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Ціль у вершину, попадеш у середину
(Григорій Сковорода)

Aim at the summit, you will hit the middle
(Gregory Skovoroda)





Abstract

Conjugated polymers are novel organic electronic materials highly important
for  organic  photovoltaic  applications.  Charge  transport  is  one  of  the  key
properties  which  defines  the  performance  of  conjugated  polymers  in
electronic devices.

This work aims to explore the charge transport anisotropy in thin films of
P3HT,  one  of  the  most  common  conjugated  polymers.  Using  X-ray
diffraction  techniques  and  charge  transport  measurements,  the  relation
between vertical charge transport through thin P3HT films and structure of
the films was established.

It  was shown that particular orientations of crystalline domains of P3HT,
namely  face-on and chain-on,  are  beneficial  for  vertical  charge  transport.
These  orientations  provide  the  efficient  pathways  for  the  charges  to  be
transported  vertically,  either  via  π-π stacking  interaction  between  the
adjacent conjugated chains, or via the conjugated chain backbones. It was
also demonstrated that particular orientations of crystallites are favourable
for the formation of interconnected percolated pathways providing enhanced
vertical charge transport across the film. 

Deposition  of  P3HT  on  most  commonly  used  silicon  substrates  typically
results in the formation of mostly edge-on orientation of crystallites which is
unfavourable  for  vertical  charge  transport.  Nanoimprint  lithography  was
demonstrated as a powerful processing method for reorienting the edge-on
crystalline domains of P3HT into chain-on (vertical) orientation. It is also
shown  that  thin  P3HT  films  with  preferentially  face-on  orientations  of
crystallites can be deposited on graphene surface by spin coating. 

Using  patterning  of  thin  P3HT  films  by  nanoimprint  lithography,
unprecedentedly high average vertical mobilities in the range of 3.1-10.6 cm2

V-1 s-1 were achieved in undoped P3HT.

These results demonstrate that charge transport in thin films of a relatively
simple  and  well-known  conjugated  polymer  P3HT  can  be  significantly
improved  using  optimisation  of  crystallinity,  orientation  of  crystallites,
polymer chain orientation and alignment in the films.
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Sammanfattning

Konjugerade polymerer är nya organiska elektronikmaterial som är mycket
viktiga för organiska solcellstillämpningar. En laddningstransport är en av
de  viktigaste  egenskaperna  som  definierar  utförandet  av  konjugerade
polymerer i elektroniska anordningar.

Arbetet syftar till  att utforska laddningstransportsanisotropi i tunna filmer
av P3HT, en av de vanligaste konjugerade polymererna. Med användning av
röntgendiffraktionstekniker  och  mätningar  av  laddningstransport,
förhållandet mellan vertikal laddningstransport genom tunna P3HT filmer
och filmernas struktur etablerades.

Det  visade  sig  att  vissa  orienteringar  av  kristallina  domäner  av  P3HT,
nämligen  face-on  och  chain-on,  är  bra  för  den  vertikala
laddningstransporten. Dessa orienteringar tillhandahåller effektiva vägar för
laddningar som ska att transporteras vertikalt, antingen via en π-π stapling
interaktion mellan intilliggande konjugerade kedjor, eller via en konjugerade
kedjan  stamnät.  Det  visades  också  att  vissa  kristalorienteringar  är
gynnsamma  när  det  kommer  sig  till  formationen  av  sammanlänkade
perkolerade vägar som ger bättre den vertikala laddningstransporten tvärs
över filmen.

En insättning  av  P3HT på  de  flesta  vanligt  använda  kiselsubstrat  brukar
resultera  i  bildandet  av  en  edge-on  kristalliterorientering,  vilket  är
ogynnsamt för vertikal  laddningstransporten.  Nanoimprintlitografi  visades
vara en kraftfull bearbetningsmetod för omorientering av edge-on kristallina
domänerna av P3HT i chain-on (vertikal) orientering. Det är också påvisat
att tunna P3HT filmer med preferentiellt face-on orienteringar av kristalliter
kan deponeras på grafen ytan genom spinnbeläggning.

Genom  nanoimprint  litografi  mönstring  av  tunna  P3HT  filmer  genom
nanoimprint litografi, exempellöst höga genomsnittliga vertikala mobiliteter
i intervallet 3.1-10.6 cm2 V-1 s-1 uppnåddes i odopad P3HT.

Dessa resultat visar att laddningstransport i tunna filmer av en relativt enkel
och välkänd konjugerade polymeren P3HT kan förbättras avsevärt genom en
optimering av kristallinitet, en orientering av kristalliter, en kedjeorientering
och en kedjeinriktning i filmerna.
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Chapter 1. Introduction

Motivation for organic electronics

The dynamic development of the world economy means that the expected
energy demand will continue to grow at the scale which the old generation of
power plants and energy grids cannot cope with.

The most viable solution for sustainable electricity production could be using
the solar energy. In fact, the amount of energy that reaches the surface of our
planet in the form of solar irradiation annually is huge, reaching 3,400,000
exajoules (1 exajoule = 1018 Joules).[1] If less than 0.003 % of this energy was
converted to electricity, it would satisfy the needs of humanity. In some of
the sunniest areas of the world, the cost of large-scale solar power industrial
installation per kilowatt has already surpassed the corresponding values for
the old technologies  of  electricity  generation like  coal,  oil,  gas  or  nuclear
power plants.[2] Therefore, silicon solar cell technology is becoming a very
mature and reliable solution for energy production.

However,  the  state-of-the-art  production  technologies  of  silicon-based
electronic devices are relatively expensive and environmentally not friendly.
Therefore,  a  lot  of  research  is  focused  at  the  moment  on  the  search  for
possible alternatives. One promising approach is the technology of organic
and hybrid solar cells, which make use of organic light absorbing molecules
(either  molecular  dyes  or  conjugated  polymers).  In  particular,  the
semiconducting  conjugated  polymers  combine  excellent  light  absorbance
with the ability to transport charges, but they also provide another important
advantage: the possibility to be deposited by cheap and easy solution-based
methods.[3] Furthermore, the molecular structure of the organic molecules
can be precisely tailored during the synthesis in order to achieve the control
over  the  polymer  film  morphology  and  charge  transport  through  the
material.  In  addition  to  the  organic  photovoltaic  devices,[4,  5]  organic
electronics now includes also many other applications, for example organic
light-emitting  diodes,[6,  7]  organic  field  effect  transistors,[8]  non-volatile
organic memory devices [9] etc.
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Structure and operation of an organic solar cell

A typical organic solar cell consists of an active layer located in between of
two electrodes made of metallic materials with different work functions (i.e.,
the maximal energies that the electrons occupy in the corresponding metals),
[10]  as  described  in  Figure  1.1a,b.  The  top  electrode  has  to  be  a
(semi-)transparent  metal  in order to avoid blocking of the incoming light
before  it  reaches  the  active  layer.  The  active  layer,  in  turn,  typically
comprises two components: an organic hole transporter capable of absorbing
light and generating excitons (electron-hole pairs) and an acceptor material,
which  transports  electrons.  The excitons  generated  in  the light  absorbing
component are transported to the donor/acceptor boundary and separated
into  free  electrons  and  holes,  which  in  turn  are  transported  to  the
corresponding electrodes generating current flow to the external electrical
grid.

Figure 1.1. a, schematic representation of the structure of an organic solar cell. The light passes

through the transparent top electrode and is subsequently absorbed in the active layer, forming

photocurrent. b, energy band diagram of a typical organic solar cell. The difference in the work

functions between the electrode metals causes the preferential flow of holes to the top electrode

and electrons to the bottom one.

The operation of an organic solar cell is a complex multi-step process, and in
order to maximise the efficiency of  a cell,  all  the aspects  of  the solar  cell
operation should be optimised in order to avoid energy losses. These aspects
are listed and briefly discussed below, and also summarised in figure 1.2.

1) Reflective losses from the top surface  of  the electrode  have to be
minimised, so that most of the light that hits the surface of the solar cell
reaches  the  active  layer  (figure  1.2a).  In  order  to  achieve  this  result,
antireflective  coatings  have  been  widely  applied.[11]  Another  effective
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approach is to incorporate antireflective micro-texture, which assures that
the light which was reflected from the top surface of the cell is scattered back
into the cell.[12]

2) Transparency  of  the  top  conductive  electrode has  to  be  high
across  all  the  spectrum  of  solar  irradiation.  The  most  widely  used
transparent  conductive  electrode  material  is  indium  tin  oxide  (ITO),[13]
however, its key disadvantage is the scarcity of indium, which increases the
cost  of  the  material.  Therefore,  alternative  novel  electrode  materials  are
being developed; for example, graphene is a very promising one, combining
transparency  in  broad spectral  range,  exceptionally  high conductivity  and
mechanical flexibility.[14]

3) Sunlight needs to be absorbed by the active layer and converted into
excitons (figure 1.2b). Two issues are of critical importance for this process:
the extinction coefficient  of  the light  absorbing component,  which should
guarantee that  a relatively  thin  layer  (100-200 nm) will  absorb most  the
incoming light, and the band gap design of the same material, which should
ensure that the material  is capable of absorbing electromagnetic radiation
throughout the wavelength range of the sunlight spectrum.

The bandgap mismatch is probably one of the most challenging problems of
solar cell design. In fact, for a single band gap material, the optimal band gap
value is located in the range of about 1.2-1.4 eV,[15] which is very close to the
band  gap  value  of  silicon  and  is  considered  to  be  a  low  band  gap  value
compared to the energy of the visible spectrum (1.65-3.26 eV). This optimal
bandgap originates from the spectral distribution of the sunlight energy (see
figure 1.3a,b). If the energy of the sunlight is lower than the bandgap value,
that light is not absorbed at all; if the energy of the sunlight is higher than
the bandgap, the energy difference is lost due to the so called 'thermalisation
losses', i.e., it is converted to heat (see the energy diagram in figure 1.3c).

The solar cell efficiency is calculated as the fraction of the sunlight energy,
which was converted to electrical current by the cell. Hence, even if all the
other  processes  in  the  solar  cell  were  lossless,  the  presence  of  a  single
optimised band gap absorber would result in capturing of only about 33.7%
of the sunlight, which is also known as the Shockley-Queisser limit of the
solar  cell  efficiency.[15]  The  remaining  fraction  of  sunlight  is  either  not
absorbed since  its  energy  is  smaller  than the band gap,  or  is  lost  due to
thermalisation losses caused by the fact that only the fraction of the absorbed
photon energy that equals the band gap is converted to electron-hole pairs,
whereas the energy difference is converted to heat.[16]
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Figure 1.2. Operation aspects of an organic solar cell. a, transmission of sunlight through

the top transparent electrode. Reflective losses should be minimised at this step. b, absorbance

of sunlight  in the active  layer  with the formation of  excitons (electron-hole  pairs).  Both the

active layer thickness and the band gap of the absorbing material have to be optimised in order

to achieve maximal light-to-exciton conversion.  c, migration of excitons to the donor/acceptor

(D/A) interface and dissociation into free electrons and holes. The nanoscale structure of the

active  layer  should  ensure  the  proximity  of  the  donor/acceptor  interface  in  order  to  avoid

recombination.  d,  transport  of  the electrons and holes  to the corresponding  electrodes.  The

charge mobility of the both charge carriers has to be enhanced in order to avoid accumulation of

charges in the active layer, which can lead to recombination losses.

As a result, a lot of efforts of the research community is focused on tuning
the  HOMO  and  LUMO  (higher  occupied  molecular  orbital  and  lower
unoccupied molecular orbital) level location in the organic absorbers (both
small molecules and conjugated polymers) in order to get the desired low
band gap polymer. The band gap was shown to be tunable over a wide range
of values depending on the molecular structure of the absorber, from UV (>3
eV)  to  the  infrared  (<1.5  eV).[17]  One  of  the  most  popular  and  effective
approaches for synthesising the low band gap conjugated polymers has been
the donor-acceptor  copolymer  approach,  whereby the conjugated polymer
containing alternating donor (high HOMO and LUMO) and acceptor (low

4



HOMO and LUMO) monomer units is synthesised, and the resulting band
gap of the copolymer is effectively the band gap between the HOMO of the
donor component and the LUMO of the acceptor component, resulting in
dramatic  decrease  of  the  band  gap  compared  to  the  band  gaps  of  the
corresponding  homopolymers.[18]  Using  the  small  band  gap  conjugated
copolymers,  organic  solar  cell  efficiencies  of  around  10%  were  achieved
recently,[19,20] primarily owing to the improved spectral matching.

Figure 1.3. a, Spectral distribution of the sunlight energy reaching the surface of the Earth. The

highest amount of solar energy is in the form of visible and infrared photons. b, Dependence of

the single band gap solar cell efficiency on the band gap value. The highest efficiency values are

possible to be reached for band gap values around 1.2-1.4 eV.  c,  Energy diagram of sunlight

absorption by a single bandgap semiconductor. The light which has energy matching the band

gap can be absorbed without losses (left), the light which has lower energy than the band gap

cannot excite any electrons from the valence band to the conduction band and therefore cannot

be absorbed (middle),  if  the light has energy exceeding the band gap value (right),  after the

excitation of an electron to the conduction band, part of the energy is lost as heat when the

electron decays to the bottom of the conduction band.

An alternative approach to optimising spectral management is making the
so-called  tandem  cells.  In  this  approach,  several  active  layers  containing
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different band gap absorbers are stacked on top of each other, which assures
the  simultaneous  absorption  of  the  different  complementary  wavelength
ranges,  thereby reducing the thermalisation losses.  Using the tandem cell
approach,  the highest known to date organic solar cell efficiency of 13.2%
was achieved.[21]

It is lower than the highest efficiency values reported for the state-of-the-art
silicon solar cells (25.6% [22]), but it is high enough to compete with the
cheaper amorphous silicon solar cell technology, where the highest solar cell
efficiencies  of  13.6%  were  reported.[22]  Apart  from  the  comparable
efficiency value, important advantages of the organic solar cells include the
inexpensive  and simple  deposition technology,  potentially lower price  per
unit area, lower weight,[23] and the possibility of  deposition onto flexible
substrates, which in turn leads to the possibility of roll-to-roll production of
the  organic  solar  cells,[24]  in  the  very  same  way  as  the  newspapers  are
printed.

4) The excitons have to migrate through the absorbing material to the
donor-acceptor interface and be separated into free charge carriers (figure
1.2c).  The  frequently  cited  exciton  diffusion  length  in  the  conjugated
polymers is believed to be on the order of 5-20 nm,[25] which is much lower
than the active layer thickness required for the absorption of sunlight (100-
200 nm).[26] Though this exciton diffusion length value is an experimentally
measured value and there are doubts about what the theoretically limited
diffusion length can be,[25] one thing which is clear is that the morphology
of the active layer should favour the exciton migration to the closest donor-
acceptor interface.  Otherwise,  the excitons can recombine  and the energy
will be lost as heat. One of the most elegant and efficient findings in the field
of  organic  solar  cells  was  the  concept  of  bulk  heterojunction,[26]  which
allowed  to  achieve  dramatic  increase  of  the  area  of  the  donor-acceptor
interface via a self-assembly method. The nanoscale phase separation occurs
when solution of the donor/acceptor blend is deposited onto the electrode,
resulting in the formation of interpenetrated networks of  both donor and
acceptor components. Consequently, the excitons can efficiently migrate to
the  nearest  (up  to  20  nm  away)  interface  with  the  acceptor  prior  to
recombination.

The  use  of  fullerene  derivative  acceptors  (like  PCBM)  has  been  very
widespread  since  the  electron  transfer  to  the  fullerene  molecule  is  an
ultrafast  process  (estimated  to  occur  over  50  femtoseconds),[27]  which
means that once the exciton reached the donor-acceptor interface, any other
photophysical  processes  (like  recombination)  cannot  compete  with  the
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exciton dissociation, leading to almost 100% efficiency of this process.[28] At
the  same  time,  alternative  acceptors  like  small  molecules  or  electron
accepting conjugated polymers were also applied.[29,30]

5) Transport  of  electrons  and  holes  to  the  corresponding
electrodes (figure 1.2d). In order to assure that the charges get transported
selectively  to  the  correct  electrode  and  do  not  recombine  with  their
counterparts,  additional  electron  and  hole  blocking  layers  are  introduced
into the solar cells just next to the electrodes.[31]

Finally,  the  charge  transport  through  the  donor  and  the  acceptor
components  should  be  efficient,  otherwise,  again,  recombination  losses
would  be  unavoidable.  Charge  transport  in  organic  semiconductors  is
believed to be governed by two mechanisms: charge diffusion, and charge
drift under the effect of the voltage bias between the electrodes.[32] When
combined,  these  two  mechanisms  result  in  the  drift-diffusion  model  of
charge transport, which can be described by the following equation:

J=εµ
U

L3 (4 π2 kT
q

+
9
8

U ) (1.1),

where J is current density,  ε - permittivity, µ – charge carrier mobility, U -
voltage, L – device length, k – Bolzmann's constant, T – temperature, q –
elementary charge.

Oftentimes,  the contribution of  the charge  diffusion is  neglected,  and the
charge transport is described by the Mott-Gurney equation for space charge
limited drift current:

J= 9 εµU 2

8 L3
(1.2),

i.e.,  the  current  is  limited  by  the  charge  buildup  in  the  volume  of  the
material.[32]

Using either of these models, the charge carrier mobility (µ) values can be
extracted  from  the  experimental  current-voltage  measurements  of  the
electronic devices based on various organic semiconductors, and used as a
parameter that characterises the efficiency of charge transport through the
corresponding semiconductors.
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The charge carrier mobility values reported in the literature are summarised
in Table 1.1. At the moment of start for this research project, the maximal
charge mobility values up to 0.1-1.2 cm2 V-1 s-1 had been reported for the
charge transport through semiconducting conjugated polymers.[33-40] That
is  significantly  below  the  values  reported  for  inorganic  semiconductors.
[41,42] Exceptionally high mobility (3.3 cm2 V-1 s-1) had been reported for
some polymers with more complex structures which required sophisticated
synthetic procedures.[43]

Table 1.1. Summary of the mobility values of semiconducting conjugated
polymers reported before the beginning of this project, in comparison to the
mobilities of inorganic semiconductors.

Material Mobility µ (cm2 V-1 s-1)
Conductivity

type
References

 P3HT 0.2-0.4 p 33,34

 PQT 0.14 p 35

 PBTTT 1 p 36

 PQTBTz-C12 0.33 p 37

 IDT-BT 0.8-1.2 p 38

 PNDTBT-16 0.5 p 39

 P(NDI2OD-T2) 0.45-0.85 n 40

 CDT-BTZ 3.3 p 43

 Amorphous Si 0.3 p 41

 Amorphous Si 2 n 41

 Crystalline Si 1450 n 42

 Crystalline Si 500 p 42

 GaAs 8000 n 42

 GaAs 400 p 42

Lower  mobility  typical  for  conjugated  polymers  is  one  of  the  major
bottleneck  limitations for  the operation of  organic  solar  cells.   Inefficient
charge transport causes photogenerated charge carriers to accumulate in the
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active  layer  of  a  solar  cell  instead  of  being  transported  to  the  electrode,
leading to the increase of recombination losses.[44] The charge transfer in
out-of-plane  (vertical)  direction  is  the  most  relevant  for  the  photovoltaic
devices. Therefore, this work is focused on the out-of-plane charge transport
in semiconducting conjugated polymers, and on structural parameters which
could help to improve vertical mobility.

Charge transport in conjugated polymers

The conjugated chain of π-bonds is an element of molecular structure which
enables the charge transport through conjugated polymers. As an example,
the  structure  of  a  typical  and  well–investigated  representative  of  the
conjugated polymers, poly–3–hexylthiophene, is shown in Figure 1.4a. The
conjugated  π–system of the linked thiophene rings enables efficient charge
delocalisation. The delocalisation can be also represented as the existence of
two  extreme  mesomeric  (resonant)  structures:  one  where  the  aromatic
thiophene rings are linked by single bonds, and the second one where the
ideal polyene structure of the polymeric chain is realised (see Figure 1.4c).
[45] The latter structure enables very efficient charge transport through the
chain backbone, which was proven experimentally for P3HT using terahertz
spectroscopy  measurements.[46]  Another  efficient  charge  transport
mechanism which is enabled by the molecular structure of the polymer is the
intermolecular  charge  transport  via  π–π stacking  interaction  (see  Figure
1.4b). Using this mechanism, the charges can be delocalised between several
closely  located  thiophene  rings  of  adjacent  polymeric  chains.  This  charge
transport  mechanism  is  also  believed  to  be  the  predominant  one  for  the
small–molecule organic semiconductors with very high in-plane (horizontal)
organic field-effect transistor mobilities of up to 43 cm2 V-1 s-1 .[47]

The charge transport at  supramolecular scale  is  complicated by the semi-
crystalline structure of the polymeric films, which is difficult to control. In
particular,  the  long–range  order  is  typically  observed  for  two
crystallographic  directions.  The first  one is the so-called lamellar stacking
direction (the stacking of the alkyl side chains). The polymer is electrically
insulating  along  this  direction  due  to  absence  of  conjugated  bonds  and
delocalisation of the electronic density (see the schematic representation in
Figure 1.5a). The other direction is along π–π stacking, which does allow the
interchain charge transport. The combination of the lamellar and the  π–π
stacking  leads  to  the  formation  of  highly  ordered  crystalline  domains
commonly called 'crystallites'.[48,49] Charges can be efficiently transported
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either through the chain or orthogonally in the direction of the π–π stacking
(see Figure 1.5b).

Figure 1.4. a, the chemical structure of P3HT. b, the π-π stacking between the thiophene rings

of the adjacent P3HT chains.  c, the two extreme mesomeric structures of P3HT: aromatic and

polyene, providing  the charge delocalisation and the efficient  charge transport via the chain

backbone.

However,  at  larger  scale  the charge  transport  is  more complex,  since  the
electrons have to be transported from one crystallite to another through the
less ordered or even amorphous phase of the polymer. This intercrystallite
charge  transport  is  believed to be highly  inefficient,  with charge  hopping
between the adjacent chains being the main bottleneck limitation (see the
schematic representation in Figure 1.5c).[50]

The  most  recent  developments  showed  that  further  enhancement  of  the
mobility is possible using optimised thin film structure. In particular, Heeger
and  colleagues  showed  that  polymer  chain  alignment  leads  to  in-plane
(horizontal) mobilities in excess of 40 cm2 V-1 s-1,[51,52] which is more than
an order of magnitude improvement compared to the previous results (See
Table  1.1).  Similarly  high  in-plane  mobilities  of  over  10  cm2 V-1 s-1 were
reported recently in stiff chain conjugated polymers.[53-55] These mobility
values have already exceeded the mobility measured in amorphous silicon.
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However,  they  are  still  much  lower  than  the  mobilities  in  the  relevant
inorganic  photovoltaic  materials  like  silicon  or  gallium arsenide  (see  the
summary of the mobility values in Table 1.2).

Figure 1.5. Charge transport through P3HT chains and crystallites.  a, the absence of

any efficient charge transport in the direction of side chain lamellar stacking. The side chains are

insulating  and therefore  block  the charge  transport  between  the  adjacent  lamellary  stacked

chains.  b, the other two directions, namely the direction of the  π-π stacking and the direction

along the chain backbones, provide efficient charge transport pathways. c, the charge transport

between two adjacent crystalline regions through the amorphous disordered phase occurs via

inefficient charge hopping.

Anisotropy of charge transport in conjugated polymers can be considered as
one of the key aspects for the application of conjugated polymers in organic
solar cells, since only the out-of-plane (vertical) charge transport is relevant
for the performance of this kind of devices. Considering the high anisotropy
of  the  charge  transport,  it  is  also  clear  that  the efficient  in-plane  charge
transport  does  not  necessarily  correspond  to  the  same  high  out-of-plane
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charge mobilities. At the same time, relatively little attention was previously
focused on the characterisation of  vertical  charge  transport  in conjugated
polymers.  Therefore,  a  separate  study  dedicated  to  the  vertical  charge
transport was necessary, and this issue was chosen to be the main focus of
this work. P3HT being one of the most well-studied conjugated polymers was
selected as the model polymer for this study. This thesis is mostly focused on
study of structural parameters which affect vertical charge transport in thin
films  of  conjugated  polymers  and  search  of  post-deposition  treatments
capable to improve the vertical charge transport.

Table 1.2. Summary of the highest state-of-the-art mobility values reported
for  semiconducting  conjugated  polymers  and  relevant  inorganic
semiconductors.

Material Mobility µ (cm2 V-1 s-1)
Conductivity

type
References

 PCDTPT  47 p 51

 PCDTPT  58.6 p 52

 PDVT-10  11 p 53

 DPP-DTT derivative  10.5 p 54

 CDT-BTZ  11.4 p 55

 Amorphous Si  0.3 p 41

 Amorphous Si  2 n 41

 Crystalline Si  1450 n 42

 Crystalline Si  500 p 42

 GaAs  8000 n 42

 GaAs  400 p 42

12



Structure-dependent vertical charge transport in P3HT

Three orientations of the polymeric chains of P3HT relative to the horizontal
surface of a substrate are possible for crystalline domains (Figure 1.6):

(1)  with  the  lamellar  stacking  direction  orientated  perpendicularly  to  the
surface of the substrate and the π-π stacking direction orientated along the
plane of the substrate, the so-called 'edge-on' orientation;

(2) with the the lamellar stacking direction orientated along the plane of the
substrate, and the  π-π stacking direction orientated perpendicularly to the
surface of the substrate, the so-called 'face-on' orientation;

(3) with both the lamellar stacking and the π-π stacking directions orientated
along the plane of the substrate, and the polymer backbone axis orientated
perpendicularly to the surface of the substrate, referred to as either 'flat-on'
or 'chain-on' orientation.

The crystallite orientation can be efficiently estimated using X-ray diffraction
methods,[56] which will be discussed in more detail in the Methods section
of this thesis. In particular, the synchrotron grazing incidence wide-angle X-
ray diffraction (GIWAXD) technique has been commonly used for the study
of  thin  films  of  conjugated  polymers,[57,58]  primarily  owing  to  the
significant increase of the diffraction signal intensity compared to common
X-ray  diffraction  techniques.  The  use  of  area  (two-dimensional)  X-ray
detectors  enables  rapid  recording  of  diffraction  images,  which  provide
information about orientations of the crystallites present in the film.

The GIWAXD technique applied  to the analysis  of  P3HT films,  allows to
distinguish  between the edge-on,  face-on and chain-on orientation of  the
crystallites as shown in Figure 1.6. If the film is highly textured, orientation
of  crystallites  can  be  determined  using  positions  of  the  (100)  reflections
(corresponding to the lamellar stacking direction) and the (010) reflections
(corresponding to the π-π stacking direction) on GIWAXD pattern. Expected
positions of (100) and (010) diffraction spots for three possible orientations
of  molecular  chains  relative  to  the  substrate  are  schematically  shown  in
Figure 1.6.[59]

13



Figure 1.6. (Left) orientations of P3HT crystallites and (right) their expected 2D 

diffraction patterns.

a, Edge-on, with the lamellar stacking (100) direction orientated along the Z axis and the (010) 

direction of the π-π stacking orientated in the xy plane; 

b, Face-on, with the lamellar stacking (100) direction orientated in the xy plane and the π-π 

stacking (010) direction orientated along the Z axis;

c, Chain-on, with both the lamellar stacking (100) direction and the π-π stacking (010) direction

orientated in the xy plane.

Since P3HT is  insulating along the direction of  the lamellar  stacking,  the
edge-on orientation is the least suitable one for the applications requiring
efficient  vertical  charge  transport.  Therefore  the  face-on  and  chain-on
orientations should be targeted for these applications.
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The  relationship  between  vertical  charge  transport,  crystallite  orientation
and processing conditions for thin films of conjugated polymers is one of the
subjects which are studied in this thesis.

Thin  films  of  P3HT  are  commonly  deposited  using  solutions  in  organic
solvents by various thin film deposition methods, like spin-coating (drying of
the polymeric film as a result of centrifugal flow during the spinning of the
underlying substrate), doctor blade coating (smearing of the solution by a
metallic  blade  located  in  the  vicinity  of  the  substrate),  screen  printing
(dispensing of the polymer solution through a mesh overlying the substrate)
etc.[60] Spin-coating is the most widely used laboratory scale method, since
it typically results in nanometre precision control over the film thickness and
is suitable for deposition of thin polymeric films with cm size.[61] The thin
films deposited by the above listed methods are typically semi-crystalline,
with edge-on being the most commonly observed orientation of crystallites.
[62,63] Consequently, new methods and approaches needed to be developed
in order to provide the face-on and chain-on orientations in the thin films for
efficient vertical charge transport.

The intrinsic properties of conjugated polymers were shown to be important
for  the  crystallinity  of  films.  In  particular,  regioregularity  of  polymers
important for the crystallinity,[64] alongside with the molecular weight.[65]
Regioregularity is degree of regularity with which the monomeric units are
linked  with  respect  to  each  other  in  a  polymeric  chain,  particularly  with
respect to the location of the alkyl side chains.

The  properties  of  the  substrate  (including  the  effect  of  the  surface
modification  by  self-assembled  monolayers)  were  also  demonstrated  as  a
factor that can affect both the orientation and the degree of crystallinity of
thin P3HT films.[66,67] Particularly, it was shown that functionalisation of
the  substrate  surface  with  alkyl  groups  (-CnH2n+1)  resulted  in  greatly
enhanced edge-on texture, whereas the surface covered with aminogroups  
(-NH2) favoured the formation of face-on orientated crystallites.

Post-deposition thermal annealing was also reported to enhance the overall
crystallinity of the thin P3HT films.[68,69]

Nanoimprint lithography is one of the less common methods which can be
applied for post-deposition modification of film structure.
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Nanoimprint lithography

Nanoimprint lithography, also known as soft lithography, has been known as
a  powerful  method for  generating  micro-  and  nanopatterns  in  polymeric
films since the 90s. Originally developed for replicating patterns etched out
of brittle silicon moulds,[70] it was later expanded to using soft resin-based
moulds made of materials like poly-dimethylsiloxane (PDMS).[71,72]

In the classical layout of the nanoimprint lithography patterning experiment,
a  thin  film  pre-deposited  on  a  substrate  is  pressed  against  a  patterned
mould. Subsequently, without releasing the pressure, the film is heated up to
the temperature setpoint at which the polymer becomes fluid and fills the
cavities of the mould. Then, the system is cooled down to room temperature,
pressure is released and the mould is separated from the polymeric film. As a
result of the process, the film bears the replicated pattern of the mould.

The method of nanoimprint lithography was mainly used for the fabrication
of photonic devices,[73] as well as microfluidics [74] and various micro- and
nanopatterns for biotechnological applications.[75]

Application  of  nanoimprint  lithography  for  the  patterning  of  organic
photovoltaic devices was also demonstrated.[76] Using this method, vertical
(chain-on) orientated crystallites were produced in P3HT,[77,78] however,
no vertical charge transport measurements were performed in those studies.

This work: exploring new methods to control  the vertical
charge transport

In this study, several key approaches to control the orientation of crystalline
domains in P3HT were investigated. First of all, the effect of the surface of
the  substrate  was  explored,  with  the  focus  on  using  graphene  as  a
substrate.  Graphene  has  a  very  exciting  combination  of  properties,
including high charge mobility,[79] high transparency in the broad spectral
range,[80]  outstanding  mechanical  strength  and  flexibility,[81]  and  a
number of exciting electronic properties.[82] Previously it was reported that
the interaction of P3HT with the surfaces of graphene and highly orientated
pyrolytic graphite (HOPG) yielded face-on orientated P3HT films.[83, 84]
However,  no  further  studies  were  performed  in  order  to  investigate  the
implications of this effect for vertical  charge transport.  This work aims to
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explore  this  structure-property  relationship,  and  provide  a  better
understanding of the effect of graphene surface on vertical charge transport
through thin P3HT films.

The  effect  of  the  graphene  substrate  surface  on  structural  and  charge
transport properties of the deposited films was compared to the effects of the
typical  hydrophilic  substrate  surface  of  the  oxidised  silicon  wafer.
Additionally,  the  effect  of  various  film  preparation  parameters  was
investigated,  including  variation  of  thickness  and  variation  of  the  post-
deposition annealing temperature. It  was shown that all  these parameters
strongly influence both the overall crystallinity and the texture of the thin
P3HT  films  (as  determined  by  X-ray  diffraction  methods).  Based  on  the
measured  vertical  mobility  values,  it  was  suggested  that  the  crystalline
structure  of  the  P3HT  films  had  a  direct  effect  on  the  vertical  charge
transport through the films.

The second approach for controlling the texture of the thin P3HT films that
was studied in this work was patterning of the films via nanoimprint
lithography.

In  this  work,  a  comparative  study  of  thin  P3HT  films  patterned  by
nanoimprint  lithography  and  the  smooth  unpatterned  P3HT  films  was
performed.  It  was demonstrated that orientation of crystallites in the two
types of films can be modified using nanopatterning: the crystallites in the
smooth films were predominantly  edge-on orientated,  the combination of
edge-on and chain-on orientations was revealed in the patterned films using
the  X-ray  diffraction  methods.  More  importantly,  the  obtained  chain-on
orientation resulted in unprecedentedly high average vertical  mobilities of
above 3.1 cm2 V-1 s-1, and nanoscale mobility values of about 10.6 cm2 V-1 s-1,
which is more than an order of magnitude higher than the highest previously
reported charge mobility in P3HT,[33,34] and several orders of magnitude
higher than the previously reported vertical mobility in the same material.
[85] The significant increase of the vertical diode mobility was attributed to
the effect of  the chain-on orientated crystallites formed as a result  of  the
patterning process.

In summary, the two approaches allowed to gain more understanding of the
effect of conjugated polymers structure on the vertical charge transport using
the example of the model polymer P3HT. Based on the experimental data, it
is  suggested that  preferentially  face-on and chain-on orientation of  semi-
crystalline  films  results  in  better  vertical  charge  transport.  Several  well-
controlled  methods  to  achieve  these  orientations  were  demonstrated.
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Moreover, it is shown that superior electrical properties can be achieved for
thin  films  of  typical  conjugated  polymer  like  P3HT  by  relatively  simple
optimisation  of  crystallites  orientation,  without  the  need  for  complex
chemical synthetic routes.
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Chapter 2. Materials and methods 

2.1. Materials and sample preparation

2.1.1. Materials

The main material being investigated in this thesis was a typical and well-
studied  representative  conjugated  polymer  poly-3-hexylthiophene
(P3HT) (weight average molecular weight 32 kD, purchased from ADS Inc.,
Canada).  Solutions  of  P3HT  in  o-dichlorobenzene  (>99%  purity,  Sigma-
Aldrich) and chloroform:o-dichlorobenzene solvent mixtures (chloroform of
HPLC  grade,  >99.9%,  Sigma-Aldrich)  were  prepared  and  used  for  spin-
coating of the thin polymeric  films.  After  the preparation and dissolution
(which  takes  up  to  an  hour  under  constant  shaking,  depending  on  the
solvent)  all  the solutions were filtered through either 0.2  μm or 0.45  μm
PTFE syringe filters (Whatman, purchased from Sigma-Aldrich) in order to
remove the remaining large particles. The filtration step is one of the most
critical steps in order to ensure the uniformity and quality of the deposited
films.

2.1.2. Substrates

The thin P3HT films were deposited onto the wafers of highly doped p-type
silicon (purchased from University Wafers), with the purpose of having low
bulk resistance of the substrate, as well as good energy matching (~5.0 eV for
the Fermi energy of the highly doped p-type Si and ~ 4.8–5.0 eV reported for
the HOMO of  P3HT),[86-88]  which  minimises  the resistive  losses  at  the
Si/P3HT  interface  and  improves  the  charge  injection  process  during  the
vertical  charge  transport  measurements.  Additionally,  microscope  glass
slides  (Thermo  Scientific)  were  also  used  as  a  substrate  for  optical
spectroscopy studies of the P3HT films.

Both types of substrates used in our studies were cut (~ 12 × 12 mm square
substrates of silicon and ~ 20 × 20 mm square substrates of glass) using a
diamond knife and cleaned in two consecutive ultrasonic baths: acetone and
isopropanol  (HPLC grade,  purchased  from Sigma-Aldrich)  for  15  minutes
each in order to remove particulate and organic residues. For the best quality
of  cleaning,  it  is  important  to  perform all  the  cutting,  cleaning  and  film
deposition processes without delays and avoid storage of the substrates in
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the  organic  solvents  since  it  can  lead  to  precipitation  of  organic
contaminants back to the surfaces of the substrates. 

The final substrate cleaning step was snow-jet cleaning, which was used to
remove  the  remaining  sub-micron-sized  particles.  During  the  snow-jet
cleaning, a substrate was placed onto a pre-heated (>200°C) hot plate, held
immobile by vacuum and allowed to heat up to the temperature of the hot
plate.  Then  the  surface  of  the  substrate  was  bombarded  by  a  jet  of
microscopic  ice  crystals,  formed  as  a  result  of  a  cold  stream  of  CO2 gas
coming  out  of  a  nozzle  (see  the schematic  representation of  the snow-jet
system  in  Figure  2.1).  The  thermal  shock  caused  by  the  temperature
difference between the hot surface of the substrate and the cold ice crystals
of the snow-jet helped to strike out the remaining dust particles. Effective
snow-jet cleaning should start from the middle of the substrate with further
swiping moves towards its periphery, and all the area of the sample should
be cleaned.

Figure 2.1. Schematic representation of the snow-jet cleaning method. The jet of cold

CO2 gas is directed at the pre-heated substrate, which creates a stream of ice particles that swipe

away small submicron particles from the surface of the substrate. During the cleaning process,

the substrate is immobilised by the vacuum suction at its bottom side. For the optimal cleaning

results, the distance between the snow-jet nozzle and the surface of the substrate should be kept

at about 1 cm.

After  each  snow-jet  cleaning  step,  the sample  was removed from the hot
plate and inspected under an optical microscope (Olympus BX51) in order to
make  sure  that  no  dust  particles  were  remaining  on  the  surface.  The
cleanliness  of  the substrate was extremely  important since any remaining
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dust  particles  could  occur  to  be  electrically  conductive  and  could  have
created short circuits during the vertical charge transport measurements. For
the  other  types  of  measurements  like  X-ray  diffraction  or  UV-Vis
spectroscopy, more dust tolerance could be allowed.

The  substrates  are  very  sensitive  to  scratching;  therefore  only  plastic
tweezers  (solvent-  and  heat-resistant)  were  used  to  grab  and  move  the
substrates.  Chemical  vapour  deposition  (CVD)  derived  graphene  was
transferred on top of the above mentioned substrates (highly doped p-type
silicon and glass). The substrate cutting, cleaning, as well as the polymer film
deposition onto the substrates was performed by myself at Umeå University.
The graphene synthesis and transfer was carried out by our collaborators at
McGill University (Montreal, Canada).

The synthesis  of  graphene  was performed in a vertical  quartz cube using
chemical  vapour  deposition  according  to  the  following  procedure.  First,
copper foil was pre-treated in acetic acid in order to reduce the number of
nucleation sites. Then, cleaning in acetone and isopropanol was carried out.
Subsequently, the foil was annealed for 90 minutes at 1050°C and a pressure
of 120 Torr in a flow of 10 standard cubic centimetres per minute (sccm) H 2.
Next, a flow of 0.15 sccm CH4 was introduced for 30 minutes under the same
H2 flow. The tube was rapidly cooled down to room temperature under H2

flow, resulting in monolayer graphene on copper.

The sample was then covered with PMMA via spin-coating, and the copper
was etched away by ammonium persulphate. The graphene sample was then
immersed into a 10% HCl solution for 10 minutes in order to remove residual
copper. Finally, the graphene sample was placed into deionised water before
being transferred onto a substrate.

For a successful transfer, a mixture of 35 mL of deionised water and 15 mL of
isopropyl alcohol (IPA) was used in order to minimise the repulsion between
the  liquid  medium  and  the  substrate.  This  solvent  mixture  provided
sufficient  surface  tension  to  keep  the  graphene  afloat  and  to  prevent
wrinkling.  The  substrate  was  placed  at  the  bottom  of  a  beaker,  and  the
solvent  was  slowly  removed  allowing  the  graphene  to  settle  onto  the
substrate.  The graphene  sample was dried overnight  before  removing the
PMMA layer with acetone.
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2.1.3. Spin-coating and thermal treatment

Thin P3HT films were deposited from solutions in organic solvents via spin-
coating. Before the spin-coating, the spin-coater (SPS Spin150) was carefully
wiped with acetone- and isopropanol- rinsed dust-free cleanroom tissues in
order to remove any remaining dust from its surface which could fall onto
the substrate during the spin-coating process. The spin speed and the spin
acceleration  were kept  constant  (spin speed 1000 revolutions per  minute
(rpm) and acceleration 6000 rpm s−1),  and the film thickness change was
achieved via changing the concentration of the initial P3HT solution. Due to
the low vapour pressures of solvents used in this work, it takes relatively long
time to evaporate solutions under standard conditions (over 2 minutes, or
until the films were completely dry).

The  samples  were  stored  in  closed  plastic  Petri  dishes  before  the  next
processing or analysis step in order to avoid contamination. If no immediate
processing  was planned  for  the very  same day,  the prepared  sample  was
stored  in  aluminum  foil-wrapped  dish  in  order  to  prevent  light-induced
degradation, which is a problem for thin P3HT films.[89] When prolonged
storage  or  transportation  was  needed,  the  Petri  dishes  with  the  P3HT
samples  were  stored  in  an  argon-filled  glovebox,  or  packing  of  the  Petri
dishes into hermetic bags was done in the same glovebox.

The  thermal  treatment  (annealing)  of  the  films  was  performed  under
nitrogen  atmosphere  in  order  to  avoid  oxidation,  or  in  the  helium-filled
chamber during the in situ experiments at the synchrotron X-ray diffraction
facility.

2.1.4. Nanoimprint lithography

The method of nanoimprint  lithography (also known as hot embossing or
soft lithography), already discussed in the introduction section, was used in
this work for microstructure patterning of the P3HT films.

In  the  classical  experimental  layout  of  nanoimprint  lithography,  the
patterned mould is put in contact with a solid film being imprinted, followed
by heating of the film to a temperature setpoint at which the viscosity of the
polymeric film is low enough to allow the polymer to flow and fill the cavities
of  the  mould.  After  cooldown,  the  mould  is  removed  and  the  polymer
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preserves  the  (negative)  shape  of  the  mould.  See  the  schematic
representation of the nanoimprint lithography process in Figure 2.2.

In the study of vertical chain alignment by patterning, the patterning of the
films  was  performed  using  the  Eitre3  Nanoimprint  Lithography  system
(Obducat  AB)  and  the  replicated  micropatterned  poly-dimethylsiloxane
(PDMS) moulds (the Sylgard material, purchased from Dow Corning).

At  first,  the  silicon  master  moulds  were  prepared  by  means  of  optical
lithography, resulting in pillar arrays with 4 μm pillar diameter, 6 μm pitch
size and the height of 1 μm, with the total mould area of ~20×20 mm, out of
which  the central  10×10 mm part  was patterned.  Then,  the moulds  were
treated  for  several  hours  in  sealed  hexamethyldisilazane  (HMDS)  vapour
atmosphere  at  ~80°C  in  order  to  make  the  surface  of  the  moulds
hydrophobic and facilitate the demoulding (replica mould removal) process.

During  the  next  step,  10:1  mixture  of  PDMS  base  and  curing  agent  was
thoroughly intermixed via stirring, then degassed under a rough vacuum in
an exicator until all the air bubbles trapped in the PDMS mixture collapsed
and very uniform viscous liquid was obtained. The silicon master mould was
placed onto a glass Petri dish covered with smooth and flat aluminum foil.
The smoothness of the aluminum foil was of great importance since it should
have provided gapless contact between the foil and the silicon master mould
and  prevent  any  PDMS  from  flowing  underneath  the  mould,  because
otherwise the demoulding could have become difficult. Since silicon is very
brittle,  trapped  PDMS  under  the  master  mould  could  even  have  caused
cracking of the mould during the manual demoulding.

The  degassed  PMDS  mixture  was  subsequently  gently  poured  onto  the
silicon master mould with extra attention to avoiding the formation of any
bubbles. The volume of the PDMS mixture had been selected such that the
resulting mould height was about 5 mm. The Petri dish was then transferred
to an oven and heat treated for a prolonged period of time (~ 5 hours at
150°C), followed by slow cooling back to room temperature. Please also note
that the oven should be very well levelled in order to result in perfectly flat
replicated mould instead of a wedge-like one. Pre-cleaned metallic tweezers
were used for transferring the PDMS moulds.
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Figure  2.2. Schematic  representation of  the  nanoimprint  lithography process.  a,

initial  experimental layout,  with the patterned mould put in direct contact with the polymer

film. b, at the initial stages of the polymer pattern formation, after being heated up in order to

reduce the viscosity of the polymer, the polymer starts to flow into the cavities of the mould. The

flow directions are shown with small arrows. c, at the final stage of the imprinting process, the

full replication of the mould pattern is completed. d, after the mould removal (demoulding), the

patterning of the polymer is complete.

A  substrate  coated  with  a  P3HT  film  was  placed  in  the  middle  of  the
imprinter  stage,  with  patterned  PDMS  mould  on  top  of  the  film.  The
surrounding area of the stage was filled with a PDMS resin spacer  of  the
same approximate height as the height of the sample and the PDMS mould
combined.  The  metallic  O-ring  of  the  same  height  was  used  (see  the
schematic representation of the imprinting stage in Figure 2.3). Finally,  a
smooth and relatively thick (>0.2 mm) aluminum foil was placed on top of
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the stage stack and the stage stack  was inserted  into the thermal  stage /
pneumatic  press  region  of  the  nanoimprinter.  The  thickness  of  the  foil
should have been large enough to ensure that the foil could withstand and
transmit the high pneumatic pressure without fracture. A control imprinting
experiment  was  also  performed  using  the  common  insulating  polymeric
material  polystyrene  (Mw =  100  kD,  GPC  grade,  purchased  from  Sigma-
Aldrich), with the purpose of checking if the micropattern being used in the
study  was  dense  enough  in  order  to  measure  the  true  vertical  charge
transport and avoid any direct short-circuits between the top electrode and
the bottom substrate (more details are given in one of the following sections
of  this  chapter).  For  the  polystyrene  samples,  the  very  same  imprinting
procedure was used except for the imprinting temperature, which was lower
(150°C) because of the lower viscosity of polystyrene compared to P3HT.

Figure  2.3. Schematic representation of the nanoimprint lithography stage.  a,  side

view. The substrate and the mould were placed in the middle of the stage, surrounded by the

PDMS spacer, which occupied all the rest of the space and ensured that the height level of the

surrounding  metallic  O-ring,  the  substrate/mould  stack  and  the  rest  of  the  space  matched

within several mm, in order to prevent the aluminium foil from breaking during the application

of pneumatic pressure. b, top view of the stage.
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2.2. Sample characterisation methods

2.2.1. Atomic force microscopy

The method of atomic force microscopy (AFM) is widely used for nanoscale
characterisation  of  the  topography  of  thin  film samples.[90]  In  a  typical
amplitude  modulated  (also  known  as  'tapping  mode')  AFM  experiment,
which was used in this  work,  a  sharp tip moves  along the surface of  the
investigated  film,  while  it  is  permanently  oscillating  in  the  direction
perpendicular  to  the  surface  of  the  film  with  occasional  tapping  of  the
surface,  which  disrupts  the  oscillation  amplitude.  Using  a  laser-based
feedback  system,  the amplitude of  the oscillation is  kept  constant,  which
allows  to  follow  and  record  the  height  profile  of  the  surface  (see  the
schematic representation of a tapping mode AFM experiment in Figure 2.4).

Figure 2.4. Schematic representation of tapping mode AFM experiment (side view).

The AFM cantilever with a sharp tip at its end is oscillated with a certain amplitude, and brought

close to the surface of the sample being analysed, allowing occasional tapping of the surface. The

tip is set to motion along a straight line in horizontal direction, with the constant amplitude of

the  cantilever  oscillation  controlled  by  the  laser  feedback  system.  The  resulting  readout

trajectory  of  the  cantilever  reproduces  the  height  profile  of  the  underlying  surface.

Subsequently,  the cantilever motion is shifted by a designated distance,  and the next height

profile is measured. This procedure is repeated until the whole area of the analysed surface is

measured with the desired precision.

In this work, AFM was used to control thickness of  films and for routine
check  of  the  shape  and  height  of  the  microimprinted  samples.  For  film
thickness  check,  the film was scratched with a scalpel  blade exposing the
bare substrate. Then, a 10×10 μm (or larger, up to 100×100 μm depending
on the AFM stage being used) scan was done with the AFM tip tapping across
the  scratch,  and  the  film  thickness  was  measured  as  a  height  difference
between the level of the substrate and the average level of the film. If the film
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thickness did not match the required value, the solution concentration was
altered and the film deposition process was repeated. It should be noted that
the AFM tips used for the thickness checks were becoming contaminated by
the polymer at the scratch, therefore in order to measure reliable AFM height
data, one should perform immediate replacement of the tip with a new one
when  the  tapping  frequency  calibration  shows  artifacts  like  multiple
resonant peaks, or peak broadening etc.

For the topography scans, Veeco Nanoscope IV Multimode AFM was used
during the course of this project.

2.2.2. Scanning electron microscopy

Scanning electron microscopy (SEM) is a powerful method to quickly image
the nanoscale topography of the surface of materials. The imaging is done via
exposing the surface of the sample with a flux of accelerated electrons and
reading out the intensity of the electron flux reflected or scattered from the
surface of the sample. Depending on the relative location of the sample and
the detector, as well as on electron energy, the information on the surface
topography  (using  secondary  electron  detectors)  or  density  distribution
(using backscattered electron detectors) can be extracted.[91] 

In  this  work,  the  Zeiss  /  LEO  1550  SEM  machine  was  used  (Ångström
Laboratory,  Uppsala  University).  The  training  and  access  was  kindly
provided by the MyFab consortium. 

In order to achieve good secondary electron imaging contrast, the sample has
to be conductive in order to avoid charge buildup (also known as ’charging’).
In  this  work,  imprinted  P3HT  micropatterns  on  conductive  silicon  were
imaged,  where  both  the  polymer  and  the  substrate  were  sufficiently
conductive, therefore no additional sample preparation was required.

During the imaging of the cross-section of the contact between the top silver
electrode  (discussed  in  detail  below)  and  the  P3HT  micropattern,  the
conductivity of the components was also sufficient and therefore required no
additional conductive layers to be deposited.

The cross-section of the micropattern was prepared using the freeze-cutting
method.  In this  method,  the  sample was immersed  into liquid  nitrogen,
followed by cleavage by mechanical  impact.  This method allows to obtain
very  clean  (dust-free)  and  uniform  fractures  of  thin  films  and  patterns
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deposited  on  silicon.  Afterwards,  the  fractured  sample  edge  was  put  in
contact  with  a  silver-coated  PDMS  electrode  and  clamped  into  a  special
vertical SEM vise mount.

2.2.3. Synchrotron X-ray diffraction

X-ray diffraction (XRD) is a standard method for studying the long-range
order of crystalline and semi-crystalline materials.[92] In a classical Bragg
geometry,  an X-ray beam is  directed from a source at a certain incidence
angle relatively to the surface of the sample, and is subsequently diffracted
from the crystallographic planes of the sample. The diffraction condition is
given by the Bragg’s equation (see equation 2.1 below).

n λ=2d sin θ (2.1),

where n is an integer number,  λ is the wavelength of the X-rays, d is  the
spacing between the crystallographic planes, and θ is the diffraction angle.

Grazing  incidence  X-ray  diffraction  (GIXD)  is  a  technique,  which  is  very
often used for the study of thin films of poorly crystalline materials, such as
the  semi-crystalline  polymer  which  was  studied  in  this  work.[93]  In  the
GIXD method, the incidence angle is set very low (typically below 0.5°, the
exact value depends on the X-ray absorptivity of the material,[94] i.e., the
degree to which the X-rays are absorbed by the analysed sample). The use of
shallow incidence angle allows to increase the volume of sample penetrated
by X-ray beam and to increase intensity of diffracted signal.

In this work,  the diffraction experiments  were performed at  the Stanford
Synchrotron  Research  Laboratory  (SSRL,  Menlo  Park,  CA,  USA).  Much
higher intensity of diffraction patterns (compared to standard X-ray sources)
can be obtained using the synchrotron radiation which is strong advantage
for characterisation of poorly crystalline materials.[95]

The  high  coherence  of  the  synchrotron  beam  allows  to  achieve  higher
precision of the diffraction measurements. Additionally, the higher energy of
the synchrotron beam allows to penetrate deeper into the matter,  thereby
allowing to probe thicker films at the same shallow grazing incidence angle.

Using the synchrotron X-ray diffraction technique,  the lattice parameters,
preferential  crystallographic  orientation  (texture)  of  thin  crystalline  films
relatively to the surface of the substrate can be investigated.
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The average coherence length, which is indicative of the average crystallite
size of the semi-crystalline polymer, can also be estimated via measuring the
broadening of the corresponding diffraction peak. Using Scherrer’s formula
(equation 2.2),  one can calculate the coherence length based on the peak
position and its full width at half maximum (FWHM) value.[96]

l=
K λ

β cosθ
(2.2),

where l is the average coherence length, K is a constant (typically the value
K=0.9 is used),  λ is the wavelength of the X-rays,  β is the experimentally
determined diffraction peak broadening (full width at half maximum) and θ
is the location of the diffraction peak centre.

In this work, two diffraction techniques were used.  The first  one was the
grazing incidence wide angle X-ray diffraction (GIWAXD). This technique is
based  on  the  grazing  incidence  diffraction  geometry  and  uses  a  two-
dimensional  detector,  which allows recording and integrating intensity for
full diffraction ring. Therefore more rapid acquisition of diffractograms is
possible  compared  to  the  traditional  point  detector  techniques.  The
GIWAXD experiments  were  performed  using  the  11-3  beamline  at  SSRL,
which  was  equipped  with  a  mar2300  area  detector.  The  experimental
geometry of the GIWAXD technique is schematically represented in Figure
2.5a,  and  an  example  of  a  typical  two-dimensional  diffractogram  of  a
semicrystalline P3HT film is given in Figure 2.5b. The GIWAXD technique
allows to detect most of the orientations of crystallites with respect to the
surface of the substrate (Figure 2.5b) except for the out-of-plane diffraction,
(schematically  explained  in  figure  2.5c).[56]  Therefore,  in  order  to  fully
characterise  the crystallite orientation in the thin P3HT films, the second
diffraction  technique  was  applied,  which  was  the  aforementioned  Bragg
geometry diffraction with a point detector (see figure 2.5d).
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Figure 2.5. X-ray diffraction techniques used in this work. a, schematic layout of the

GIWAXD  technique.  The  incoming  synchrotron  X-ray  beam  is  directed  at  the  surface  of  a

sample at a shallow angle, and is diffracted by the crystallographic planes of the thin film of the

semicrystalline polymer being investigated. The diffracted beam reaches the two-dimensional X-

ray  detector,  which  allows  to  detect  simultaneously  the  X-ray photons  diffracted  at  various

angles. b, example of a typical 2D GIWAXD pattern of a thin semicrystalline P3HT film. Various

orientations of the crystallites present in the film can be detected simultaneously. For example,

the distribution of intensity for the (100) reflection (around q = 0.4 Å -1), which corresponds to

the lamellar stacking direction of P3HT, shows  that both close to out-ot-plane (predominantly),

misorientated, and in-plane orientated crystallites are present in this film. The exactly out-of-

plane orientated crystallites cannot be observed.  c, the Ewald and the orientation spheres in

inverse space.[56] Only the orientations lying at the intersection between the two spheres can be

physically observed during the diffraction experiment. Therefore, the orientations located very

close to the out-of-plane direction can not be observed. d, schematic representation of the Bragg

geometry X-ray diffraction technique with a point detector. The incidence angle between the X-

ray source and the surface of the sample (θ) is set equal to the angle between the surface of the

sample and the direction to the point detector. Both angles are gradually increased until all the

desired range of θ angles has been scanned through.

For  the  GIWAXD experiment,  the  incidence  angle  was  set  either  to  0.13
degrees (which allowed probing the whole thickness of the P3HT films) or to
0.08 degrees (which allowed to probe only the topmost layer of the films),
and  the  exposure  time  was  ranged  between  15  and  60  seconds.  The
synchrotron beam energy was 12.7 keV. The data analysis of the synchrotron
2D GIWAXD data was performed using the WxDiff software suite developed
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by Dr. Stefan Mannsfeld at SLAC. The diffraction intensities were normalised
by the monitored incident beam intensity values, as well as by the values of
the sample width and film thickness, in order to be able to perform direct
quantitative comparison between the diffraction intensities of the different
samples.

The sample width was measured using a calliper with 0.01 mm precision; the
width was measured between the two opposing cut-off sides of the silicon
substrate. The objective of cutting off the edges was the following: the film
thickness of the spin-coated films is not completely uniform, with slightly
thicker  bumps  remaining  at  the  very  edges  of  the  samples,  therefore  no
reliable estimate of the total volume of the film probed by the X-ray beam
can be made. After cutting off the edges, however, only the very smooth and
uniform  middle  part  of  the  film  remains,  and  the  probed  film  volume
becomes directly measurable.

The quantitative analysis of the GIWAXD patterns of P3HT films, which was
performed in this work, included the following parameters:

The  total  intensities  of  the  100  and  010  P3HT  diffraction  peaks were
extracted  (integrated  over  the  whole  range  of  measurable  crystallite
orientations with respect  to  the surface of  the substrate,  i.e.,  over  all  the
possible value range of the misalignment angle χ, see figure 2.6a).

The  χ angle  distribution of  the same peaks was  extracted  and plotted in
order  to  quantify  and  compare  the  distribution  of  the  various  crystallite
orientations in the thin P3HT films (see figure 2.6b).

The  in-plane (χ ≈ 90°) linear cross-sections of the 2D diffractograms were
extracted in order to quantitatively determine the amount of the lamellar
stacks orientated parallel to the surface of the substrate (either face-on or
chain-on orientated crystallites, see figure 2.6c).

The out-of-plane cross-sections were also extracted from the GIWAXD data,
however, slightly misorientated out-of-plane cross-sections were chosen (at
χ=2°,  see  figure  2.6d)  since  ideally  out-of-plane  diffraction  cannot  be
detected by GIWAXD.

Additionally,  the  out-of-plane  diffractogram  was  acquired  directly  using
Bragg’s geometry diffraction experiments with point detector.
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Figure  2.6.  Quantitative  analysis  of  the  GIWAXD  diffractograms  of  the  thin  P3HT  films.  a,

integration of the intensity of 100 and 010 diffraction signals over the whole available angle (χ) range. b,

intensity distribution for 100 and 010 over angle χ. In the example shown here, the angular dependence

plot allows to visualise the preferential out-of-plane orientation of the lamellar stacking (100 peak), and

preferential in-plane orientation of the π-π stacking (010 reflection). c, extraction of the linear in-plane (qz

= 0) and close to out-of-plane (at  χ=2°) cross-sections of the diffractogram, shown with yellow dashed

arrows.  d,  intensity  along  two  linear  cross-sections  of  the  diffractogram,  left  panel:  in  the  in-plane

direction (qz = 0, χ=90°), right panel: in the direction close to out-of-plane (qxy≈0, χ=2°).
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Figure  2.7.  Analysis  procedure  for  the  cross-sections  of  the  diffractograms.  a,

interpolation of the background scattering signal (baseline), with its subsequent removal and

intensity normalisation.  b, separation of the 100 (left) and 010 (right) peaks and their fitting

with Gaussian function.  c, peak fitting parameters extracted from the analysis: the position of

the peak centre, which is directly linked to the interplanar spacing via Bragg's equation, and the

full width at half maximum (FWHM) of the peak, which can be applied for the calculation of the

coherence length according to Scherrer's formula.
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The  cross-section  plots  (for  in-plane  and  out-of  plane  scattering)  were
processed using the following procedure. First, the baseline was interpolated
(see figure 2.7a) and subtracted.  Subsequently,  the (100) and (010) peaks
were separately fitted using Gaussian function (see figure 2.7b). The peak
area was used as a measure of the relative crystallinity of the P3HT along the
corresponding direction (i.e., either in-plane or out-of-plane); the position of
the  peak  centre  was  used  to  determine  the  d-spacing  based  on  Bragg’s
equation; the full width at half maximum (FWHM) of the peak was used in
order  to  determine  the  average  coherence  length  based  on  Scherrer’s
formula, given by the equation 2.2 (see the visualisation in figure 2.7c).

Thanks to the powerful scriptable WxDiff program developed at SLAC, all
the above listed analysis steps could be automated for batch data processing.
For that purpose, a special script in Python 2.7 was written by myself based
on the code samples provided by our collaborators at SLAC (see the Readme
file  and  the  source  code  of  the  script  at  the  following  github  page:
http://github.org/skrvv/UmU/).

Please refer to the Results and Discussion section for additional examples of
the  2D  GIWAXD  diffractogram  analyses,  as  well  as  for  their  detailed
comparative analyses.

2.2.4. Macroscopic vertical charge transport measurements

In order to characterise the vertical charge transport properties of the thin
P3HT films, current-voltage (I-V) curves of the samples were measured. The
thin  P3HT films  deposited  and processed  on highly  doped  p-type  silicon
substrates were put in contact with smooth and flexible silver electrodes. The
bottom (Si) and top (Ag) electrodes were contacted to brass plates by silver
paste  and  wired  to  the  corresponding  electrodes  of  the  Keithley  2450
sourcemeter unit (see the schematic representation of the I-V measurement
setup in Figure 2.8a).

34



Figure 2.8. Schematic representation of the macroscopic vertical charge transport

measurement setup. a, Cross-section view of the setup. The brass cube with the smooth and

flexible silver-coated PDMS electrode was placed on top of the measured P3HT film mounted on

top of a brass plate. The electrodes were then wired to the external sourcemeter.  b, Close-up

scheme of the same setup highlighting the silver paste contacts in the circuit.

The smooth and flexible silver electrodes were fabricated using the following
procedure.  First,  silicon wafers were cleaned using two-step sonication in
acetone  and isopropanol,  and snow-jet  cleaning.  The wafers  were treated
with HMDS in an HMDS vapour-filled jar, in the very same manner as the
silicon  master  moulds  were  treated.  Then,  PDMS base  and  curing  agent
mixture (10:1) was prepared, degassed and poured onto the HMDS-treated
Si wafers with the intention of  preparing smooth PDMS moulds with the
thickness of ~3-4 mm. After the thermal curing in an oven (150°C, 5h) and
slow cooldown to room temperature,  the resulting smooth PDMS moulds
were demoulded from the HMDS-treated silicon. During the next step, the
smooth PDMS moulds were cut by a scalpel blade into pieces ~10×10 mm
each. Extra attention was paid to avoid any touching of the top surface of the
smooth  PDMS  moulds  in  order  to  ensure  no  dust  contamination.
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Subsequently, the 10×10 mm smooth PDMS moulds had their wedges cut off
at an angle in order to guarantee the uniform silver electrode coating without
the  risk  of  cracking  of  the  silver  electrode  at  the  sharp  edges.  Special
procedure  was  designed  for  cutting  of  the  PDMS slabs  to  minimise  dust
contamination.

During the next  step,  150 nm layer of  silver was deposited on top of the
wedge-cut PDMS electrodes by evaporation deposition using the Kurt Lesker
PVD  75  evaporation  deposition  system  (the  access  to  the  Ångström
Laboratory  at  Uppsala  University  was  kindly  provided  by  the  MyFab
consortium).  After  the fabrication,  the electrodes  were stored in  a  closed
Petri dish in order to avoid dust contamination.

Just  prior  to  the electrical  measurement,  an  electrode  was placed  onto  a
brass cube and an electrical  contact was established via smearing of silver
paste at the wedges of the electrodes (see Figure 2.8b). Finally, the electrode
was slowly placed on top of the pre-mounted P3HT/Si sample and the I-V
curves were measured.

The main advantage of the proposed method was that it ensured a very good
contact between the polymeric film and the top electrode (see figure 2.9a),
without the risk of metal diffusion from the top electrode into the analysed
film.  This  might  have  happened  if  the  top  electrode  was  deposited  by
evaporation deposition. Another important advantage of the method is that
it allowed to measure highly non-uniform patterned films without touching
the bottom part of the pattern (see figure 2.9b).

In a separate control measurement, the series resistance of the connecting
wires and the contacts was estimated via directly contacting the top silver
electrode and the bottom Si electrode and measuring the Ohmic resistance of
the whole circuit. During the subsequent analysis of the I-V data of the P3HT
films, the voltage values were corrected by the resistance of the wiring.

The current density (J) values were extracted from the current (I) data via
dividing it by the total area of the top electrode in contact with the P3HT film
(A):

J=
I
A

(2.3)
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The total area of the top electrode was precisely measured using an inverted
optical  microscope  with  a  motorised  stage  (Olympus  GX51).  For  the
micropatterned samples, only the area in contact with the top electrode was
taken into  account.  The  estimation  of  the fraction of  the top area  of  the
imprinted micropillars,  which are in contact with the electrode,  was done
based on the top view SEM images of the pattern. More detailed discussion
of this issue is presented in the Results and Discussion section of this thesis.

Figure  2.9. Key  advantages  of  flexible  electrodes  for  vertical  conductivity

measurements.  a,  Good conformal  contact  between the measured polymeric  film and the

flexible  layer  of  silver,  without  any  significant  interdiffusion  of  the  silver  atoms  into  the

polymeric film.  b,  Measurement of vertical  conductivity of patterned films is possible,  if  the

pattern is sufficiently dense. The electrode is flexible enough for providing a good conformal

contact with the top surface of the pattern, however, it is sufficiently stiff to prevent bending

over and contacting the opposite electrode in between of the features of the pattern.

The  vertical  conductance  values  were  extracted  from  the  I-V  data  using
Equation 2.4:
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σ=J
L
U

(2.4)

where J is the current density, L - film thickness (as measured by AFM), U -
voltage.  The  vertical  hole  mobility  of  P3HT  (μ)  was  calculated  based  on
either  Mott-Gurney  equation,  or  the  Drift-Diffusion  model,  which  better
describes the shape of the I-V curve in the lower voltage region.[32]

Mott-Gurney mobility: µ=
8 JL3

9 εU 2 (2.5)

Drift-Diffusion mobility: µ=
JL3

εU (4 π2 kT
e

+
9
8

U )

(2.6)

2.2.5. Nanoscale vertical charge transport measurements

In  order  to  study  the  nanoscale  distribution  of  the  charge  transport
properties  of  thin imprinted P3HT films,  another complementary  method
was  also  used:  conductive  atomic  force  microscopy  (cAFM).  While  the
common AFM techniques allow to obtain nanoscale topography and phase
information, the cAFM method enables nanometre- precision mapping of the
I-V characteristics of the analysed sample (i.e., conductivity mapping).

Unlike the amplitude modulation AFM (tapping mode AFM), where the AFM
tip was only occasionally tapping the surface of the sample, during the cAFM
measurements used in this work, contact mode was applied. I.e., the AFM tip
was permanently kept in contact with the surface of the sample, and it was
dragged across the scanning area while measuring the current flowing from
the bottom electrode to the top electrode (the latter being the tip itself).

Additionally, I-V curves characterising the local nanoscale charge transport
were acquired. In order to perform the local I-V measurement, the cAFM tip
was  put  into  direct  immobile  contact  with  the  targeted  spot  of  the  film,
followed by the measurement.

The local nanoscale vertical mobility was extracted from the experimental I-
V curves using a modified Mott-Gurney mobility equation:
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µ=
3 JL3

2 εU2 (2.7),

the  main  difference  between  equation  2.7  and  the  macroscopical  Mott-
Gurney mobility equation (eq. 2.5) is that the former one takes into account
the exact geometry of the cAFM measurement. Namely, the vertical charge
transport  through a  film is  modelled as  an integration of  all  the possible
charge transport pathways between the tip and the infinitely wide surface of
the bottom electrode.[97]

In order to obtain good energy level matching, gold-coated cAFM tips were
used (work function of gold ~ -5.0 eV,[98,99] compared to the work function
of (-4.8) - (-5.0) eV reported for P3HT [87,88]). A relatively large number of
I-V curves was acquired for the various areas of the imprinted P3HT films
(including  the  top  of  the  pillars,  the  pillar  edge  and  the  residual  layer
between the pillars) in order to guarantee the statistically relevant sample
size.

The  cAFM  measurements  were  organised  and  performed  by  our
collaborators at  the Groningen University  (The Netherlands)  using TUNA
extended mode of the MultiMode 8 AFM Microscope with System Controller
V. The NPG probes (Bruker) with a spring constant k = 0.2 N·m-1, tip radius
30 nm and tip height 2.5-8 μm were used. The  scanning region was up to
40μm x 40μm. The number of lines of 1024-2048 lines/sample was  selected.
The scanning rate was kept at a low value of 0.2 Hz in order to decrease
oscillating noise. For every cAFM scan, a new probe was employed  to avoid
AFM tip broadening due to wear and contamination from the surface of the
P3HT films. After the measurements, the AFM images were analysed with
NanoScopeAnalysis and Gwyddion software suites.

2.2.6. Optical properties

We  studied  the  effect  of  the  chain  alignment  on  the  optical  absorption
properties of thin P3HT films deposited on various transparent substrates
(glass  and  graphene/glass).  The  ultraviolet-visible-near-infrared  (UV-Vis-
NIR) optical absorption spectra were acquired using PerkinElmer Lambda
750  UV-Vis-NIR  spectrometer  equipped  with  an  integrating  sphere.  The
access to the spectrometer was kindly provided by Prof. Madeleine Ramstedt
at the Chemical Department of Umeå University.

In the course of the measurement, first the baseline transmittance spectrum
was acquired (with no sample mounted at the front of the integrating sphere
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and the perfect diffuse reflector made of porous Spectralon mounted at the
backside  of  the  integrating  sphere).  Next,  the  P3HT  film  on  the  glassy
substrate was mounted in front of the integrating sphere with the P3HT side
facing  outwards  the  integrating  sphere,  i.e.,  towards  the  incoming  light
beam,  and the transmittance  of  the P3HT/substrate stack  was measured.
Subsequently,  the  spectralon  at  the  back  of  the  integrating  sphere  was
removed  and  replaced  by  the  P3HT  sample,  with  the  P3HT  side  facing
towards the integrating sphere (and the incoming light beam), and the total
reflectance of the P3HT/substrate stack was measured. Please note that an 8
degree wedge was used at the back side of the integrating sphere in order to
ensure  that  the  total  reflectance  was  measured  instead  of  the  diffuse
reflectance only. If the sample size was smaller than the standard diameter of
the hole in the integrating sphere (i.e., smaller than 2 cm), the 1 cm port
reducer was also applied during the measurement of both the transmittance
and  the  reflectance.  See  the  schematic  representation  of  the  spectral
measurement experiment in figure 2.10.

Finally, the absorbance (A) spectrum was derived from the transmittance (T)
and reflectance  (R) spectra  as A = 100% - (R + T),  for  all  the measured
spectral  range (200 -  2000 nm). Please note that taking into account the
reflectance spectra is very important for measuring the correct absorbance,
and is oftentimes not taken into account, with absorbance being reported as
A  =  100%  -  T,  whereby  the  spectral  dependence  of  the  reflectance  is
completely  neglected.  Another  typical  approach  is  assuming  that  the
reflectance of the thin light absorbing film is equal to the reflectance of the
bare  glass  substrate  and  performing  the  baseline  spectrum measurement
using the bare glass as a reference (instead of no sample like we did), and
without measuring the reflectance afterwards. Again, this approach would be
justified  if  the  reflectance  spectrum  of  the  measured  film  was  flat  and
featureless, but strictly speaking it is not correct.

The absorbance spectrum was further analysed using the theoretical model
developed by F. Spano,[100,101] which allows to estimate the contribution of
the P3HT chain aggregates into the total absorbance, to distinguish it from
the absorbance of the amorphous chains and to analyse quantitatively the
chain aggregation.[102,103]

In a separate set of UV-Vis-NIR transmittance spectroscopy measurements,
the  quality  of  graphene  films  on  glass  was  checked  by  comparing  the
transmittance spectrum of graphene/glass sample to the transmittance of the
bare glass substrate. It is known that single layer of graphene absorbs about
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2.3% of light across broad spectral range,[80] and significant deviation from
this value would indicate that the graphene quality was insufficient.

Figure  2.10.  Schematic  representation  of  the  UV-Vis-NIR  spectroscopy

measurement.  a, general  layout  of  the  spectrometer  setup;  b setup  for  transmittance

measurements; c setup for reflectance measurements (see text for details).

Optical  microscopy  (using  Olympus  BX51  microscope)  was  used  for  the
routine inspection of the cleanliness of the substrates and moulds, as well as
the shape and dimensions of the micropatterns fabricated by nanoimprint
lithography.

Additionally, the samples were inspected using polarised light reflected from
the  sample.  Polarised  light  microscopy  is  based  on  the  anisotropy  of
interaction of light with the investigated material. In case if the material has
anisotropic optical properties, the speed of light in the different directions
relatively to the orientation of a polymeric chain will differ. The anisotropy of
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optical properties in conjugated polymers can be observed using polarised
light microscopy, to distinguish completely amorphous films from crystalline
and to observe some effects related to texture. Therefore, it is a simple yet
powerful tool to detect polymer chain alignment.

2.2.7. Raman microscopy

Raman  microscopy  is  a  characterisation  technique  that  combines  the
precision of optical microscopy with the advantages of Raman spectroscopy.

Raman spectroscopy is a powerful non-invasive method, which enables to
characterise the molecular structure of the organic molecules and determine
the  bond  types  and  arrangements  present  in  the  material  based  on  the
transitions between the corresponding vibrational energy levels.[104]

During  a  Raman  spectroscopy  experiment,  electrons  in  molecules  of  the
analysed material are excited by laser light to a virtual energy state, followed
by radiative (i.e., the one involving emission of photons) return either to the
initial vibrational energy level (Rayleigh scattering process), or to one of the
nearest vibrational energy levels. If the energy of the vibrational energy level
is higher than the initial one, the process is known as Stokes scattering, and
if  it  is  lower,  then  Anti-Stokes  scattering  occurs.  See  Figure  2.11  for  the
energy diagram of these processes.

The energy difference between the vibrational energy levels depends on the
properties of the bonds between the atoms of the analysed material, and the
energy  of  a  band  in  the  Raman  spectrum  can  be  assigned  to  the
corresponding  stretching  of  a  bond,  or  bond  angle  change  (by  bending,
rocking, wagging or twisting).

When coupled to an optical microscope, the Raman spectroscopy allows to
identify the studied material and to make mapping over certain area with the
resolution of about 0.6 μm (for the 100x optical lens and the 488 nm laser
used in this work).

In this work, the Renishaw InVia Raman microscope was used in order to
study the  chain  alignment  in  the thin  P3HT films deposited  on different
substrates (silicon and graphene/silicon). Like reported by Gao et al.,[105]
the intensity ratio of the 1380 cm−1 (aggregated C=C bond stretching) to the
1440 cm−1 band (unaggregated C=C bond stretching) was used as a measure
of the degree of alignment of the P3HT chains. Indeed, the increased relative
intensity  of  the  aggregated  double  C=C  bonds  of  P3HT  shows  that  the
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delocalisation of the electron density becomes more efficient, which can be
realised only in more stretched and aligned chains, but not in coiled chain
conformations, where the more localised character of the double C=C bonds
prevails.

Figure 2.11. Energy diagram of the Raman scattering processes. a, Rayleigh scattering.

The  electron is  excited to  a  virtual  energy state,  followed by emission of  a photon with an

identical energy and return to the initial position. b, Stokes scattering. Following the excitation,

the electron returns to the vibrational energy which is higher than its initial energy.  c, Anti-

Stokes scattering. The energy of the resulting vibrational energy level is lower than the initial

one.
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Chapter 3. Results and discussion

3.0. Overview

In this chapter, the results obtained and published during the course of my
PhD project are presented.

In the section 3.1, the effect of the graphene surface on structure and vertical
charge  transport  of  P3HT  films  is  discussed.  The  films  deposited  on
graphene exhibit different orientation of P3HT crystallites compared to the
one  observed  on  silicon.  The  face-on  orientation  of  polymeric  chains
observed on graphene is shown to favour the vertical charge transport across
the  P3HT  film.  Detailed  quantitative  analysis  of  the  synchrotron  X-ray
diffractograms of  the films is  used to derive  the model  of  vertical  charge
transport in P3HT.

In the section 3.2, the effect of annealing temperature on the structure and
vertical  charge  transport  across  P3HT  films  on  graphene  is  discussed.
Annealing above the melting point of the polymer resulted in enhancement
of  the  vertical  charge  transport.  Using  analysis  of  the  synchrotron  X-ray
diffraction data, the enhancement of the vertical charge transport is related
to the increase in the amount of face-on orientated crystallites. The results of
the in situ X-ray diffraction experiments performed during annealing suggest
some structural factors leading to the different amount of face-on orientated
crystallites depending on the annealing temperature.

In  the  section  3.3,  nanoimprint  lithography  is  discussed  as  a  method  to
modify  the structure and charge transport  properties  of  thin P3HT films.
Patterning  of  the  P3HT  films  with  micropatterned  moulds  resulted  in
significant  (several  orders  of  magnitude)  enhancement  of  the  vertical
mobility  of  the  films  compared  to  the  smooth  unpatterned  samples.  The
combination of synchrotron X-ray diffraction method, nanoscale electrical
characterisation  and  polarised  microscopy  allowed  to  suggest  that  the
exceptionally high vertical charge mobility is caused by the vertical (chain-
on) orientation of the crystallites in the patterned P3HT films.
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3.1.  Effect  of  graphene  surface  on  structure  and  vertical
charge transport in P3HT

Single  layer  graphene  sheets  were  synthesised  via  chemical  vapour
deposition (CVD) and transferred to the substrates, as described in detail in
the Methods section of this thesis.

The quality of the transferred graphene samples was confirmed using Raman
spectroscopy (see figure 3.1A). The G band at 1580 cm-1 and the sharp G'
band (also referred to as 2D band) located at approx. 2785 cm -1 confirm that
the synthesised graphene was single layer material with low disorder.[106]
The optical transmission spectra also confirmed the single layer character of
the graphene samples: the bare glass substrate transmitted about 92% of the
incoming  light,  and  graphene  on  glass  transmitted  about  88-90%  of  the
incoming light  over broad spectral  range,  which agrees  with the reported
absorbance of a single layer of graphene.[80]

Figure 3.1. A) Raman spectrum of the graphene layer on silicon where the two characteristic G

and  G′  peaks  are  clearly  visible.  B)  UV–Vis  transmittance  of  a  glass  slide  and  of  a

graphene/glass sample showing high transmittance and supporting the fact that the graphene is

a single layer. C) Graphene layer deposited at the centre of a glass sample. (Adapted from [107]

with permission from John Wiley & Sons, Inc.).
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Thin  P3HT  films  were  deposited  from  solution  in  50/50  chloroform/o-
dichlorobenzene  on  top  of  the  two  types  of  substrates:  highly  p-doped
conductive silicon (Si), and graphene/Si. After annealing at 170°C for 15 min,
the vertical charge transport through the films was measured using flexible
silver-coated  PDMS  electrodes  (see  the  schematic  representation  of  the
measurement in figure 3.2A).

Films with two different thickness values were electrically characterised in
this configuration: thin (approx. 50 nm) films, and ultrathin (approx. 10 nm)
films. The resulting current density - voltage (J-V) curves are given in figures
3.2B,C. For both film thickness values, much higher vertical current density
values  were  measured  for  the  films  on  graphene  than  for  those  on  bare
silicon.  The maximum measured vertical  conductivity for P3HT on silicon
was 2.2 × 10−4 S m−1, whereas much higher conductivity of 4.1 × 10−4 S m−1

was reached for P3HT films on graphene.

Figure 3.2. Vertical current density and mobility in the P3HT films.  A) Schematics of

the measurement where a voltage difference is applied across the film, and the resulting current

is  measured  in  the  direction  perpendicular  to  the  film.  B)  Current  density–voltage

characteristics of 10 nm thick films, and C) of 50 nm thick films on silicon (Si) and graphene

(G).  D)  Room-temperature  charge–carrier  mobilities  in  the  10  nm  and  50  nm  films  on

graphene. (Adapted from [107] with permission from John Wiley & Sons, Inc.).

When the vertical mobilities were extracted from the J-V data using Mott-
Gurney equation, it resulted in the maximum mobility value of μ ≈ 6.5 × 10−6
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cm2 V−1 s−1 for the ultrathin (10 nm) P3HT film on graphene, and ≈2.8 ×
10−4 cm2 V−1 s−1 for the thin (50 nm) P3HT film on graphene (see figure
3.2D).

In  order  to  gain  more  experimental  evidence  and  be  able  to  explain  the
observed  differences  in  the vertical  charge  transport,  the structure of  the
P3HT films was analysed by GIWAXD. The diffraction patterns recorded for
the  10  nm films  and 50 nm films  are  represented  in  figures  3.3A,B  and
3.4A,B, respectively.

Using  the  procedure  discussed  in  the  Methods  section  of  this  thesis,  the
distribution  of  the  intensities  of  (100)  and  (010)  reflections  over  the
misalignment  angle  χ was  extracted  and  plotted  in  figures  3.3C,D  and
3.4C,D.

The diffraction patterns of all the analysed films exhibited significant out-of-
plane  (100)  spots,  as  well  as  pronounced  higher  order  reflections  (200),
(300), corresponding to edge-on lamellar stacking.

The  most  striking  difference  between  the  structure  of  the  P3HT  films
deposited  on  Si  and  graphene  is  the  presence  of  face-on  orientated
crystallites in the P3HT films deposited on graphene. It is clearly confirmed
by the presence of in-plane (100) scattering (i.e., at qZ = 0, qxy = ± 0.4 Å-1),
which  corresponds  to  the  in-plane  lamellar  stacking,  and  by  the
simultaneous presence of the (010) scattering close to out-of-plane direction
(i.e.,  at  qZ =  1.6  Å-1,  qxy =  0),  which  corresponds  to  the  out-of-plane  π-π
stacking. See the corresponding diffractograms in figures 3.3B and 3.4B.

At the same time, no in-plane (100) and out-of-plane (010) diffraction spots
were observed for the P3HT films of the same thickness deposited on bare
silicon, see figures 3.3A and 3.4A. The difference between the effect of silicon
and graphene substrates can be seen even clearer if the corresponding I-χ
plots are analysed: for the samples on graphene, significantly stronger out-
of-plane (at χ = 8°) (010) scattering was observed compared to the films on
silicon (about 3 times higher diffraction intensity value for the 10 nm thin
films, see figure 3.3D; and more than 10 times higher diffraction intensity for
the 50 nm thin films, see figure 3.4D). Additionally, the intensity of the in-
plane (100) peak for the 50 nm film on graphene was more than an order of
magnitude higher than that of the P3HT/silicon reference (see figure 3.4C).

Based on the diffraction data,  it  was suggested that the enhanced vertical
charge transport  in the P3HT films on graphene,  which was observed for
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films  with  both  thicknesses,  originated  from  the  preferential  face-on
orientation of crystallites induced by graphene.

At the same time, the presence of the face-on orientated crystallites alone
cannot  fully  explain  the  difference  in  vertical  mobility  of  the  thin  and
ultrathin P3HT films on graphene. While both samples exhibit  the out-of-
plane (010) peaks and the in-plane (100) peaks, a clear difference is that the
thicker film shows variety of intermediate orientations for both (010) and
(100) (i.e., between  χ = 0° and  χ = 90°, see figure 3.4B). The intermediate
orientations are missing in the ultrathin film, where only the (100) which
correspond to orientations of  molecular chains  close  to the ideal  edge-on
(around χ = 0°) and face-on (around χ = 90°) were observed (see the inset of
figure 3.3B).

Figure 3.3.  Crystallinity in the 10 nm thick P3HT films at a shallow beam incident

angle α = 0.13°. A,B) 2D grazing incidence diffraction patterns of P3HT on A) silicon, and B)

graphene.  C,D) Variation of the integrated diffracted intensity as a function of the χ angle for

the C) (100), and the D) (010) reflections. The films were processed and annealed at the same

conditions  (see  text  for  additional  information).  (Adapted from [107]  with  permission  from

John Wiley & Sons, Inc.).

The calculation of the average coherence length using (010) reflection of the
thicker film based on Scherrer's formula (eq. 2.2) resulted in a value of 20.7
nm. While this was a relatively high value compared to those reported in the
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literature,[108] it was still substantially lower than the total thickness of the
film (50 nm). Consequently, the size of a single face-on orientated crystallite
did not allow to transport charge through the whole thickness of the 50 nm
film, and it  should be transported  through an interconnected  pathway of
crystallites in order to reach the top of the film.

Figure 3.4.  Crystallinity in the 50 nm thick P3HT films at a shallow beam incident

angle α = 0.13°. A,B) 2D grazing incidence diffraction patterns of P3HT on A) silicon and B)

graphene. The magnified view in (B) shows the (100) ring in P3HT on graphene. C,D) Variation

of  the  integrated  diffracted  intensity  as  a  function  of  the  χ angle  on  C)  silicon  and  on  D)

graphene. (Reproduced from [107] with permission from John Wiley & Sons, Inc.).

In  order  to  clarify  the  issue  of  charge  transport  through  the  film,  the
GIWAXD analysis  of  the top layer  of  the 50 nm films was performed via
setting the incidence angle of the synchrotron X-ray beam to a lower value of
0.08°. The diffraction patterns of the top layers of the P3HT films (figure
3.5) exhibited very similar  set of crystallite orientations as those recorded
using the full thicknesses of the same films. In particular, the out-of-plane
(010) reflection for the film on graphene was also observed in the top layer of
the film,  suggesting  that  the face-on  π-π stacking extends  throughout the
whole thickness of the 50 nm P3HT film on graphene.

In order to quantify the relative amount of face-on and edge-on crystallites
present in the films, the ratios of the (010) peak intensities to the (100) peak
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intensities were analysed for both the in-plane and out-of-plane directions
(see the summary for the films on graphene in Table 3.1). The exact values of
the orientation angles were chosen to be 8° for the out-of-plane direction (in
order to avoid the out-of-plane scattering missing because of the curvature of
the  Ewald  sphere),  and 86°  for  the  in-plane  direction  (in  order  to  avoid
blocking of the diffraction peaks by the substrate).

Figure 3.5.  Crystallinity in the 50 nm P3HT films at a very shallow beam incident

angle = 0.08°. (A),(B) 2D grazing incidence diffraction patterns of P3HT on (A) silicon, and

(B) graphene. (C),(D) the variation of the integrated diffracted intensity as a function of the χ

angle on silicon (C), and on graphene (D). Note that intensities were normalised to a 50 nm

thick  film in  (C)  and  (D)  for  easier  comparison  with  Figure  3.4.  (Adapted from [107]  with

permission from John Wiley & Sons, Inc.).

In  the  out-of-plane  direction,  the  (010)  peak  originates  from the  face-on
orientated  crystallites,  whereas  the  (100)  comes  from  edge-on  orientated
crystallites, therefore the higher intensity ratio corresponds to more face-on
orientation in the film. For the in-plane direction, the (010) peak originates
from the edge-on orientated crystallites, and the (100) peak — from the face-
on  orientated  crystallites;  hence,  more  face-on  orientated  crystallites
correspond to the lower value of the ratio.
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Table 3.1.  Intensity ratios I(010)/I(100) in the 50 nm (whole film and top
10 nm), and the 10 nm thick P3HT films on graphene. The  χ angles are 8°
(near out of plane) and 86° (in plane). (Adapted from [107] with permission
from John Wiley & Sons, Inc.).

  Thickness probed χ  Intensity ratio

  10 nm

  10 nm

  50 nm (top 10 nm)

  50 nm (top 10 nm)

  50 nm (whole film)

  50 nm (whole film)

8°

86°

8°

86°

8°

86°

0.10

0.46

0.10

0.61

0.28

0.25

The comparison between the 50 nm film and the 10 nm film showed that
there was relatively more face-on orientated crystallites in the thicker film,
based on both the out-of-plane and in-plane data. At the same time, when
the top 10 nm layer of  the 50 nm film was probed, the out-of-plane data
showed identical intensity ratio as in the 10 nm film, and higher intensity
ratio in the in-plane direction, suggesting that the top layer of the 50 nm film
had slightly lower relative amount of face-on orientated crystallites. This fact
confirmed that the amount of face-on orientated crystallites could not be the
main factor which favoured higher vertical mobility in the thicker film.

Therefore,  it  was  suggested  that  the  enhancement  of  vertical  mobility
observed  in  the  thicker  50  nm  film  originated  mainly  from  the
interconnected pathway of the misorientated crystallites (i.e., all the range of
orientations in between of face-on and edge-on), and the following model of
structure of the films was proposed (see figure 3.6).

According  to  the  proposed  model,  the  P3HT  films  on  silicon  were
predominantly edge-on orientated for both ultrathin 10 nm and thin 50 nm
films, therefore, they were unfavourable for vertical charge transport (figure
3.6A,C).  The  ultrathin  10  nm  film  on  graphene  was  comprised  of  a
combination of edge-on and face-on crystallites; therefore, only fraction of
the crystallites were favourable for vertical charge transport, whereas the rest
edge-on  crystallites  blocked  the  transport.  The  50  nm  thick  film  on
graphene,  however, contained both the face-on crystallites throughout the
thickness of the film, and also the misorientated crystallites both in the bulk
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and  in  the  top  layer  of  the  film  (see  figure  3.6D).  This  distribution  of
crystallite orientations allowed efficient transfer from one crystallite to the
adjacent one, eventually creating a percolated pathway for charge transport
through the film.

Figure  3.6.  Schematics  of  charge  transport  in  P3HT  on  A,C)  silicon  and  B,D)

graphene.  A,C) P3HT crystallites on silicon are formed of mainly edge-on lamellae,  which

results in non-ideal vertical charge transport.  B,D) On the graphene surface, aggregates form

both edge-on and face-on lamellae. In the 10 nm film, lamellae are well orientated with  π–π

stacking perpendicular to the plane of the film, whereas in the thicker 50 nm film, a mix of edge-

on and face-on lamellae,  with various orientations is present. The arrows in (B,D) represent

efficient vertical charge transport pathways across the film. The close-ups show the preferential

crystalline orientation on both surfaces. The model suggests that amorphous polymer fills the

remaining space between crystallites (Adapted from [107] with permission from John Wiley &

Sons, Inc.).

The 50 nm P3HT films were also deposited onto glass and graphene/glass
substrates and their optical absorbance spectra were measured and analysed
(see figure 3.7). The analysis was performed following the model of F. Spano
et al.,[100,101] which assigns the shoulder found at around ~2.05 eV to the
absorbance  by  aggregated  chains.  The  resulting  band  gap  was  slightly
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smaller for the film on graphene (2.046 eV) compared to the film on bare
glass (2.057 eV). This observation suggested that the polymeric chains on
graphene have higher conjugation length, as well as exhibit higher planarity.

Figure 3.7.  UV-Vis absorbance of the P3HT films on glass (a) and on graphene (b) .

An  analysis  using  the  Spano  model  shows  a  fit  of  the  region  corresponding  to  crystalline

aggregates  in  the  films,  and  the  small  downshift  in  maximum  absorbance  observed  on  the

sample on graphene. (Reproduced from [107] with permission from John Wiley & Sons, Inc.).

The higher planarity of the P3HT chains on graphene was also confirmed by
Raman  spectroscopy.  Following  the  approach  of  Gao  et  al.,[105]  the
characteristic bands at at 1445 cm-1 corresponding to symmetric stretching of
double C=C bonds and 1380 cm-1 corresponding to symmetric stretching of
single C-C bonds were analysed. The ratio of intensities of the two bands was
used as a measure of relative contribution of the two types of bonds in the
P3HT macromolecules. Higher contribution of the C=C bonds would suggest
worse delocalisation of the electron density over the chains, which would be
caused by lower degree of planarity of the chains. The ratio of C=C to C-C
band intensities was estimated to be 0.143 for the P3HT film on glass, and a
slightly  lower  value  of  0.140  was  measured  for  the  P3HT  film  on
graphene/glass which is in agreement with UV-Vis absorbance spectra. 

The preferential face-on orientation, enhanced vertical charge transport and
higher planarity of the chains clearly confirm the presence of a specific  π-π
stacking interaction between the P3HT macromolecules and the surface of
graphene.
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3.2.  Effect  of  annealing  temperature  on  structure  and
vertical charge transport in thin P3HT films on graphene

In  the  next  study,  one  of  the  main  question  was  how  P3HT/graphene
interaction  depends  on  the  processing  conditions  like  thermal  annealing,
which  had  been  reported  as  a  commonly  used  method  to  increase  the
crystallinity of the P3HT films,[68,69] as well as to enhance the efficiency of
organic thin film solar cells based on P3HT.[109,110]

For  this  purpose,  ~85  nm  thick  P3HT  films  were  deposited  onto
graphene/silicon substrates from solution in o-dichlorobenzene.  The films
were annealed at either 200°C (i.e., below the melting point) or 240°C (i.e.,
above the melting point) and slowly cooled back down to room temperature,
as schematically illustrated in Figure 3.8.

Figure  3.8.  Preparation and annealing  of the  graphene/P3HT  samples.  The  P3HT

films were spun from solution, and annealed at either 200°C or 240 °C before being cooled

slowly to room temperature.  (Adapted from [111]  with permission from the Royal  Society of

Chemistry).
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After annealing, the vertical charge transport through the both types of P3HT
films was measured using the same experimental configuration as before.

The P3HT film annealed above the melting point of P3HT exhibited slightly
higher vertical current density (see figure 3.9a): at 3.5V, the average current

density of the 240°C sample was J ≈ 2.4 ± 0.2 A cm−2 compared to J ≈ 1.5 ±

0.2 A cm−2 for the 200°C sample,  i.e.,  annealed below the melting point.
This difference in current density corresponded to the average drift-diffusion

mobility of  μ ≈ 4.15 ± 0.37 × 10−4 cm2 V−1 s−1 calculated for the 240°C

sample, and  μ ≈ 2.81 ± 0.19 × 10−4 cm2 V−1 s−1 calculated for the 200°C
sample, i.e., the increase of ca. 48% in average mobility was observed with
the increase of the annealing temperature.

Figure 3.9. Vertical current density and mobility in the P3HT films annealed at 200

°C and 240 °C on graphene.  (a) Current density–voltage characteristics of  the films. (b)

Room temperature charge carrier mobilities using the Drift–Diffusion model.  (Adapted from

[111] with permission from the Royal Society of Chemistry).

GIWAXD study of the film structure was carried out in order to determine
the  structural  reasons  for  the  enhanced  vertical  charge  transport  of  the
240°C sample.

When  the  whole  film thickness  was  probed  using  the  synchrotron  X-ray
incidence angle of 0.13°, both types of samples resulted in similar diffraction
patterns: the combination of edge-on ((100), (200), (300) in the out-of-plane
direction + (010) in the in-plane direction), face-on ((100) in the in-plane
direction + (010) in the out-of-plane direction) and misorientated crystallites
(see figure 3.10a,b).
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Figure 3.10.  Crystallinity of the whole 85 nm thick P3HT films at an incident beam

incident angle α = 0.13°. Panels (a) and (b) show 2D grazing incidence diffraction patterns of

P3HT for a film annealed at (a) 200 °C and (b) 240 °C. The magnified views in (a and b) show

the (100) arc and the  χ angle. Panels (c) and (d) show the variation of the (100) and (010)

intensities of the integrated diffraction patterns, respectively, as a function of the χ angle in both

samples. It is seen in (c) that the diffraction intensity of edge-on lamellae is nearly the same at

both  temperatures.  However,  in  (d),  there  is  increase in  the intensity of  out-of-plane  (010)

reflection  at  240  °C  compared  to  200  °C  near  the  z  axis.  The  background  intensity  was

subtracted from the data shown in (c) and (d). (Adapted from [111] with permission from the

Royal Society of Chemistry).
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Figure 3.11.  Crystallinity near the top of the 85 nm thick P3HT films at a shallow

beam incident angle  α = 0.08°. Panels (a) and (b) show 2D grazing incidence diffraction

patterns of P3HT for a film annealed at (a) 200 °C and (b) 240 °C. The magnified views in (a)

and (b) show the (100) diffraction arc. Panels (c) and (d) show the variation of the (100) and

(010) integrated diffracted intensities, respectively, as a function of the χ angle in both samples.

The presence of a well defined (010) diffraction at qz ≈ 1.65 Å−1 is observed only for the sample

annealed at 240 °C (see (b)). The background intensity was subtracted from the data shown in

(c) and (d). (Adapted from [111] with permission from the Royal Society of Chemistry).

The clear  differences  between diffraction patterns  of  samples  annealed  at
2000C and 2400C suggest  increased  amount  of  face-on and tilted face-on
crystallites in the film annealed at 240°C. This sample shows higher intensity
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of  the (010) reflection close  to the out-of-plane direction,  and the higher
intensity of (100) reflections close to the in-plane direction,  which form a
mosaic of misorientated crystallites (highlighted in figure 3.10b).

Further  analysis  of  the diffractograms confirmed qualitative  observations.
The  intensities  of  (100)  peak  and  (010)  peak  plotted  as  a  function  of
misalignment angle (figures 3.10c and 3.10d, respectively), demonstrate that
both the in-plane (100) intensity (at χ=90°) and close to out-of-plane (010)
intensity (at χ=8°) were higher for the 240°C sample.

The  total  Degree  of  Crystallinity  (DoC)  was  estimated  using  the  total
integrated intensity of the (100) peak over the whole orientation range from
χ=2° to χ=90° (Table 3.2). Higher value of DoC was obtained for the 200°C
sample,  which  is  assigned  to  the  larger  amount  of  crystallites  slightly
misorientated relative to the ideal edge-on orientation.

Table 3.2. DoC, (100) diffraction intensity values for nearly ideal edge-on
(at  χ=2°)  and  ideal  face-on  (at  χ=90°)  orientations,  vertical  mobilities
(estimated using the drift–diffusion model), and their relative differences for
the P3HT films on graphene annealed at 200 °C and 240 °C. (Adapted from
[111] with permission from the Royal Society of Chemistry).

200°C 240°C Difference when increasing
from 200 °C to 240 °C (%)

 DoC (arb. units) 1.94 × 106 1.30 × 106 −33

 Edge-on

 (at χ=2°, arb. units)

1.83 × 105 1.94 × 105 +6

 Face-on

 (at χ=90°, arb. units)

4.35 × 103 9.51 × 103 +119

 Vertical mobility μ

 ± stand. dev.

 (10−4 cm2 V−1 s−1)

2.81 ± 0.19 4.15 ± 0.37 +48

When only the top layer of the films was probed under lower X-ray beam
incidence angle, the diffraction patterns of the films annealed at 200°C and
240°C  appeared  to  be  similar  (see  figure  3.11),  except  that  annealing  at
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240°C resulted in a more significant amount of face-on and tilted face-on
crystallites (based both on the in-plane (100) scattering intensity at χ=90°
and  on  (010)  out-of-plane  intensity  at  χ=8°)  compared  to  the  200°C
counterpart.

A more detailed numerical analysis of the (010) and (100) intensities in the
in-plane and out-of-plane directions confirmed these observations (see table
3.3). Indeed,  the relative content of the face-on orientated crystallites was
significantly higher for the sample annealed at 240°C both in the top layer of
the film and in the whole film (as judged by the increase of the (010) to (100)
intensity ratios at χ=8° and the decrease at χ=89°).

Table  3.3. Intensity  ratios  I(010)/I(100) (whole  film and  top  layer)  for

P3HT on graphene. The χ angles are 8° (close to out-of-plane) and 89° (close
to in-plane). (Adapted from [111] with permission from the Royal Society of
Chemistry).

  Thickness probed χ (°) 200°C 240°C

  Top layer

  Top layer

  Whole film

  Whole film

8

89

8

89

0.035

1.664

0.029

1.555

0.067

0.591

0.076

0.504

The results of this set of experiments support previous study discussed in the
Section 3.1. The increased amount of face-on orientated crystallites, as well
as  the  slightly  misorientated  from  ideal  face-on  orientation,  provides
enhancement of the vertical charge transport. The P3HT film annealed above
the melting point showed improved vertical mobility due the increase of the
amount  of  face-on  and misorientated  crystallites,  despite  the  decrease  of
overall crystallinity of the film (see table 3.2).

It can be assumed that the same mechanism is responsible for enhancement
of mobility in P3HT films annealed at different temperatures discussed here
and  for  films  deposited  on  different  substrates  (Section  3.1).  Specific
orientation of  crystallites  relative to the substrate is  the parameter  which
provides  the  increase  of  the  mobility.  The  charges  are  transported
predominantly via an interconnected pathway of face-on and misorientated
crystallites.  When more face-on and misorientated face-on crystallites are
present in the film, higher vertical charge mobility is observed (see the model
in figure 3.12).
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Figure 3.12.  Schematics of crystallites and charge transport in P3HT on graphene .

(a) At 200°C P3HT forms both edge-on and face-on (F) crystalline aggregates, but the face-on

aggregates  are  mostly  localised  at  the  bottom  of  the  film.  (b)  At  240°C  more  face-on  (F)

crystalline aggregates are formed throughout the thickness of the film (both at the bottom and at

the top) which enhances  charge transport  vertically  with π–π stacking  perpendicular  to the

plane of the film. Both (a) and (b) possess a mosaic of crystallites orientated at various angles

which also contribute to vertical charge transport. For clarity, only the crystalline domains are

shown  in  the  models,  and  the  amorphous  chains  filling  the  remaining  space  are  omitted

(Adapted from [111] with permission from the Royal Society of Chemistry).

Experiments presented above were performed on films annealed and cooled
down to ambient temperature. On the next step, the structure of P3HT films
was studied using GIWAXD in situ at high temperatures (200°C and 240°C).

The initial structure of the film at room temperature (figure 3.13a) featured
significant  amount  of  face-on  orientated  crystallites,  alongside  with
substantial amount of edge-on orientated crystallites.

Similar  combination  of  face-on  and  edge-on  orientated  crystallites  was
preserved at 200°C (figure 3.13b). As expected, the long range order in the
P3HT film vanished above the melting point (figure 3.13c). The same texture
was also preserved after cooling the sample back to room temperature.

When the molten film is cooled down from 2400C back to room temperature,
crystallisation and formation of new texture occurs. Therefore, the specific
structure of graphene surface is likely to affect orientation of new crystallites
which nucleate in the process of crystallisation.  As a result, the unaggregated
chains crystallised into mostly face-on orientated crystallites. This observed
orientating  effect  of  graphene  surface  is  likely  a  result  of  extensive  π-π
stacking interaction with P3HT chains.
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Figure 3.13.  Diffraction patterns of P3HT films on graphene at different annealing

temperatures. (a) Pristine film at room temperature; (b) the same film at 200 °C; and (c) the

same film at 240 °C which is above the melting point of the polymer. (Adapted from [111] with

permission from the Royal Society of Chemistry).

These experiments  demonstrated  that  graphene  can be efficiently used to
affect structure and orientation of crystallites of thin P3HT films, leading to
significant  enhancement  of  vertical  charge  transport  (vertical  mobility
increased on average by 48%). This effect could be advantageous for the use
of graphene in hybrid graphene/polymer optoelectronic applications where
charge transport in the vertical direction is required.
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3.3.  Effect  of  film  patterning  on  structure  and  vertical
charge transport in P3HT

The next study of interplay between crystalline structure and vertical charge
transport  was  performed  using  patterning  of  the  thin  P3HT  films  by
nanoimprint lithography.

In this study, two types of samples were fabricated. First, a smooth 380 nm
P3HT film was thermally patterned at 200°C and a pressure of 20 bar with a
micropatterned  PDMS  mould  (see  the  schematic  representation  of  the
experimental process in figure 3.14A). The resulting P3HT micropattern was
a square array of 1 µm tall pillars, with the diameter of 4 µm and periodicity
of  6  µm. The initial  film thickness  was tuned to achieve complete mould
filling and almost no residual layer (i.e., the residual thin film in between of
the pillars of the micropattern. The residual layer of ~5-7 nm was estimated
by atomic force microscopy). See the top tilted view of the resulting P3HT
micropattern in figure 3.14B.

The reference non-patterned P3HT film of the identical thickness (380 nm)
was annealed at the same temperature in inert atmosphere.

Figure  3.14.  Sample  patterning  procedure.  A) The  film  is  spun  from  solution  onto  a

substrate, and imprinted with a PDMS mould to form micropatterns in the rr-P3HT film.  B)

SEM image of the resulting micropatterns in P3HT. Scale bar in (B) is 10  μm. (Adapted from

[112] with permission from John Wiley & Sons, Inc.).

Subsequently, the vertical charge transport through the two films (patterned
and smooth)  was measured  using  the  same kind of  method as  discussed
above for the P3HT/graphene films: the smooth and flexible silver-coated
PDMS electrodes were placed on top of the films/patterns, and the electrical
contacts were applied both to the top silver electrode and the bottom highly
doped p-type silicon electrode (see figure 3.15A,B).
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The J-V curves of the vertical charge transport showed dramatic difference
between patterned and non-patterned films. Similar quadratic dependence
of  current  density  on  voltage  was  observed  for  both  types  of  films
(characteristic of space-charge limited current mechanism), but the current
density of the micropatterned sample was more than 3 orders of magnitude
higher than that of the smooth film (see figure 3.15C). The average vertical
mobility of 2.6 ± 0.6 cm2 V-1 s-1 was calculated for patterned films using the
drift-diffusion (D-D) model, or 3.1 ± 0.7 cm2 V-1 s-1 if  Mott-Gurney (M-G)
model was used. At the same time, mobilities of about 10-4 cm2 V-1 s-1 were
measured in the smooth films (see figure 3.15D,E).

Figure 3.15. Macroscopic electrical properties of the rr–P3HT films. A) 3D schematics

of  the  macroscopic  measurement,  where  a  potential  difference  U is  applied  between  the

conductive substrate and an electrode lying on top of the film, and the current flowing vertically

through the  film  is  measured.  B) Cross-section  view  of  the  schematics  of  the  macroscopic

measurement. C) Log–Log plots of macroscopic vertical current density J in a smooth film, and

in a micropatterned film, showing space-charge limited transport in both samples (slope ≈ 2.0).

D) Vertical charge-carrier mobility in a smooth, and in a micropatterned film (log scale).  E)

Vertical charge-carrier mobility in a micropatterned film by Mott–Gurney and drift-diffusion

models (linear scale). (Reproduced from [112] with permission from John Wiley & Sons, Inc.).

Great care was taken to assure that high mobility values found for patterned
films are not due to short-circuit between flexible top electrode and bottom
electrode.

First, SEM imaging was used to evaluate separation of electrodes  between
pillars.  For this purpose, the micropatterned P3HT sample on silicon was
freeze-cut  in  liquid  nitrogen,  resulting  in  very  clean  and  dust-free  cross-
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section. Afterwards, the silver-coated flexible PDMS electrode was placed on
top of the micropatterned P3HT film and immobilised in that position by a
SEM holder.  Subsequently, the cross-section SEM view of the whole stack
was acquired (see figure 3.16b).  As clearly seen in the figure, the spacing
between  the  pillars  was  indeed  small  enough  to  prevent  the  top  flexible
electrode from bending over and touching the bottom silicon electrode in the
gaps  between  the  pillars.  At  the  same time,  good conformal  contact  was
established  with  the  top  surface  of  the  pillars.  Since  the  micropatterned
pillars were not perfectly cylindrical, but rather had a ~45° inclined wedge
rim at the edge of the top side of the pillars, there was an uncertainty in the
determination of the area of the top surface of the pillars. Therefore, in order
to resolve this uncertainty, the top view SEM of the pillars was acquired, and
the area in contact with the top electrode was considered to be an average of
the two possible extreme cases: the minimal one where only the flat top area
is taken into account, and the maximal one where both the flat top area and
the  area  of  the  ~45°  wedge  rim was  summarised  (see  figure  3.16c).  The
calculated area was used for more accurate calculation of the current density,
mobility and the corresponding experimental errors.

Figure  3.16.  Details  of  the  current  vs  voltage  measurements  and  contact  area

calculation in the patterned samples. (a) Scheme of the contact area between the flexible

electrode and the top of the patterns.  (b) SEM image with cross-section view of the contact

between the flexible electrode (2), P3HT micropattern and bottom electrode (1). (c) Top SEM

view for one of pillars, showing Amin and Amax surface areas at the top of the pillar. (d) Scheme of

setup for measurements of current vs voltage characteristics for polystyrene (PS) micropillars.

(e) J-V characteristics for PS micropatterns, P3HT micropillars, and P3HT smooth film. Scale

bars in (b) and (c) are 2  m. (Adapted from [112] with permission from John Wiley & Sons,

Inc.).
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The  second  control  experiment  was  performed  using  identical
micropatterning  of  insulating  polymeric  material  (polystyrene).  Using
identical  configuration  of  electrodes  for  insulating  material  showed  no
current across the film (figure 3.16e), which assures absence of short-circuit
between  electrodes.  Therefore,  we  believe  that  the  high  vertical  current
density observed in the P3HT micropatterns indeed originated from the high
mobility of P3HT, and not from an experimental artifact.

On the next step, the vertical mobility measurements were complemented by
conductive atomic force microscopy (cAFM) which allows mapping of  the
vertical  current  in  the  single  P3HT  micropillar.  A  very  sharp  conical  tip
(nominal radius of the tip used in this study = 30 nm) is used as the top
electrode, enabling very precise spacially resolved conductivity mapping (see
the schematic representation in figure 3.17A).

As seen in figure 3.17B,  the distribution of current was very non-uniform
across the pillar, with higher current observed at the periphery of the pillars.
This  feature  could be seen even more clearly  when a cross-section of  the
same conductivity  distribution (denoted by the blue dashed line in  figure
3.17B) was visualised (see figure 3.17C). The ultrathin residual layer between
the pillars showed negligible current. Almost uniform current was measured
in the central part of the pillar, and much higher current was measured at the
edges of the pillars.

Figure 3.17. Nanoscale electrical properties of the patterned films. A) Schematic of the

c-AFM measurement where a potential difference  U is applied between the substrate and the

conductive AFM tip.  B) 2D plot of  the vertical  current  measured in  conductive AFM mode.

Notice the highly conductive region in the outer part of the patterns. Dark regions are weakly

conducting,  bright  regions  are  more  conductive.  C) Cross-section  of  the  micropillars  in

conductive mode (broken line in (B)) showing highly conductive regions at the periphery of the

patterns, and less conductive regions in the centre. (Adapted from [112] with permission from

John Wiley & Sons, Inc.).
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The I-V curves were also collected using static conditions. The measurements
were performed both in the middle  region of the pillars and at  the pillar
edges. In the pillar centre, the estimated average mobility was 2.3 ± 1.0 cm2

V−1 s−1, and the average mobility at the pillar edge was estimated to be 10.6 ±
4.6 cm2 V−1 s−1. See the average J-V plot and the average mobility vs voltage
plot measured at the pillar edges in figure 3.18.

Note that the values of the average mobility in the pillar centre and at the
pillar  edge are very close (same order of  magnitude values) to the values
measured macroscopically with the flexible electrodes, which confirmed the
high vertical mobility in the micropatterned P3HT films.

The main source of errors in the cAFM mobility measurements is related to
the  uncertainty  in  the  value of  the  contact  area  between  the  tip  and the
surface of the sample. In this set of experiments, the Johnson, Kendall and
Roberts (JKR) theory of tip-surface contact was used to estimate the contact
area,  which  takes  into  account  the elastic  deformation of  the tip and the
sample, and also accounts for the adhesion between them.[113]

Figure  3.18.  Current-density  and mobility  measured  by  conducting  atomic  force

microscopy (c-AFM). a) current density-voltage curves measured at the highly conductive

pillar edges.  b) mobility-voltage curves calculated for the same dataset using eq.3.  (Adapted

from [112] with permission from John Wiley & Sons, Inc.).

The vertical charge mobility in the P3HT microimprinted samples found in
our experiments is extraordinary as it exceeded both the previously reported
vertical mobility in P3HT by more than three orders of magnitude [85] and
the highest reported horizontal mobility in the same material by more than
an order of magnitude.[33, 34]

Therefore, we performed extensive characterisation of P3HT structure in the
micropillars using GIWAXD (schematically illustrated in figure 3.19E). The
2D diffraction pattern of the reference smooth P3HT film showed edge-on
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orientated crystallites  (figure 3.19C). In contrast, the diffraction pattern of
the  micropatterned  P3HT  film  (figure  3.19D)  featured  a  distinct  (100)
reflection in the in-plane direction, as well as the (100) reflection distributed
over all the χ directions.

Figure  3.19.  Crystal  structure  of  a  smooth  and  a  micropatterned  P3HT  film.  A)

Geometry of the specular X-ray diffraction set-up with a point detector. B) Specular diffraction

of a smooth and a micropatterned film, showing very weak vertical π stacking (qz ≈ 1.65 Å−1) in

the micropatterned film.  C) 2D GIXD patterns of a smooth film, and  D) of a micropatterned

film  showing  strong  in-plane  (100)  diffraction  arcs  (inset)  which  are  only  present  in  the

micropatterned film. E) Geometry of the grazing incidence GIXD with a 2D planar detector. F)

In-plane X-ray diffraction intensity cross sections for the micropatterned (red line),  and the

smooth (black line) films. A strong (100) peak (qxy = 0.38 Å−1) is clearly visible only in the

micropatterned film. (Adapted from [112] with permission from John Wiley & Sons, Inc.).
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The  angular  distribution  of  the  (100)  reflection  (figure  3.20)  shows
significantly less out-of-plane (100) scattering for micropatterned P3HT film
compared to the smooth film. This corresponds to less edge-on orientated
crystallites. At the same time, much higher intensity of the (100) scattering
reflection  in  the  in-plane  direction  was  observed,  as  well  as  in  the
intermediate χ directions.

Figure 3.20.  Intensity of  the (100) diffraction as a function of the polar  angle  χ.

Diffraction for both smooth and micropatterned samples showing the intensity of (100) ring

from out-of-plane (close to z) to in-plane (xy). (Reproduced from [112] with permission from

John Wiley & Sons, Inc.).

It should be noted that the incidence angle during the grazing incidence X-
ray  diffraction  experiment  was  selected  to  be 0.13°.  While  it  was  safe  to
assume that this incidence angle allowed complete penetration of the X-ray
beam into the thin P3HT films, in the case of 1 micron tall micropatterns, the
X-ray penetration depth  into  P3HT was  estimated  using the approach  of
Henke  et  al.  [94]  (see  figure  3.21).  According  to  the  plot,  the  selected
incidence angle of 0.13° corresponds to the penetration depth of over 2 µm,
confirming that  the whole  volume of  the P3HT micropattern was probed
during the GIWAXD experiment.

When  the  in-plane  cross-sections  of  the  diffraction  patterns  of  the  two
sample types were plotted (see figure 3.19F), one could clearly see that the
in-plane (100) intensity in the micropatterned P3HT was significantly (an
order of magnitude) higher.  Besides, second order (200) peak was observed
in  that  sample,  which  suggested  substantial  degree  of  in-plane  lamellar
ordering.
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Figure  3.21.  Dependence  of  the  X-ray  beam penetration depth (d)  in  P3HT  as  a

function of incidence angle  α. The selected incidence angle of 0.13◦ used in this study is

shown. (Reproduced from [112] with permission from John Wiley & Sons, Inc.).

At  the  same  time,  unlike  the  non-patterned  P3HT/graphene  samples
discussed above, the high intensity of the in-plane (100) lamellar stacking
peak  was  not  accompanied  by  any  substantial  out-of-plane  (010)  peak.
Therefore, the face-on orientation of the crystallites appeared to be unlikely
in the micropatterned sample.

The geometry of GIWAXD method with an area detector does not allow to
observe the out-of-plane scattering. Therefore, the out-of-plane diffraction
pattern was measured  by specular  diffraction in  Bragg  geometry  (see  the
schematic  representaion  in  figure  3.19A).  The  diffraction  pattern  of  the
smooth P3HT film exhibited well-pronounced (100), (200) and (300) peaks,
whereas  the  micropatterned  P3HT  film  demonstrated  only  (100)  out-of-
plane scattering peak (see figure 3.19B). The out-of-plane (010) peak was
practically absent for the micropatterned sample too, thereby suggesting the
absence of face-on orientated crystallites in that type of samples.

This  result  leads  to  the  only  plausible  conclusion  that  the in-plane  (100)
reflection originated from chain-on (vertically) orientated crystallites, which
were formed as a result of the imprinting process.

Consequently, the following model of the crystalline structure of the studied
P3HT films was proposed. The smooth P3HT film contained predominantly
edge-on orientated and tilted edge-on crystallites, therefore vertical charge
transport appeared to be very inefficient. In fact, the most efficient vertical
charge transport would likely occur through the chain backbones of the tilted
edge-on  crystallites,  with  subsequent  charge  hopping  to  the  adjacent
crystallite.
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In the micropatterned P3HT film, the vertical shear flow of the polymer had
orientated the crystallites into vertical  (chain-on) orientation, allowing for
the efficient charge transport through the conjugated polymer backbones in
the  vertical  direction.  And since  the  highest  nanoscopic  conductivity  was
observed at the edges of the pillars, in the proposed model it was suggested
that the chain-on orientated crystallites formed an interconnected pathway
for charge transport, where the adjacent chain-on crystallites were linked by
tie  chains,  i.e.,  chains  that  belong  to  two  (or  more)  crystalline  domains
simultaneously. As a result, such interconnected array of crystallites allowed
efficient  charge  transport  over  very  long  distances,  greatly  reducing  the
number of charge hopping events. In fact, based on the molecular weight of
the polymer, it was estimated that in order to link the bottom electrode to the
top (~1050 nm apart),  between 16 and 51 chains  were needed (assuming
either fully stretched conformation of the polymer chain backbones or the
mean square end-to-end distance according to the worm-like chain model
[114]).

Figure 3.22.  Schematic of possible packing arrangement of crystalline regions in a

2D  smooth  film and in  a  3D  micropatterned film.  A) Edge-on  lamellae  with  chain

backbone and π stacking in the plane of the film give poor vertical charge transport in the 2D

smooth film.  B) A combination of chain-on and randomly orientated crystallites, with vertical

chain  alignment  and tie-chains  (red  lines)  connecting  crystallites  vertically,  promote  a  very

efficient charge transport mechanism and high hole mobility in the vertical direction inside the

micropatterns. (Adapted from [112] with permission from John Wiley & Sons, Inc.).
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The optical micrograph taken with crossed polarisers shows bright regions in
the region of pillar edges which reflects anisotropic optical properties of the
P3HT material (figure 3.23). This could be interpreted as an indication for
partial alignment of polymeric chains (texture) as a result of plastic flow in
process of cavity filling.

Figure 3.23. Polarised light microscopy images of the micropatterned film.  The black

solid crosses represent the polarisation directions, the white dashed arrows show the orientation

of the pattern.  The angle  below the photographs indicates  the rotation angle  of  the pattern

(Adapted from [112] with permission from John Wiley & Sons, Inc.).

Summarising  this  section,  micro-patterning  is  demonstrated  as  a  tool  to
modify  P3HT  films  structure  and  improve  vertical  charge  transport.  The
enhancement of mobility in pillars formed by micropatterning is assigned to
specific  orientation  of  crystallites  with  preferentially  chain-on  orientation
relative to the substrate.

This study shows that very high mobilities are possible to achieve for well-
known  conjugated  polymer  like  P3HT  using  optimisation  of  the  film
structure  without  the  need  for  chemical  synthesis  of  more  complex
macromolecules or doping.

The  efficiency  of  charge  transport  is  typically  related to  the π-π stacking
between the chains of the conjugated polymer. The experimental evidence of
the charge transport via the backbones of P3HT provides new insight into
mechanism of conductivity in conjugated polymers.
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Chapter 4. Conclusions and outlook

The series of experimental results obtained and published during the course
of this PhD project demonstrated the interdependence between the structure
of thin P3HT films and the vertical charge transport through the films. It is
found that  certain  orientations of  crystallites  relative  to  the substrate are
favourable for the increase of mobility. Some simple methods which allow to
control  or  modify  orientation  of  crystallites  in  the  films  of  P3HT  are
proposed.

In particular, face-on and chain-on orientated crystallites were shown to be
advantageous for the vertical  charge transport.  These orientations provide
the shortest pathways for charge transport, either via π-π stacked chains of
the  conjugated  polymer  or  through  the  conjugated  chain  backbones.  In
contrast, P3HT films comprised of edge-on orientated crystallites were less
conductive  in  the  vertical  direction,  suggesting  that  the lamellar  stacking
direction of P3HT is not favourable for vertical charge transport. It is also
demonstrated that improvement of vertical charge transport can be achieved
for  interconnected  pathways  consisting  of  face-on,  chain-on  and  slightly
misorientated relative to these ideal orientations crystallites.  

Graphene surface was shown to induce formation of films with mostly face-
on orientation of the P3HT crystallites. Detailed characterisation of films by
X-ray diffraction suggests that the efficiency of the vertical charge transport
depends  stronger  on the  amount  of  face-on orientated  crystallites,  rather
than on its  net degree of crystallinity.  Therefore, this  result  demonstrates
that  charge  transport  through  a  film  depends  on  orientation  and
interconnection of the chains and crystallites in the P3HT film. Our results
suggest that graphene could be promising to use as a substrate for deposition
of crystalline thin films with favourable crystallite orientations not only for
P3HT but also for other conjugated polymers.

Patterning by nanoimprint lithography was demonstrated to be a method to
form chain-on orientated crystallites in P3HT films. Unprecedentedly high
vertical  mobility  values  in  the  range  3.1-10.6  cm2V-1s-1 were  achieved  in
undoped  P3HT.  That  is  more  than  an  order  of  magnitude  higher  value
compared to previously reported horizontal mobility, and several orders of
magnitude higher than the previously reported vertical mobility in P3HT. It
is  important  that  high  mobilities  can  be  reached  using  a  well-known
conjugated  polymer  via  changing  the  processing  conditions.  Therefore,
common  P3HT  polymer  subjected  to  relatively  simple  processing  can  be
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competitive with materials which require complicated synthesis procedures
or complex chemical structure. 

It  can  be  speculated  that  the  mobilities  reported  for  other  well-known
conjugated polymers can possibly be exceeded by optimisation of structure
and  chain  interconnectivity.  Therefore,  further  research  in  the  area  of
conjugated  polymers  is  required  to  gain  better  understanding  of  the
fundamental mechanisms of charge transport. At the same time, the findings
of this work suggest that efficiency of charge transport through conjugated
polymers  can  be  further  improved  if  better  control  over  the  nanoscale
structure and chain orientation is achieved.

Results of this work suggest that the structure of conjugated polymer films
needs to be tuned depending on the intended application. For example, the
film  deposition  and  processing  methods  optimised  for  in-plane  charge
transport (e.g., for organic field effect transistor applications),  may not be
favourable for applications where efficient out-of-plane charge transport is
needed (e.g., organic light emitting diodes, organic photovoltaics). The two
types  of  applications  require  differently  orientated  conjugated  chains  and
crystallites for best performance of the films. While edge-on orientation of
molecular  chains  is  preferable  for  in-plane  charge  transport,  this  work
showed that face-on and chain-on orientations should be targeted for out-of-
plane charge transporting devices. 

Below  I  provide  my ideas  about  future  outlook  of  my research  field  and
possible directions in further experimenting:

- The idea of the importance of percolation for the charge transport (both in-
plane and out-of-plane) needs further development. Based on the outcomes
of  this  work,  I  would suggest  to use  the nanoscale-  precise  measurement
techniques,  like  scanning  probe  microscopy  (e.g.,  the  cAFM  used  in  this
work) and transmission electron microscopy (TEM), in order to track down
the percolation in the conjugated polymers.

-  Crystallisation  of  P3HT  and  its  specific  interaction  with  the  surface  of
graphene is  a topic  that needs additional  investigation.  For example,  it  is
interesting  to explore the dependence of  film structure on kinetics  of  the
molten polymer solidification.

-  I  believe that  nanoimprint  lithography  as  a  tool  to  enhance  the charge
mobility in P3HT (and potentially other conjugated polymers too) can be
further developed. To the best of my knowledge, vertical  charge transport
measurements on the nanoimprinted conjugated polymers were not reported
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previously. Therefore, I hope that this approach will be gaining increasing
attention and can become the basis  for even more exciting results in this
field.  Additional  experiments  are  needed  in  order  to  gain  a  better
understanding of the nature of highly conductive domains of the conjugated
polymer, limitations of this method, and the ways to fine tune the process.

-  Finally,  one  more  important  question  that  I  have  been  asking  myself
repeatedly  is:  what  is  the limit  of  the charge transport  efficiency  through
conjugated polymers? With the increasingly rapid development of organic
electronics, I hope that this question will be answered in the nearest future,
and also lead to the applications of the high mobility conjugated polymers in
the highly efficient optoelectronic devices.

74



Chapter 5.
Summary of the included articles
and my contribution to these articles

5.1. Article 1

In article 1, ‘Enhanced vertical charge transport in a semiconducting P3HT
thin film on single layer graphene’,  the model study of the vertical  charge
transport through P3HT films deposited on two different types of substrates
(oxidised silicon and graphene) was performed. The vertical charge transport
measurements showed that the thin P3HT films deposited on graphene were
significantly  more conductive.  Using synchrotron X-ray diffraction,  it  was
shown that  the  P3HT  film on graphene  had a  different  texture  than  the
reference  P3HT film on silicon.   The graphene  substrate  induced face-on
orientation of the P3HT crystallites, which is suggested to be  favourable for
the vertical  charge transport.  It  was also suggested that enhanced vertical
charge  transport  in  the  P3HT  films  on  graphene  originates  from  an
interconnectivity of crystallites spanning from the bottom to the top of the
film. It was also indicated by Raman microscopy and UV-Vis spectroscopy
that the P3HT chains deposited on graphene exhibited higher planarity.

My  contribution  to  the  article:  sample  preparation,  AFM  thickness
measurements,  electrical  measurements,  Raman  spectroscopy
measurements,  UV-Vis  spectroscopy  measurements,  data  analysis,
preparation of figures, contribution to manuscript writing.

5.2. Article 2

In article 2, ‘Reduced crystallinity and enhanced charge transport by melt
annealing of an organic semiconductor on single layer graphene’, the study
of the effect of annealing temperature on vertical charge transport through
P3HT  films  on  graphene  was  performed.  The  vertical  charge  transport
measurements showed that heat treatment of  the thin P3HT films, which
includes  melting  and solidification  of  polymer,  resulted in  higher  vertical
mobilities  compared  to  films  annealed  at  temperature  below  the  melting
point. The analysis of the crystalline structure of the films by synchrotron X-
ray  diffraction  showed  that  the  P3HT  film  on  graphene  subjected  to
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melting/solidification  contained  significantly  larger  amount  of  face-on
orientated  crystallites,  despite  lower  overall  degree  of  crystallinity.  The
preferential orientation of crystallites was suggested to be the main reason
for the observed enhancement of vertical charge transport. The absence of
the edge-on seeding crystallites above the melting point of  P3HT enabled
more  efficient  crystallisation  of  the  chains  into  face-on  orientated
crystallites.

My  contribution  to  the  article:  sample  preparation,  AFM  thickness
measurements,  electrical  measurements,  data  analysis,  preparation  of
figures, contribution to manuscript writing.

5.3. Article 3

In article 3, ‘Ultrahigh mobility in an organic semiconductor by vertical chain
alignment’,  the  study  of  the  effect  of  patterning  of  thin  P3HT  films  via
nanoimprint  lithography was performed.  It  was shown that  the patterned
films  exhibited  much  higher  vertical  charge  mobility  than  the  smooth
unpatterned reference films. The average vertical mobility of the patterned
P3HT films reached the value of 3.1 cm-1V-1s-1, several orders of magnitude
higher than the previously reported result for the same polymer. Nanoscale
electrical  measurements  by  conducting  AFM  showed  that  the  conductive
domains were not uniformly distributed across the imprinted micropattern,
with  higher  conductivity  observed  at  the  periphery  of  the  micropillars,
reaching average mobility values of 10.6 cm-1V-1s-1. Using synchrotron X-ray
diffraction  techniques,  it  was  demonstrated  that  chain-on  orientated
crystallites  were  present  in  the  patterned  P3HT  films.  The  high  vertical
mobility was suggested to originate from the transport via vertically aligned
P3HT chain backbones.

My  contribution  to  the  article:  sample  preparation,  AFM  thickness
measurements,  macroscopical  electrical  measurements,  synchrotron  X-ray
diffraction  measurements,  SEM  microscopy  characterisation,  polarised
microscopy  characterisation,  data  analysis,  preparation  of  figures,
contribution to manuscript writing.
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