideal case the short circuit current could be increased by 50-75%.

C.5 Power conversion efficiency of an ideal plas-

tic solar cell

From the calculated open circuit voltage Voo (Eq. (C.11)), fill factor F'/F' (Fig.
C.5) and short circuit current Ig¢ (Fig. C.15), the power conversion efficiency of
an ideal plastic solar cell 7,4, can be calculated from Eq. (C.2). The calculated
efficiency 7mqe. is shown on Fig. C.7 as a function of the optical gap ESFT
and total energy loss AFE, which is the sum of the energy losses due to the
photoinduced electron transfer AFErg and the quasi-fermi level splitting AFEpg:

AFE = AErp + AFEpg.
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Figure C.7: Maximum efficiency of ideal plastic solar cell in depen-
dence on the optical gap ESTT and on total energy loss AE, calcu-
lated for AM1.5 radiation.

From Fig. C.7, the optical band gap ESFT

is a decisive parameter for theo-
retically achievable solar cell efficiency 7,4, In particular, the optical band gap
between 1.0 and 2.0 eV is necessary to achieve high solar cell efficiencies. The
optimal value for optical gap, dependent on the total energy loss AFE, lies at
nearly 1.5eV.

The efficiency depends strongly not only on the optical band gap ESFT,
but also on the total energy loss AE. For instance, assuming the total en-
ergy loss AE = 1.4 eV, what is state of the art for MDMO-PPV/PCBM and
P3HT /PCBM solar cells, the maximum solar cell efficiency of only 9,4, = 7.5%
can be achieved in principle (see the curve corresponding to AE = 1.4 eV in Fig.
C.7) using material with optical gap of ESFT ~ 2.1 eV. It is remarkable, that the
band gaps of both P3HT with ESPT(P3HT) = 1.95 eV and MDMO-PPV with
ESFT(MDMO — PPV) = 2.15 eV are lying very close to the optimal value of
2.1 eV. It is often claimed, that the efficiency of plastic solar cell can be improved
by using the low-band gap (ESFT < 2.0 eV) materials. Our calculations show,
however, that without significant reduce of total energy loss AE opposite effect
(i. e. decrease of the efficiency, see Fig. C.7, AE = 1.4 eV curve) is expected.
On the other hand, the reduction of AE to 1.0 eV allows the efficiencies up to
11-13% even with P3HT or MDMO-PPV.

Thus, the significant increase of the solar cell efficiency can be achieved only
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due to the reduce of total energy loss AE. This can be done by reducing the
AFE7g and/or the AEpg. The AErg can be minimised by adjusting the conduc-
tion band edge of the polymer to the LUMO level of the fullerene or vice versa.
It was shown [37], that the energy difference of only 0.15 eV is already sufficient
for efficient electron transfer.

Currently there is no theory which correctly describes the A Erg observed in
plastic solar cells. The semiconductor theory of p—n junction can not be applied
in this case. In order to reduce the AEfrg, the fundamental knowledge of this

phenomenon is needed.



Appendix D

Required thickness of the active

layer

Generally, a sophisticated optical modelling of organic photovoltaic devices is
required to calculate the energy absorbed in the active layer [93, 92]. Neglect-
ing the reflection of incident light from the substrate, interference effects and
assuming the 100% reflection from the metal electrode, one obtains a very rough
estimation of the part of absorbed light A(Aw):

A(hw) =1- exXp (—2 ablend(hw) l))7 (Dl)

where D is the thickness of the active layer (the factor 2 in the exponent
indicate that light passes the active layer two times). In order to achieve high
conversion efficiency, the part of absorbed light A(hiw) should be as high as
possible. Changing the film thickness D as

D > 1/ag5%, (D.2)

leads to the absorption of more than 86% of incident light (A > 1 —exp (—2) =

0.86) at photon energy corresponding to the maximum of the absorption coeffi-

cient ay9”,. Further increase of the film thickness improves the absorption of light

only slightly. Thus, the condition (D.2) determines the film thickness needed for
effective absorption of the light. For example, for MDMO-PPV /PCBM compos-

1

ite with fullerene fraction of 75% and a}}%*, = 6.0 * 10* cm™! one obtains for the

film thickness D > 166 nm.
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