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Abstract

This work focuses on the enhancement of a-sexithiophene / buckminsterfullerene (6T
/ Cgo) inverted bilayer organic solar cell efficiency by the introduction of crystalline
nanostructures in the electron donor layer. In order to utilize the charge carrier mobility
anisotropy in crystalline a-6T structures in solar cells, the orientation of the individual
molecules should favor charge transport perpendicular to the substrate plane. Such
orientation is realized from a-6T molecules lying on the substrate, which additionally
infers the preferred orientation of the transition dipole for maximal light absorption.

In this work, an organic molecular beam deposition (OMBD) system was used for
studies on growth of a-6T crystalline formations directly on Cgo thin-films. For that,
a dedicated, 3-source (a-6T, Cgy, bathocuproine (BCP)), high vacuum OMBD system
has been designed and assembled. The source temperatures and a shutter were con-
trolled by the supervisory control and data acquisition (SCADA) system, which has
been implemented in LabVIEW environment. The temperatures, process pressure, and
deposition rate were stored for future analysis.

By variation of the substrate temperature during deposition, different structures has
been obtained ranging from a rough film, through individual clusters, a dense mesh
of elongated islands, fiber like- and dendritic structures, polygonial mono-crystallites,
to long curly fibers. The molecular packing in those formations has been investigated
with usage of epifluorescence polarimetry and X-ray diffractometry (XRD).

Layer thicknesses of inverted a-6T / Cgo bilayer organic solar cells fabricated at
room temperature were optimized to obtain the model device for the performance en-
hancement studies. By variation of the substrate temperature during deposition of
a-6T, the structures identified in the preceding study were introduced into solar cell
devices. Using power conversion efficiency as a figure of merit, a 100% performance
enhancement has been reported for devices fabricated within 10°C substrate temper-

ature window. The enhancement was due to peaks in short circuit current density
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and fill factor, which were obtained when fiber-like structures consisting of lying a-
6T molecules were present. Such molecular packing agrees with a favorable molecular
orientation for maximal charge carrier mobility in solar cell applications.

A solar cell characterization station has been designed and build including a solution
for reliable connection of an examined device to the measurement equipment. The
measurement, of the illumination beam profile has revealed a strong nonuniformity
which led to the integration of a translational stage, which assures 1 sun illumination
during device characterization. The characterization process was controlled by SCADA

system implemented in LabVIEW.
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Dansk Resume

I dette arbejde fokuseres der pa at oge effektiviteten af a-6T / Cg (alpha -sexithiophene
/ buckminsterfullerene) inverterede tolags organiske solceller ved at introducere krys-
tallinske nanostrukturer i elektron donorlaget. For at udnytte den anisotropiske ladningsbeaerer-
mobilitet i de krystallinske a-6T strukturer i solcellen skal orienteringen af de individu-
elle molekyler favorisere ladningstransport vinkelret pa substratet. Denne orientering
er realiseret nar a-6T molekylerne ligger fladt pa substratet, hvilket ydermere giver
den foretrukne orientering af overgangs-dipolen for maksimal lysabsorption.

[ dette arbejde bliver et "organisk molekylaer strale deponeringssystem” (OMBD)
brugt til at studere vaeksten af krystallinske a-6T formationer direkte pa Cgo tyndfilm.
For at muliggere dette er et dedikeret 3-kilde (a-6T, Cgg, BCP), hgjvakuums system
blevet designet og bygget. Fordampningstemperatur og mekanisk blaende kontrolleres
af et overvagnings og dataopsamlings system (SCADA), som er blevet implementeret,
i LabVIEW. Temperatur, procestryk og deponeringsrate bliver gemt for yderligere
analyse.

Ved at variere substrattemperaturen under fordampning kan forskellige strukturer
opnas, fra en ru film, individuelle molekylzaere klynger, et teet net af aflange ger, fibre-
og dendritrisk-lignende strukturer, mangekantede mono-krystalitter, til lange bgjede
fibre. Den molekyleere pakning i disse formationer er blevet undersggt ved brug af
epifluorescens polarimetri og rgntgen diffraktometri (XRD).

Lagtykkelsen af inverteredea-6T /Cgq tolags solceller fabrikeret ved stuetemperatur er
blevet optimeret for at fremstille en model-celle som kan bruges til effektivitetsstudier.
Ved at variere substrattemperaturen under deponering af a-6T, er de tidligere identifi-
cerede strukturer blevet introduceret i solceller. Ved at benytte nyttevirkningen som en
malestandard er en 100% forggelse blevet rapporteret for celler fremstillet indenfor et
10°C substrattemperatur-vindue. Forggelsen skyldes toppunkter i kortslutningsstrgm-

teetheden og fill-faktoren, som blev opnaet nar fiber-lignende strukturer bestaende



af liggende a-6T molekyler var til stede. Pakningen af disse molekyler favoriserer en
molekylaer orientering som giver maksimal ladningsbaerer-mobilitet i solcelle-applikationer.

En malestation til karakterisering af solceller er blevet designet og fremstillet og
inkluderer en lgsning til palideligt at forbinde de undersggte celler til maleudstyret.
Undersggelse af belysningsprofilen har afslgret betragtelige variationer, hvilket har re-
sulteret i integration af en translationel platform, som sikrer ensformig solbelysning
under karakteriseringen. Karakteriseringens-processen bliver ogsa kontrolleret af et
SCADA system implementeret i LabVIEW.

VI



Contents

(1.2 Organic Solar Cells| . . . . . .. ... ..

M21

Organic vs. Inorganic Solar Cell| .

122

Organic materials| . . . . . . . ..

[1.2.3  Basic processes in organic solar celll . . . . . ... ... ... ..

[Charge separation|. . . . . . . ..

[Charge transport| . . . . . . . ..

[Charge collection| . . . . . . . ..

.24

Types of Organic Solar Cells| . . .

[Single layer solar cells| . . . . ..

[Dye-sensitized solar cells| . . . . .

[Planar heterojunction organic solar cells| . . . . . .. ... ...

[Bulk heterojunction solar cells| . .

125

Configurations of solar cells| . . .

3

Crystallinity influence on solar cell performancel . . . . . . . . . .. ..

M3.1

Growth of organic nanostructures|

O Ot W W =

10
12
13
15
16
16
18
18
19
20
21
22
23
23

VII



Contents

Contents

(1.4 Implementation of a-sexithiophene nanostructures in solar cells|

(2 Experimental

[2.1 Device layout design| . . . . . . .. .. ... o000

2.1.2 Active layers|. . . . . . . ... oL
2.1.3 Top electrodel . . . . . . . . .. ... ...
2.1.4 Encapsulation| . . . . ... ... .. ...

2.2  Fabrication process| . . . . . . . . ...

[2.2.1 Substrate preparation] . . ... .. ... ... ... ...
[Photolithography| . . . . . . .. .. .. ... ... ..
[Metal layers deposition| . . . . . .. ... ... ... ...

) Ol . e e e e
[Oxidation of titanium layer| . . . . . . ... .. ... ..

[2.2.2  Organic molecular beam deposition| . . . . . . . .. ...

[Vacuum system| . . . . . . . . . .. ... ... ... ..

[Deposition process| . . . . . . . . . ... ...
[2.2.3  Spin-coating| . . . . . . . .. .. ...
[Defining device area] . . . . . . .. .. ... ... ...,

[Spin-coating of PEDOT:PSS blend| . . . . . . . . . ...

[Encapsulation| . . . . . ..o

[2.3.1 Photovoltaic measurement setup|. . . . . . . .. ... ..

VIII



Contents Contents

Measurement| . . . . ... ... 52

[Data processing| . . . . . . . .. ... .o 53

[2.3.2  Epifluorescence imagingl . . . . . .. .. ... ... 53
[2.3.3  Epifluorescence polarimetry| . . . . . .. .. ..o 54
[2.3.4  X-ray diffractometry| . . . . . .. ..o L 56
[2.3.5  Atomic Force Microscopy|. . . . . . . .. . ... ... ... Y

2.4 Experiments| . . . . . .. ... 58
[2.4.1 Growth of a-sexithiophene nanostructures| . . . . . .. ... .. 58

[Cgo temperature independence| . . . . . . . . . . . ... ... .. 59
[a-sexithiophene material validation| . . . . . .. .. ... .. .. 59
[a-sexithiophene nanostructures vs. temperature| . . . . . . . . . 59

[2.4.2  Implementation of a-sexithiophene nanostructures in solar cells] 60
[a-sexithiophene nanostructures integration with spin-coating| . . 60

[Solar cell performance vs. deposition temperature| . . . . . . . . 60
B_Results| 61
[3.1  Growth of a-sexithiophene nanostructures| . . . . . . . . ... .. ... 61
[3.1.1  Cgo temperature independence|. . . . . . . ... ... ... .. 61
.............................. 62

[3.1.2  a-sexithiophene material validation| . . . . . . . . . . ... ... 62
[3.1.3  Morphological studies|. . . . . . ... ... ... ... ... .. 63
[B0nm a-61 on Cgp layers| . . . . . . . .. ... ... ... ... 64

(100nm a-61 on Cgq layers| . . . . . . .. .. .. .. ... .... 70
.............................. 77

[3.1.4  Crystallography studies|. . . . . . .. .. ... ... ... .. .. 77
[Fluorescence polarimetry. . . . . . . .. ... ... ... ... 78

(X-ray diffractometry| . . . . . . . ... oL 79
.............................. 80

[3.2  Implementation of nanostructures| . . . . . . .. .. ... ... ... .. 81
[3.2.1 a-sexithiophene nanostructure integration with spin-coatingl . . 81
.............................. 82

[3.2.2  Optimization of bilayer device| . . . . . . .. .. ... ... ... 83
............................... 83

IX



Contents Contents

la-sexithiophene layer| . . . . . . . . .. ... L. 84
.............................. 85

[3.2.3  TiOx photo conductivity| . . . . . . . ... ... ... ... ... 86
.............................. 87

[3.2.4  Solar cell pertormance vs. deposition temperature| . . . . . . . . 87
.............................. 90
4__Conclusions| 91
41 Hardwarel . . . . . . . . . 91
[4.2  Growth of a-sexithiophene structures on Ceof . . . . . . . . . . .. . .. 92
[4.3  Crystal enhanced organic solarcells| . . . . . . .. ... ... ... ... 92
[5_Outlookl 94
[5.1  Improvements| . . . . . . . . ... 94
[>.1.1  Optimization of device at elevated temperature| . . . . . . . .. 94

p.1.2  OMBD system| . . ... ... ... ... . 000000 94

(b.1.3  Encapsulation| . . . . ... ... o o000 95

(.2 Further researchl. . . . . . . . .. ... 95
[b.2.1 Multistage deposition|. . . . . . .. ..o 95

[5.2.2 lamellar growth of a-sexithiophene| . . . . . . . . . .. .. ... 96

[5.2.3  In-situ growth monitoringl . . . . . . ... ... ... ... ... 96
[Publications| 97
[Reviewed publications| . . . . . . . . ... ..o o 97
[Oral presentations| . . . . . . . . . . . . ... ... 97
[Conference abstractsl . . . . . . ... .. ... ... ... 98
[Conference posters| . . . . . . . . . . 98
[Authorship agreements| . . . . . . . . .. .. ... ... ... 101
[Manuscripts of submitted publications| . . . . . . ... ... ... ... ... 109
Bibliography 127




1 Introduction

1.1 Rationale

Limited fossil fuel resources, together with anthropogenic climate changes underline
the necessity for research in and use of renewable energies. It has been expressed,
among others, by the number of projects launched in European Union countries which
aim for renewables parity; e.g. Germany aims to obtain 25%-30% of electrical power
production from renewables until 2020, the majority of which is to be photovoltaicI].
Similar trends are observed globally, which induces substantial growth of photovoltaic
market |2 3]. Growth of the worldwide demand for electric power is a result of increase
in consumption by single users, as well as of a developing industrialization in the rapidly
expanding economies of the BRIC countries[4]. Various attempts have been made to
estimate future trends of electric power consumption [5] [6], [7] which concluded that by
year 2050, the total power of installed power plants worldwide needs to increase by
15-20TWIg].

The environmental impact of power generation is not to be overlooked, as is respon-
sible for the major part of CO; emission[9]. Due to the strong influence of CO, over the
climate, the studies have been made to predict the amount energy produced without
greenhouse effect gasses emission required to maintain stable concentration of COy in
the atmosphere[L0]. It yields to the requirement of 10-15TW of carbon-free power gen-
eration in 2050 in order to keep the CO, level below 750 ppm (today the concentration
equals 396.80ppm|[11]). That gives a rise to required growth factor of installed power
in order of IGW per day! It is a tremendous value, and scalability considerations need
to be made to type the potential technologies which could withstand this demand.

Another two important factors include the abundance of the elements used in energy
generation and energy payback time (EPBT) of energy generating devices. All of above

mentioned requirements are clearly not met by hydroelectric (1.2TW available - not
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scalable), geothermal (1.9TW), biomass (5-7TW), or wind (14TW - high EPBT and
slow scalability), but it is also not easy for conventional photovoltaic technology, even
if technically ca. 10 000 TW is accessible. Low abundance of the elements used in
production of traditional solar cells - Ge, Se and Ga, together with processing requiring
high temperatures leading to EPBT in the range of 1-2 years does not legitimate

conventional photovoltaic technologies to solve the 1GW /day problem.

Even though hydro-power was a leading renewable energy source for the past century,
wind turbines and photovoltaics have exhibited a strong increase in the last decade.
Photovoltaics still provide only a small fraction of the world’s energy, but due to
governmental policies and technological advances, it has increased its capacity over 60
times since year 2000 and just surpassed 100GW of installed capacity in the end of
2012[12].

It is generally accepted that photovoltaic technology is the best way to convert the
solar energy to electricity as it incorporates no moving parts, is silent, and requires
little-, to no maintenance. However, due to the high price, large energy budget, slow
production or employment of rare elements, only two technologies are able to address
1GW /day problem: silicon based solar cells and organic solar cells[I3]. The organic
solar cells have several advantages over the silicon ones: low thermal budget leading
to short EPBT[13], manufacturing possibilities in high yield on flexible substrates,
and due to the higher absorption of sunlight - active layers can be as thin as few
tens of nanometers. This technology has also several drawbacks: conversion efficien-
cies are substantially lower (12% in best laboratory cells[14] and 1.5-2.5% in mass
produced[I5]), and lifetimes reach only few thousands of hours[16, 17]. Although, the
organic photovoltaics cannot be considered as mature technology, it has the steepest

learning curve of all photovoltaic technologies|I8§].

One class of the organic photovoltaic are small molecule solar cells. Those devices
incorporate light (<800u.) organic molecules, which form strong conjugated systems
[T7, 8]. As NanoSYD center has a great expertize in growth and analysis of nanostruc-
tures from such compounds|19, 20, 21, 22] 23| 24], the project has been launched to
investigate the influence of nanostructured morphology of donor-acceptor interface on

the performance of solar cell.
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1.2 Organic Solar Cells

The first solar cell was examined and presented to scientific audience by E. Becquerel as
early as in 1839]25], but it took over 60 years to find scientifically pleasing explanation
of this phenomenon|26], for which A. Einstein was honored with Nobel Prize in 1921.
The first practical solar cell was invented in Bell Laboratories in 1954 by Daryl Chapin,
Calvin Souther Fuller and Gerald Pearson, and was commercialized in 1960’s for use
in space programs. Since then, solar cells have been extensively studied for subsequent
decades rising the efficiency of a triple junction device to 44.4% in world record cell
developed in SHARP laboratories|27].

Organic photovoltaics is still novel and immature technology, which started to be
extensively studied since the early 90’s. This is one of the reasons why the performance

of organic solar cells is not so spectacular yet, but not the sole one.

1.2.1 Organic vs. Inorganic Solar Cell

The fundamental difference between organic photovoltaic (OPV) and inorganic photo-
voltaic (IPV) lays in the physical processes which occur immediately after absorption
of the photon. In IPV, a pair of free charges - hole and electron - is generated, while in
OPV a strongly bound exciton is formed|28, [I7]. An exciton in a semiconducting or-
ganic material can be considered as an excited, mobile, electrically neutral electron-hole

pair tightly bound by Coulombic force.

The reason for this difference is principally due to the fact that, the dielectric con-
stant is significantly lower in organic materials (typically ¢ = 4) than in inorganic
(e = 13 for silicon)[29]. Therefore, even though for inorganic materials the electron
wave function, which can be approximated by the Bohr radius of an electron-hole pair
I, extends beyond the frontier of a Coulombic potential well at the room temperature -
r., for organic materials, an excited state is still localized within electrostatic potential
well (see figure [L.1]). Excited electron-hole pair can be described as Frenkel exciton in
case it habitats one molecule, or as charge-transfer exciton if electron and hole are on
separate molecules. I order to dissociate the Frenkel exciton into a pair of free charges,

additional energy is needed to be applied to excess the coulomb binding energy.



1.2. ORGANIC SOLAR CELLS

0.05 e S S DAL
000l LA
:> kBTk*-'—_-__',T_,_' — =
L 005+ )
gﬁ L
& -0.10
g L
ab -0.15F
.S I \
= -0.20F !
c . |
o2 r —conventional

'0'25_" —excitonic 11

) | )

-0.30 : ‘ '
-15 -10 -5 0 5 10 15

Charge carrier separation (nm)

Figure 1.1: The Coulomb potential of an electron-hole pair for two dielectric constants:
€ = 3 (typical for organic semiconductors), and € = 15(typical for inorganic
semiconductors). For both cases, the values Bohr radius (1) and radius of
Coulomb potential well at k,T (r.) are shown. (adopted from [17])

Such an energy surplus can appear on the interface of two materials which differ in
electron donating and accepting properties. If the band offset between the materials
is greater than the binding energy of exciton, dissociation will occur resulting in a free
electron in acceptor, and a free hole in donor material. The diagram of this process is

presented in figure (1.9

Such a process of separating hole - electron pair leads to the next major difference
between TPV and OPV. In TPV solar cells free charges are generated in the whole
bulk of the device, therefore both the majority and minority carrier appear at the
same side of the interface. Contrary, in OPV devices, the free charges appear only
at the respective sides of the interface of donor and acceptor materials. Taking into
consideration commonly low carrier densities in organic materials, OPV solar cells are
predominantly majority carrier devices, unlike most of IPV devices which are minority

carrier devices|30].
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Another remarkable difference is the fact, that in inorganic semiconductor with 3D
crystal lattice, the valence and conduction levels of individual atoms form conduction
and valence bands across the whole lattice, while in organic materials the intermolec-
ular forces are too weak to form extensive 3D crystals and continuous bands are not
being formed. Unlike in inorganic semiconductors, electrons are not concerned as or-
biting the nuclei, but rather as occupying the whole molecular orbital. Therefore,
the important energy levels are not defined as valence band, where all of electrons
reside when matter is at OK temperature, and conduction band, where electrons can
move freely within atomic lattice, but as highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO) instead. Due to before mentioned
weak interactions, the charge transport in organic semiconductors proceeds by hooping

between localized sites rather than through continuous electronic band[31].

1.2.2 Organic materials

Natural photosynthesis is the primary model to follow in case of sunlight harvesting,
where most commonly chlorophyl molecule absorbs photons which energy is converted
into chemical energy. Despite its rather poor performance, chlorophyl pigments were
indeed used to fabricate working solar cell[32]. But chrolophyl’s function in plants is
to stimulate a red-ox reaction rather than provide separate charges. Therefore, other
materials are applied in organic solar cells. The materials which are to be considered

in organic solar cells must provide three basic features:

e absorb incoming photons,
e convert photons into photo-generated free carriers,

e and be able to extract free carriers from the bulk of the active region to the

electrodes.

Moreover, the implementation of the material is not of lesser importance, therefore
chosen materials should be applicable to the substrate by commonly used techniques
such as: organic molecular beam deposition (OMBD)[33], vacuum thermal evaporation
(VTE)|33] and organic vapor phase deposition (OVPD)[34] for small molecule materi-
als, while for soluble molecules and polymers: casting[35], roll-2-roll printing[36] 37] or

screen printing[38].
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Before mentioned properties are commonly found in materials with extended delo-
calized m systems. Most studied organic semiconductors can be considered as wide
band gap (1.4eV - 3eV) semiconductors, with low intrinsic concentration of free car-
riers at dark conditions. Exemplary chemical compounds commonly used in organic

photovoltaics are presented in figure 1.2} All of them are subject to synthesis chem-

a) b) c)

Figure 1.2: Exemplary organic semiconductors used in organic solar cells. Typical elec-
tron acceptors: a) Cgo, b) PBCM, ¢) PTCDI; some electron donors: d)
P3HT, e) MDMO-PPV, f)a-6T.

istry development which, by introduction of functionalized substitutes, can reach better
properties for particular applications. Such a case is represented by Cgo, which was
common electron acceptor, but it was incompatible with wet processing procedures
due to its poor solubility[39]. The introduction of functionalizing tail by Schinazi at
al. led to Cgy derivative called PCBM, which good solubility[40] made it a state-of-art
electron acceptor used in organic solar cells[41]. Another example of chemical tuning
utilization is PEDOT:PSS. Its work function can be tuned by means of chemical and
electrochemical redox reactions[42], which allows for optimization of solar cell perfor-
mance.

As previously explained, organic materials used in fabrication of solar cells need

to satisfy few additional requirements like high carrier mobility and environmental
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Figure 1.3: Stereoscopic (cross-view) diagram of a-sexithiophene unit cell

stability. Such a combination is well represented by a-6T - Cgy model, where the first

material serves as an electron donor, and the latter as electron acceptor.

a-sexithiophene is an oligomer formed out of six thiophene rings i.e. six aromatic
rings consisting four carbon and one sulfur atom connected in a-trans manner. It
became interesting in organic solar cell application due to its high hole mobility and
inherent conjugated nature[43], that is why the growth of a-6T films were thoroughly
studied [44], 20} 45, [46], 47, [48]. In crystal a-6T molecules are arranged in quasi parallel
configuration, with long molecular axis lying approximately with (103) crystallographic
direction. Stereoscopic (cross-view) diagram of a-sexithiophene unit cell is presented in
figure a-6T forms monoclinic crystal system which is characterized by three vectors
of unequal length, which define a rectangular prism with a parallelogram as the base.

Two pairs of vectors are perpendicular, while the third one does not form a straight
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a[A] bIA] c[A] BT
454 785 603 99

Table 1.1: Crystal unit cell parameters of a-6T[49], 50].

angle. The values of a-6T unit cell parameters, which can be found in literature are
presented in table . The molecules in this crystal exhibit herringbone-like packing
with 35° tilt[51]. Described crystalline phase, which is obtained from vapor deposition
of the molecule, is called low-temperature (LT) 6T, contrary to the high-temperature
(HT), which is grown from the melt|52].

a-6T is commercially available from chemical compound vendors, in form of the
powder of different purities. In this work the material purchased from Tokyo Chemical
Industry Co., Ltd. and Sigma Aldrich were used. It has the form of coarse powder with
number of flakes and bigger grounds. The photograph of the raw material, together

with structural formula of the molecule itself are presented in figure

[\ S I\ s / \ s
S \N/ S\ S \

Figure 1.4: Image of a-sexithiophene powder used as a source material for organic solar
cells described in this work (structural formula of a-sexithiophene is shown
below).

Buckminsterfullerene Cgy is a fullerene molecule discovered by Smalley et al. in

1985[53]. Tt consists of 60 carbon atoms arranged into truncated icosahedron formed
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ANODE CATHODE

Figure 1.5: Photocurrent generation process in bilayer organic solar cell. The sub-
sequent steps are: (1) absorption of incident photon and creation of an
exciton; (2) diffusion of an exciton to the donor-acceptor interface; (3)
dissociation of an exciton into free electron in electron acceptor material
and free hole in electron donor; (4) charge transport through respective
semiconductors; (5) charge collection at the electrodes.

from twenty hexagons and twelve pentagons. The phenomenon discovered by Sacriftci
et al.[54] of electron transfer from conducting polymers to buckminsterfullerene has

induced research of Cgy application in solar cells[55].

1.2.3 Basic processes in organic solar cell

As it has already been explained in section there are intrinsic differences between
organic and inorganic devices, and the photovoltaic phenomenon in organic photo-
voltaic differs from the one observed in inorganic devices. The process of converting
incident light into a photocurrent consists of 6 steps which are outlined in figure [1.5
where the energy diagram of an organic solar cell with a donor-acceptor interface is
shown. The donor’s HOMO and LUMO levels are lower - in comparison of the vacuum
level - than of the acceptor. Therefore, the donor layer conducts holes, and forms
an ohmic contact with the anode, whereas the acceptor layer conducts electrons, and

contacts the cathode. When the donor and acceptor materials, which put into intimate
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contact form a p-n junction, are sandwiched between two electrodes (of which one is

transparent), a solar cell device is obtained.

Light absorption and exciton generation

As the solar cells are to use sunlight as their illumination source, special emphasis
should be put on the properties of the radiation coming from our nearest star. The
sun can be considered as a black body with a temperature equal to ~5250°C, which
spectral irradiance well matches experimental data of extraterrestrial measurements.
Nevertheless, in order to reach the earth’s surface, the sunlight need to pass the at-
mosphere, where it undergoes scattering and absorption due to constituent gases -
primary Oz, Oy, HoO and CO,. The comparison of before mentioned spectral irradi-

ances is presented in figure In order to take into account, that sun is not constantly

Solar Radiation Spectrum

25 | |
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< i |
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Figure 1.6: Solar radiation spectrum. Extraterrestrial irradiance (yellow) is compared
with 5250°C black body radiation (black line), and the irradiance at the
sea level (red). The principal absorption bands are labeled with causative
molecules. (source: wikimedia commons File:Solar _Spectrum.png)

illuminating from the zenith, which implies variable length of the rays in atmosphere,
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1.2. ORGANIC SOLAR CELLS

so called air mass coefficient (AM) is introduced. It is defined as:

am=1t

Lo
where L is the actual distance the light traveled through the atmosphere and L is
the atmosphere thickness. Defined as such, AM value varies with latitude, time and
season. Nevertheless, for standardization purposes typical value of AM 1.5 is chosen
as it covers the average AM values for overall yearly average for mid-latitudes (40° -
55°), where most of world’s major population and industrial centers is located. The

diagram presenting the origin of AM 1.5 spectra is presented in figure [1.7]

atmosphere

AM3.8

N\

5°

48°

Earth radius AM1

Figure 1.7: The differencs in distances travelled by light rays at different latitudes re-
sulting in AM1 spectra at 0°, AM1.5 at latitudes 40°-55°, and AM3.8 at 75°
(image not to scale).

The photon absorption in organic solar cells instantaneously leads to the formation of
an exciton[56]. The efficiency of absorption is predominantly determined by absorption
spectra of used materials and thickness of the layers, but also by the device architecture.
Due to the fact, that the absorption coefficient of organic materials tend to be much
higher than of the poly- or monocrystalline silicon, the thickness of the active layers can
be significantly lower. For number of organic photovoltaic materials, the layer sufficient
to reduce the light intensity e~! times the incident value does not exceed 100nm, while

to obtain similar absorption, the layer of crystalline silicone ought to be two orders
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1.2. ORGANIC SOLAR CELLS

of magnitude thicker|29]. This implies that minimal volumes of materials applied can
effectively reduce not only the total cost of the device, but also it’s mechanical stiffness.

Unlike inorganic materials, which absorb a continuous spectrum of photons with
energy exceeding material’s bandgap, organic materials exhibit well defined narrow
transitions [57]. Moreover the transition of single molecule can be strongly affected by
the presence of neighboring molecules and their orientation, leading to high sensitivity
for crystallographic packing. It opens a variety of possibilities for chemical tuning of
the absorption spectra to match the desired properties of particular device. It does
not always need to be maximal absorption.

Such an approach is utilized in concept of transparent solar cells[58, 59, 60] which
pass most of the visible spectra, while absorbing strongly in UV and IR bands. Appli-
cation of those on windows will address one of the major contributors of non-industrial
electric energy consumption - air conditioning - by limiting the total energy entering
the building, hence lowering cooling demand, while generated electric energy can be
utilized by already relieved air conditioners.

Another important factor regarding absorption lays purely in the wave nature of
light. As the device consists of subsequent layers, a number of interfaces is being
formed therefore reflection together with transmission at each of those will give a rise
to standing wave patterns. Knowing the complex indices of refraction of incorporated
materials, a generalized transfer matrix method[61] can be used to obtain the interfer-
ence pattern for each wavelength. Careful choice of thicknesses, or even introduction
of dedicated buffer layers[62, 63, 64], can lead to optimal design, where antinodes of
most efficiently absorbed light lay in desired location within device[31].

Exciton diffusion

In ideal solar cell, each absorbed photon should lead to formation of a free electron-hole
pair. So far, the exciton formation has only been mentioned in section[1.2.1} In order to
dissociate, for an exciton it needs to relocate to the interface of the p and n materials.
As excitons, consisting of excited electron-hole pair, are neutral species|30], they are
unaffected by electric fields inside the device. As so, the only mean of transport for
excitons is diffusion[57], which needs to transport the exciton to the interface before

it will undergo radiative or non-radiative recombination to the ground state. The
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1.2. ORGANIC SOLAR CELLS

recombination processes limiting the lifetime of an exciton, put a constraint on the
total distance it can travel. This distance, known as diffusion length, implies that
only those excitons which are formed within the volume within diffusion length from
the p-n interface, have a chance to contribute to charge generation. Normally, the
exciton diffusion length in typical organic semiconductors does not exceed 20nm[65].
To address this issue, the two main approaches have been considered: increasing the
diffusion length, or altering the interface morphology to minimize bulk-to-interface
average distance (see figure .

DONOR

d
active volume

ACCEPTOR ACCEPTOR

active volume

Figure 1.8: The increase of active volume (red) of an organic slar cell by structuring
the interface. Only the excitons formed within a diffusion length distance
(d) from the electron donor (orange) and electron acceptor (blue) interface
will take part in generation of photocurrent. Interdigitated morphology of
the interface is an optimal formation for organic solar cells.

Charge separation

Creation of the free electrons and holes is an essential part of solar cell operation. When
randomly wandering exciton reaches the donor-acceptor interface, it is still bound by
coulomb forces with the typical binding energy of 0.2-1eV[57, [66]. In order to dissociate
the exciton, this energy needs to be externally supplied.

The essential concept supporting this process was introduced by T.Wang, who pro-
posed the application of two organic materials with dissimilar electronic properties:
donor - with low electron affinity, and acceptor - with high electron affinity, recogniz-
ing that the heterointerface between the organic materials allows for an easy charge

separation[67]. The simplified condition for exciton dissociation to be energetically
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favorable is the following:

LUMOdonor - LUMOaccaptor > Ebinding

The process is depicted in figure The charge separation in solid state organic

Figure 1.9: Exciton dissociation diagram.

solar cells is not fully understood|68], but it has been shown that it is a multi-step
process, which depends on the energy configuration, and other factors[69]. It involves
initial formation of polaron pair, that can be separated into free charges only with
certain yield[70]. There is still an open debate on the surplus of energy required to

effectively dissociate excitons|70].

The requirement for efficient charge separation is to assert, that the charge separation
will be thermodynamically the most efficient process for an exciton, while the unwanted
- loss - processes like fluorescence or non-radiative dissociation will be suppressed. The
next immediate step requires that the charges will be spatially displaced in order to
prevent electron and hole annihilation and allow the charges to reach their electrodes
respectively[29].
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Charge transport

Due to the fact, that in organic solar cells the free carriers occur in separate materials
- contrary to inorganic devices - it leads to strong gradients in charge concentration
leading to presence of appreciable diffusion currents in addition to drift currents|30 [71].
Because the transport of respective charge goes through pure p- and n-type layer, it
is valid to assume that virtually no charges of opposite sign are present, hence the
recombination probability during the transport is limited to defects in the device e.g.
isolated islands or trapped charges. It implies another issue, that the efficiency of charge
transport is mostly determined by carrier mobility and charge distribution inside the
layer|[72].

There is a number of charge transport models in organic semiconductors described
in literature[73], [74] [75] [68], [71], which allow for more accurate prediction of open cir-
cuit voltage and resistances within the solar cell device. A simple diagram of charge
transport in planar heterojunction is presented in figure On the left hand side is

A) B)

ANODE
Flat band

Figure 1.10: Diagram of charge transport in planar heterojunction device: a) short
circuit condition; b) flat band condition; c¢) open circuit condition.(adopted

from [71])

Q

ANODE

ANODE

Open Circuit

a device under short circuit current condition - Fermi levels of electrodes are aligned.
The generated internal field will sweep all electrons which occur at the interface to-
wards the cathode, and holes towards anode. Right hand side diagram represents the
device under open circuit condition - the drift current compensates the diffusion cur-
rent, resulting in zero net charge transport. The drift current, to equalize with diffusion
current, requires a build up of internal electric field higher than one required for flat

band condition.
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Charge collection

Electrodes serve the purpose to collect the charge form the device and pass it to external
circuitry. As organic solar cells are planar devices, one of the electrodes - depending
on device configuration anode or cathode - is required to be transparent. Two main
approaches is application of ultra-thin metal electrode which is semitransparent, or
transparent conductive oxide, of which ITO (indium-tin oxide) and SnO; are the most
popular. Special consideration needs to be taken with the choice of the electrodes in
order to obtain an ohmic contact with active materials. This is often accomplished by
introducing dedicated contact layers; among the others, commonly used contact layer
materials are MoOjs, LiF, TiO,, or PEDOT:PSS. They often serve also as efficient
blocking layers for opposite charges. The latter one, which is a transparent conductive

polymer, can be used as an electrode too.

Loss mechanisms

There is a number of loss mechanisms, which are responsible for deviation of real
organic solar cells, from ideal devices[76]. Organic solar cells, contrary to inorganic
equivalents, do not absorb continuous spectra, but can utilize the photons only from
energy ranges surrounding HOMO-LUMO transition. Hence, way smaller quantity of
photons can be efficiently transformed into free carriers at electrodes. Even though it
is not a loss mechanism per se, it strongly affects organic devices’ external quantum
efficiency.

Another loss is caused by excitonic nature of organic solar cells, where exciton needs
to diffuse from the point of photon absorption to donor-acceptor interface. As previ-
ously mentioned, excitons are electrically neutral, therefore they traverse the material
by random wandering. Due to their limited lifetime, in case the exciton will fail to
reach the donor-acceptor interface, it will decay in fluorescent or other non-radiative
dissociation. Real lifetime of excitons is additionally limited by the presence of defect
sites and impurities within the active layers, which can trigger dissociation resulting
in formation of a phonon.

In case of reaching the electrode rather than donor-acceptor interface, excitons are
lost due to quenching on the metal electrode[77]. This issue is commonly addressed

by application of exciton blocking layer between n type material and cathode. Typ-
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ically bathocuproine (BCP) or 4,7-diphenyl-1,10-phenanthroline (BPhen) is used as
thin (<10nm) layer. Both of those materials have a wide band gap, which offsets
HOMO, as well as LUMO levels of the acceptor. As a result, excitons are reflected
from the interface of acceptor and exciton blocking layer, and are given a chance to
reach donor-acceptor interface. What is more, BCP and BPhen layers tend to pre-
vent damages within active materials during deposition of cathode, and can be used

as buffer material to optimize optical interference pattern in the device[78].

After dissociation of exciton, formed electron-hole pair is still bond and it can still
decay to the ground state with interface dependent rate. Even if the bond will be
broken and free charges will be created, the pair can be captured back to form bound
pair[70]. This incomplete dissociation of generated bound pairs is responsible for the
fact that only about 50% of excitons reaching the interface are converted into free
charges|[74]. Nevertheless, the charge mobility difference in donor and acceptor [79], as
well as the dipole layer at the interface [80] prevents back transfer of freed charges and

reduces the probability of recombination of the hole-electron pair.

When the separated charges traverse the device, the series resistance loss is to be
expected, which will increase together with the layer thickness. Taking into account
that fabricated devices are macroscopic, the fluctuations in material thickness will
occur, and there is a possibility that there will be regions with very thin layers or even

pinholes which will be seen as low equivalent shunt resistance.

Yet another loss process can be expected at the interface of semiconducting materials
with respective electrodes. There, the injection barrier can be formed, which depends
on HOMO or LUMO level and the work function of respective electrode. Even educated
choice of electrode material can fail, as oxidation, impurities and surface contamination
on the contact can lead to significant change in the interface energetics like electrode

work functions and carrier injection barriers|81], [72].

Identification of the major loss mechanism in given cell is not a trivial task. num-
ber of different methods and techniques are used - from analyzing [-V curves, through
impedance spectroscopy [76], to destructive time of flight - secondary mass spectrom-
etry (TOF-SIMS)[82] or X-ray photoelectron spectroscopy (XPS)|[83]
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1.2.4 Types of Organic Solar Cells

Organic photovoltaics is relatively young branch in science, which first steps established
at the begging of 80’s[84]. The research started from exploring the single-single layer
configuration|28], but further development of single layer devices led to the conclusion,
that effective exciton splitting requires application of two materials with dissimilar
electronic properties. Prompt discoveries by Tang[67] and Grétzel|85] caused a split of
organic solar cell research into two different approaches namely the dye-sensitized and

the heterojunction solar cells.

Single layer solar cells

The first generation of organic solar cells consisted of single organic semiconductor
layer sandwiched between two metal electrodes with different work functions|84][28],
which operational principle was based on asymmetry in hole and electron injection into
molecule’s 7 and 7 orbitals[86], and formation of Schottky-barrier between electron
donor and the metal with lower work function|[87]. The Schottky-barrier acts here as
a sink for minority carriers and a barrier for majority carriers. The reported power
conversion efficiencies were generally as low as 0.001% — 0.01%, but introduction of
metal-insulator-semiconductor enhancing the Schottky barrier effect, led to remarkable
0.7% result|88]. The energy diagram of the single layer device proposed by Morel et

al. is presented in figure [1.11

7

Al |/® Ag

Figure 1.11: The energy diagram of the single layer Al/MgPh/Ag device proposed by
Morel et al. The energy barrier is formed at Al/MgPh interface.
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Dye-sensitized solar cells

Dye-sensitized solar cells were invented in 1988 by Brian O’Regan and Michael Grétzel
at UC Berkeley[89]. The construction of the cell incorporates transparent anode on
which self-interconnected mesh of TiO, particles covered with monolayer of sensitizer
dye is deployed. Cathode, which typically is also transparent, is not in direct contact
with the mesh, but the whole device is immersed in liquid electrolyte — iodine — which
fills the gap between the mesh and cathode, as well as voids between TiOsnanoparticles.

Schematic diagram of the dye-sensitized solar cell is presented in figure [1.12

ANODE
CATHODE

Figure 1.12: Schematic diagram of dye-sensitized organic solar cell operation.

In this kind of device, the light is absorbed by the dye molecules, which turn to
excited state and donates the electron to TiOs. From there, through interconnected
network of nanoparticles, the electron reaches the cathode. Because the dye molecule
donated one of its electrons, it will remain inactive, unless it will receive another
electron from the electrolyte. Oxidized iodine forms triiodine, which will float around
until reaching the anode. There, triiodine gains electrons and is reduced back to iodine.
the schematic diagram of dye-sensitized solar cell operating principle is shown in figure

12l
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ANODE CATHODE

Figure 1.13: The schematic energy diagram of planar heterojunction device.

Planar heterojunction organic solar cells

The major contribution in the development of planar heterojunction solar cell was
to recognize the necessity of interface stimulated exciton dissociation proposed by
Tang and others in 1986[67], who, with utilization of phtalocyanine derivative as p-
type semiconductor and perylene derivative as n-type semiconductor, has beat the
1% power conversion efficiency barrier. The developments in the field of conjugated
polymers, together with discoveries of interesting optoelectronic properties of fullerene-
conjugated polymers mixtures led to the development of polymmer-fullerene bilayer
heterojunction[90], and further - to the bulk heterojunction[91]. The energy diagram
of planar heterojunction is presented in figure [[.13]

As previously described in section efficient photoconversion occurs only in thin
layer of active material restricted to tens of nanometers by exciton diffusion length.
This puts a strong constraint on the light absorption, as such thin layer will not collect
the photons effectively enough. This fact led to the conclusion, that highly corrugated

interface will significantly improve the organic devices.
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Bulk heterojunction solar cells

An initial step towards bulk heterojunction was made by research of Hiramoto, who
investigated application of p-i-n junction in organic solar cell, where intrinsic layer
consisted of coevaporated p- and n-type materials[92]. Then, with rise of fullerene
- conjugated polymer devices, concept of blending together p-, and n-type materials
emerged [91].

The limitation of exciton diffusion length governs in all organic solar cell devices, but
in bulk heterojunction approach, the materials are fabricated in a way, which assert
that the distance from any point in the bulk to the interface will be in range of tens of
nanometers. The schematic illustration of bulk heterojunction structure is presented
in figure

Solving one problem, bulk heterojunction structure has introduced new challenges, of
which major ones are the trap sites and path continuity, and selective charge collection

at the electrodes. Diagram depicting those issues is presented in figure [[.14 As

1)

ATHODE

Figure 1.14: BDiagram of bulk heterojunction solar cell with limiting factors depicted:
(1) interconnection of both electrodes by the same type of semiconductor;
(2) connection of both types of semiconductor to one electrode; (3) trap
sites not connected to either electrode.

the principle of operation is exactly the same as in bilayer heterojunction system:
after photon absorption, exciton diffuses towards the interface and dissociates into free
charges. The charges, in order to be collected, need to have continuous path to their
respective electrodes. In case of trap sites or islands presence, charge buildup can

occur, which will negatively alter the device performance. Moreover the application
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of solely hole- or electron-transport layer is required between the electrodes and the
blend in order to prevent recombination of separated carriers as both p- and n-type

semiconducting materials are in contact with each electrode.

1.2.5 Configurations of solar cells

There are four basic configurations of solar cells separated by the direction of the
photogenerated charges conduction with respect to the substrate and on the direction
from which the solar cell is being illuminated. The devices, where the electrons are
traversing the structure in the direction outwards from the substrate are said to be
of normal geometry, while the ones, where the electrons move towards the substrate
are of inverted geometry. The devices, which are illuminated through the transparent
substrate, are called front illuminated, while the ones illuminated from the other side
are called back illuminated. The four configurations are presented in figure [[.15] The

Illumination

Front Back
e

—>
C

normal

Geometry

inverted

e
h
(|::|:I
ﬂ
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Figure 1.15: Basic configurations of solar cells. Top row: normal geometry, bottom
row: inverted geometry. Left colum: front illuminated, right column:
back illuminated. A-anode (orange), C-cathode (red); arrows indicate the
flow of electrons in active layer (green).

current work focuses on the device which has non-transparent cathode deposited on
the substrate, and it is illuminated through transparent anode. Such a configuration

is defined as inverted geometry back illuminated solar cell.
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1.3 Crystallinity influence on solar cell performance

There are various strategies for improving efficiency of organic solar cells targeting at
different aspects in power generation process such as: enhancing the electronic proper-
ties of the materials by doping[57], applying gratings to elongate the light path within
device or other metallic structures for electric field enhancement [93], dimensioning
the device to harvest light interference effects or minimizing average bulk to interface
distance by application of interdigitated P-N materials[94]. Number of those strategies
can be realized by control of the crystallinity of the donor material. Therefore, the
present work aims at study of the influence of a-sexithiophene morphology and crys-
talline properties over the performance of solar cells where it serves as donor material.

Crystalline structure of the material determines the mutual alignment of the molecules
which constitute the crystal, which have several implications on the performance of the
solar cell.

The enhancement in crystallinity improves the m — 7 stacking, hence results in bet-
ter defined bands formed by HOMO and LUMO levels of individual molecules[95]. It
improves overall electrical and optical properties of crystalline structures in contrast
with amorphous or polycrystalline materials[96]. As the exciton diffuses by sequence
of Forster transfer processes, the diffusion length will be increased when optical tran-
sitions will encounter less defects, and when the overlap between emission and absorp-
tion will be large[57]. Because the a-6T exhibits anisotropy of carrier mobility[97],
the case of crystals consisting of the laying molecules exhibit the increased carrier
transport in the direction perpendicular to the substrate, which is favored for solar
cell applications|[98]. Fortunately, such orientation of crystalline sites results also in
optical transition dipole being parallel to the surface improving the absorption of light
by a-6T molecules.

All of above mentioned reasons support the pursue to investigate the influence of

crystallinity on the performance of organic solar cells.
1.3.1 Growth of organic nanostructures

The growth of a-6T nanostructures has been already observed on many substrates

like muscovite and pholgophite mical20, 99|, ITO, polyvinylpyrrolidone [T00], polyte-

23



1.3. CRYSTALLINITY INFLUENCE ON SOLAR CELL PERFORMANCE

trafluoroethylene [101], SiO9[44], as well as on Au [102] [103], for which the temper-
ature dependence of the obtained structures morphology was also observed. There
are three basic growth modes of material acquired via adsorption: Volmer-Webber is-
land formation, Frank-van der Merwe layer-by-layer growth, and Stranski-Krastanov
layer-plus-island growth. In the simple approach, the mode of growth depends on the
interplay between intermolecular and surface adhesive forces. Intermolecular cohesive
force stronger than surface adhesive force leads to Volmer-Webber growth, while sur-
face adhesive force stronger than intermolecular cohesive force leads to Frank-van der

Merwe growth.

The Stranski-Krastanov growth mode occurs when the balance between the forces
changes with the film thickness from initially dominating surface adhesive forces to the
predominance of intermolecular cohesive forces after exceeding the critical thickness

resulting in drop of the surface energy.

Studies of the ultra-thin sexithiophene and other thiophene oligomer films have re-
vealed that structure formation can, on some substrates, follow Stranski-Krastanov
growth mode[48], [103] 24]. Stranski and Krastanov describe the growth of the struc-
tures to occur in three major steps. Initially a wetting layer of adsorbed molecules
is formed. The wetting layer can consist of few monolayers, which in case of a-6T
molecules will mean 0.6nm-1.5nm of nominal film thickness. With increase of nominal
thickness, the 3-dimmensional crystallites are being randomly formed on the surface.
When the crystallite density will exceed the critical value, the crystallites can spon-
taneously rearrange into 1-dimmensional chains - nanofibers - as seen on muscovite
mica|20, 99] or gold[102], 103]. From this moment the nanofibers and crystallites co-
exist, with remarkable crystalline depleted zone around the nanofibers. The process
is depicted in figure All steps of the Stranski-Krastanov growth mode are sig-
nificantly affected by the substrate on which the molecules are being deposited, as
well as its temperature resulting in formation of variety of structures in vast range of
dimensions|[104]. Temperature increases the surface mobility of the molecules, there-
fore it is possible for them to traverse the substrate’s surface in order to find a local
energetic minimum, before it will be buried under upcoming molecules. Therefore, the
slow deposition rate is very crucial to obtain crystals of good quality - the individ-
ual molecules will have enough time to find their place in the crystal structure of the

formation.
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a) b) c)

e R

Figure 1.16: Cross view of structures formed in Stranski-Krastanov growth mode with
submonolayer thickness (a), before reaching critical layer thickness (b),
after exceeding critical layer thickness(c).

The studies of growth of oligomer nanostructures on mica have shown that with
further deposition of the material, the nanofibers mostly increase their length (up
to hundreds of micrometers), while width and height does not exceed few hundreds
of nanometers[I04]. The growth anisotropy is a result of anisotropy of the con-
stituent molecule itself. Works of Kankate et al.[20] have shown that the individual
a-sexithiophene molecules’ long axes can be skewed with respect to the long needle axis
by 90°, 65° and 75° for (-401) or (-411), (020) and (-421) contact faces, respectively.

Those crystalline orientations in fibers are presented in figure [1.1

Figure 1.17: Molecular packing of a-6T fibres with contact faces: a) (-401); b) (020); ¢)
(-421), resulting in long molecular axis tilt with respect to the long fibre
axis equal to 90°, 65° and 75°, respectively.
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SOLAR CELLS

1.4 Implementation of a-sexithiophene

nanostructures in solar cells

In this project, the a-6T — Cgp material combination was investigated. In the past, a
deep understanding has been gained of the materials separately|105, 106, 44, 103, 107
[108], as well as combined in electronic devices|[109], 110, 111, 112} 113, 114].
Especially the mutual alignment of the energy levels of Cgy and a-sexithiophene have
been studied by Ge et al.[ITI]. Which led to investigations of a-6T / Cg solar cells
[110, T3] 112, 115]. Model device which will be used in this work is an inverted solar
cell with structure presented in figurdl.18 The a-sexithiophene electron donor layer

a-6T PEDOT:PSS & HTL SOLAR

60
Tio,
Ti

BK7

Figure 1.18: Layer diagram of inverted, back illuminated organic small molecule solar
cell used in this work.

is to be grown directly on the layer of buckminsterfullerene, which serves as electron
acceptor. Thin layer of Cgy has not exhibited any crystallinity, therefore it is considered
amorphous.

Based on previous works, where the growth of crystalline nanostructures on selected
substrates was shown, the growth of structures on buckminsterfullerene thin film was
be investigated. Moreover, this work presents the processes and techniques which allow
for implementation of a-sexithiophene nanostructures on the Cgo layer into functional
organic solar cell.

To realize this, a dedicated growth study of a-sexithiophene thin-film on the Cgg lay-
ers was conducted. The key points of interests here were the presence of various forms
of a-6T nanostructures which can be obtained on Cgg interface, as well as the internal
structure of those formations. Four main techniques were used: atomic force mi-
croscopy (AFM) and epifluorescence microscopy, to investigate the morphology of the

obtained structures, as well as the epifluorescence polarimetry and X-ray diffractome-
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try to gain an insight into internal structures of the crystalline formations. Keeping in
mind the aim of application of nanostructures in organic solar cells, the expected nom-
inal thicknesses of a-sexithiophene layers are about 30nm, while the XRD technique’s
recommended nominal thickness of investigated material is 100nm. In order to be able
to include X-ray diffractometry data in conclusions about structure of thinner samples,
two parallel series of experiments were conducted: one with 30nm nominal thickness
of a-6T, and other with 100nm. The coherency in the morphological investigations
allowed for correlation of the crystallographic properties between the thin and thick
samples.

Furthermore, the next step is to implement those various structures into solar cells
and measure their performance. Epifluorescence measurements after the electrical char-
acterization will provide a link to the previous experiments which will allow to conclude
about morphological and crystalline structure influence on the performance of organic

solar cells.

1.5 Solar cell characterization

The principal aim of the organic solar cell is to convert the energy of light striking
the device into electrical energy which can be easily utilized. Therefore, the need
exists to measure the performance of fabricated devices which will be repeatable and
standardized in order to monitor the progress of device development, as well as to
compare different devices. Standardized illumination conditions are asserted by usage
of solar simulators, while photogeneration of current under various loads is investigated
with the help of source meters.

There is number of parameters: open circuit voltage (Voc) in volts, shorts circuit
current density (Jsc) in mA /em?; and fill factor, which, together with current density

- voltage chart (J-V curve), provide a basic characteristics of a solar cell.

J-V curve

is a plot obtained from measuring the current density flowing through a device at
range of bias voltages - typically the measurement range starts at 0V and ends just

right after the point, when measured current turns negative. In practice, it is realized
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as a voltage step-sweep, with simultaneous current measurement. Due to the fact,
that solar cell is an active device (it produces the energy), the convention of positive
photogenerated current is used for convenience. The J-V curve of the ideal solar cell
is the superposition of the J-V curve of the solar cell diode in the dark, with the
photogenerated current[I16]. In case of the real solar cell, the resistive effects reduce
the efficiency of solar cell by dissipating power in the resistances. The first order
approximation includes equivalent series- and shunt resistance resulting in equivalent
circuit presented in figure where the current is governed by modified Shockley

ideal diode equation:

q(V—i—I(V)-RS) _ V+[(V)~RS
nkT Rsp

I (V) =1, — Iyexp

where I(V) is the current flowing through device, I, is photogenerated current, I is
the solar cell diode reverse bias saturation current, V' is the voltage across the device,
q is the electron charge, n is the solar cell diode ideality factor, k is the Boltzmann
constant, T' is the absolute temperature, Rg is the value of the series resistance, and

Rgy is the value of the shunt resistance.

Figure 1.19: Equivalent circuit of solar cell.

The equivalent series resistance is a result of the carrier movement in donor and
acceptor layers, interfacial barrier at the electrodes, and the electrode intrinsic resis-
tance. It has a major impact of the fill factor, but excessively large values can alter
short circuit current as well. The equivalent shunt resistance emerges from ohmic leak-
age through the device usually caused by fabrication faults. It reduces the efficiency
by providing the alternative current path for photogenerated current. The parasitic

resistances manifests themselves on the I-V curve by introducing linear slopes in low
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1.5. SOLAR CELL CHARACTERIZATION

and high voltage regimes for shunt and series resistance, respectively. This impact of

parasitic resistances on [-V curve is presented in figure [1.20

Current

S

Voltage

Figure 1.20: Effect of parasitic resistances on I-V curve: ideal I-V curve (Rg= 0,
Rsup=00)(blue); increasing equivalent series resistance (green); decreasing
equivalent shunt resistance (red); effect of high equivalent series resistance
and low equivalent shunt resistance (violet).

Open circuit voltage

is the value of the voltage at which J-V curve reaches the value of 0mAcm=2. Alterna-
tively, it is the voltage which can be measured at the device’s electrodes under the open
circuit condition. Measuring voltage in fully open circuit is difficult, but measurement
across sufficiently high resistance approximates open circuit voltage accurately. The

input resistance of the voltage meter used in experiments typically exceeds 10M¢().

Short circuit current density

is the value of the current density, at which the J-V curve crosses the 0V axis. Alter-
natively, it is the current density value under the short circuit condition. Unlike many
other energy sources like mains, batteries, or generators, solar cells exhibit number of
phenomena strongly limiting the short circuit current, therefore short circuiting a solar

cell typically does not harm its internal structure.
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1.5. SOLAR CELL CHARACTERIZATION

Special care needs to be taken in order not to bury the small values of measured
current with measurement error which should be introduced by contact- , or connec-
tion wires resistance. The most common way to compensate for those errors, is the

application of 4-terminal sensing, also known as Kelvin sensing.

Fill factor

is defined as a ratio of the maximal power density obtainable from tested solar cell

under standard illumination conditions to the product of Vocand Jgc.

PR Vivepp - Jupp
Voc - Jsc

It is a key description parameter, as it is directly influenced by equivalent series and

shunt resistances, hence it gives an immediate insight on quality of the solar cell.

PCE

The power conversion efficiency (PCE) can be derived from above mentioned parame-
ters. It is a performance parameter defined as the ratio of power density at maximum
power point, to the irradiance from solar simulator.

(V- Dlypp  Voc:Jsc- FF
Npc = 7 = 7

Therefore, it describes the total efficiency of a photovoltaic system, from the incident
light (of standardized intensity and spectrum), to the device terminals. Even though
this figure of merit gives very important information which allow to predict device’s
behavior while deployed in field, it lacks the information about actual processes in solar
cell.

Solar cell is a quantum device in terms that converts a single photon into single pair
of free charges with various efficiencies for different photon energies. There are two
types of quantum efficiency, namely: external quantum efficiency and internal quantum
efficiency. The first one is defined as a ratio of number of generated free charge pairs, to
the number of photons striking the device. As this measurement is done for a range of

incident light wavelengths (typically 300nm-1200nm), the external quantum efficiency
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is presented as a spectral chart. As it still includes reflectivity and transmissivity of
the device, in order to characterize the efficiency of active layer solely, the internal
quantum efficiency is used. Internal quantum efficiency is defined as a ratio of number
of generated free charge pairs to the number of photons which are absorbed (in contrary
to external quantum efficiency, which took into account all incident photons).

Above mentioned efficiency measures exhibit respective increase of the insight into
the solar cell performance, but also in the difficulty of the measurement. Therefore, in
this work only the power conversion efficiency will be considered. As its value strongly
depends on surface and back electrode reflectivity and transmissivity, comparison of
absolute values with the results obtained by other research groups in not trivial and
should not be performed carelessly.

Yet another efficiency measure is energy payback time (EPBT), also called the energy
amortization. It is defined as an operational interval in which the device will generate
the energy equal to the total energetic cost of the device fabrication. It is an important
figure for sustainable energy, and organic solar cells, due to low energy requirement
during fabrication, can exhibit energy payback time as short as days [I3]. Nevertheless,
as present study focuses on basic processes in the solar cell, the energy payback time

will not be considered in current work.
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2 Experimental

As the fabrication and characterization of photovoltaic devices lays in the core of this
thesis, I will introduce the considerations undertaken during the design of the device
itself, as well as the whole process within which it was fabricated. The main drivers
for the device design were full in-house fabrication and characterization. In-house pro-
cessing allowed for rapid optimization of the devices and prevented third-party caused
delays. Moreover, it was decided to fabricate a number of individual devices onto one
substrate, which gave the possibility for simple statistical processing of obtained re-
sults, as well as easy detection of outliers. Fabrication was performed with usage of
in-house made triple source OMBD system under high vacuum conditions, and in Ns
filled glove box. Devices were characterized in the test station constituent of commer-
cially available instrumentation, custom made fixtures, and LabVIEW acquisition and

control software.

2.1 Device layout design

Even though there is not any standard yet, the typical active areas of organic solar

2

cells reported by researchers can be divided small <2mm~ and bigger ones. As the

consideration of the size of solar cell is of great importance|l6], we have decided for
most commonly found value of 1mm?.

The device layout design was developed taking into consideration its applicabil-
ity to standard and inverted solar cell configurations, as both are investigated at
NanoSYD[93][117]. Therefore the solution with displaced top electrode was chosen
(see figure . Such a configuration provides a convenient solution, where all external
connections can be accessed from one edge of the sample.

Connecting the devices to external equipment is a widely known challenge and one

can choose from number of different approaches each with their pros and cons. The
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NanoSYD
v 01

Figure 2.1: Image of the substrate used in experiments. L-shaped common electrode
on the left hand side is accompanied by six individual device electrodes.

most straightforward solution is to use a probe station. However, it requires reposition-
ing of the measurement probes for measurement of each device from one substrate; for
4-wire measurement it can be a tedious and error prone task. The solution addressing
this issue is the simultaneous application of multiple test probes. Such a probing setup,

build for initial tests is presented in figure 2.2 Nonetheless, this solution still suffers

Figure 2.2: 16-pin probe wused to establish electrical contact to all devices
simultaneously.

from the fact, that, in such a system, the sample needs to be fixed with respect to the
measurement table. It has been observed, that for devices distributed spatially on the
substrate, the mutual alignment between light source and device under test (DUT)
needs to be asserted, as the light intensity distribution exceeds 20% at 20mm distance.
The approach taken during this project involved application of zero-insertion-force
(ZIF) connector of dense pitch, which provided two contact points to each electrode -
required for 4-wire measurements - as well as easy manipulation of the substrate fixed

with respect to printed circuit board (PCB).
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The choice of 300um thick substrate allowed to use standardized flexible flat cables
ZIF sockets to connect fabricated devices to the measurement equipment. Standard
2.5mm pitch between devices has been chosen in order to comply with the industrial
standard, and 6 devices were fit on one substrate. This, together with concerns about
convenient manipulation yield to usage of 20mm x 10.5mm substrates. To facilitate
easy wafer dicing, alignment marks were introduced to get cross-hair markers at indi-
vidual substrate’s corners.

Organic semiconductor materials used in contemporary organic electronic devices are
known to degrade rapidly due to oxygen, water, and UV exposure[l18]. Even though
the study of those factors is not in the scope of present dissertation, it needs to be
taken into consideration. In order to minimize their influence, the fabrication process
followed strict time plan which ensured that the duration of exposures to degrading

factors were minimal and equal for all samples.

2.1.1 Electrodes

The electrodes provided two main features on their two ends: on one, a electrical
contact of proper work function to the solar cell device, while on the other, a robust,
low resistance connection to the external equipment. The gold was chosen as the base
material, over which Ti, later oxidized to TiOyx, was deposited within device areas.
The suitable way to obtain such configuration is the usage of the photolithography
process to create a pattern in photoresist, followed by e-beam evaporation of metals.

As the critical dimensions are relatively high (T50um), and number of design itera-
tions was expected, masks printed on transparencies were initially considered. Unfor-
tunately, due to low contrast (1:100), high pinhole content, and poor edge quality of
printed masks, the external provider (Microlithography services Ltd.) has been chosen
to supply commercial mylar 4> micrograph masks (see figure . Optimized negative
photolithography process, on 300um BKT7 double polished wafer, lead to definition of
resist-free metalization areas.

Au was deposited in an e-beam evaporation system over the entire wafer, while the
following Ti layer was deposited through a shadow mask(see figure . The mask
was aligned with the wafer to obtain Ti coverage only on cathodes area. The electrode

fabrication process is illustrated in figure [2.4
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Figure 2.3: The masks used for fabrication of electrodes. Left hand side: mylar mask
for photolithography process; right hand side: aluminum shadow mask for
deposition of Ti only in the active area of the cathodes.

2.1.2 Active layers

Two layers of active materials are involved in operation of devices described in present
dissertation: electron acceptor - Cgo and electron donor - a-6T; both compatible with
OMBD process. In bi-layer configuration, those layers are deposited subsequently (first
acceptor, and then donor), and both should fully cover the designated areas in order
to prevent internal short-circuits and pinholes. Moreover, it should be ensured that
the bottom electrode will be in contact with the acceptor only, while top electrode
only with the donor. Such a formation can be obtained by taking into advantage the
spatial displacement of molecule sources in the OMBD setup and the finite distance
between the sample and the shadow mask which is used to restrict the deposition to
the desired area. Illustration of such a ledge-layer formation is presented in figure [2.5
The opening of the shadow mask needs to positioned with respect to the substrate
and the sources in a way, which will ensure that the first layer will exceed the tip of
the electrode, while the second layer should overlap enough with the first one and the

electrode to provide desired active area - 1mm?.

2.1.3 Top electrode

In order to obtain a functional device from already described structures, the top elec-
trode is needed. As the designed device is to be front-illuminated, it is desirable to apply

transparent electrode. Thin (20nm-30nm) metal layer would serve the purpose[l119],
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Figure 2.4: Cross section and top view of fabrication process steps of a solar cell sub-
strate: a) spin coating photoresist; b) photolithography through mylar
mask; ¢) development; d) Au deposition on whole wafer; e) Ti deposition
through shadow mask; f) photoresist lift-off.

but it’s deposition would require thermal or e-beam evaporation process, which pro-
duce only semitransparent layers, and the latter both are known to be harmful for
unprotected organic layers. Applied solution involves a transparent conductive poly-
mers mixture: PEDOT:PSS, which is widely used in solar cell research [120]. Moreover,
it exhibits strong electron blocking properties [121], which are favorable in designed
device stack. It has also a big advantage of easily applicable spin-coating deposition.
The active area of the device is restricted to the region in which all the conductive

layers overlap. Therefore, in order to define the device area, weakly adhesive masking
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Figure 2.5: Ledge layer formation by subsequent depositions of: a) Cgg; b) a-6T

tape can be used. Such deposition complies with ledge layer configuration, which is
presented in figurd2.6]

06T PEDOT:PSS
c

TiO, 60
Ti

Au

BK?7

Figure 2.6: Layer stack of a device after PEDOT:PSS spin-coating process.

Because the transparent top electrode serves not only as hole transport layer, but
also needs to pass the current to the displaced electrical contact — the compromise
between blocking electrons and conductivity was achieved by mixing commercially
available PEDOT:PSS solutions: HTL - exhibiting strong electron blocking properties,
and PPP - the conductive one. The blend was prepared with 1:1 ratio and sonicated
for 30 min[93]. After preparation it was kept in dark at 4°C.

2.1.4 Encapsulation

Due to already mentioned degrading impact of O, H,O, and UV the device requires
appropriate protection. Among many solutions|122] 23], 124], commercially available

UV curable epoxy encapsulants stand out by their easy application by spin coating -
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which is already employed in fabrication process. DELO katiobond LPVE was chosen
due to its fast delivery time and possibility to order in small (nonindustrial) quantity.

It has been found, that it does not have sufficient Oy and HyO permeability to pre-
vent the long-term degradation of fabricated devices, but allows for repeatable mea-
surements of shortly stored devices. It was expected that during curing it will not fully
protect the devices (drop in short circuit current density was observed), but it has been
found that vast majority of fabricated devices exhibit the maximum power conversion
efficiency after 15 min of light soaking under 1sun 1.5AM conditions.

The cross section of the device with all layers is presented in figure

DELO KATIOBOND
PEDOT:PSS

BK7

Figure 2.7: Layer stack of fully fabricated device with encapsulation

2.2 Fabrication process

2.2.1 Substrate preparation

Prior to processing the 300um thick BK7 double polished wafers (University Wafer Inc.)
were sonicated in 5 min in acetone, rinsed with deionized water and blow dried with
N,. Hexamethyldisilazane (HMDS) was applied as photoresist adhesion promoter in
HMDS oven system (Yield engineering systems LP-III), by vapor exposure for 5min at
120°C. After this step, the wafers were let to cool down at the room temperature for

15 min.

Photolithography

AZ 5214E photoresist was spun over the wafers with usage of spincoater (Rein Raum
Technik LANZ EBS 11.04) with 5s dispensing time, 5s acceleration at 800 rpmps,
and 30s spinning at 4000rpm, which resulted in 1.5um thick photoresist layer. Subse-
quently, the wafers were pre-baked on a hot-plate for 60s at 90°C.
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Exposure was performed in mask aligner (Karl Suss MA150ML) using 254nm Hg
line. Blank quartz mask was loaded into mask holder, while the mylar mask was
placed directly on the wafer. The wafers were exposed through the mask for 40s,
inversion baked at 140°C for 120s and flood exposed (without mylar mask, but with
the blank quartz mask) for 120s.

Photoresist was developed in AZ 351B developer for 60s at 21°C; during the devel-
opment manual agitation was performed.

Wafers with developed photoresist were cleaned in two subsequent deionized water

baths and spin-dried in wafer washer system (Semitool PCM328).

Metal layers deposition

All metalization steps were performed in Cryofox 600 Explorer system, under the
pressure of 10 mbar. Initially, 3nm adhesive layer of Ti was evaporated at and 5A /s
deposition rate, 30nm of Au at 5A/s (in some samples substituted with 80nm of Al at
5A/s). Then, after fixing of the shadow mask, 20nm of Ti was deposited at the same
deposition rate as the adhesive layer.

After metal deposition steps wafers were stripped-off from photoresist residuals in
acetone bath, where they were sonicated for 10 min. Next, the wafers were cleaned in

two subsequent deionized water baths, and spin dried.

Dicing
The wafers with metal structures were diced to 20mm x 10.5mm substrates with usage
of semiautomatic Disco DAD-2H5 dicing saw using diamond spin blades with 3mm /s

cutting speed. The cutting depth was set to 200um leaving 100pm support. The

substrates were rinsed with deionized water and stored in custom designed racks for
future use (see figure [2.8]).

Oxidation of titanium layer

Prior to deposition of organic layers, substrates were pre-cleaned by ultrasonic bath
in acetone for 5 min, rinsed with isopropyl alcohol and deionized water, blow-dried
with N, and exposed to 130W RF glow discharge oxygen plasma for 90s in 120 Barrel
Plasma System (LFE Plasma Systems) with 75 sccm/s oxygen flow. The treatment
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Figure 2.8: Image of dedicated substrate storage system fabricated with 3D printer.

forms a thin layer of TiO4 on the surface, which has been demonstrated to work as a

cathode interfacial layer in organic solar cells[125].

2.2.2 Organic molecular beam deposition
Vacuum system

The diagram representing OBMD setup, which was built with Arkadiusz Goszczak for
the purpose of this project, is presented in figure on the next page. It consists of three
Knudsen cells separated with heat shields, heated substrate holder shutter, and mea-
surement instrumentation: ionization pressure gauge (with Varioan Multgauge 1.385
controller) together with quartz crystal water cooled micro balance controlled by Max-
tek TM-350 deposition monitor. Due to the fact, that deposition rates involved in fab-
rication processes described in the present work are in order of a tenth of an angstrom
per second, default device display was not sufficient to provide relevant information be-
cause the slowest deposition rate it could indicate was 0.1 A/ s. Monitoring the analog
output signal (in 0-5V standard) was just a virtual improvement, as it was generated
in 10mV increments which corresponded to 0.0QA/S, and a noisy electrical environ-
ment did not allow for reliable measurements of such small increments. Therefore,

the deposition monitor was repeatedly queried for actual frequency of microbalance
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Figure 2.9: Schematic diagram of the OMBD setup: (1) Knudsen cells; (2) formed
beam; (3) shutter; (4) heated substrate holder; (5) microbalance crystal
holder.(Image by Arkadiusz Goszczak)

quartz crystal by the LabVIEW software module, which calculated the thickness and

deposition rate.

Basing on previous design of Knudsen cells fabricated in-house at NanoSYD, the new
cells were designed to overcome the limitations of the previous. The interchangeable,
500mm? vessel is closed with standard swagelock system cap with orifice of desired
diameter, and is mounted on hollow threaded rod of low thermal conductivity. Ther-
mocouple temperature sensor is placed at the end of the threaded rod, so the minimal
distance from the sensor to vessel interior assures minimal measurement inaccuracy.
40cm of 0,5Qem ™! thermocoax cable was wind around vessel to provide up to 50W of
heating power required for reaching sufficient temperatures of a-6T and Cgy sublima-
tion [126], 127]. Additionally, the compact size of devices was required, as the mounting
space is limited to 6’ flange, and three cells were designed to occupy the system: buck-
minsterfullerene, a-sexithiophene, and bathocuproine. The design drawing and image
of mounted cells can be found in figurd2.10] The four electrical terminals of each cell
(two for powering the thermocoax and two for the thermocouple sensor) were connected
to manual selector switch, which facilitated the connection of chosen cell with temper-

ature sensing circuit (500x J-type thermocouple amplifier) and programmable power
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Figure 2.10: The design sketch and the image of three mounted in-house built Knudsen
cells. a) Swagelock cap with drilled nozzle; b)thermocoax heating wire
spiral; ¢)material vessel; d) placement of thermocouple sensor; e) hollow
threaded rod for holding the cell and providing an access for thermocouple
wire; f) opening for thermocouple wire (image by Arkadiusz Goszczak).

supply (Delta Electronica ES075). Electrical diagram of OMBD setup is presented in

figure 2.1}

The sample holder was made of 2.5mm thick copper sheets, as one of the main
requirements for the holder, was high heat conductivity in order to assert uniform
temperature distribution across the whole area. 30cm of 0,05Qcm ™! thermocoax cable
was sandwiched between two 85mm x 35mm copper plates to provide 30W of heating
power, while supplied with 2A DC current. Thermocouple temperature sensor was
attached on the surface of the bottom plate, which, with assumption of symmetric
heat distribution, assured that the measured temperature was very close to the actual
temperature at the holder surface facing Knudsen cells. The finite element method
simulations were conducted in order to validate the heat distribution over a sample,
as well as the temperature correlation between actual measurement point and the
point of interest. The results of the simulation performed in COMSOL software is
presented in figure As the deposition of active layers needed to be restricted to
well defined region, construction of sample cradle and a mask was required. Sample
cradle’s purpose was to fix the sample in place and align it with holder. Then, applied

shadow mask was exposing precisely defined area to the molecular beam. The shutter
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Figure 2.11: Electrical connection diagram of the OMBD setup

was actuated by servomotor on the atmospheric side trough the rotational feedthrough.
The sample holder and shutter were mounted on detachable flange which allows for
easy replacement of the substrates. The image of detachable flange is presented in
figure 2.13]

The shutter was placed in the system, so, while shut, it shadows the sample holder
from incident molecular beam and still exposing the microbalance crystal. It is mounted
on the shaft of o-ring sealed rotary motion feedthrough, which was actuated by a
servomotor on the atmospheric pressure side.

The system is evacuated with turbo- (Pfeiffer Vacuum TMU 261 P) in series with
rough-pump (Edwards RV12), and vented with Ar class 5.0 through an automatic valve
controlled by turbo pump control unit, which opens it when angular frequency of the
turbine drops below the set value (500Hz). The nominal frequency of the turbo pump
is set to 1000Hz.

In order to provide convenient monitoring and logging of deposition processes, a ded-
icated software was designed in LabVIEW environment. The software displayed time
charts of following parameters: layer thickness, deposition rate, deposition pressure,
Knudsen cell temperature and supply current, which were stored for later revision. It
have also featured control of the power applied to the Knudsen cell heating thermo-
coax, by communication with programmable power supply, as well as was able to shut
the shutter, when desired layer thickness was reached. Screen dump of the software is

presented in figure [2.14
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Figure 2.12: The result of FEM analysis comparing the temperature at the bottom of
the sample holder (sensor placement), the temperature at the surface of
the holder, and the temperature at the surface of the sample.

Deposition process

The cleaned substrates were fixed to the sample cradle and loaded into the chamber en-
suring the shutter was in closed position. After introducing rough vacuum (10*mbar),
the turbo pump was engaged to evacuate the system to pressures under ca. 107" mbar.
When desired pressure was achieved, heating of Cgy cell was turned on. After ap-
proximately 45min, the material in cell reached its sublimation temperature which
was observed as the increase in deposition rate. When the deposition rate stabilized
at desired level, the thickness monitor was reset and the shutter was opened to al-
low the material to reach the substrate. After reaching desired nominal thickness of
deposited material, the shutter was automatically shut, and the power was switched
off. Oven selector switch was set to the a-sexithiophene, and the heating of Knudsen
cell and substrate holder were turned on. The substrate holder temperature was kept
constant in 30°C - 170°C range by a thermostat. After ca. 30min, the sublimation
temperature of a-6'T was reached, the thickness monitor was reset and the shutter was
opened. After reaching desired nominal thickness of deposited material, the shutter

was automatically shut, and the power was switched off.

After the deposition processes, vacuum chamber was vented with class 5.0 Ar, and

the substrate was let to cool down below 45°C without exposing to the ambient air.
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Figure 2.13: The image of detachable flange with substrate holder.

2.2.3 Spin-coating
Defining device area

Weakly adhesive masking tape was used to restrict area where PEDOT:PSS blend was
to be span in order to obtain 1mm? solar cell area. The substrate was positioned on the
smooth surface with lines of 1mm pitch, so the top of the electrodes coincide with one
of the marker lines. 7mm x 30mm stripe of masking tape was stretched on the fixture
which kept it 1mm above the surface, and the fixture was positioned to collocate the
edge of tape with Imm marker. Then, the tape was firmly pressed against the sample
with the rubber stamp. Such prepared substrate was moved into N, filled dry glove

box.

Spin-coating of PEDOT:PSS blend

Laurell WS-400-6NPP-Lite spin processor operating in Ny dry glovebox was used to
apply uniform layer of PEDOT:PSS onto the exposed area of the substrate. The
sample was positioned centrally on the chuck and immobilized by vacuum holder. 25ul
of PEDOT:PSS blend was applied and spun at 1000rpm for 45s which result in 150nm
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Figure 2.14: The screen dump of OMBD deposition setup control software written in
LabVIEW

thick layer. Directly after spinning, the masking tape was removed and the sample was

annealed on hotplate at 90°C for 30 min.

Encapsulation

The sample was let to cool down for 5 min, and new masking tape stripe was applied
to cover approx. last 4 mm of the electrodes, to protect the contact areas of the device.
When the substrate was fixed on the spin processor chuck, a layer of DELO katiobond
LPVE UV curable encapsulant was uniformly dispensed over the exposed area of the
device and spun at 4000rpm for 45s. The masking tape was removed instantly after
spinning and the substrate was immediately transported from the glove box to the
characterization station. There, it was light soaked for 15 min with illumination of 1

sun intensity and 1.5AM spectrum to cure the encapsulant.

47



2.3. CHARACTERIZATION

2.3 Characterization

2.3.1 Photovoltaic measurement setup
Solar simulator

The choice of the illumination source used for device characterization is crucial for the
possibility to compare the fabricated devices’ characteristics with the results of the
other research groups. Due to the fact, that majority of solar cells are designed to
operate under solar illumination, it seems reasonable to apply sun-like source to stan-
dardize the measurements. The extraterrestrial luminance - the amount of sunlight
reaching the top of the Earth’s atmosphere can be easily obtained from approximation
of the sun as a black body with “5600K surface temperature. Nevertheless, this radia-
tion need to pass through the atmosphere in which various compounds absorb distinct
bands e.g. Ny (10nm to 100nm) Os (200 nm to 310 nm) or HyO (various bands).
Due to the differences in the light path length through atmosphere for rays reaching
different latitudes, the standard has emerged to assume average of 1.5 atmosphere
thickness. Taking into consideration total atmospheric absorption over this distance,
the spectrum of resulting light is referred to as 1.5 AM (atmospheric mass). Hence,
most of reported measurements are conducted under illumination of 1 sun (1000Wm™)
and 1.5AM spectrum.

In order to obtain light of such characteristics, so called light simulators are used.
To produce a semi-continuous spectrum resembling the spectrum of the sun, most
commonly the high pressure Xe arc bulbs are being used. Those, with dedicated filters
can produce required intensity and spectrum. To assure the temporal stability of the
light output, such lamps need to be powered by a radiometric power supply.

Newport 9600 solar simulator was chosen as the light source which has been used
to illuminate the devices examined in this work. It is capable of providing 1 sun il-
lumination over 2.5’ diameter disc. Unfortunately, it has been observed, that it was
impossible to obtain uniform light distribution over 20mm area, which was required for
consistent measurements of our devices. Noticed non-uniformity will result in variation
of the devices illumination, hence increasing the measurement error. In order to deter-
mine whenever before mentioned non-uniformity is acceptable or not, light distribution

measurements have been performed.
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Light distribution Newport 9660 reference cell was a basic tool used to determine the
illumination provided by the solar simulator. Its limiting factor comes from the fact,
that it had 20mm x 20mm sensing area with averaging output, while the resolution of
interest was in order of Imm. In order to overcome this issue, the reference cell was
mounted on robotic arm and raster scanned 80mm x 85mm area with lmm x 1lmm
mesh. It has been assumed that reference cell output is linear to a non-weighted average
illumination intensity over whole (400mm?) measurement area, so the measured signal
was of form:
Ulu,v) = I(u,v) ® H(i,7)

where U(u, v) is measurement matrix, /(u, v) is illumination at point (u,v), and H (3, j)
is 20 x 20 matrix with all elements equal to 400~!.

This equation represents the mean filtering, therefore, to retrieve the original signal,
the deconvolution operation needs to be performed. With help of Matlab’s image pro-
cessing toolbox, the original intensity distribution was restored and presented together

with measured one as an overlay in the figure 2.15| Extracting the cross section from
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Figure 2.15: Irradiation distributions over measurement area 85mm x 80mm. The mea-
sured values are presented in blue, while the values obtained by deconvo-
lution in red.

this data set it can be easily found that light intensity variations in order of 50% can
be expected over 20mm distance (see figure , hence the measurements of solar

cell devices measured on static substrate are unacceptable. Moreover non-rigid fixture
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between measured sample and solar simulator could result in position drift leading to

even bigger errors.
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Figure 2.16: The cross section of the intensities presented in figure through the
center of the beam normalized to 1 sun for deconvoluted values.

Conclusions It has been derived from the light distribution measurements, that when
the reference cell is positioned in the center of the beam, its averaging output of 0.7
sun corresponds to actual 1 sun in the beam axis.

In order to assure that all the measurements will be performed under the same
illumination, the translational stage has been introduced. First, the stage was aligned
with the beam in order to place it exactly in its center. The sample was fixed in the
holder and the electrical connections to all devices were established simultaneously by
means of ZIF connector. Then, prior to any measurement, the stage was moved in
order to locate the device to be measured in the axis of the beam emerging from the

solar simulator.

Source meter

In order to measure the basic electrical properties of fabricated devices, I-V character-
istics have to be taken. Keithley 2400 source meter has been used as a basic tool for

all characterizations conducted within this project. All measurements were performed
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in 4-terminal configuration in order to minimize the influence of contact resistances,
as well as to suppress noise in measurements of low currents. The source meter was
connected to the device under test (DUT) via 4-channel, 7-way reed relay multiplexer,
which was controlled through Keithley 2400 digital outputs. One of those outputs has
also controlled a servo driver, which was responsible for shutter operation. The driver
could be also set in manual mode to open and close shutter without control signal

from the source meter. The schematic diagram of test station electrical connections is
presented in figure [2.17}

5"

3 GPIB i
‘0 ""
m;‘ Stage controller

Figure 2.17: Connection diagram of the test station

Switch

ZIF

[
HIRINININ

Test cradle

In order to facilitate before mentioned requirements for valid measurement such as
positioning DUT in the light beam axis and stable electrical connection, the test cradle
has been designed and assembled. It consists of three parts: the base which allowed
proper orientation of cradle with respect to light beam, the translational stage (Melles
Griot Nanostep 1) which aligned individual DUTs, and the substrate fixture, which
provided electrical connections between DUTs and multiplexer. The fixture consist of
40 way 0.5mm pitch ZIF flat ribbon cable and 14 way gold-pin connector mounted on
PCB with interconnections diagram presented in figure Such a design asserted,
that there will always be at least two points of electrical contact to each electrode, and

each of them will be connected to separate channel in 4-terminal configuration.

Software

The I-V measurement was performed from the level of LabVIEW software. The ap-

plication directly controlled the translational stage as well as the source meter, while

o1



2.3. CHARACTERIZATION

Figure 2.18: PCB design for ZIF connector.

the multiplexer and shutter were operated through the source meter’s digital outputs.
Measurement was performed sequentially for each DUT selected for characterization,
and each cycle consisted of five phases: alignment of selected DUT to the optical axis
of solar simulator, I-V measurement under dark conditions, I-V measurement under
light conditions (both measurements conditional, and with tunable scan range and
number of intermediate steps), Voc measurement, and Igc measurement. After each
measurement, the raw data consisting measured currents was converted into current
density by dividing its value by provided area of the cell — by default 1mm?2. Then the
separate measurement file was written in desired storage location. The measurements
could be looped in order to perform long term measurements in light soaking, as well

as in darkness conditions in between the cycles. The screen dump of the application is
presented in figure2.19]

Measurement

The voltage bias range for the measurements was set to 0V-0.5V, as none of fabricated
devices have exhibited Vg higher than 0.45V. As soon as the substrate with devices
was mounted in the fixture, the repeatable measurement was started in order to obtain
uniform illumination of all devices while curing the encapsulant (due to movement of
stage). Even though the preceding, as well as following measurements were stored for
possible temporal evolution examination, only the measurements performed after 15

minutes from the start of light soaking were taken into consideration for the sake of
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Figure 2.19: Screen dump of solar station measurement software.

this dissertation. After the measurement the substrate was removed from the fixture,

and stored in sample box in dark and dry conditions for possible further inspection.

Data processing

In order to present the measurement data, the fill factor and power conversion efficiency
were calculated using VBA script for each of chosen measurement files. Chosen data
sets were also plotted in separate figures, as well as in one common plot; average
values of Vo, Js¢, FF, PCE and their standard deviations were presented in summery
table together with parameter values obtained from individual devices. The exemplary
output of data processing scripts is shown in figure 2.20] The reported values of the
parameters are the arithmetic averages of the values obtained from all six devices on

one substrate if no outliers were identified.

2.3.2 Epifluorescence imaging

Fabricated structures were examined with epifluorescence imaging at various stages
during fabrication, but mostly directly after a-6T deposition. Nikon Eclipse ME-600
microscope with Hg lamp (peak wavelength around 365nm), 50x 0.75NA, or 100x
0.9NA objectives, and CCD camera (Infinity 2) was used to obtain the micrographs.
330nm-380nm excitation, 400 dichroic, and 420 longpass detection filters were normally

used, but, in cases when fully fabricated devices were examined, FITC system (460nm-
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Voo Jsc FF n

v mA/cmA2 % %
mean 0.35562 0.657288667 25.6799423 0.088116667
stdev 0.02795899 0.096621924 0.96767826  0.00525402
65degC cell_1_run_l.xls 0.325546 0.610026  25.148267 0.0872
65degC cell_2_run_l.xls 0.384851 0.563395 24.562412 0.0817
65degC_cell 3_run_1.xls 0.326487 0.522921 24.551565 0.0821
65degC_cell_4_run_L.xls 0.365977 0.725280  20.348209 0.0897
65degC_cell_5_run_L.xls 0.335608 0.741648  20.467738 0.0912
65degC_cell_6_run_1.xls 0.395451 0.780456  27.001463 0.0968
0% 275
038 ’_-___7/ 27
07 265
06 /——.___' 26
05 / 255
04 // — 25
03 24.5
02 24
01 235
o T 23
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n% =Jsc mAfcm"2 VooV FF %

Figure 2.20: Exemplary output of data processing scripts.

495nm excitation 505 dichroic, and 515nm-555nm detection) was used to filter out
intense blue fluorescence from the encapsulant excited under UV exposure.

Epifluorescence microscopy utilizes the phenomenon of fluorescence, which is exhib-
ited by many materials. Fluorescence occurs, when excited molecule relaxes to the
ground state by an emission of a photon. Usually, the molecule emits the photon of
lower energy, then one used to its excitation, due to thermal losses in the time interval
between photon absorption and emission. The energetic diagram of this phenomenon,
together with microscopic setup is presented in figure Hg I line (365.4nm) light
is produced in high pressure arc bulb, and is collimated by a lens. After passing the
bank of neutral density filters the excitation line is selected by 330-380nm bandpass
excitation filter and is reflected by the dichroic (400nm) mirror towards the investi-
gated specimen. Fluorescent light emitted by specimen is Stokes shifted, therefore it
is passed though the dichroic mirror, and is subsequently filtered by 420nm long pass
detection filter.

2.3.3 Epifluorescence polarimetry

Together with introduction of analyzer and rotational sample stage to epifluorescence

setup, the fluorescence polarimetry could be performed.

o4



2.3. CHARACTERIZATION

Detector

Detection filter

3
A
s J Non-radiative
= S11 i)
= . :
.o . c 3
= 73 o c
] ) £ 9
‘O 2 Q b
x 5 P
i Q s
3 o
2 >
< [
3
5 \ 4
So 1
0

Figure 2.21: Schematic diagram of epifluorescence imaging, together with Jablonski
diagram of fluorescence process.

Four epifluorescence images of the sample being rotated by 0°, 45°, 90° and 135° with
respect to the analyzer axis at a magnification of 50X were taken. The images were
digitally rotated to a common orientation and the region present on all images was

selected, resulting in a stack of images having their corresponding pixels aligned.

For each pixel, the Maul’s law is used to interpolate the intensity values for each
corresponding pixel throughout taken images. Comparing the second harmonic of the
Furrier transform of each pixel intensity versus angle, with the threshold value, provides
an easy way to detect the areas of the image from which the polarized light is emitted
which is believed to originate from fiber structures|[I28]. For each pixel belonging to a
fiber, the angle of maximum fluorescence ¢, was calculated[129], and the local structure
tensor angle — O was identified[I30]. Since for 6T the transition dipole overlays the
long molecular axis within 3°[20, 131], the angle ¢, indicates the orientation of the
long molecular axis, while ¥ indicates the local orientation of the nanofiber. Then,
the U — ¢o difference represents the local orientation of the long molecular axis with
respect to the long fiber axis — 3,0, Dedicated software written by dr Frank Balzer
automatically conducts the image operations and returns the histogram of 3, across

area, where the fibers were detected.
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2.3.4 X-ray diffractometry

a-6'T films, together with underlying system were investigated with Phillips X'pert
X-ray diffractometry (XRD) setup, with Cr K, source (A= 2.291A) monochroma-
tised at the secondary side with a flat graphite monochromator, in Bragg-Brentano
6 — 20configuration. 6 — 20 scans were taken from 4° - 62° range, while rocking
curves were measured in £16° neighborhood of strongest peak. In Bragg-Brentano
6 — 20configuration the x-ray source, analyzed sample and detector are kept positioned
according to specular reflection condition with varying incident angle (see figure on this

page). In case of ordered layers will occur in the sample, there will exist an constructive

Figure 2.22: Bragg-Brntano diffractometry configuration: (1) X-ray source; (2) Soller
slits; (3) analyzed sample; (4) apertures; (5) goniometer circle; (6) receiv-
ing slit; (7) monochromator; (8) detector.

interference at particular angles which is described by Bragg’s law:
nA = 2sin—
2
where n is an integer, Ais incidents light wavelength, and #is incidence angle. The

principle of Bragg’s law and diffractometer schematics are illustrated in2.23|
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Figure 2.23: Illustration of Bragg’s law. If a difference in light paths reflected from
subsequent crystalline layers is equal to nA, a constructive interference
occurs and the Bragg peak is observed.

Scanning of reflection angle while recording the intensity of the x-rays reaching the
detector results in diffraction pattern. Each crystalline configuration has its unique
pattern, which depends on the unit cell dimensions, therefore it is a powerful method
for material characterization and crystallography.

Another scanning mode results in so called rocking curves. When the source of the
X-rays, the sample, and the detector are positioned in specular reflection configuration,
and the maximum of the intensity peak of interest is reached, the sample can be rotated
around the axis defined by the crossing of ray plane and sample surface . Rocking curve
provides

an information about the mosaicity of the sample i.e. the mutual misalignment of the
crystalline sites with respect to each other. The smaller full-width-at-half-maximum
(FWHM) of obtained peak, the individual crystalline sites are better aligned - the
mosaicity is low.

The XRD measurements were performed at Institute of Solid State Physics of Graz

University of Technology under supervision of Roland Resel.

2.3.5 Atomic Force Microscopy

Atomic force microscopy is an imaging technique, which exploits the phenomenon of
interplay of attractive and repulsive forces in the vicinity of the surface. The cantilever

equipped with sharp tip at the end is excited in oscillation and approached to the
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surface until desired amplitude damping (caused by the force repulsing the tip from
the surface) will be reached. The deflection, and by the same means the amplitude
of the vibration, is measured by the optical method. The laser beam is directed at
the cantilever tip, from which it is reflected. The reflected beam hit the center of
the quadrature sensor consisting of four photo elements. Even though the beam size
is smaller than individual sensors, the difference between the responses of the higher
and the lower sensors, divided by their sum provides accurate information about the
position of the light spot on the sensor.

If then the amplitude of cantilever oscillations will be controlled by the closed loop
PID feedback system, the driving signal value will be corresponding to the height
deviation from the equilibrium position. Therefore, when the tip is scanned across
textured surface and the feedback loop keeps the tip oscillation amplitude constant,
the driving signal is directly coupled with the height of the sample.

AFM scans were performed over areas of hundreds of nanometers (in case of high
resolution scans) to few square micrometers, and the quality of the measurement de-
pends strongly only on the measurement parameters like scan size, tip velocity (below
1pms™1) and number of lines in scan (256 or 512), but also on the settings of the closed
loop PID controller gains. AFM measurements performed in this work were done with

usage of Veeco Dimension 3100 system.

2.4 Experiments

The main topic of this dissertation is to investigate the variety of structures, which
a-6T deposited on Cgy can take in slow deposition rate OMBD process, with variable
substrate temperature during deposition, and the effect of application of those struc-
tures in solar cell on it,s performance parameters. Therefore two series of experiments

were conducted.

2.4.1 Growth of a-sexithiophene nanostructures

In order to ensure that the temperature dependent growth of a-6T is not caused by the
changes in the underlying layer, the preliminary experiments were conducted to deter-

mine the morphological changes of Cgy film at elevated temperatures. Next, the a-6T
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material used for depositions was validated, and investigation of a-6T nanostructures

formation was conducted.

Ceo temperature independence

The substrates were prepared according to recipe described in section [2.2.1] with Al as
an electrode metal. Subsequently 30nm of Cgq was deposited as presented in section
2.2.2] One sample was first in-situ annealed at 150°C for 120min (which corresponds to
deposition time and conditions of a-6T) and then withdrawn from OMBD setup, while
the other was removed immediately after the deposition. Both samples were analyzed
with AFM (Veeco Dimension 3100).

a-sexithiophene material validation

In order to check if the purchased material was indeed the a-6T, its photo-luminescence
spectra has been validated against reported in literature. Blank BK7 glass substrates
were pre-cleaned by ultrasonic bath in acetone for 5 min, rinsed with isopropyl alcohol
and deionized water, blow-dried with Ny, and exposed to 130W RF glow discharge oxy-
gen plasma for 90s. 50nm layer of a-6T was deposited at room temperature substrate
in the OMBD system under pressure below 5-107 mbar, at 0.1 A/s deposition rate.
The sample was investigated by epifluorescence microscopy system with fiber coupled

spectroscope (Maya2000) mounted instead of the camera.

a-sexithiophene nanostructures vs. temperature

Due to the fact, that analyzed structures are going to be implemented in solar cell
devices, the required nominal thickness of the a-sexithiophene should, according to
device optimization experiments, be close to 30nm. Contrary, for the crystallinity
studies, thickness of the deposited layer should not be thinner than 100nm. In order
to address this contradiction two series of samples were prepared with two different
nominal thicknesses of a-6'T: 30nm for direct analysis of structures to be employed in
organic solar cells, and 100nm for XRD measurements.

For the morphological studies, substrates were prepared as in previous case (section
and both organic layers were deposited (section with a constant temper-
ature of the substrate during the deposition of a-6T ranging between 30°C-170°C and
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a-6T nominal thickness equal to 30nm. Devices were analyzed with AFM, as well as
with epifluorescence microscopy imaging and epifluorescence polarimetry.

For sake of XRD measurements, thicker layers of a-6T were required. Devices were
prepared with the same recipe as previously, changing only a-6T thickness to 100nm.
Besides the XRD, the AFM, the epifluorescence microscopy imaging and epifluores-
cence polarimetry analysis have been performed in order to characterize the morphol-

ogy, as well as the internal structure.

2.4.2 Implementation of a-sexithiophene nanostructures in

solar cells

Implementation of the a-6T films in solar cells requires a deposition of the subsequent
layers on the active materials. Therefore, preliminary experiments are needed in order
to determine if the top electrode as well as the encapsulant spin-coating does not

influence the morphology of underlying layer.

a-sexithiophene nanostructures integration with spin-coating

The substrates were prepared according to recipe described in section [2.2.1] with Au
as electrode metal, both organic layers were deposited (section [2.2.2)) and top elec-
trode and encapsulant were applied by spin-coating (section [2.2.3)). Epifluorescence

microscopy images were taken before and after spinning process.

Impact of the substrate temperature during o-6T deposition on performance
of solar cell

The substrates were prepared as in previous case (section and both organic layers
were deposited (section with a constant temperature of the substrate during the
deposition of a-6T ranging between 300°C-170°C. The top electrode and encapsulant
were applied by spin-coating (section . Devices were characterized with photo-
voltaic measurement setup (section and then epifluorescence microscopy images

were taken afterward.
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3 Results

3.1 Growth of a-sexithiophene nanostructures

3.1.1 Cgp temperature independence

The thermal stability of the Cgy layer is of crucial importance for the generated in-
terface and the morphological analysis of the subsequent layers, as their deposition
involves heating of the sample to temperatures in order of 150°C for periods in order of
one hour. To perform a comparative study, two Cgy thin-film samples were prepared:
one was withdrawn from the OMBD setup just after the deposition process, while the
other was post annealed in the chamber at 150°C for 1h without breaking the vacuum.
The 3D representation of the 5um x bum AFM scans of the 30nm Cgq layers on top of

the electrode for as deposited and post annealed samples, are presented in figure (3.1

a) and b) respectively. As the AFM scans indicate, there is no significant difference

a) b)

Figure 3.1: 3D representations of thin-film (30nm) Cgq layers: a) as deposited; b) post
annealed at 150° for 1h. (z-scale magnified)

in the surface of both samples. In order to compare the quality of the surface mor-
phology, the roughness analysis was performed by SPIP software and summarized in

table , where S, is the average roughness, S, is the root mean square roughness,
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| Sa[nm] | Sq|nm]| | Sy[nm] | S,[nm]
as deposited 1,09 1,47 16,20 | 21,44
post annealed | 1,21 1,63 24,90 | 20,60

Table 3.1: Roughness comparison of Cgg film as deposited and post annealed at 150°C

Sy is peak-to peak value, and S, is ten point height. The numerical values of the pa-
rameters increased only slightly - below 20%. the only significant increase is in the
value of peak-to-peak value, but the AFM image shows the presence of high features
only in few spots, therefore it can be considered as negligible. This conclusion is even
strengthened by the observation of the fall in ten point height which is defined as the
average height of the five highest local maximums plus the average height of the five
lowest local minimums, which indicates that average outliers lay closer to the mean
level in the annealed sample.

The ellipsometry measurements were performed to identify the nature of the fabri-
cated Cgg layers. The measurements, despite being performed according to the methods
used for measurements of Cgg crystals found in the literature[132] [133], did not con-
verged even when the thickness of the Cgglayer was known from measurements of step
height scans by AFM or profilometer (Veeco Dektak 150).

Summary

It can be concluded, that Cgy forms highly polycrystalline film on TiOy, which mor-
phology is not significantly affected by annealing. It complies with other works, which
describe remarkable effort required to obtain large domains of crystalline buckminster-
fullerene films|134} 135]. The surface roughness of both as deposited, and post annealed
layers of Cgq is in order of Inm and can be considered smooth for subsequent layers

base. The individual defects are not higher than the thickness of subsequent layers.

3.1.2 a-sexithiophene material validation

The fluorescence spectra of the examined sample is presented in figure Four Gaus-
sian peaks have been fit to the spectra, which had following peak positions: 1.75eV,
1.94eV, 2.09¢V, and 2.2 eV. As the identified values are close to found in literature:
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Figure 3.2: Photo luminescence spectra of deposited a-6T with fitted Gaussian peaks
(1,74ev, 1.91ev, 2.09¢V and 2.17eV).

1,74ev, 1.91ev, 2.09¢V and 2.17eV[1306], 137|, the material was validated as sexithio-
phene.

3.1.3 Morphological studies

In order to be able to include X-ray diffractometry data to draw conclusions about
the impact of substrate temperature during deposition on the crystallinity of obtained
nanostructures, two parallel experiments were conducted. One, where the nominal
thickness of the deposited a-sexithiophene was 100nm, which was indicated as minimal
recommended thickness to perform X-ray diffractometry measurements, and the second
one with nominal thickness equal to 30nm, which was the thickness of material to be
used in solar cells devices according to calibration measurements (see section [3.2.2).
In both cases, the series of samples were prepared as described in section [2.4.1] and
then the epifluorescence micrographs, as well as AFM scans were taken. The result-

ing series of epifluorescence images, together with AFM micrographs are presented in
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figures and for the thin, and thick samples, respectively. The results of each

series will be discussed separately.

30nm a-6T on Cgg layers

Figure 3.3: Epifluorescence micrographs of 30nm «-6T thin-films on Buckminster-
fullerene fabricated at different substrate temperatures during deposition:
room temperature, 90°C, 110°C, 120°C 150°C, 170°C, a) to f), respectively.
The insets present 5um x Hum AFM scans of the respective samples with
height ranges of 35nm, 270nm, 360nm, 600nm, 800nm, 700nm,respectively.
The scale bar is 20pum
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30nm thin-films fabricated at room temperature

Figure 3.4: Epifluorescence (130um x 97pum) and AFM (5um x 5um) micrographs of
sample fabricated at room temperature. White line in AFM micrograph
indicate the 5um line scan area with height range of 9nm.

When substrate was kept at room temperature during deposition of a-sexithiophene,
rough continuous film with sparse nanoscale clusters are observed in AFM scan. The
clusters, which do not exceed 10nm in height, are uniformly distributed and the rough-
ness of the film was measured as Sq=1.8nm. It indicates predominant layer by layer
growth, where only small clusters are formed. The epifluorescence micrograph presents
uniform film with very small grains, and when the polarization analyzer is introduced
into microscopy system, its rotation results in subtle flickering of the image indicating
that the film is polycrystalline, where the crystalline sites are too small to be resolved

by an optical method.

30nm thin-films fabricated at 90°C

Figure 3.5: Epifluorescence (130um x 97pum) and AFM (10pm x 10pm) micrographs
of sample fabricated at 90°C. White line in AFM micrograph indicate the
95um line scan area with height range of 140nm.
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Substrate holder temperature set to 90°C during the deposition of a-sexithiophene
results in formation of 1-20um regions consisting of a mesh of needle like structures at
number of nucleation points, which are surrounded by a rough film. Once again, the
rotation of a polarization analyzer reveals the crystalline nature of observed formations,
while the amplitude of intensity variation, in comparison to the surrounding areas, can
indicate that they consist of lying molecules rather than standing. This phenomenon
is caused mostly by the orientation of the transition dipole in the a-sexithiophene
molecule, which is tilted just 3° from the long molecular axis|20} [131]. Therefore, lying
molecules not only can easily absorb the incoming light, but also the emitted light
will be predominantly directed perpendicular to the substrate. It stays in contrast to
formations consisting of standing molecules, which will not only absorb significantly
less light due to nearly right angle between transition dipole and incoming electric
field, but also emission occurs mostly in directions coplanar with the substrate. The
structures seem to emerge from the nucleation centers and cover virtually circular areas.
There exist a depletion zone in the vicinity of fiber-like structures, where significantly
lower intensity of fluorescent light is observed. Such behavior is expected in Stranski-
Krastanov growth mode. AFM scans reveal the heights of the fibers to be in range of
60-130nm.

30nm thin-films fabricated at 110°C

Figure 3.6: Epifluorescence (130um x 97um) and AFM (10pum x 10pum) micrographs
of sample fabricated at 110°C. White line in AFM micrograph indicate the
75um line scan area with the height range of 200nm.

If the temperature of the substrate holder during the deposition of a-sexithiophene will

be kept at 110°C, the whole surface is uniformly covered with dense mesh of mixed fibers
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and dendritic structures. Significant difference in the observed fluorescence intensity
of fiber like and dendritic structures implies, that fibers consist of lying molecules|99],
while dendritic structures consist of standing ones[108].Nevertheless, the observed am-
plitude of fluorescence from dendritic formations is higher than expected. However,
this can be explained by the fact, that mostly the dendritic shapes are adjacent to the
fibers, so injection of light from highly absorbing and fluorescent fibers to the dendritic
structures may occur. Moreover, while rotating the polarization analyzer, one can
identify few domains within one dendritic structure, for which the fluorescence inten-
sities are phase shifted. It indicates that dendritic formations consist of few crystalline
domains.

AFM scans of the structures show that fiber like structures height and width are
in range of 200nm, while the dendritic structures grow just until 50-60nm and form

smooth slopes.

30nm thin-films fabricated at 120°C

Figure 3.7: Epifluorescence (130pm x 97pum) and AFM (10pm x 10pm) micrographs
of sample fabricated at 120°C. White line in AFM micrograph indicate the
6um line scan area with the height range of 400nm.

At 120°C of the substrate holder temperature during the deposition of a-sexithiophene,
the new structures emerge. The area is covered by individual formations of mostly
polygonial shape, but also significant number of elongated, and fiber like structures
are present. Even though all structures exhibit fluorescence and Malus law governed
intensity variations while polarization analyzer is rotated, there is remarkable inten-
sity difference between bright elongated and fiber like structures, and dim polygons.

Though, there are numerous polygon like structures with areas of strong fluorescence.
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AFM scans of the sample reveals that polygon like structures usually consist of
single slope crystal face which terminates abruptly. Similar structures formed by a-
sexithiophene were also recently found by Simbrunner et al.[51], where it was shown,
that such crystals can grow as tilted lamellar plate with defined tilt angle with void
space underneath. Even though only 67° tilt angle of lamellar structure with respect
to the substrate was identified, the reason that number of different tilt angles (21.3°,
24.5°, 32.5°, 36°, 43°) observed here can lay in the fact, that Simbrunner performs
epitaxial experiments by deposition over para-hexaphenylene (p6P) crystals, while here

the substrate is amorphous buckminsterfullerene.

30nm thin-films fabricated at 150°C

Figure 3.8: Epifluorescence (130um x 97um) and AFM (20pum x 20pum) micrographs
of sample fabricated at 150°C. White line in AFM micrograph indicate the
11 pm line scan area with the height range of 400nm.

Substrate holder temperature set to 150°C during the deposition of a-sexithiophene
leads to formation of yet another structures. Epifluorescence images show lack of
geometrical polygons, but highly irregular structures emerge. Yet again, there are
clearly two types of structures which significantly differ in the intensity of fluorescent
light, but both exhibit Malus variations when polarization analyzer is rotated. The
dimmer structures which occupy majority of the surface are rather compact, but have
very ragged or fringed shapes, while the bright ones are elongated fiber like structures
but, contrary to fibers obtained at lower temperatures which were mostly straight,
those are curled and curved. Such richness in obtained shapes can be explained by the

increase of the molecules surface mobility, which could result in frequent and progressive
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defect formation leading to curved shapes in case of lying molecules, and fringed shapes
of formations consisting of molecules which stand.

AFM analysis reveals that curled structures have ca. 600nm height, while the fringed
ones do not exceed 100nm. Scan of the area between the bright and dull structures
show presence of clusters with diameter of 100-200nm and the height up to about

50nm.

30nm thin-films fabricated at 170°C
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Figure 3.9: Epifluorescence (130um x 97pum) and AFM (15pum x 15um) micrographs
of sample fabricated at 170°C. White line in AFM micrograph indicate the
14 pm line scan area with the height range of 600nm.

When the substrate was heated up to 170°C during the deposition of a-sexithiophene
the division for dimmer and brighter structures remained, but weakened. The bright
structures form several hundreds of micrometers long curled and tangled fibers, while
the dimmer ones fill the remaining space and form fiber like structures of diameters
belowlOum. No dendritic, or other irregular structures are observed, so it could be

suspected, that the structures consist solely from lying molecules.

AFM scans reveal significant height difference in those two types of formations - fiber
like structures are up to 200nm high, while the curled ones reach 800nm, which explains
the difference in fluorescence intensity. Moreover, the dimmer structures resemble very
much the structures obtained at 90°C, which were identified as consistent of lying
molecules. Investigation of the area between the structures show similar clusters as in

case of deposition at 150°C.
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100nm a-6T on Cgg layers

Figure 3.10: Epifluorescence micrographs of 100nm «-6T thin-films on Buckminster-
fullerene fabricated at different substrate temperatures during deposi-
tion: room temperature, 70°, 90°C, 120°C 150°C, 170°C, a) to f), re-
spectively. The insets present 5um x 5um AFM scans of the respec-
tive samples with height ranges of 30nm, 300nm, 300nm, 700nm, 700nm,
600nm,respectively. The scale bar is 20um

100nm thin-films fabricated at room temperature

Figure 3.11: Epifluorescence (130pum x 97um) and AFM (5um x 5um) micrographs of
100nm thin film of a-6T fabricated at room temperature. White line in
AFM micrograph indicate the 5um line scan area with the height range
of 13nm.
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When the substrate was kept at room temperature during deposition of a-sexithiophene,
the resulting film is similar to the thinner film obtained at the same temperature in
previous experiment. Similar intensity of fluorescent light appears, and faint flicker
is present when polarization analyzer in the microscope is rotated. The roughness

measurement performed with AFM system resulted in Sq=4.1nm.

100nm thin-films fabricated at 70°C

Figure 3.12: Epifluorescence (130pum x 97um) and AFM (10pm x 10um) micrographs of
100nm thin film of a-67T fabricated at 70°C. White line in AFM micrograph
indicate the 105um line scan area with the range of 230nm.

At 70°C of the substrate holder temperature during the deposition of a-sexithiophene,
regions with larger fiber like structures start to emerge at various nucleation points.
Their heights were about 200nm and lengths in order of few micrometers. The regions,
which maximal size was in range of 5um, were uniformly dispersed and surrounded by

a rough film similar to one obtained at room temperature.
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100nm thin-films fabricated at 90°C

Figure 3.13: Epifluorescence (130um x 97um) and AFM (10xm x 10pum) micrographs of
100nm thin film of a-6T fabricated at 90°C. White line in AFM micrograph
indicate the 10um line scan area with the height range of 210nm.

Structures formed at 90°C of the substrate temperature during deposition of a-sexithiophene
again formed very similar structures as the obtained at the same temperature during

the experiment with thinner nominal layer of a-6T, but the the sizes of the biggest
regions increased to over 50um and the height of the fiber-like structures were reaching
about 200nm.

100nm thin-films fabricated at 120°C

Figure 3.14: Epifluorescence (130um x 97um) and AFM (10pm x 10um) micrographs
of 100nm thin film of a-6T fabricated at 120°C. White line in AFM micro-
graph indicate the 12um line scan area with the height range of 500nm.

On the samples with 120°C of the substrate holder temperature during the deposition

of a-sexithiophene, the whole surface is uniformly covered with dense mesh of mixed

fibers and dendritic structures, but also some polygon shape structures are identified.
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The structures resemble very much the formations obtained during experiment with
thin layer of a-6T at 110°C, but the obtained shapes are less regular. Epifluorescence
image reveals bigger share of dendritic structures which seem spreading from the sides
of the fiber like structures. Nevertheless it may occur due to aforementioned light
injection effect, and only those dendritic formations which are structurally bound to

the fibers emit bright enough fluorescence to distinguish them.

AFM scans show that the dendritic structures seem to be formed from polygonial
formations with different and uncorrelated growth directions, which height is in order
of 150nm, while the mean height of fibers was around 200nm, reaching 500nm in some
areas. High resolution scan of the dendritic structure (see figure has revealed
clearly, that those structures contain monomolecular a-sexithiophene steps with terrace
step height of approximately 2.2nm, which corresponds to standing a-6T molecules
(2.24nm). Moreover, such steps could not be observed for needle like structures, what
supports the statement that dendritic structures are composed of standing, while needle

like - from lying molecules.
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Figure 3.15: High resolution (500nm x 500nm) AFM scan of the dendritic a-6T struc-
ture formed at a surface temperature of 120° during growth. The black
line indicates the position of the below height scan, revealing a 2.2 nm

step height, fitting to the monomolecular height of (100) standing a-6T
LT unit cell.
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100nm thin-films fabricated at 150°C

Figure 3.16: Epifluorescence (130um x 97um) and AFM (10pm x10pm) micrographs
of 100nm thin film of a-6T fabricated at 150°C. White line in AFM micro-
graph indicate the 10um line scan area with the height range of 450nm.

Substrate temperature set to 150°C during the deposition of a-sexithiophene leads
to formation of polygonial structures, which substantially resemble the lamellar for-
mations obtained during low thickness deposition at 120°C. Obtained formations are
of similar horizontal dimensions and are dispersed in similar manner as the ones ob-
tained from previous experiment, but the needle like structures occur significantly less
frequent. Nevertheless, still the formations adjacent to needle like structures exhibit
stronger fluorescence. Rotating polarization analyzer reveals that intensity of fluores-
cent light varies accordingly in the whole structure indicating that lamellas are single
crystalline structures. The AFM scans show, that the heights of lamellas and fiber like

structures vary a lot from 50nm to over 400nm.
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100nm thin-films fabricated at 170°C

Figure 3.17: Epifluorescence (130um x 97um) and AFM (10gm x 10xm) micrographs
of 100nm thin film of a-6T fabricated at 170°C. White line in AFM micro-
graph indicate the 12um line scan area with the height range of 400nm.

When the substrate was heated up to 170°C during the deposition of a-sexithiophene
new formation appears of rather small (1-3um) crystallites of uniform fluorescence
intensity. AFM scans reveal yet another time polygonial shape structures, which are
tilted with constant slope throughout one crystalline site. Abrupt terminations of
the facets which are recognized by AFM as nearly 90° steps can again indicate that
the obtained structures are lamellar planes. The height of the crystallites is found in

100nm-400nm 200nm range.

Conclusion

Even though there are few differences in the evolution of structures constituting the
thin (30nm) and thick (100nm) a-sexithiophene layers, until moderate temperatures
(100°C-110°C) the same roadmap is followed in both cases.

In both series of experiments clear evolution of structures can be identified. Starting
from low temperatures, regardless of nominal thickens of deposited material, obtained
films are uniform, as the molecules are not mobile enough to form larger structures and
the location of individual molecules is mostly determined by the locus of adsorption.
With the increase in the substrate temperature, increase in diffusion occurs, and small
structures start to appear in individual locations. Those can be the locations of debris
or defects on the surface, or random.

If the temperature is further increased to 90°C, the number of the nucleation points

rise, and also the star like branching starts from the nucleation points. Due to round en-
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velopes of those formations and branching roughly from the center, it can be concluded,
that the structures grow from the nucleation point outwards. From the difference in the
fluorescence intensity, and the amplitude of fluctuations while the polarization analyzer
is rotated it can be deducted, that the fiber like structures consist of lying molecules,
contrary to the surroundings which are formed from standing ones. However, more
detailed polarimetry analysis is described in section

At higher substrate temperatures during deposition, the results of thin and thick film
start to differ, but still some similarities can be observed. 110°C for the thin films results
in very similar structures as 120°C for the thick ones. Resultant film can be described
as further evolution of star like structures which grew far away from the nucleation
points, finally merging together in dense mesh of long needle or fiber like structures,
with high number of dendritic formations adjacent to them. The growth of larger
nanofibers at increasing substrate temperatures on mica surfaces has previously been
reported|20, 104]. Tt has been also shown by Simbrunner et al., that such coexisting
formations of needles and dendritic formations can occur due to the fact, that the 67°
tilt angle of the lying molecules crystal formed in (411) orientation (found in needle
like structures) is equal to the tilt angle formed by standing (100) molecules (found
in dendritic structures). It infers, that the nucleation of the crystallites consisting of
standing molecules is favored at the sidewalls of already existing needles[99] as so called
ledge-directed epitaxy[I38].

The next common structure for the thin and thick films appear at 120°C and 150°C
of substrate temperature, respectively. Those are the polygon shaped lamellar struc-
tures, which indicate well defined crystal faces with various tilt angles with respect to
the substrate. Unfortunately, due to the top-projection imaging techniques involved,
the presence of the possible void volume under the plates was not proven as it was
demonstrated by Simbrunner[51]. Implementation of lamellar plates in organic solar
cells can be a very interesting study in the standard configuration of the solar cell,
where the interface could be formed around them leading to very short average bulk-
to-interface distance. Nevertheless it is beyond the scope of this work to investigate
it.

Above those temperatures, both films start to behave differently. As the three
fold thickness increase changes significantly the surface energy and the interplay be-

tween intermolecular and surface adhesive forces result in formation of different struc-
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tures. Above 120°C of the substrate temperature during the deposition of 30nm of
a-sexithiophene, curly fibers consisting of lying molecules start to be formed. The
space between them is loosely filled with fringed structures of standing molecules. Fur-
ther increase in temperature results in formation of curly fibers with length in range of
100pm, between which straight short needles occur. Contrary, in case the 100nm thick
film is deposited with substrate temperature of 170°, previously seen lamellas seem
to decompose into smaller clusters of uniform sizes and thickness. The structures are
sparser and film clearly appear discontinuous. This is likely due to the lower sticking

probability of the incoming a-sexithiophene molecules at high surface temperatures.

Summary

Four temperature ranges have been recognized, where the obtained structures exhibit
different morphological properties. At lower substrate temperatures, deposition of a6T
on Cgp results in rough continuous film and nanoscale clusters of highly polycrystalline
nature. Increasing the temperature of the substrate during the deposition increases the
molecular kinetics resulting in formation of regions consisting of fiber like structures.
Reaching 120°C leads to saturation of the surface with the regions resulting in the dense
mixed mesh of needle and dendritic like structures. Further increase of temperature
induces a rapid transition to sparse, relatively large and compact flakes exhibiting
distinct crystal faces and probably the lamellar structure. Increasing the temperature
over 150°C overcomes the next critical point where high molecular kinetics and surface
energy result in various structures depending on the thickness of the deposited material.
Curly fibers are seen at low film thicknesses and individual clusters at high.

The presence of structures consisting of lying molecules could be expected in 70°C-

150°C range where needle like structures are present.

3.1.4 Crystallography studies

In order to gain an insight into the crystalline structure of the films, they were investi-
gated with fluorescence polarimetry and X-ray diffractometry. The first technique al-
lowed to determine the angular orientation of the transition dipoles of a-sexithiophene
molecules with respect to the long needle axis, therefore it was applied only to the

sample where distinct needles were identified by epifluorescence imaging, namely the
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sample with 100nm of a-6T deposited where the temperature of the sample holder was
110°C.

Fluorescence polarimetry.

The result of fluorescence polarimetry performed on a 100nm thin-film of a-6T fabri-
cated at 120° is presented in the figurd3.18] The colors indicate local angles between
long molecular axis and long needle axis - B0. A histogram of the image from figure
together with fitted Gaussians is presented in figure This is the final data
derived from the measurements which shows the distribution of different molecular

packings in fibers.

Figure 3.18: The epifluorescence polarimetry image presenting local angles between
long molecular axis and long needle axis - B

The mean values of B, angle distributions identified in this experiment are equal
to 74°, 90°, and 107°, the latter being a symmetric reflection of the first one over the
long needle axis. The found values match with previously reported 3o angles for
herringbone packed lying molecules with (£h01) and (£h,£1,£1) being contact faces
|20} 101], which predominantly occur in needle like structures. The measurements and

data processing was done by Frank Balzer.

78



3.1. GROWTH OF o-SEXITHIOPHENE NANOSTRUCTURES

7
J N\ —+~ Histogram data
6000 / \ — Fit functions
B 14 \ Model (sum)
o /
b
o OV
= L4000 {0/
@ / / \
o / \
€ / \
2 7o~ Vo
I/ Y\
2000 /2 A SN
/ \ \
R A vy
borosges svsveves st ~_ . rereescsotsons
30 60 90 120 150
B[]

MOL

Figure 3.19: The histogram of the image presented in figure on the facing page with
fitted Gaussian distributions.

X-ray diffractometry

0-260 scans Diffraction patterns of measured samples, are presented in figurg3.20}

The most visible aspect are the regular peaks indicating the presence of only one
crystalline phase and its higher order harmonics. Their coincidence with the simu-
lated locations of a-sexithiophene (200) (standing molecules) and higher orders peaks
(marked by dotted lines), together with the match of relative peak heights (Cambridge
Crystallographic Data Centre), legitimates to confirm the presence of (200) crystalline
structures, i.e. consisting of standing molecules, in most of the prepared samples. Only
the sample fabricated at 30°C does not show the presence of a-6'T characteristic pat-
tern, while the other samples exhibit increasing of the signal together with increase in
substrate temperature. This is an indicator of the increasing amount of (200) oriented
crystals up to temperature of 170°C, where clear drop occurs. However, it could be ex-
plained by before mentioned desorption of material from the sample at high substrate
temperatures. There is lack of any other pattern matching with another crystalline ori-
entation of the a-sexithiophene[I39] nor the buckminsterfullerene[140], but all of the
samples exhibit similarly sized peak at 2.7A 1which corresponds to aluminum (111),

on which Cgo and a-6T layers were deposited.

The rocking curves taken at the most intense (1200) peak showed a significant nar-
rowing of the FWHM for films grown at temperatures higher than 90°C. This indicates

that the mosaicity, i.e. mutual misalignment of crystalline sites with respect to the
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Figure 3.20: X-ray diffraction patterns vs. scattering vector obtained from a-6T sam-
ples prepared at different substrate temperatures during deposition ex-
hibiting the presence of a-6T (h00) orientations (vertical lines indicate
positions of simulated a-6T h00 peaks), with dominant 1200 peak.

substrate, falls for samples prepared at elevated temperatures, reaching its minimum

for substrate deposition temperature equal 170°C.

Summary

Only the presence of standing molecules (200) has been proven by X-ray diffractom-
etry methods. The observation that the XRD investigations did not reveal these ori-
entations can be explained by the fact that the nanofibers represent only a minimal
volumetric fraction of the total material that gives rise to X-ray scattering, while den-
dritic structures and clusters are vast spread. Films obtained at lower temperatures of
the substrate during a-sexithiophene deposition exhibit high polycrystallinity, as well
as high mosaicity. Increase in temperature induces the growth of bigger and better

oriented crystals.
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3.2 Implementation of a-sexithiophene

nanostructures in solar cells

3.2.1 «-sexithiophene nanostructure integration with
spin-coating

As the previous study in this work has shown, the structures grown from a-sexithiophene
on thin film of Cgy can reach unity aspect ratio, therefore the fibers could potentially
be mechanically torn away during spin coating of the transparent electrode and en-
capsulant, which are the next steps in fabrication of solar cell. To investigate this,
epifluorescence images of the same region of the substrate were taken before and after

spin coating steps. The images are presented in figure [3.2I] Green coloring of the fin-

Figure 3.21: Epifluorescence micrographs of the same region of a solar cell device before
a), and after b) spin coating processing. The image a) is taken with UV
IT filters set, while the image b) with FITC.

ished solar cell image presented in figure b) comes from the fact, that it was taken
with usage of FITC (ex:460nm-495nm, det:515nm-555nm) filtering system in contrast
to UV II(ex:330nm-380nm, det:LP420nm), which was used to take the initial one
a). The change was required, as the encapsulant layer strongly fluoresces in blue color
when excited by UV, which prevented clear observation of the structures underneath.

The presence of the encapsulant layer distorted the image presented in ﬁgure b),
but it is seen, that the fibers seem to remain their position and orientation. In order
to visualize similarity of the structures before and after spin-coating, selected areas of
both images were assigned to red and green channels of a new image presented in figure
As a result, the yellow color indicates structures identified in both images, the red
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color indicates the ones identified only in figure a) and green only the ones from
figure b). The majority of green features in top right corner, together with the red
majority in bottom left may indicate differences in illumination of two samples rather
than misalignment of fibers. As can be seen, the yellow features dominate the image,
therefore it was concluded, that spin coating processing does not affect the positions

of underlying tall structures significantly.

Figure 3.22: Color channel combination of selected area of images a) (red), and

b) green.

Even though a mechanical damage during spin coating does not occur excessively,
another problem has appeared during the annealing of the transparent electrode layer.
In order to evaporate the solvent form the PEDOT:PSS blend it is to be baked on a
hot plate at recommended temperature of about 150°C[123] 120, 141]. Unfortunately
this led to peeling off and rolling of the active layers from the substrate. The image of
the rolls on the substrate is presented in figure [3.23] As such defects can appear due
to the mechanical strain caused by rapid solvent release and mismatching thermal ex-
pansion, the annealing procedure of PEDOT:PSS has been changed. In all proceeding
experiments, the transparent electrode layer was annealed by heating up from ambient
temperature to 90°C for 5 min, and then kept at 90°C for 25 min. This annealing

procedure prevented the layers from rolling.

Summary

Spin coating processing was found not harmful for the underlying structures, but the
annealing step parameters were altered with respect to the values found in the litera-

ture, in order to prevent the peeling off of the active layers.
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Figure 3.23: 2.6mm x 1.9mm bright field micrograph presenting the peeling off of the
a-6T layer after annealing at 150°C.

3.2.2 Optimization of bilayer device

Even though the bilayer a-sexithiophene devices has been already studied in literature[T11]
113], T15], lack of reports about the inverted configuration of in-house fabricated solar
cells demands the optimization of layer thicknesses to be a first step in systematic study
of such structures. However, the thicknesses reported in those publications can serve as
a good initial guess for starting point of the optimization procedure. The optimization
was conducted with the device fabricated at room temperature of the substrate during

the deposition of electron donor layer.

Ceo layer

At first, the Cgo layer was investigated. The examined thicknesses were 15nm, 20nm,
30nm, 40nm, and 50nm, while the thickness of a-6T was kept constant at 20nm.
The derived parameters, which were obtained from photo-electrical characterization of
the devices fabricated at various temperatures are presented in figure |3.241 Top left
graph in figure presents the open circuit voltage of fabricated devices versus the
thickness of Cgo layer. It can be noted, that most of the values are close to 390mV
which is expected value for this system[I42], while the open circuit voltage of the device
with thinnest Cg layer is definitely lower than others.

All the other parameters (see figure top right, and bottom row) i.e. short circuit

current density, fill factor, and power conversion efficiency follow similarly shaped
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Figure 3.24: Solar cell performance parameters for varying thickness of Cg.

curves, with outstanding low values at 15nm Cggthickness, peaking the maximum at
20nm and decaying with increase in thickness.

Such a behavior is expected, since the Cgo layer serves just as electron transport
layer and the photons absorbed in Cgy do not take part in photogeneration of current.
Therefore, with increase in thickness, the series resistance, which increase results in
smaller fill factor, and bigger chance of recombination affects the short circuit current
density. Nevertheless, below 20 nm, the Cgq film is can be discontinuous (as peak-peak
height values of Cgg layer is in order of 15 nm - see , hence pinhole short circuits

will degrade the solar cell performance.

a-sexithiophene layer

Setting the Cgp layer thickness to 20 nm, number of devices with the thickness of
a-sexithiophene layer equal to 20nm, 30nm, 40nm, 50nm, 60m, and 70nm were fabri-
cated at room temperature. The derived solar cell characteristics of those devices are
presented in figure 3.25] Open circuit voltages presented in top left graph in figure

3.25| are rather uniform over whole domain. The fill factor and power conversion effi-
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ciency exhibit initial increase until about 40nm of layer thickness, followed by decrease
above 60nm with a plateau between those values, while the short circuit current density

reaches its maximal value for 30nm followed by slow decay.
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Figure 3.25: Solar cell performance parameters for varying thickness of a-6T.

For low thicknesses, increase of the active volume, from which the excitons could
reach the interface, is responsible for raise in the solar cell performance - especially the
short circuit current, while for thicknesses way thicker than exciton diffusion length,
further increase resulted in higher equivalent series resistance for separated charges

traversing the material.

Summary

From above mentioned experiments, the conclusion was drawn, that optimal active
layers for the device should be 20nm for the buckminsterfullerene and 30nm for a-
sexithiophene. All the further devices were fabricated according to this assumption.
The two series of experiments were conducted in two weeks time interval, therefore
the discrepancy between the values was seen. Different batches of a-6T material used,

as well as changes in glove box atmosphere and in characterization setup can be an
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explanation here. Nevertheless, the repeated experiments within the same series have

result in coherent values.

3.2.3 TiOx photo conductivity

Using TiOxlayer in solar cell devices is known to introduce the effect of so called
“S-shaped J-V curve”[143, 125]. Example of such characteristics is shown in figure
(blue and red curve). The investigation conducted by Ecker et al. have revealed
that such effect caused by titanium oxide exhibiting p-type semiconductivity can be
overcome by light soaking of the device which results in resistivity drop of TiOx layer.
The S-shape recovery is presented in [3.26]

J-V curves of light soaked device

Current density [mA/cm~2]

Voltage [V]

Figure 3.26: J-V curves of light soaked device taken at 2 min intervals showing the
change of the characteristics from S-shaped low fill factor curve of initial
measurement (curve a), to the desired high fill factor curve after 14 min
(curve b)

In order to investigate how long the devices need to be illuminated before the effect
vanishes, number of devices were illuminated with 1.5AM 1sun source, and the J-V
measurements were taken each 30s. Nevertheless, due to the encapsulant, prolonged
illumination of the devices resulted in progressive deterioration of devices. Therefore
the power conversion efficiency of the device was chosen as figure of merit to determine
the optimal light soaking time, after which the valid measurement of the solar cell

performance will be taken.
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Figure 3.27: Power conversion efficiency versus time during light soaking of the exem-
plary device under 1.5AM 1Sun illumination. The arrow indicates the
maximum efficiency point.

Number of experiments have been performed, where the power conversion efficiency
was measured during the light soaking period, exemplary of which is presented in
figure [3.27] The result of 10 experiments was that the time needed in order to obtain

maximum efficiency was equal to 154+1.5 min.

Summary

All the devices were light soaked with 1.5AM 1Sun illumination for 15 minutes, before

the valid measurement was taken.

3.2.4 Impact of the substrate temperature during a-6T

deposition on performance of solar cell

The culmination work of this thesis, are the results of the experiment where the perfor-
mance parameters of solar cells, which donor layer was fabricated at different substrate
holder temperatures during deposition, are compared. The substrate temperatures dur-
ing a-sexithiophene deposition at which the devices were fabricated were 30°C, 50°C,
60°C, 70°C, 80°C, 90°C, 100°C, and 120°C.

Open circuit voltages of fabricated devices is presented in left hand side of figure |3.28

The measured values are consistently located in close vicinity of 350 mV, which agrees
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Figure 3.28: Open circuit voltage versus the temperature of the substrate during donor
layer deposition.

with reported Vo dependencies, which rely on the energetic characteristics of used ma-
terials rather than material geometrical properties like thickness or arrangement|142].

Short circuit current density dependence on the substrate temperature is presented
in right hand side of figure It clearly exhibits the maximum at about 60°C, when
larger regions consisting fiber like structures start to appear in devices. The drop at
higher temperatures can be explained by occurrence of material depletion zones around
the fiber like structures, which can lead to low equivalent shunt resistance or internal
short circuits.

The fill factor of fabricated solar cells is presented in left hand side of figure [3.29 It

501 ' ' : ‘ I "] 0.14+
‘ 0.12f .
0.10+
0.08+
80.06» s . I
A=~ 0.041 .

S
S
.

(%)

Figure 3.29: Fill factor versus the temperature of the substrate during donor layer
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is in general decreasing in value together with increasing temperatures, with distinct
peak occurring at 70°C. At this temperature the crystalline structures saturate the
surface, which can improve the series resistance of solar cell. As previously explained
in section [L.5] fill factor is strongly bound to the parasitic resistances in solar cell.
Further decrease in fill factor value with the temperature can be explained similarly
to short circuit current density, by appearance of depletion zones, which significantly
reduce equivalent shunt resistance of solar cell, as well as to reduction of junction area.

The power conversion efficiency dependence on the temperature of substrate during
deposition of electron donor layer is presented in right hand side of figure 3.29 It
exhibits strong peak between the values of 60°C and 70°C, where it rises in value more
than 100% compared to room temperature. Beyond this domain, the power conversion

efficiency drops with increasing temperature.

Figure 3.30: Epifluorescence micrographs of the measured solar cell devices fabricated
at different substrate temperatures during deposition: room temperature,
50°, 60°C, 70°C 90°C, 120°C, a) to f), respectively. FITC filter bank
was used in order to remove excessive blue fluorescence from UV exposed
encapsulant. The scale bar is 20um.

The epifluorescence images of few of the measured devices are presented in figure
At room temperature, a rough continuous film is observed, while at 50°C, small
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(<3pm) clusters are formed at individual nucleation points (figure a and b). At
60°C, we observe a mesh of fiber like structures formed in randomly distributed domains
of various size, while at 70°C such structures fully cover the surface area (figure [3.30]
¢ and d). At an increased substrate temperature of 90°C, the formation of fiber like
structures persists, but contrary to the sample prepared at 70°C, the structures are
clearly separated by the areas where virtually no fluorescence is observed (figure m
e). At 120°C, 10-20pum long, straight, and branching fibers are formed, which are
surrounded by a mesh of shorter ones — 2-5um (figure f). It is important to note,
that the observed morphology variations occur here at lower temperatures than those
stated in section It is ascribed to a different substrate holder employed for these
devices compared to the morphology studies, and thus the reported substrate holder
temperatures are not the absolute surface temperatures. Potential effect of annealing
during PEDOT:PSS solvent evaporation should be also taken into consideration, but

it was not studied further in this work.

Summary

Over 100% power conversion efficiency increase has been identified for the devices,
which electron donor layer was deposited at substrate temperature between 60°C and
70°C, which coincides with temperature, where the first monocrystalline sites start
to appear in deposited films. This range is characterized by a maximum density of
fiber like structures. At higher temperatures, the lower density of larger fibers leads
to a reduced junction area and thus device performance. The fluorescence polarime-
try measurements performed on corresponding structures have strongly indicated the
presence of lying molecules, which enhance the vertical charge transport favored in
solar cell applications. Moreover, the formations constituent of standing molecules re-
vealed by XRD measurements could also enhance the performance of the devices in
this configuration, as they facilitate efficient horizontal charge transport from the o-6T

nanostructures to the transparent electrode.
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4 Conclusions

The major topic of the present thesis is the investigation of the a-sexithiophene crys-
talline formations on Cgy thin films, their internal structure, and the influence of those
structures on organic solar cell performance. The preliminary driver for this research
was the strong carrier mobility anisotropy observed in a-6T molecules, which could
lead to an improvement in the electronic and optical properties of crystalline struc-
tures in contrast to amorphous thin-films. In crystalline a-6T, the direction of high
carrier mobility is defined the m — 7 stacking, which, for solar cell applications, favors
molecules lying on the substrate due to charge transport perpendicular to the surface.
Furthermore, laying molecules infer the optimal orientation of the transition dipole for
the maximal light absorption.

Having a big collection of knowledge, know-how, and expertise in the field of crys-
talline nanostructures growth from conjugated oligomers at NanoSYD, the challenge

of this project was undertaken.

4.1 Hardware

A dedicated, one chamber, 3-source, high vacuum system has been designed and built
in order to perform the organic molecular beam depositions. A SCADA system was de-
veloped in LabVIEW environment in order to monitor and control process parameters
and store them for later inspection.

A photovoltaic characterization station has been established. It involved the estab-
lishment of in-house standard for organic solar cell substrates, fixtures, and connections
to the measurement equipment. In order to assert equal illumination conditions for
the measured devices, a translational stage was integrated into system, which positions

the device under test with respect to the illumination beam. The software controlling
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the characterization station was developed in a way to also allow for the measurements

of transistors and other thin-film photosensitive devices.

4.2 Growth of a-sexithiophene structures on Cgg

Four temperature domains have been identified, where various crystalline structures
have been obtained from a-sexithiophene thin-films of 30nm and 100nm thicknesses
over thin-films of buckminsterfullerene.

The resulting structures varied a lot in morphology and internal structure. At
substrate temperatures during the a-6T deposition lower than 50°C, a rough film of
strongly polycrystalline nature was obtained. At higher temperatures, regions with a
dense mesh of coexisting needle like, and dendritic structures were formed. At 70°C
the regions were separated and did not exceed 20um, while at 120°C the sample surface
was saturated with the mesh. A further temperature increase lead to an abrupt change
of the structure type, which formed sparse, tall, crystallite sites of potentially lamellar
nature. After crossing the next critical temperature of 150°C, long, curly fibers were
obtained for thin films, while thick depositions result in formation of dense uniform
crystalline sites of low mosaicity.

The XRD studies have shown the increasing amount of (200) oriented crystalline
sites and decrease in mosaicity with increasing the substrate temperature during the
a-6'T deposition, while the Epifluorescence polarimetry investigations strongly indicate

that the observed needle like structures consist of lying molecules.

4.3 Crystal enhanced organic solar cells

A significant influence from the crystalline structures in the donor material on the
performance of the a-sexithiophene — Cgy bilayer solar cell has been observed. An
increase over 100% in the power conversion efficiency has been reported at substrate
temperature ranging between 60°C and 70°C. It is addressed to the formation of a
crystalline nanofibers within the a-sexithiophene thin film. As the fibers has been

identified as constituent of lying molecules, an increase in the light absorption as well
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4.3. CRYSTAL ENHANCED ORGANIC SOLAR CELLS

as improved charge transport properties are expected. Moreover, the crystalline a-6T
layer can lead to more efficient exciton diffusion.

At higher temperatures, the power conversion efficiency drops rapidly. This phe-
nomenon is explained to be a result of thinning of the a-6T film between the crystalline
fibers. Increased molecular kinetics on the surface leads to more efficient transfer of the
material from the inter-fiber film to the fibers, which forms a depletion zone around
them. As the equivalent shunt resistance is significantly lowered in the zone, leakage
path for photogenerated current is created. Additionally, a reduced junction area also

suppress the performance of solar cell.

93



5 Outlook

This comprehensive study has addressed mainly one aspect of one particular config-
uration of a-sexithiophene — Cgy bilayer solar cell. In order to improve further the

understanding of this system, several improvements should be introduced.

5.1 Improvements

5.1.1 Optimization of device at elevated temperature

Even though, the optimization procedure has been performed, it considered only the
device fabricated at the room temperature. As the devices of maximal power conversion
efficiency has been found to be fabricated at elevated temperature of the substrate
during the deposition of electron donor layer, it is strongly recommended to repeat the

optimization procedure for the optimal temperature.

5.1.2 OMBD system

The OMBD system used for experiments presented in present work was designed with
special care, but the in-house design of Knudsen cell could still be improved. One of
the major difficulties was the maintenance of constant deposition rate and avoidance of
flash depositions. Material vessel, being heated by thermocoax wire, lacked sufficient
heating of the cap, which is suspected to have significantly lower temperature than the
vessel walls. This fact can easily lead to the condensation of the material at the cap and
around the orifice, hence reducing its diameter and ultimately closing it completely.
Decrease in deposition rate was compensated by increased heating, which - in case
of closed orifice - led to sudden opening of it due to the pressure build up and the

flash deposition of the material occurs. Another problem connected with the change
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of orifice diameter is unknown change in the deposition profile - leading to potentially
invalid tooling factor for the time the orifice is altered.

Proposed solutions would incorporate usage of alumina insulator, which could reduce
the thermal gradients within the evaporator. Moreover inductive heating could be
applied, where the coil surrounding the vessel will induce eddy currents in the vessel

shell, which will cause its resistive heating.

5.1.3 Encapsulation

As the long term stability was not in the scope of the present work, there was lack of
strong emphasis on the encapsulant choice for fabricated devices, and it was selected
on purely pragmatic basis like short delivery of suitable amounts and fast curing time.
Nevertheless, it has been found, that devices were still significantly degrading during
prolonged measurements (even though less than without encapsulation). One of the
solutions to improve the encapsulation is application of SiO, / PMMA bilayers|144].

Both however require significantly longer fabrication processes.

5.2 Further research

There is a number of experiments branching from the presented research, which could

lead to new discoveries in organic solar cells.

5.2.1 Multistage deposition

The main identified reason for the performance drop with the presence of larger crys-
talline sites is the appearance of material depletion zones between the structures. How-
ever, those areas could be potentially filled with the same material, but deposited
subsequently at lower temperature of the substrate, which will suppress the surface
kinetics of the molecules. It can be foreseen, that such deposition pattern could over-
come the drawbacks of the material depletion zones, while it will allow for studying

the influence of larger crystals on the performance of solar cell.
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5.2.2 lamellar growth of a-sexithiophene

As the presence of lamellar structures is suspected in the fabricated samples, it opens
a possibility to study it in detail. Being able to grow the arrays of tilted plates could
be very interesting for application in standard configuration solar cell, for example
with the electron acceptor applied from the liquid phase like PCBM. The preliminary
experiments of growing the structures directly on Au anode have been already made
within this project, nevertheless due to excessive short circuits due to lack of electron

blocking layer it was temporally suspended.

5.2.3 In-situ growth monitoring

considering the identification of deposited a variety of different structures which can be
obtained from a-sexithiophene on thin film of Cg, it would be tempting to monitor the
morphology in-situ during growth. Using the photo luminescence properties of, a-6'T
one could use a UV lamp, or scanning laser to excite the sample while the sample could
be observed by a long working distance microscope objective for in-situ detection of

the grown crystallites.
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