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One of the main difficulties in incorporating nanoteclmgy into organic electronic
devices is the complexity of fabricating nanoscale structures with relativeidefeled order
over relatively large areas. Nanoimprint technology offers a promising route to address this
problem because it can be usedctmtrol morphology and molecular orientation of the polymer
nanostructures from which functional devices can be built directly.

In this dissertation, the development of novel architectures for organic electronic devices
utilizing the polymer nanostructurdabricated by nanoimprint lithography is presented. First,
nanoimprinted suctures were fabricated wittO0 nm spaced grooves from thin films of p{dy
hexylthiophene), a conjugated semiconducting polymer. These structures have potential
applications inthe formation of ordered heterojunction organic photovoltaic (OPV) devices.
Grazingincidence wideangle Xray scattering studies of the morphology and orientation of the
polymer thin films showed that nanoimprinting introduced significant reorientatibihe w

Grazingincidence smallngle Xray scattering studies demonstrated the excellent fidelity of the



pattern transfer. Temperatutlependent scattering measurements indicated that the imprinted
inducedorientation and alignmemémain intact even at teramtures where the imprinted
topographical features nearly vanish.

In the second part of the thesis, the integration of conducting polymer, (§dly
ethylenedioxythiophene) polgtyrene sulfonate) (PEDOT:PSS), nanostructurédRV devices
were investigated. PEDOT:PSS nanostructures, fabricated by walsor assisted
nanoimprinting,have potential to improve the device performance through both an increased
interfacial area and the reorientation of the eleettonor polymer in the subsequently deposited

active layer.
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CHAPTER 1

Introduction

1.1 Motivation

Organic electronics, which utilize the electrical properties of organic materials in the
active layers of the deviceshavereceived much attention because they may allow Jarge
electronic applications to be manufactured in high volumes on arbitrary substrates by printing or
other lowcost fabrication techniques. An organic photovoltaic (OPVpeshaps the most
researched device in this paradigm in addition to organic thin films transistors and organic light
emitting diodes.

Current organic electronic devices are mainly fabricated bygting or drogcasting
followed by thermal or solventnaealing. The morphologies of these devices are uncontrollable
and irreproducible and this affects their electrical performances as well as the prospect for mass
production. Nanoimprint lithography (NIL) offers a potential solution for producingaefihed
morphologies and it also has the potential to be compatible wititormdll processing.
Moreover, NIL process influences both the morphology and molecular structure of the imprinted
materials and has a profound impact on the performance and quadliy iofiprinted device. In
order to use nanmnprinted polymer nanostructure as a device, it is important to understand the
molecular structure and stability of the imprinted pattern outside of the mold, both over a wide
temperature range and during subsempe fabrication processes. Thieesis investigatethe
relationship of processing, properties and structure for the development of organic photovoltaic

devices based on the NIL technology.



1.2 Overview of the thesis

The thesis is structured in theleaving way:

In Chapter 2, a general introduction to organic solar cells is presented. First, the basic
properties of organic photovoltaic materials are described followed by the progress in device
architecture, from single layer device to bulk heterojmctievice. The operational principle of
a photovoltaic device are reviewed together with the critical factors limiting the OPV device
performance and strategies for further device improvement. This chapter is concluded by a
discussion of the ettrical claracterization of a@PV device.

In Chapter 3, the scientific background ofray scattering and its application for
structural analysis of the types of polymer materials used in this work are introduced. A brief
overview of synchrotron soursendthe beamlines where the experiments were perfornsed
also described.

In Chapter 4, a detailed-My structural study opoly(3-alkylthiophengs (P3ATS) thin
films, an important class of semiconducting polymers, is presented. The molecular padkeng of t
P3ATsat room temperature isivestigated in detail. Moreover, the structural changes during
thermal annealing and during solvefpor annealing are also presented.

In Chapter 5, nanoimprinting as a way to control the morphology and molecular
orientation of poly(3-hexylthiophene) R3HT) thin films is investigated. In this chapter, the
principles of nanoimprint technology and fabrication of silicon master templates are discussed.
Part of this chapter hd®en published in the following journal article:

H. Hlaing, X. Lu, T. Hofmann, K.G. Yager, C.T. Black, B.M. OtKanoimprint induced

molecular orientation in semiconducting polymer nanostructures”, ACS Nano 5, 7532(2011)



In Chapter 6, the fabrication, optimization, and characterization of OPV devices with
planar electron blocking layer are discussed.

In Chapter 7, the improvement in OPV performance achieved by incorporating
nanoimprinted electron blocking layer is reported. The novel wailgorassisted
nanoimprinting techniquerhich is applied to fabrate nanostructured PEDOT:PSS layer is also
discussedPart of this chapter have beprepared to submit for publication in peeviewed
journal.

Chapter 8 summarizebe results presented in this dissertation, and provides an outlook

for further investyation and potential device improvement.



CHAPTER 2

Organic Solar Cells
2.1 Introduction

Organic Photovoltaic (OPV) cells utilize thin films of organic materials wieherate
electricity when illuminated. In contsg most solar cells are rda from inorganic materials such
as crystalline silicon, cadmium telluride and copper indium gallium seléiGdganic solar cells
have the potential to substaiity reduce the production co$t3 compared to those made of
inorganic materials. While there are valid concexbsut the availability and toxicity of some of
the inorganic materials (e.g. indium, cadmium), the abundant supply of organic materials
combined with a large number of easy and cheap processing techmguesventually make
organic solar cells competitvwith other energy sources such as gas/oil litite detrimental
environmental impac&In the following sectionthe electronic and physical properties of organic
materials used in OPWevices are reviewed and the advantages and disadvantages compared to
inorganic materials are discussed. The significant achievements in device performance with
respect to the different device architecture are addressed according to the development of the
device structure. The basic operating principle of @IVicesis introduced in conjunction with
strategies to improveevice performance. Finally, the parameters characterizing the device's

performance are discussed.



2.2  Organic photovadtaic materials

Edmund Bequerel discovered the photovoltaic effect in 1839, but it took a further 50
years until the first successful PV devices were develbpétbr the disovery and development
of p-n junction doping in crystalline silicon and progress in the fabrication of high quality silicon
wafersin the 1950s, this technology rapidly developed into a relatively efficient, commercialized
energy sourcealbeit expensiveConventional inorganic solar panels are based on mono
poly-crystalline pn doped silicon withpower conversion efficiencyPCE of up to 25%
Crystalline silicon cells require a high energy input for production with high fabrication costs.
Amorphoussilicon with its much lower fabrication cost can also be employed but leads to a
lower PCE of ~ 4%.2 Other PVtechnologies employing elemecombinations from group |lI
and V such as gallium arsenide (GaAs) and indium phosphide (InP) lza¥edehigh efficiency
up to 36% busuch devices alanited by the low abundance and high toxicity of these elements.
Organic PVs (OPVs) employ organic material which mainly consists of the elements
carbon,sulfur, nitrogen, oxygen and hydrogen. In tr@ldwing, the semiconducting nature of

organic materialsvhich is necessany understanthe basic operation of OPVs is reviewed.

2.2.1 Band dructure

Photovoltaicmaterials absorb sunlight to create photogenerated charge carriers. The sun
emits light with a range of wavelengths, spanning the ultraviolet, visible and infrared sections of
the electromagnetic spectrum. Figure 2.1 shows the amount of radiant energy received from the
sun per unit area per unit time as a function of wavelength at a paiside® the Earth's

atmosphere (AM 0). The solar spectrum fr Mass 1.5(AM 1.5), corresponding to the sun



being at an angle of elevation of 42°, is also plotted in comparison. Since solar energy is greatest
at visible wavelengths (36800 nm), organic naterials need to have the ability to absorb light

from the visible range of the solar spectrum.
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Figure 2.1Extra-terrestrial (Air Mass 0) solar spectrum (yellow) compared with the stang
terrestrial (Air Mass 1.5) spectrum (e’

For inorganic semiconductors the atoms are tightly bound in all three diseatid this
gives rise to electronic bands, a range of energy that eleatitina the solid are allowed to
have, which give these materials their semiconducting properties. The electronic structure
consists of a conduction band and a valence band separated by an energy gap the size of which
depends upon the material. The incidéight photon with sufficient energy wilexcite an
electron from the valece band into the conduction band creating an elettotenpair. This pair
will then be separated into a free electron and a hole by an internal electric field and/or gradient

in dectron density resulting in phegenerated free charge carriérs.
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The semiconducting nat ur ecomubated polyraersj acisesmat e r
from the spp, hybridized wavefunctions of the carbon atohihe valence electrons of carbon
atoms in ethylene molacl e s h a v i n gelearanrsystengsaate shgbridized as shown
in Figure 2.2 The characteristic spatial electron distribution leads to an overlap of dsewell
asofthespor bi t als of adjacent carbon atoms resul't
Wh i | e -bdnds doldthe structure of molecule together, thends are responsible for their
semi conducting pr opertimd the gatomic anbgals tsghitentothe r ma t i
bonding (bgndindg a(nt*i) orbitals. The bonding o
occupied molecular orbital GMO) while antb ondi ng or bi t al ("*) ~corr
unoccupied molecular orbital (LUMO). For ethylene, the energy difference between the HOMO
and LUMO levels is 6.7 eV anghotons with that amoumtf energy argequired to promote an
electron fom HOMO to LUMO level. However, this is beyond the photon energy of visible

solar spectrum which lies between 1.5 eV and 3 eV (see Figure 2.1).
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Figure 2.3.Light absorption of organic materials.

When two ethylene molecules are brought together to form butadieEnelOMO level
of one ethylene subtninteracts with the HOMO level of the other subunit resulting in a
splitting of the two energy levels. The LUMO level of the butadiene splits similarly and the
energy difference between HOMO and LUMO level decreases to 5.4 eV as a result. As shown in
Figure 2.3, the difference between the HOMO and LUMO levels keeps decreasing as more and
more ethylene units are added to the chain. When the conjugation of the polyomeEsraa
sufficient length they start to exhibit a band structure similar to inorgaystalswith both a
conduction and vafee band. The band gap (difference in HOMO and LUMO energy levels) of
the conjugated polymers also reach withifiew eV overlapping well with the solar spectrum.

Hence, the photon energy of visible solar spectrunblis @ promote an electron from HOMO

to LUMO level of the polymer.



2.2.2 Advantages of organic naterials

Organic materials have several advantages over their inorganic counterparts. One of the
main advantages is solution processaboitghese materla. Due to theadded alkyl side chain,
most conjugated polymers are soluble in organic solvents and organic thin film devices can be
fabricated with low cost manufacturing techniques sucmalgling casting, spin coating, rell
to-roll printing etc. Thesdabrication processes carften be carried outat room temperature
allowing the conjugated polymer to be coated on flexible substsateh as polyethylene
terephthalate (PET)he flexibility of chemical tailoring to obtain desired properties (e.g. fine
tuning of band gap in next geration puskpull polymer) alsomake conjugated polymers

competitive and attractive as active materials for solar cells.

2.3 Device achitecture

Organic photovoltaic devices were first fabricated based on the idea of niwrga
counterpart and later underwent necessary structural changes as our understanding of organic
material started to improve. In the following, progress in understanding of OPV devices will be

described according to the demginent of the device structure.

2.3.1 Single layer(Single Component)device

The first generation of organic solar cells were fabricated as single layer devices in which
thin film of organic semiconductors wesandwiched between two electrodes with different

work functionst® In this structure, electrons from the lavork-function electrode flow to the



high-work-function electrode until the Fermi levels are equalized throughout the structure
providing builtin electric field in the semiconducting layer. As in inorganic semiconductors, this
built-in electric field was expeetl to separate the excitons (electhmbe pairs) which formed in

the semiconducting layer after absorbing the incident light. However, a single layer device with
100 nm thick poly [g-phenylene vinylene) (PPV) sandwiched between iaddum tin oxide

(ITO) andaluminum Al) cathode only provided quantum efficiency of ~ 0.1% under low light
condition (0.1mW/cf)!°. Despite various optimizations, the power conversion efficiencies of

the single layer devices never exce@d %.'*

(a) (b)
Top Electrode

Transparent
Electrode

Semiconducting Polymer
Top Electrode

Transparent Electrode

Semiconducting Polymer

Figure 2.4. (a) Device structure and (b) schematic enebgynd diagram of &
single layer deice.

One of the main reasons behind poor device efficiency is the high binding energy of the
exciton (0.10.4 eV) in semiconducting polymer which is significantly ab&¥g0.026 eV) at
room temperatur® The built-in electric field provided byhe asymmetric work function of the
electrodess insufficient to separate the bound excitons. In a single layer device, the only place
to dissociate excitons into free carriers is the interface betweeawicting polymer and a
cathode, and most of the excitons generated in the semiconducting polymer are recombined

before they can even reach to that interface. Another major problem is intrinsically low mobility

10



of chargecarriers in semiconducting polymaihich is often less than 18 cn?/V-s.%° This is

four or five order of magnitude lower than the mobility of singtgstalline silicon which is in

the range of 1910° cn?/V-s!'? The low mobility of the photogenerated charges in
semiconduating polymer prolongs the transit time to the electrodes increasing the recombination

rate of the charges in the device.

2.3.2 Bilayer device

A bilayer device, first developed by C. W. Tang in 1986, solved the problem of tightly
bound excitons by inseng an acceptor semiconductor layer between a donor semiconducting
polymer and top electrode (Figure 2'8)n this structure, the energy levels offset between donor
and acceptor semiconductor materials providesufficient chemical potential energy to
overcome the intrinsic exciteninding energy and excitons that diffuse to the interface can be
efficiently separated. Tang's device was fabricated with the layers of ITO/ copper phthalocyanine
(CuPc)/ perylene tedcarboxylic derivative (PV)/ silver (A)and provided PCE of 1% under
AM2 conditions. Another advantage of the bilayer devichagthe electrons are transported in
the acceptor layer and the h®ie the donotayer to their respective electrodater the excitons
are dissociated at the donor/acceptor interfaberefore, the dissociated holes atetions are

effectivelyseparated from each other and charge recombination is greatly reduced.

11
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Figure 2.5.(a) Device structure and (b) schematic enelogynd diagram of &
bilaver device.

However the efficiency of bilayer device is limited by the exciton diffusion length which
is the distance that excitons can travel before undergoingaubative decay. For soluble
semiconducting polymers, the exciton diffusion length is typically in the rahd®-20 nm.
Consequently, only the excitons formed within a narrow region adjacent to the donor/acceptor
interface can be separated into free charge carriers. On the other hand, even with the high
absorption coefficient of semiconducting polymer, film kiness on the order of 130 nm are
required to absorb most of the incident light. Therefore, a simple bilayer structure cannot
reconcile the requirement of two limiting length scales #ugtmajority of the excitons created
by incident photons far awaydm interfacial area are dissipated by recombination. It should be
noted, however, that the bilayers devices fabricated from highly crystalline materials with long

exciton diffusion length can provide high PCE of up to 3.8'%.

2.3.3 Bulk heterojunction device

To address the problem of limited exciton diffusion length in conjugated polymers, Yu et

al’® and Halls et at® fabricated Bulkheterojunction (BHJ) devices in which two conjugated

12



polymers were finely intermixed providing large interface area within the agkciton. Yu's
device consisted of polyj@hethoxy5(2-ehtylhexyloxy}1,4-phenylenevinylene] (MEHPPV) as

a donor and cyanBPV (CNPPV) as an acceptdt.They observed that the photoluminescence
from bothpolymers was quenched indicating that photogenerated excitons were able to diffuse
to the interface and dissocidatdo free charge carriers before recombining. Following the BHJ
device ideafurtherimprovemeng in PCE were achieved when Gang Li et dbrieated the OPV
device using poly (@exylthiophene) (P3HT) and -[B-(methoxycarbonyl)propwl-

1phenyl)[6,6]G1(PCBM)’

(a) (b) electron
acceptor

Top Electrode

- _ < Transparent
bulk heterojunction Electrode
Top Electrode

Electron Blocking Layer electron
donor

Transparent Electrode

Figure 2.6. (a) Device structure and (b) schematic enebbgynd diagram of a bulk heterojunctig
device. The electron donor is blended with the electron &mcé#poughout the active layer an
hence the photogenerated excitons can be dissociated into free charges at any place.

The BHJ device structurehewn schematically in Figure 2.@lepends on forming
bicontinuous andniterpenetrating network of the donor and acceptor components in the film
such thakeach absorbing siie within a distance less than the exciton diffusion lengttiooior
acceptor interface. Whilbilayer devices have selective and wafined contacts diween the
donor phase and anode as well as between the acceptor phases and cathode, the BHJ requires

percolated pathways for the hole and electron transporting phases to the right contacts to
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minimize the recombination. ThereforBHJ devices are much nesensitive to the morphology

of the blend’® The internal film morphologyassociated with thphase separation between the
two materials, domain sizes dagrystallinity of the polymers are influenced by the processing
parameters including the concentration of materials, -¢#isting solvent, film thickness,
annealing time and temperature, and eventually limited the PCE of the OPV device. BHJ OPV
devices hee beencontinuously optimized and improved from 2 percent PCE over the last few

years to PCE of 5 percent recerftly.

2.4 Operating principle and strategy to improvement deviceperformance

To understand the limits on the efficiency of BHJ OPV devices and find ways to improve
them, it is important to consider all the processes required to convert photon energy into
electrical energy. In this sectipthese processes will be reviewed ané strategy to improve
them will be discussed. Thegrocesses, shown in Figure ,2afe: (1) light absorption; (2)
exciton diffusion to the D/A interface; (3) exciton dissociation and charge transfer; and (4)
charge collectionThe external quantum effency EQE) characterizes the number of collected
charges per incident photon and it can be expressed as the product of the quantum efficiencies of

all the processes involved (equation 2.1).
00 0 - - - - (2.1)

where— is the light absorption efficiency; is the exciton diffusion efficiency— is the

charge transfer efficiency ard isthecharge collection efficiency
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Figure 2.7. (a) Schematic representation of photocurrent generation in a bulk heterojur
solar cell. The indicated processes ai® (ight absorption, (2) exciton diffusion to D
interface, (3) exciton dissociation and charge transfer, and (4) charge collection.

2.4.1 Light absorption

In order to haveefficient light absorptionprganic semiconductors need to satisfy two
requirements. First, the band gap must be small enough to enable the organic semiconductors to
absorb most of the light in the solaresprum. While a band gap of ~1.1 eV could absorb ~77%
of the solar irradiation, most of the organic semiconductors currently employed for OPV have
band gap higher than 2 eVharvesting only ~30% of the solar irradiatidrSecond, the film
must be thick enough to absorb most of the indidight. As shown in Figure 2,8he typical
absorption coefficient ( Bcm,vattiaspeatrgnwidth af ~20@ mi c o n
nm?° To absorb incideritght efficiently, organic active layer nestb be thicker thatheoptical
absorption lengthl_a, which is calculated from absorption coefficiedt, pj| . Therefore, an

ideal thickness for most organic semiconductors is > 100 nm.
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Figure 2.8. Absorption coefficients of films of commonly used OPV materials are depic
comparison with the standaaM 1.5 terrestrial solar spectrum. This figure is obtained fr
reference 19.

One wayto improve light absorption is to synthesize smaller bgayl materials such
that the absorption spectrum of the active material reatitie solar irradiation for maximum
absorption. Significanadvances have been madduning of the band gap and enetgyels of
organic semiconductors by chemical synttedimit this will not be discussed further in this

thesis.

2.4.2 Exciton diffusion

An exciton, formed in the organic semiconductor after absorbing a photohdifiuse
to the interface with thacceptor materiadnd be dissociated into free electrons and holes before

it recombines. Generally, the diffusion process is measured by the exciton diffusion lgy)gth (
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which is an average distance excitamdiffusebefore its recombinatiorh.y can vary depending
on the structure of the material and the dielectric properties. For instanioe, CuPc has been
reported between 10 nm and 6813, for Cs around 40 nni? and for SubPc between 8 and 28
nmZ2*2* For polymeric semiconductorsp is in the order of 10 nrfs Hence Lp limits the size of

the phase separatedndw and acceptor domains in BHJ OPV device.

100-150 nm

PEDOT/PSS

ITO/Glass

Figure 2.9. Ordered Heterojunction OPV device with the phase separation distan
~ 20 nm and thickness of 2260 nm.

Due to the random phase separation of donor and acceptor materials, exciton diffusion to
an D/A interface in BHJ OPV device can be greatly hindered by early recombination at grain
boundaries, defects and piraites® ® Therefore,a thin film is preferred for efficient exciton
diffusion conflicting with the requirement d thick film for high photon absorption. One
promising approach to achieve full exciton harvesting is to fabricate ordered heterojunction
(OHJ) devices with controlled dimensions by templating or nanostructuring of the donor and
acceptor phases as showrFigure 29. In OHJ devices, thep is decoupled from the absorption
length and thak films could be fabricated withoutfecting the efficiency of exciton diffusion.

The effort to fabricate OHJ device utilizing nanoimprint lithography will be present€dapter

5.
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2.4.3 Exciton dissociation

After an exciton inthe donor material diffuses to the D/A interface, the exciton will
transfer an electron to adjacent acceptor mideleaving the hole behind inpaocess known as
exciton dissociation. For eion dissociation to happen efficiently, the offset in LUMO levels of
the donor and acceptor must be sufficient to overcome the exwitding energy. However, this
offset in energy levels must not be too large since the maximum voltage attainableHbom B
OPV is determined by the gap between the HOMO of the electron donor and the LUMO of the
acceptor® The optimization ofthe various energy levels of donor and acceptor materials to

balancethese two requirements$iaeena centrafocus ofpolymer synthesis groups 2°

2.4.4 Charge ollection

After excitons are completely dissociated at the D/A interface, the holes in the donor
polymer and the electrons in the acceptor molecule must reach corresponding electrodes. Since
the charge transport through organic materials is typically several orderagoitade slower
than inorganic thin filnf’ they are prone to interfacial recombination along collection pathway
packed witha high density of recombination sites such as grain boundaries and impurities. The
isolated donor or accept@omains formed due to the uncontrolled pksegaation of BHJ
OPV morphology providanother limitation for efficient charge collection. The problem could
be mitigated by makinghin active layes so that the carriers do not have to travel very far.
Unfortunately, this conitts again with the requiremetmhat the active layer must be thick

enough to absorb most of the incident photons.
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Figure 2.1Q Schematic comparing charge collectiorei8HJ solar cells with planar
(left) and nanostructured (right) PEDOT:PSS layers.

The incorporation of nanostructured electrodes in OPV device (see FigOyesuld
improve the charge collectioefficiency since it can satisfy the requirement of separating the
light absorption from the charge carrier transport. The effective thickness of the active blend
layer can be increased while the distance of the nanostrucured electrodes can be opticized fo
efficient charge extraction. The fabrication of nanoimprirgkxttron blocking layeras part of

the nanostructured electrodes in BHJ OPV devices will be studradre detail in chapter 6.

25 Characterization of an OPV device

2.5.1 Powerconverson efficiency (PCE)

PCE is one of the most important parameter to characterize OPV performances. It is
definedas the ratioof maximum output of electrical power to the incident light power. The
currentvoltage characteristics ohaDPV device under limination are shown in Figure 2.1
The curve is characterized by several parameters: (1) thecsfooiit current densityls.- the
current density at zero applied voltage, (2) the epmuit voltageV,.- the applied voltage at
which the current in # external circuit equals zero, (3) the maximum power pdhe point on
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the curve with maximum electrical power density L w ,and (4) the fill factoFF -
the ratio ofPnaxto 0 Jw . External work can only be done when the cell operates in the fourth

quadrant, i.e., whemt ® @ . The PCE can now be expressed in termk¥,. and FF:
D600 jU Vw jO U « O (2.1)

‘00 v w ju (2.2)

max

Figure 2.11 (a) Typical 3V curve of an OPV under illumination. The parameters determin
the device efficiency are indicated in the figure and explained in the tetoffdsponding
power versus voltage plot, from whichdRand thuslmaxand \haxare determined.

2.5.2 External quantum efficiency (EQE)

EQE is another important panater for solar cell characterization. It is calculated by the
number of electrons extracted in an external circuit divided by the number of incident photons at

a certain wavelength under shoitcuit condition as follow:

00 Q ) (2.3)
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wher e o | s ¢tibthe eleraentary charggjs the Plank constant, ards the speed

of light in vacuum. Note that EQE represents the external quantum efficiency, meaning that the
losses due to reflection at the surface and the transmission through the device are also included in
EQE. Considering the fraction of the actually absorbed photons by theaphee layer, EQE

can be converted into internal quantum efficiency (IQE):

‘Ov

(@)

(2.4)

where Ref (a) is the fract i o wstiomoofthertrensniittecclighe d | i

2.5.3 Spectral mismatch correction

A sun simulator which can simulate natural sunlighiseally used as a light source for
repeatable and accurate indoor testing solar cells. In order to compare results from various
devices, solar cells are characterized based on internfitiometepted standard reporting
conditions (SRC), which are referrénl a cell temperature of 25 °C under air mass 1.5 global
(AM1.5 G) illumination spectrum at an intensity of 1000 \&/rthis AM 1.5 G condition
corresponds to the spectrum and irradiance of sunlight incident upon an inclined plane at 37° tilt
toward the egator with an elevation of 41.81° above the horizon.

A Si reference solar cell is mostly used as the reference cell for calibrating a sun
simulator. Usually there is a spectral mismatch in the measuredcsicoit current of the solar
cell with respecto a AM1.5 G reference spectrum. The reasons for this spectral mismatch are: 1)
the spectrum mismatch between the light source and the AM 1.5G referentersp and 2) the
difference ofspectral response between Si reference cell and testing cell. Sheatch value
can be calculated by using the spectral responsivity data for the testing cell and reference cell

21
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combinations. Once a mismatch factor is known, the Jsc and the PCE of the testing cell can be

calibrated?®
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CHAPTER 3

Synchrotron X-ray Scattering Techniques

3.1 Introduction

X-rays areelectromagnetic radiation with wavelength in theange of 0.Q to 10 nm,
corresponding te&nergies in the range of 120 eV to 120 keV. Since the finstyXdiffraction
experiment in 1912 X-rays havebecome an invaluable tool to probe the structure of matter. X
rays can be generated from a variety of sources. In a standaydtxbe, xrays are generated
when a metal anode under vacuum is bombarded by electrons accelerated byatdmgh
electric feld. As electrons collide with atoms in the target, they slow down and emit a
continuous spectrum of-Kays, which is known as Bremsstrahlung radiation. The high energy
electrons also eject the inner shell electrons in atoms through the ionization pWdlcessiree
electron fills the shellX-ray photon with energy characteristic of the target material is emitted.
Common targets such as Cu and Mo used HrayKtubes produce -Xay with corresponding
wavelengths of @54 nm and 0.07 nm, respectively. Howe this way of producing Xay heats
up the metal target and the cooling efficiency of the metal anode eventually restricts the intensity
of the xray beam$ Synchrotron radiation sources ofrays were introduced in the 1970s.
Synchrotron radiation ishe electromagnetic radiation emitted when charged particles such as
electrons or positrons, traveling at relativistic velocities, are accelerated by a magnefic field.
Producing xrays in this way removes the thermal issue associated wifly xube soue.
Synchrotron sources are much brighter than conventiommal>sources and allow-Ky studies

that are not possible with laboratory baseda)( sources.
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X-ray scattering from polymer thin film samples, like those investigated in this thesis
work, is elatively weak due to the weak scattering strength of carbon, the small number of
scattering planes, and disorder in these filrfiberefore, high flux Xray sources are necessary
to achieve considerable scattering intensities. For conventionay Xsoures, long data
collection times are required and usually onlg strongest peaks are observ8gnchrotron
sources also have the advantage of the low angular dispersion allowing for very high resolution
measurement of peak widths and positions.

In this chapter, the synchrotron-Kay scattering techniques employed in this work are
introduced. First, synchrotron-My sources and the experimental setups of synchrotray x
scatterings are reviewed. Thenrdy diffraction in grazing incidence geometry is ctédsed in
detail. Many of the well understood principles offay scattering have been compiled in
excellent textbooKs’ and review articles®, and these are the primary sources of references for

this chapter and other references are also cited whrgressible.

3.2  Synchrotron radiation X-ray sources

The National Synchrotron Light Source (NSLS) at Brookhaven National Laboratory is a
second generation synchrotrorray source. The NSLS is a user facility that supports $8yX
experimental beamlise (51 are operational) The electrons that generate the synchrotron
radiation are first produced by a 100 KeV triode electron gun. These electrons are accelerated
through a lhear accelerator, which providéem up to 120 MeV. Next, the electrons aredgdi
by a bending magnet toward a circular accelerator (booster ring) where they are strongly

accelerated to reach the energy of 750 MeV. Finally, these electrons are injected irti@yhe X
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ring which further ramped up to 2.8 Gé¥X-raysare emitted whethe orbiting electrons are
accelerated radially by the bending magnets (BM) or insertion devices (ID) such as undulators
and wigglers. These -Xays are then guided into the end station (beamlines) to perform
experiments. Xay scattering experiments fdnig thesis work were performed at the X22B

(BM), X21 (ID) and X9 (ID) beamlines.

3.3  X-ray scattering methods

There are many Xay techniques available to study the structures and properties of the
materials including diffraction measurements and aiigor spectroscopyin this thesis work,
X-ray scattering in grazinmcidence geometry is primarily used to study thin film samples for

the following reasons:
1) the substrates are generally too thick for transmission geometry;
1) average statistical farmation is obtained over the illuminated sample area;

2) the technique can be applied in various environments ranging frorhigltraacuum

to vapor atmospheres;
3) the kinetic studies can be carried out as function of temperature, pressure, etc.;

4) the structures at different depth of the samples can be characterized using different

incident angles.
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3.3.1 Grazing-incidence gometry

The characteristic penetration length ofag into bulk material cawvary from a few pm
to a few mm depending upoiie Xray energy and the properties of matertal§his is
significantly deeper than most polymer thin film samples that range from a few nm to several
hundred nanometers thick. Therefore, it is beneficial to probe the samples withrdlgebXam
comingin at a very small grazing incident angle with respect to the sample surface in order to
maximize the scattering volume. In this geometry, two common measurementsraye X
reflectivity (XRR) and grazing incident-Kay Scattering (GIXS). In XRR, the intatysof the X-
ray reflectedalong thespeculardirection from the surfaces measured. In GIXS, diffraction
from the periodic vaation in electron densities abserved. In the followinghe basis of X-ray
scattering under grazing incidence reviewed and how these phenomena are exploited to
provide structural information from varying length scales and orientasatescribed

The index of refraction of organic thin films atrdy wavelengths is slightly less than

unity and can be describedas
T p 0 @ (3.1)

where the real and i maginary parts of the ind

and absorption of the material, respectively. They are defined as

a Jeij¢ (3.2
b &gt (3.3)
wheries jt he number de ns iraywaveldngthgls the classecal slectrom 1 s

radius, and ps the attenuation coefficient. Forgdys, Snell's law predicts that when going from
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a material of low electron density (often air with n = 1) te of higher electron density such as

a thin film supported by a substrate, tot al
w h e rc.ie given by I . Below the critical angle (typically ~ 0.1° for a polymer thin film

with 13.5 keVX-rays),the X-rays travel as an evanescent plane wave along the sample surface.
The penetration depth of the-rdys is determined by the incidence angle, allowing precise
control of the Xray intensity through the film depth. Figure 3.1 gives a typical peneiratio

profile for an organic thin film (P3HT) as a function of incident angle.
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Figure 3.1.Penetration depth of the incidentr&y beam as a function of incidenc
angle () for a P3HT thin film. The calculation was based on thiewhg
parameters( T8t w pEYoh) o8ty p i ¢& 1 p 1) which were
obtained from reference 3.

This property of angle dependent penetration depth can be utilized in the experiments to
selectively collect the scattering from the surface region of a film. It can alssebleo suppress
the scattering from the substrate (usually higher electron density) by operating at an incidence

z A~ A z A Nz A

changes in the incidence angle can result large change in the penetration depth near the
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critical angle affecting both the sampling volume and the scattering intensity. Therefore, it is
essential to have accurate control of the incident angle, a small beam divergence, and a flat

sample for the GI% experiments.

Incident X-ray

Figure 3.2. Geometry of GIXS: is the incident angle of the-bay beam whil¢
and¢—are the exit angles of therdy beam wth respect to the film surface and
the plane of incidence respectively, ang q, ¢ are the components of th
scattering vectoq,.

The scattering geometry of the GIXS experiment is shown in Figure 3.2. The sample
surface defines the§) plane withthe z-axisalong the surface normal. The incidenta¢ with
wave vectorki (Q ¢“j_i mpi nges onto the sample ;andrface
scattered undiand anaoobf-pelxd e aarmgd lee U2 d . A srayismi ng t

conservd (i.e. elastic scatteringthe Xray beam is scattered with wave veckgrand the

scattering wave vectayis defined as

=X
=X

A iw i A (3.4)

with components
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n — AT &A1 |0 10 (3.5)
n — OEJ—AT |0 , (3.6)
n — OBl OHIl . (3.7)

For specular scattering, the wave vector componentsjarery Tmandnf T,
providing information along otf-plane direction. With ofpecular scattering, the lateral
component ig) A m Tiproviding the inplane structure of the sample.

Depending on the scattering angle, two regimes of GIXS experiments are available:
grazingincidence wideangle Xray scattering (GIWAXS) and grazisigcidence smallngle *
ray scattering (GISAXS). GIWAXS probes the length scales on the order of molecular
dimensions (0410 nm) and therefore provides information about short range order. GISAXS
probes relatively long correlation distances compared to molecular dimsngypically >10
nm) and can be utilized in characterizing the periodic nanostructures that have correlated

changes in electron density such as polymer natings and nanodots.

Figure 3.3.(a) Bicron pointdetectof and (b) Mar CCD detector

32



There are two primary methods for measuring the angle and intensity s€attered X
rays: a poirdetector and an area detector (see Figure 3.3). The two methods have their own
advantages and disadvantages. A pdetector is based on amplification of visible fluorescence
from a scintillator such as Nal with a photompiier. In the poindetector configuration,
scattered Xay is collected by the detector with collimating slits. While the point detector
provides high accuracy and high resolution, the measurements are slow since each scattering
angle and direction need be scanned separately. Therefore, it is not suitable for thiéuin
experiments with time limitations. It also prolongs theay exposure to the sample and could
result in beam damage for some samples such as organic thin films. Theetactar
configuration, one the other hand, allows rapid collection from the large range of scattering
angles with limited resolution and accuracy. The area detector is usually a-chapig detector
(CCD) array or an image plate. Since a large number of scatteriglgsaare collected
simultaneously, the aredetector configuration can provide fast data collection with limited
exposure time (< 60 s for typical experiments performed in this thesis). The quick measurements

diminish the effects of beam damage and allonetsensitive measurements such as in situ

heating.
sample micro-focusing
SAXS WAXS mirrors slits
detector

T T T T T T T T T 1

10 m 5m 0Om

Figure 3.4.Schematic of the long vacuwsompatiblechamber of X9 beamline wit
both SAXS and WAXS detectors. (Images provided by Kevin Yager, staff scig
CFN, and used with permission.
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GISAXS measurements require long sample to detector distances (~ 3.5 m) and vacuum
systems so that scattering from the ambiamtdoes not affect the measurement. WAXS
detectors are usually positied closed to the samples (< 300 mm). Figure 3.4 shows the typical

detectors set up of GIWAXS/GISAXS measurements.

3.3.2 Scattering basic

As the Xray travels through the thin film, it is diffracted based on the internal structure
of the materials. Thediffraction angle of the Xays is related to the spacing of the
crystallographic planes of the film through Bragg's law (equation 3.8), and the direction of the

diffracted beam is related to orientation of the planes.

path difference

=2d sinf@

Figure 3.5.Geometrical construction for the derivation of Bragg's la
Scattering centers are shown as blue dots.

Consider Figure 3.5 wheresaries of parallel Xays strike a set of crystal planes at an
angle d and are scattered. Constructive inter

lengths (highlighted in red) of the two interfering waves is equal to an integer number of
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wavelength, n aFrom the geometric construction, this path length difference is also equal to
2 d s wherdd is the interplanar spacing. Therefore, the diffraction occurs at the condition well

known as Bragg's law:
€ _ Qi Q¢ — (3.8)

Hence,6r a fi xed wavelength (&), a measur e
allow the associated-spacing to be calculated. However, equation 3.8 could not tell anything

about the scattering intensity.
In an X-ray scattering experiment, the sea¢d intensity i€OA given by®
‘OA 9 gOAsS (3.9

where O A is the scattering amplitude. First, considérscattering points having different
scattering amplitud@ and located at different distancgsfrom one of the scatteringopits O

selected as a reference as shown in Figure 3.6.

to point P

Figure 3.6.Geometry of scattering by several objects with vegtbetween
them and the beams scattered in direction to point P.

The relative phase difference between a wave scattered at the origin of the atom and one

at the relative position is:
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Yo » 1+ 1; 31 AaQl (3.10)

whereq is thescattering vector defined earlieras 1 -y 1, . Then the amplitude from the N

scattering points measured at point P is superposition ofahplitudes:
"Oa B "OAgexl . (3.11)

For continuous density of stating points’ "l , the scattering amplitude is an integral over the

scattering volume in the threkmensional 1space:
OA " »Q%68 (3.12)

Hence, the amplitude of scattering in point P is just a Fourier integral of ttteoalelensity

function.

Now consider the scattering amplitude of N scattering objects, e.g. by molecules forming

a molecular crystal, and write the scattering intensity:
‘OA ® SOAS 0A0O A BB QaQaAga’ 1 . (3.13)

Here'l and”l are the same vectors corresponding to the distances shown in Fig. 3.6 and minus

sign at'l comes from the complex conjugation. Both summations are made fronm.1Tioe

same equation may be preshin another form:
sOAs B "MQaQalAgan B B "QaQaAga’ " . (3.14)

In the firstN terms™Q Q A7l mand, this sum corresponds to thgensity
coming from the individual atoms or molecules without interference or diffraction. Thus, the first

term become A™Q A 00 A and is known adorm factor. For identical objects,
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QA Q A 0O A can also be extracted from the second term and the equation (3.14)

take the following form:
OA® (00 ap B BAga’ 00O AYA (3.15)

where'Y A p B B Ag&’l I isknown asstructure factor and is determined by
relative positions of the objects (atoms or molecules) in a materials. The peak in intensity will be

observed when the term™ 7l ¢" & wheremis the integer.

3.3.2 GIWAXS

GIWAXS measurements on the thin films of polymers can provide information about the
molecular packing structure, crystallinity, size and orientation of crystalline domains. In order to
obtain information on these molecular structures with typicalisizlee range of ~0.3 nm to ~3
nm, X-ray scattering measurements at large angle, typically >1°, are necessary dugragthe
condition (equation 2.8).

Bragg's law in reabpace is equivalent to the Laue condition in reciprocal space which
states that dliraction occurs when the scattering vectgy i6 equal to a reciprocal lattice vector

(G):°
T € (3.9)

In this case, lattice spacingl)(can be simply calculated g5j 1} , whereq, is the

diffraction peak position in reciprocal sgac
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From the diffraction pattern, the orientation of the crystalline domains can also be
determined since the direction of the reciprocal lattice vectors depend on that of crystallographic
planes. As shown in Figure73(a), for a film with isotropic cry&sl orientationthe diffraction
pattern will form a uniform ring on the 2D detector. For a film with a preferreebiepkane
orientationwhere the crystallographic planes stack parallel to the sutfaealiffraction pattern
will consist of spots for edccrystallographic plane for a narrow orientation distribution (see
Figure 37 (b)). The diffraction peak will resemble arcs instead of a spot for a broader orientation
distribution(see Figure 3.7 (c)For a film with both implane and oubf-plane orietation, only
a small number of diffraction spots will be observed depending on the sample rotation with
respect to the incident angle since the sample must be rotated such that the Bragg condition is

met.
(a) %

=4\

T q,
(b) 9
< t q:
(c) 9
—_———
< 1 qr‘~

Figure 3.7. Schematics of the orientation of real space lattice plains and resy
diffraction patterns for different iwrostructures. (a) Randomly oriented crystallite
(b) highly oriented crystallites in owtf-plane direction, and (c) crystallites with broa
orientation distribution.

38



While the lattice spacing is obtained frohetdiffraction peak position, the size of the
crystalline domains, ( of the materials under study can be determined from the full width at

half-maximum (FWHM) of a diffraction peak via Scherrer's formidla
, 0] onwob AT 6, (3.10

wher e a-ray wavelehgth anéds the Bragg anglelefined in Figure 3.5In reciprocal

space, it can be calculated?@as
1 C“ qs’/r’]! (311)

w h e rqges theo FWHM of the diffraction peak in reciprocal space. The Scherrer cokstant

“

derived a®) ¢ ¢l Tc¢j e 1o dor the crystallites with cubic shape and it varies from

0.886 from 1.123 depending on the shape of the crystdffites.

In general there is also instrumental broadening arising from the slit dimensions and
spreadin the wavelength or angular distribution. However, polymer materials studies in this
thesis are not precisely crystallinéheyare small crystalliteembedded in an amorphous matri

where the crystalline peaks are broad. Therefore, the instrumentaitamors can be neglected.

3.3.3 GISAXS

The demand for the characterization of nanostructured periodic surfaces with the length
scale of 1001000 nm has increased in recent years due to the rapid progress in the field of
nanotechnology>*® Direct imaging techniques such as atomic force microscopy (AFM) and
scanning electron microscopy (SEM) are useful in characterizing the surface morphology and the
lateral periodicity of the such structures but limited due to the very small scan area (um range)
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and he inability to determine buried amaternal structural featuretn contrast, GISAXS is able
to determine sample surface structures as well as inner electron dessaiyons of the
deposited material. Moreover, GISAXS offers the possibility to cartynositu experiments. For
instance, the real time structural evolution in polymer thin films during the thermal annealing
process could be observed.

In contrast to GIWAXS, GISAXS data is recorded at very smagtlane scatteringngle
(typically <1°). This angular range contains information about the shape and size of
nanostructure and GISAXS is capable of delivering structural information of nanostructures

between ~5 nm and ~50 nm, of repeat distances in ordered systems of up to ~250 nm.
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CHAPTER 4

Structural Studies of P3ATs Thin Film

41 Introduction

The electrical properties of films of semiconducting polymers are closely related to their
molecular structure and intermolecular interactidks. discussed in chapter 2, electrical
transport in a thin filmof semiconducting polymersequires not only transport along single
polymer chains, but also transport from one chain to another. Thus, molecular packing is an
important factor in determining the electrical properties of semiconducting paandrit is
important to understand how these materialswize in thin films and whether this information

can be used tdetermine their structwinction properties.

Alkyl (R)

C4 A\ butyl [P3BT]
= C6 AN hexyl [P3HT]
= C8 AN octyl [P3OT]

Poly(3-alkylthiophene)s

Figure 4.1. Schematic of molecular structure of PohglBylthiophene)s with threg
different side chain lengths (alkyl = butyl [P3Bhexyl [P3HT], octyl [P30T]).

Among the semiconducting polymers, RBhalkylthiophene)s (P3ATs) haattracted
considerable attention because the alkyl modification camprove the solubility and
processability of the polymers without altering their stability and electrical conductivity. These

properties have made P3ATs, promising candidates for technological applications such as
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organic photovoltaic, fieleffect transisirs, and sensatevices*® In BHJ OPV devices, it has
been shown that the processing conditions have strong influence on device perfbmmance
devices must either be annealed at elevated temperatures, typically 150 °C, or exposed to the
solvent vapors iech as toluene to obtain high efficiency. However, the details of how such
processing affestthe structural rearrangement of polymer rersainclear.

Previous Xray scattering studies have been carried out to understand the morphology of
P3HT thin fims ® and P3HT/PCBM blends Solvent annealing in P3HT films has been
explored by Jaczerska and coworRerssing insitu optical interferometeric methods for
regioregular and regiorandom films of several differéfBAT exposed to cyclohexane,
tetrahydrofuan, and choloroform. At about 25% of the saturated vapor pressure they found that
the film thickness expanded by686 for regioregular P3HT and by536 for regioregular
P3DDT. Whereas most solvent annealing is carried out subsequent to spin coating, ehasethod
been developed by Kitnand coworkers to control the solvent vapor pressure during spin
coating. Here it was found that the length of the P3HT nanowires could be increased at the
higher vapor pressures. On the basis ofsiex xray studies it was cohaled that the
crystallinity of the materials improved with higher vapor pressure. In these two studies, the
structural measurements were carried ousigx

In this chapter, the studies of the molecular packing of P3AT thin films at room
temperature r@ first presented. This ®llowed by adiscussion of the results of-situ x-ray
scattering studies on P3HT thin films during the thermal and solvent vapor annealing processes.
For solvent vapor annealing, the studies were carried out both at rooeratume and elevated

temperatures under sealed conditions where t
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4.2  Experimental

P3AT powders were purchased from American Dye Source and Rieke Metal. For each
P3AT, 2 wt. % solution was prepared Wissolving in chlorobenzene (Sigméddrich) and
filtered using PTFE syringe fitsf por e si ze 0. 4rSwetennit (~1Bmnhx1Son wa
mm) and cleaned with 10 minute oxygen plasma etch. The solutions were theonatpih onto
silicon wafers at 70 rpm for 45 sec and dried in an enclosed sample carrier fe26-18in to
obtain ~ 100 nm thick film. The film thicknesses were measured using a optical ellipsometer and
Dektak Stylus profilometer.

The structure of the P3AT films were studied by GIWAXShe National Synchrotron
Light Source at Brookhaven National Laboratory using three different beam lines, X21, X22B
and X9. Each beam line has different wavelengths and hence different incident angles were
chosen so that the entire depth of the filmslddae probed. The experimental setup at these
beam lires waslescribed in detail in kaapter 3.

A custom built sample stage (Figure 4.2) was used for in situ heating experiments. A
temperature controller (Lakeshore S331) was used to apply the approphiate o the bullet
heater (Sunrod cartridge heater, H#) and measure the temperature with Pt 100 temperature
sensor (Lakeshore PT03). The films were heated at a rate of 10 °C rim the desired
temperature and allowed to equilibrate at each temtyre for 10 minutes before the collection

of data.
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Figure 4.2. Custom builtheaterstage with bullet heater and Pt 100 temperature sen
The sample stage located under the heater stage allows the precise control of i
angle as well as azimuthal rotation angle.

For in situ solvent annealing experiments, a custom built chamber with beryllium tubular
section was utilized. Beryllium was chosen due to its excellerayXtransparency and high
pressure stalily. The beryllium tubular section was sandwiched between the top and bottom
aluminum di sks, which can be heated to 200 eC
100 temperature sensor located inside the sample holder disk. The chamber wasgitfitted
pressure release valve set at 3 bar to prevent over pressurization. The sample was placed on an
aluminum disk attached to the bottom plate and a reservoir of the liquid solvent, typi2aihy 1
of toluene, was placed in the trenches surrounding thmimum disk. Under the sealed
condition with sufficient liquid reservoir, the vapor pressure of toluene increased with increasing
temperature reaching ~1.3 bar at 135®@uring the cooling cycle, condensation and dripping

of the liquid on the sampledm the top cover plate was minimized by using a slow cooling rate
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and an aluminum foil cover on the sample. In some measurements, the solvent was removed

from the chamber at elevated temperature by evacuating the vapor with a pump.

4.3 Results
4.3.1 Molecular packing gructure of P3ATs

The repeat unit of most semiconducting polymers consist of one or more aromatic rings
and nonrconjugated side chains are added to the basic repeat unit to increase the solubility in
common solvents. This combination ofnfugated and neoonjugated regions leads to ordered
structures due to the phase separation of these two reffidh&emiconducting polymers may
arrange in either lamellar or hexagonal structure (see Fig8yeddpending on the molecular
structure ofthe side chains and their attachment to the conjugated backBdnissusually not
possible to determine a unique unit cell of the serystalline polymers from Xay data since
only a few scattering peaks are observed. However, the scattering ddia uaad to form a
basic understanding of the packing structure based on the known molecular structure of the

polymer.

(a) (b)

Lamellar
stacking
direction

7 stacking
direction

Figure 4.3. Schematic of (a) lamellar and (b) hexagopatking of conjugated polymer
The lamellar stacking and-stacking direction are indicated for the lamellar packing.
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The GIWAXS measuremésnwere carried out on the P3Afin films with three different
side chains lengths (alkyl = butyl [P3BThexy [P3HT], octyl [P30T]). Typical 2D GIWAXS
diffraction patterns acquired on thin films of P3BT, P3HT and P30T deposited on Si substrate
are shown in Figure 4 (a), (b) and (c) respectively. Previous studies on the structures of P3ATs
by several groug$® have confirmed the semicrystalline nature of the materials where the
crystalline domains are embedded in the amorphous regions. The crystalline fraction forms
lamellar structure where flexible side chains separate the stiffer polythiophene backbathes and
lamellar spacing is determined by the alkyl side chain length. In the diffraction patterns of
P3ATs (figure 4.4 ac), the appearance of a wedkfined (100) peak along the direction
indicated that the lamellar stacking direction was predominatgiyesl along the surface normal
direction. Secondand thirdorder reflection, (200) and (300), were visible only in P3HT and
P30T due to the higher-iy intensity of the X9 beamline where these experiments were carried
out. With increasing side chain lghg the position of the (100) peak moved to the lower q
indicating alarger lamellar spacing for the longer side chains as expected. The (100) peak from
the P3HT film appeared as arcs indicating that the films were not highly oriented whereas (100)
peaksfrom both P3BT and P30T had less angular distribufitve. low intensity beam line used
for measuring P3BT film does not affect the angular distribution of the (100) pkak(010)
peak, ori gi Aatsetda cfkrionngy tohfe t'he p ovedyaloregminthea c k b on
scattering pattern eof sRAKHTKIiinmgdidd ateicn g otnh awvta st Ip
In all P3ATs films, the invariance of the scattering patterns with azimuthal sample rotation

verified the absence of preferredplaneorientation.
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Figure 4.4. Typical 2dimensional grazingncident wideangle Xray scattering
patterns from (a) P3BT, (b) P3HT and (c) P3OT which adopt a lamellar paq
structure on Si substrate. The diffteon peaks are labeled in the images. Secamnd

third-order reflection, (200) and (300), were visible only in P3HT and P30T due t
higher Xxray intensity of the X9 beamline where these experiments were carrie
The measurements on P3BT sambplesewarried out at X22B beamline.

To investigate the molecular paeg of the P3ATs in detailkadial scattering profiles
were extracted along th@d00) peakfrom the 2D scattering patternsch as those shown in
Figure 4.4 Representative scattering profiles, disgld as open m@les in Figure 4.5were fitted

to a Gaussian profile with a smoothly varying background (solid line). The layer spacimgs(

calculated from the Gaussian's centgr by ¢ fp and the coherence length ( a value
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