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Sammanfattning 
 

 

 

Den senaste utvecklingen av fotonik och dess applikationer innebär nya utmaningar 
för system som använder emission, transmission och modulation av ljus. Av dessa 
anledningar finns det speciellt intresse för nya optiska material som öppnar upp för 
dessa nya teknologier. 
 
I detta arbete forskade vi på de fundamentala egenskaperna av och möjligheterna till 
elektro-optisk implementation av Poly-3-hexylthiophene-2,5-diyl (P3HT) nanofibrer. 
Detta material tillhör gruppen organiska kristallina halvledare. Vår forskning visade 
att ett utanpåliggande elektriskt fält möjliggör kontroll av riktningen av nanofibrerna 
fördelade i en vätska, detta genom att förändra de elektriska egenskaperna av P3HT 
kristallerna. Metoden användes till att tillverka lierade strukturer med betydande 
dubbelbrytande prestanda. 
 
Spektroskopi och polarisationsmätningar visar att P3HT nanofibrer besitter optisk 
anisotropi i ett brett synligt spektra. Denna egenskap, kombinerat med förmågan att 
dynamiskt kunna manipulera riktningen av nanofibrerna, användes för direkt 
modulation av fas och intensitet av transmitterat ljus. Flera teknologiska uppgifter 
löstes med hjälp av dessa undersökningarna. Vi har designat den transversella 
elektro-optiska cellen utifrån ett ”allt i optisk fiber” tillvägagångssätt. Vi har också 
tillverkat den longitudinella elektro-optiska cellen genom en ny 
polymermoduleringsmetod.  
 
Våra resultat visar potentialen för P3HT kristallina nanofibrer som en grupp material 
med många möjliga användningsområden. Dessa är ej begränsade till 
solcellsapplikationer utan kan också implementeras i elektro-optiska system för att 
kontrollera ljusets polarisation och dess utbredning där dess prestanda överträffar den 
av traditionella elektro-optiska material. 
 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Abstract 
 
 
 
The recent development of photonics and applications puts new challenges for 
systems using emission, transmission and modulation of light. For these reasons, 
novel optical materials attract a special interest for their enabling properties for novel 
technologies. 
 
In this work, we performed the research on fundamental properties and the possibility 
of implementation of electro-optical response of Poly-3-hexylthiophene-2,5-diyl 
(P3HT) nanofibers, which belong to the class of organic semiconductor crystalline 
materials. Our research demonstrated that an external electric field allows controlling 
the orientation of nanofibers dispersed in a solution by changing the electrical 
properties of P3HT crystals. This method was used to introduce a collective alignment 
of P3HT nanofibers and to impact the optical properties of the colloid.  
 
The spectroscopic and polarization measurements show that P3HT nanofibers possess 
optical anisotropy in a wide range of visible spectrum. This property combined with 
the ability to manipulate the orientation of nanofibers dynamically, was used for direct 
phase and intensity modulation of transmitted light. Along with these investigations, 
several engineering and technology tasks were solved. We have designed the 
transverse electro-optical cell using all-optical-fiber approach, as well as the 
longitudinal electro-optical cell was fabricated using a novel polymer molding 
technique. 
 
The obtained research results demonstrate the potential of P3HT crystalline 
nanofibers as a material class of large niche of applications, not only limited to 
photovoltaics but also being implemented in electro-optical systems to control light 
polarization and propagation. 
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Chapter 1 
 

Introduction 

1.1 The beginning of electro-optics 

For a vast number of people the year 1875 is unremarkable or may be associated with 
establishment of the first Asia’s stock exchange, the debut of French opera ‘Carmen’ 
or the birth of British occultist Aleister Crowley. However, for a way smaller fraction 
of people, and particularly for me, 1875 is the year when John Kerr, the mathematical 
lecturer of Glasgow college, reported for the first time a discovery of the electro-optic 
effect [1]. That time Kerr experimented with glass plates placed between two crossed 
Nicol prisms, when he discovered that the polarization of transmitted light changes in 
the presence of strong electric field. He successfully repeated his experiments with 
other solid dielectric materials, such as amber resin and quartz, and added new 
observations on liquids, including water, benzene, olive oil, kerosene and others. In 
result, he concluded that an electric field can induce a birefringence in initially 
isotropic materials. Kerr noticed that the induced birefringence was proportional to 
the square of the electric field. In 1897, the Irish physicist Joseph Larmor proposed 
that the induced birefringence happens due to reorientation of molecules. Later on, 
another theoretical foundation of Kerr effect was offered by the German physicist 
Woldemar Voigt. Voigt showed that a classical harmonic oscillator in a strong electric 
field becomes unharmonic, which leads to splitting of the oscillation frequency. This 
phenomenon was indeed observed in experiments with sodium vapor but was too 
small to explain the Kerr effect. Nevertheless, Voigt’s model is sometimes illustrated 
in literature as the only descriptive reasoning.  
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Figure 1.1. John Kerr (1824 –1907). 

 

The explanation for Kerr effect in fluids [2], dispersed macromolecules [3],[4], 
proteins [5], viruses [6], colloids [7] and organic materials [8] came later. Despite the 
different physics behind these effects, they all follow the Eq. 1.1 (where ∆  is the 
difference of refractive index before and after the electric field  is applied,  is the 
wavelength of light and  is the constant) 

∆ ,                             (1.1) 

which is namely why they are also called the quadratic electro-optical (QEO) effects.  

The year 1883 cannot be neglected in this text for similar reasons, as the German 
physicists Wilhelm Conrad Röntgen and August Adolf Eduard Eberhard Kundt 
independently described the linear electro-optical (LEO) effect in quartz and 
tourmaline crystals. A trendy interest to a newly discovered phenomenon instantly 
attracted such scientific celebrities as Tsi-Ze, Gunther, Grant, Mueller, Zwicker, 
Scherrer, Jacquerod and Valasek. However, it was the German physicist Friedrich Carl 
Alwin Pockels, who first donated an appropriate phenomenological foundation and, 
eventually, the name of the effect.  

 

 

Figure 1.2. Friedrich Carl Alwin Pockels (1865 –1913). 
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The Pockels effect is called linear due to the linear relation between the refractive 
index change ∆  and the electric field . Due to that it can only be observed in 
materials with a non-centrosymmetric structure and, therefore, mainly in crystals. 
Through some years of research it was understood that a) the Pockels effect in crystals 
is much stronger pronounced than the Kerr effect; b) crystals are convenient in use; c) 
the Pockels effect is faster than the Kerr effect. The interest to this topic increased 
drastically after the WW II, when investigations financed by military showed that 
artificially grown crystals of ammonium dihydrogen phosphate (ADP) and potassium 
dihydrogen phosphate (KDP) can be used for light modulation or in optical shutters. 
This triggered an intensive research in the field of electro-optical (EO) materials and 
declared a new era of electro-optics.  

Today, the contemporary electro-optics accounts plenty of applications in various 
basic fields of science (biology, chemistry, physics, astronomy e.t.c). Besides, a vast 
variety of practical electro-optical applications are used by us in everyday life and in 
most advanced technologies: liquid crystal displays, optical projection systems, 
integral optics in laser electronic technologies and communication devices. The latter 
example deserves a separate highlight, as telecom and integrated photonics are two 
main branches locomoting this industry. Google search on words ‘Data growth trends’ 
provides in 0.38 seconds as many as 313,000,000 results, indirectly implying that the 
amount of cyber information is huge and growing. Dealing with constantly scaling up 
flows of data requires continuous and periodic deployment of the latest, 
highest-performance and most cost-effective hardware and software technologies 
available. For the main players of the long-haul telecommunication market, the 
highest transmission bandwidth is a vital goal, which is to be achieved at any price. In 
this case, the performance efficiency comes in the first place, leaving the power 
consumption issues behind. For data storages and server centers, which job is to 
transfer huge amount of digital data via short distances, the main financial costs are 
related to heat dissipation and refrigeration. Here, the power consumption of devices 
is highly important and the replacement of electrical interconnects by optical is the 
main long term development strategy. Great efforts for dealing with abovementioned 
challenges are imposed on development of electro-optical materials, which will 
enhance the efficiency and functionality of existing devices or even allow the creation 
of new ones. 

 

1.2 Overview of modern EO materials 

The EO materials which are currently used or being actively researched can be 
subdivided into following groups: inorganic crystalline materials, organic crystalline 
materials, π-conjugated polymeric materials and liquid crystals [9]. 
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1.2.1 Inorganic crystals 

Implementation of inorganic crystals, such as Lithium Niobate and Deuterated 
potassium dihydrogen phosphate (KDP), in optical devices is nowadays a 
well-established technology. Despite the challenges related to chip-scale integration, 
these materials are widely presented on the market. However, as further improvement 
and research on this topic is limited, inorganic crystals are unlikely to be competitive 
with other EO materials in the nearest future [8]. 

 

1.2.2 Organic crystals 

Organic crystals, such as 3-(1,1-dicyanoethenyl)-1-phenyl-4,5-dihydro-1H- pyrazole, 
or shortly DCNP, despite of being known from late 80-s, are rather rare materials, 
which is probably attributed to the complexity of the growth process [10].  

 

1.2.3 Electro-optical π-conjugated polymers 

Nonlinear optical (NLO) polymers, such as chromophores, entangled into a polymeric 
matrix, belong to a hot topic. These materials generally provide high 
hyperpolarizability, CMOS compatibility and adjustability via smart chemical 
engineering. Integration of NLO materials with silicon photonics and plasmonics 
grants incredible flexibility of engineering and will most likely play an important role 
in bringing electronics and photonics onto the chip-scale level. 

 

1.2.4 Liquid Crystals 

Liquid crystalline materials possess large birefringence, chirality and an ability to 
change the orientation of director in electric field [11]. Liquid crystals (LCs) are 
massive macromolecules with a comparatively slow electro-optical response of some 
milliseconds [12]-[14]. Due to this fact, LCs are mainly used in beam steering 
applications and display/projection systems, but hold firmly leading positions in these 
fields. The implementation of blue phase liquid crystals [15]-[18] can be considered 
as a recent state-of-the-art topic. 

LCs can also be used to impose the alignment on the added dopants, such as elongated 
dichroic organic dyes [19]. This is used for production of dichroic liquid crystal 
displays (LCDs), which possess many advantages over twisted nematic crystals 
display, such as: ease of fabrication, wider viewing angles, better brightness and e.t.c. 
The disadvantage of dichroic LCDs is related to problems of particular dichroic dyes. 
Multiple attempts on synthesizing LCs, which exhibit liquid crystalline and dichroic 
dye properties (dichroic liquid crystals) could not break this trend [20]. 
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Chapter 2 

 

One dimensional nanostructures 

One dimensional (1D) nanostructures are all possible high aspect ratio structures with 
at least one dimension between 10 and 100 nm. Although this definition is based on 
the geometry of particles it is closely related to their properties [21]. The lateral 
confinement of nanostructure dimensions usually leads to anisotropy, which means 
that some properties may manifest themselves differently with respect to the particle 
orientation. For example, the famous Polaroid polarizer is build out of thin conductive 
needle like crystals stretched along one direction on a film during fabrication. The 
electrical properties along the crystals differ to those in other directions, which brings 
an impact on the optical properties. Hence, light with polarization perpendicular to the 
crystals is nicely transmitted, as the charges cannot move freely and losses are 
negligible. Meanwhile, the parallel polarization is being efficiently absorbed. The 
main types of 1D nanostructures are nanowires, nanofibers, nanorods, nanotubes and 
nanobelts. 

For an assembly of 1D nanostructures the properties are defined by the average of 
contributions from each individual nanostructure. Therefore, the properties of a bulk 
or a film consisting of anisotropic nanostructures with random spatial orientation are 
isotropic. The anisotropy of nanostructures can be expressed on the bulk scale only if 
nanostructures are collectively aligned. Bulk materials fabricated of aligned organic 
and non-organic 1D nanostructures can be promising for implementation in 
field-effect transistors (FETs), light-emitting diodes (LEDs), solar cells (SCs), sensors, 
logic computation devices, microcircuits and others [22],[23]. Based on these 
perspectives, a number of various aligning methods, such as electric field induction 
[24], magnetic field induction, mechanical rubbing, liquid crystal assisted orientation 
[25], directional epitaxial solidification, electrospunning, nanoimprint lithography, 
direct drawing and micropillar guiding [26] were developed. The anisotropic emissive 
[27]-[29], electrical [30],[31] and optical [32],[33] properties of materials produced 
by these alignment methods are rather unique and are rarely achieved in conventional 
anisotropic materials.  

The implementation of anisotropic 1D nanoparticles in an active electro-optical 
device is possible however a method, which would enable to control their orientation 
dynamically and reversibly in real time, has to be developed. Some of the available 
strategies are described below.  
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2.1 Alignment of 1D nanostructures by embedding into LC matrix 

The orientation of 1D nanostructures can be dynamically and reversibly controlled if 
nanostructures are somehow embedded into a liquid crystal matrix, where the host 
LCs would impose the alignment on the dopants. This approach was successfully 
applied to metal nanorods, semiconductor nanorods, carbon nanotubes, polymer 
nanowires, conjugated oligomers and organic fluorophores [34]-[40]. However, as the 
orientation of LCs depends on their mutual interaction [41], without external electric 
field LCs tend to form randomly orientated scattering domains, which changes the 
polarization of transmitted light and introduces scattering losses [42]. To avoid this, 
the initial director has to be introduced through rubbing or other treatment of the EO 
cell [43]-[48]. This might be accounted as a factor of constrain for integration of LCs 
into waveguide devices and was tried to be resolved by adding stabilizing polymer 
networks [49]. The use of additional polymer host networks managed to decrease the 
scattering losses, but drastically increased the operating voltage [50],[51]. Another 
disadvantage of the LC based approach is that the maximum concentration of 
nanostructures in LC matrix is limited by aggregation effect. 

 

2.2 Alignment of particles in colloid by electric field 

When nanostructures, or particles, with at least one lateral size of 2 nm are dispersed 
in a liquid buffer, they may form a stable system, which is called a colloid. The 
properties of a colloid strongly depend on the size and properties of dispersed 
particles. The orientation of dispersed particles can be manipulated by external 
electric field, and assuming the particles are anisotropic and collectively aligned, the 
colloid also becomes anisotropic. This is exactly what J. Kerr observed in his 
experiments. The electro-optical effects in colloids are studied within the area of 
colloidal electro-optics. 

Coupling between orientation of dispersed nanostructures and electric field is related 
to the electrical properties of the colloid system and namely to the mobility of charges. 
To address this mechanism in more details the notation of electric dipole moment is 
used. 

In simplest case, the electric dipole moment results from displacement of charges 
inside the particles and can be of induced or permanent type. The induced electric 
dipole moment μ   

‖ ,                       (2.1) 

where ‖	and	 	are the polarizabilities of the particle along and perpendicular to the 
orientation axis, correspondingly, and  is the angle between the orientation axis and 
electric field .  

A particle with induced electric dipole moment  in electric field experiences the 
rotary torque ,  
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,                              (2.2) 

which aligns dipoles along or perpendicular to the electric field lines. However, 
besides that, the dipoles constantly experience the disordering forces due to the 
Brownian motion, which may be weaker, equal or stronger than the aligning forces. 
Therefore, the average equilibrium orientation of dipoles is probabilistic and is the 
result of balancing between these two effects. 

The probability  of having a particle at a certain angle  (with respect to the 
coordinate system) satisfies the general diffusion equation 

∆ ∙  ,                       (2.3) 

where  is the rotary diffusion constant and  is the rotary torque.  

In order to solve Eq. 2.3, it is necessary to define the exact mechanism of dipole 
formation (particle polarization), as it will give us the expression for the rotary torque. 
In general, the polarization of a particle can be very complicated and involve many 
processes. An overview of various dipole formation mechanisms is shown in Fig. 2.1, 
but in this chapter only the formation of induced dipole moment will be discussed. 
More information on this topic can be found elsewhere [53],[54]. 

 

 

Figure 2.1. Overview of various dipole formation mechanisms [52]. 
 

In case when the induced dipole moment is formed by dielectric particles dispersed in 
dielectric media (Volume DM, Fig. 2.1), the polarizability can be calculated as  
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,‖

,‖

,‖
,‖
                       (2.4) 

where	 ‖	and	 	are depolarization factors, which account the shape of the particle,  

is the particle volume (for spheroid ),	 ,‖	and  are the real values of dielectric 

constants of the particle and media, correspondingly. The depolarization factors in 
general form have a rather massive analytical expression but for a slender needle-like 

particle can be approximated as ‖ 0 and  [53]. 

When the induced dipole moment is formed by conductive particles in conductive 
media (Maxwell-Wagner-Sillar induced interfacial dipole moment, Fig. 2.1), the 
expression for polarizability accounts mobile charges in particles and solvent and has 
the following form 

,‖
,‖

,‖ ,‖
 .                          (2.5) 

The only difference with the “volume DM” case is that the values of permittivity 

(  are complex, where ,‖	and K are the conductivity of the particle and 

media, correspondingly.  

In alternate electric field, due to limited conductivity of the particles and media, the 
Maxwell-Wagner-Sillar polarizability is frequency dependent and the dispersion of 
dipole relaxation follows the classic Debye distribution as 

,‖ ,‖
,‖ ,‖

,‖
 ,                        (2.6) 

where  is the field frequency, ,‖	is the dipole relaxation time, ,‖ 	and ,‖  are 
the polarizabilities in high and low frequency limits, correspondingly.  

The polarizability for the high and low frequency limit cases can be separately written 
as 

,‖
,‖

,‖ ,‖
 ,                         (2.7) 

,‖
,‖

,‖ ,‖
 .                         (2.8) 

The Eq. 2.7 and 2.8 show that the mechanism of dipole formation at low frequencies 
of electric field is attributed to the displacement of space charges of the particles and 
the media, while at higher frequencies the dielectric constant mismatch becomes 
dominant. It happens because when the frequency of electric field exceeds a certain 
threshold value, the space charge cannot follow the oscillations and contribute to the 
dipole formation. In some literature such effect is called the relaxation of space 
charges (Fig. 2.2). 
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Figure 2.2. Polarization mechanisms and their effect on the frequency dependence of the relative 

electric permittivity [55]. 

 

With respect to the particles and media conductivity Maxwell-Wagner-Sillar 
polarization can also be considered as two distinct cases: a) conductive particles in a 
non-conductive media (Fig 2.3a) and b) non-conductive particles in a conductive 
media (Fig 2.3b). 

 

 

Figure 2.3. Illustration of the MWS induced dipole mechanisms: a) a conductive particle in a 

nonconductive media b) a non‐conducting particle in a conducting media [56]. 

 

However, if free ions are present in the solution, one normally needs to account that 
the particle surface charges may interact with free ions and form double electric layers, 
which changes the interface conductivity and predominantly defines the overall 
polarization. This is related to polarization of particles in electrolyte and has a 
complex analytical interpretation, which was derived by O’Konski as an extension of 
the MWS polarization model [57]. 

For some particular cases the Eq. 2.3 can be solved. For instance, for an induced 
dipole ( 2 /2) in a strong sine-shape electric field ( sin	 ), Eq. 2.3 
can be solve analytically as [53] 

, 1 / ,                  (2.9) 
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where ,  and , 0 1. 

The average particle degree orientation function  can be obtained by integrating 
,  with the second Legendre polynomial, which is somewhat similar to finding 

the mean value using the Boltzman distribution 

, / ,  .               (2.10) 

Solving the integral gives 

∙ 1 3 	 ∙ 	 .              (2.11) 

The function Φ ,  is the angular distribution function. It shows the probability of 
having particles at a certain degree of alignment, whereas 1 and 0 values 
correspond to a completely aligned or misaligned state, respectively. When plotted 
with respect to time (the electric field is constant) (Fig. 2.4) it can be seen that for the 
electric field E2 (E2>E1) particles reach the steady state faster than for E1.  

 

 
Figure 2.4. The angular distribution as a function of time. 

 

The steady state implies that the system is in equilibrium but not necessarily that 
particles are in a complete alignment with electric field. This can be seen by plotting 
Φ ,  with respect to electric field (the time is constant) (Fig 2.5). At low electric 

fields ( 1 , the orientation function depends on the square of electric field. With 

stronger electric field the dependence becomes more linear and further increase of 
electric field strength does not change the particle alignment. For strong electric field 

( 1  all particles are completely aligned, which corresponds to saturation of the 

electro-optic effect . 
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Figure 2.5. Angular distribution as a function of electric field.  

 

If the saturation level of electro-optical effect  is known, the following 
expression is valid  

, , .                        (2.12) 

The expression in Eq. 2.11 was received with an assumption of strong electric fields, 
and, therefore, should not be used in the expression . Instead, it is 
necessary to address the weak and strong electric field cases separately. For weak 
electric field the angular orientation function 

,                           (2.13) 

for strong electric field 

1  .                        (2.14) 

If  is known from experiments, Eq 2.12, 2.13 and 2.14 can be used to fit the 
experimental results and define the value of polarizability. The fitting parameters will 

be ,  and the stitching parameter, which will set the range for the weak and 

strong field approximations. Other approaches for calculation of the EO effect are also 
available and described elsewhere [57],[58]. 

 

When 1D nanostructures possess anisotropic electrical properties, their orientation in 
a colloid system can be controlled by electric field. The optical anisotropic properties 
of individual 1D nanostructures can be translated to the colloid if nanostructures are 
collectively aligned. To some extent, such behavior is similar to those of liquid 
crystals. 1D nanostructures with a strong optical anisotropy and suitable electrical 
properties may be implemented in active EO applications, given that their collective 
alignment is controlled dynamically and reversibly. 
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Chapter 3 

 

P3HT nanofibers 

3.1 General properties of P3HT nanofibers 

Poly(3-hexylthiophene-2,5-diyl) (P3HT) nanofibers are high aspect ratio organic 
formations with a crystalline structure. In this Section, the general properties of P3HT 
nanofibers, such as their structure, fabrication methods and polarizability are 
discussed.  

 

3.1.1 Structure and fabrication 

P3HT is a polymer which belongs to the class of polythiophenes. Polythiophenes are 
polymerized thiophenes, which are known to become conductive when oxidized, for 
example by the solvent. For this property polythiophenes are often called “synthetic 
metals”. The studies on conductivity of polythiophenes were awarded a Nobel prize in 
chemistry in 2000. The structure of a P3HT molecule is shown in Fig. 3.1. 

 

 

Figure 3.1. Structure of a P3HT molecule. 

 

The other significant property of P3HT, is the ability to form needle-like structures 
with the crystalline ordering [59]-[61], which are often called nanofibers or nanowires 
(Fig. 3.2). One of the methods of fabrication P3HT nanofibers is the mixed solvent 
method [62],[63]. It was chosen for our experiments because it directly provides the 
dispersion of nanofibers in the non-conductive anisole solvent. The method implies 
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that P3HT is first dissolved in a good solvent, such as chloroform, where after a poor 
solvent, such as anisole, is added to the solution in a certain amount. As chloroform 
evaporates faster than anisole, the ratio of anisole in solution increases, and P3HT 
molecules begin to aggregate due to π-π and Van der Waals interactions. By changing 
the proportions of solvent it is possible to grow nanofibers with a distinct length of 
200 nm, 600 nm and 1500 nm, and width of around 20 nm (Fig. 3.3).  

 

Figure 3.2. Structure of the P3HT nanofiber [64]. 

 

The absorption properties of P3HT nanofibers are tightly connected to their lengths 
(Fig. 3.4). The formation of P3HT crystals is associated with the red shift of the main 
absorption peak, and appearance of two peaks at approximately 550 and 600 nm. 
These peaks are attributed to vibrionic modes and are stronger expressed for long 
nanofibers. 
 

 
Figure 3.3. SEM images of short (a), medium (b) and long (c) nanofibers. 

 

According to electrical measurements, P3HT nanofibers are classified as p-type 
semiconductors [63], with fast mobility of charges along the chain axis (“width” in 
Fig. 3.2) and low mobility along the side chains (“height” in Fig 3.2). The charge 
transport along the nanofiber long axis is attributed to hopping [64]. A solid layer of 
P3HT nanofibers can be produced by drop casting and subsequent drying of the 
solvent. In such case, nanofibers arrange in a thin conductive layer of randomly 
oriented macromolecules. The X-ray diffraction measurements on P3HT nanofibers 
layer found a strong reflection at 2θ of 5.54˚, which corresponds to the (100) plane 
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with 15.9 Å of interlayer spacing [65]. The long lasting exposure to ultra violet (UV) 
radiation causes degradation of P3HT nanofibers, if they are drop casted on a 
non-conductive substrate. Presumably, the absorption of UV radiation sets nanofibers 
into excited state, which forces the reaction with oxygen and, therefore, leads to 
degradation. When a conductive surface is used instead, the excited state is quenched 
and the degradation process slows down [65]. 

 

 
Figure 3.4. Normalized absorption specta of dispersed non crystalline P3HT and P3HT in the form of 

nanofibers with different lengths. 

 

Due to good electrical properties, P3HT nanofibers were mainly studied as a material 
for organic field effect transistors [66]-[71] and photovoltaics [72]-[74]. As the sheet 
conductivity of aligned P3HT nanofibers is higher than the one of randomly oriented, 
various ordering techniques had been developed. Among them are: mechanical 
rubbing [75], epitaxy [76],[77], soft lithography [78]-[81], electrospray deposition 
[82],[83], spherulitic growth [84] and electric field induced alignment [85]-[87].  

 

3.1.2 Alignment of dispersed P3HT nanofibers in electric field 

The abovementioned aligning techniques were developed to introduce a structural 
ordering of the layers and are not applicable for a colloid. We implemented a method, 
which allows manipulating the orientation of dispersed P3HT nanofibers by external 
electric field and tested it in the following experiment.  

The solution with 1-2 μm long P3HT nanofibers, produced by the mixed solvent 
method, was drop casted on a specially fabricated poling device [88]. The device 
consisted of a glass substrate with two silver-ink printed non-transparent layers of 
metal, 3-5 μm thick each, which formed the poling electrodes (Fig. 3.5). The 
electrodes were connected to a DC or AC voltage supply. The spacing L between the 
electrodes was 200 or 100 μm and the electric field  in the area between the 
electrodes was assumed equal to either V/L. The DC voltage supply could provide the 
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output up to several kV, while the AC voltage supply could be set to deliver only four 
particular voltage values. By selecting the spacing between the electrodes and the 
output of the AC voltage supply, we could choose between seven different magnitudes 
of alternating electric field in the gap. 

The voltage was switched on after the solution (1 μl) was drop casted on the spacing 
and until complete evaporation of the solvent. While the solvent gradually evaporated, 
nanofibers precipitated on the substrate and formed a solid layer. The topography of 
the layer was afterwards studied using optical microscopy, scanning electron 
microscopy (SEM) and atomic force microscope (AFM). 

 

 

Figure 3.5. Layout of the poling device. D‐ sample droplet, NF‐ nanofibers, GS‐ glass substrate, EL‐ 

poling electrodes, L‐ distance between the electrodes. 

 

The optical microscopy showed that when the DC electric field was applied (process 
of DC poling), the solid fraction of solution drifted towards the negative polarity 
electrode (Fig. 3.6b). However, under the AC electric field (AC poling) with 
frequency 50 Hz, the solid fraction formed bundles, oriented along the electric field 
lines (Fig. 3.6c). Such behavior implies that P3HT nanofibers were positively charged, 
which can be attributed to the oxidation reaction with the solvent, where the 
nanofibers are oxidize and the solvent is reduced. The charge of the P3HT nanofibers 
plays the key role in the colloid stability, as it prevents nanofibers from aggregation. 
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Figure 3.6. Optical image of the not aligned P3HT nanofibers (a), aligned by the DC (b) and AC (c) 

electric field. 

 

The high resolution images of the AC poled sample were studied with SEM. As the 
glass substrate could not be used for SEM measurements due to charging, we 
fabricated the poling device using a silicon substrate with thin silicon oxide layer on 
top of it. The solution was diluted to attain an image of separately precipitated 
nanofibers. As was expected, in the absence of electric field P3HT nanofibers 
precipitated randomly on the substrate (Fig. 3.7a), while after AC poling they 
precipitated with alignment along the electric field lines (Fig. 3.7b).  

 

 

Figure 3.7. SEM images of not aligned P3HT nanofibers (a) and aligned by AC electric field (b). 

 

The alignment of P3HT nanofibers in electric field can be explained by MWS 
polarization, which is due to anisotropic polarizability of conductive particles in a 
non-conducting solvent (Section 2.2). When a dispersed nanofiber is placed into 
external electric field, its attributed positive space charges redistribute along the 
nanofiber under the electro-static forces. As the solvent is non-conducting, the charges 
accumulate at the nanofibers tip, forming a dipole, and drag it, causing the 
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electrophoretic migration. At the same time, the induced dipole experiences a rotation 
torque and orients the nanofiber along the electric field lines. When the polarity of 
electric field varies as , charges constantly redistribute back and forth 
along the nanofiber by hopping. If the frequency  is big enough, nanofibers do not 
have time to migrate and only orient along the electric field lines (Fig. 3.8). Therefore, 
when the solvent evaporates, oriented nanofibers precipitate on the substrate in the 
aligned manner. 

 

Figure 3.8. Formation of an induced dipole in a P3HT nanofiber, due to redistribution of positive 

charges. 

In order to study how the length of P3HT nanofibers impacts the alignment, we 
repeated the experiment with nanofibers of 100 nm (short), 600 nm (medium) and 
1500 nm (long) length [89]. The topography of layers formed after AC poling was 
studied and compared using AFM (Fig. 3.9). For AFM imaging no dilution was 
required. 

 

 

Figure 3.9. AFM image of long (a), medium (b) and short (c) nanofibers, aligned by AC poling. 

 

The Fast Fourier Transform of the images in Fig. 3.9 clearly shows that long 
nanofibers were aligned better than medium nanofibers, while short nanofibers were 
not aligned at all (Fig. 3.10). 
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Figure 3.10. Fourier analysis of the AFM images of long (a), medium (b) and short (c) nanofibers. 

 

According to MWS polarization theory, the particle polarizability  depends linearly 
on the particle volume and on the mobility of the space charges. Therefore, shorter 

nanofibers are expected to have a poor ability to polarize. If ≪ 1 the particle 

orientation and angular velocity /  is strongly influenced by the Brownian 
motion. In such case, the alignment can be very badly expressed, as what we observed 

for medium and short nanofibers (200-600 nm). In case ≃ 1, the resulting 

orientation of nanofibers is in equilibrium between the aligning forces and disordering 

thermal fluctuations. When the electric field is strong and ≫ 1, the motion of 

particles becomes independent on Brownian motion and nanofibers directly achieve a 
complete alignment. 

 

P3HT nanofibers, dispersed in anisole, are positively charged. The space charges, 
distributed along the nanofibers, are mobile and play the key role in nanofibers 
polarizability. This can be used to align nanofibers in colloid by applying alternate 
electric field. The efficiency of AC poling is proportional to the length of P3HT 
nanofibers and the strength of applied electric field.  

 

3.2 Absorption dichroism of P3HT nanofibers 

Aligned P3HT nanofibers are optically anisotropic due to their structural crystallinity. 
The dependence of absorption on the anisotropy of material is called the absorption 
dichroism or dichroic absorption. The absorption properties of nanofibers aligned in a 
layer and in colloid are discussed in the following sections. 

 

3.2.1 Absorption of nanofibers aligned in a layer 

Layers of aligned nanofibers for dichroic absorption measurements were prepared by 
AC poling method (glass substrate) and further evaporation of the solvent, as 
described in Section 3.1.2. The light beam from the broadband source (400-1700 nm) 
was incident perpendicularly on the layer with aligned nanofibers (Fig. 3.11), while 
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the polarization of light was either parallel (‖) or perpendicular (⊥) to the poling 
direction. The light incident on the electrodes was reflected back, while the light 
incident on the gap, was transmitted through the nanofibers and glass substrate. The 
absorption spectrum was acquired by measuring the intensity of transmitted light [88], 
which was reinterpreted into the absorption units meanwhile the scattering was 
neglected. 

 

 
Figure 3.11. Schematic layout of the setup for dichroic absorption measurements. 

 

The absorption of light in the spectral range 500-600 nm with polarization 
perpendicular to the alignment of nanofibers (  was stronger than the parallel one 
( ‖  (Fig. 3.12). The dichroic ratio value (DR), calculated using the Eq. 3.1, shows 
how much the absorption  exceeds the absorption ‖  for a particular optical 
wavelength 

‖

‖
.                             (3.1) 

 

 

Figure 3.12. Absorption spectra of P3HT nanofibers in a layer without alignment (a) and aligned by 

AC poling (b) 
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The DR value can be used as an estimate of the nanofibers alignment in the layer [90]. 
For such estimates we calculated the DR value for wavelength 550 nm for samples 
aligned at AC electric field (50 Hz) with magnitude of 0.23, 0.43, 0.62, 0.84, 1.27, 
1.75 and 2.6 V/µm (Fig. 3.13). The process of AC poling involves many 
uncontrollable parameters, such as thermal fluctuations, solvent evaporation and 
effects in fluids. Therefore, the mean value of DR was calculated based on six 
different measurements. The DR value of medium and short (small) nanofibers was 
negligible due to poor alignment degree, as expected. 

 

 

Figure 3.13. Dichroic ratio values versus the magnitude of poling electric field 

 

As seen in Fig. 3.13, the mean value of DR increases with the magnitude of electric 
field until saturation at approximately 0.8 V/μm. This implies that at electric field 
below ~0.8 V/μm the degree of alignment is influenced by the Brownian motion. At 
stronger electric field the degree of alignment is saturated and nanofibers cannot be 
aligned more, which corresponds to a complete alignment. 

 

3.2.2 Absorption of P3HT nanofibers aligned in colloid 

The absorption of aligned P3HT nanofibers in a film was discussed in the previous 
section. However, nanofibers dispersed in optically transparent anisole possess similar 
dichroic properties. We used it to evaluate the dynamics of nanofibers reorientation 
by measuring the dichroic absorption of the colloid directly during the AC poling (50 
Hz). For these reasons, the beam of light 532 nm, with polarization parallel or 
perpendicular to the poling direction was transmitted through the colloid droplet (Fig. 
3.14), which was placed on the slit between the electrodes of the poling device. The 
initial orientation of nanofibers in droplet was random and the absorption of the 
colloid was polarization independent. When the voltage was switched on, the 
reorientation of nanofibers caused the change of intensity of transmitted light, which 
was recorded by the detector. 
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Figure 3.14. Schematic layout of the setup for dichroic absorption measurements of P3HT 

nanofibers colloid. 

 

When the polarization of incident light was perpendicular to the alignment direction, 
the absorption of colloid increased and, thus, the transmission signal decreased (Fig. 
3.15a). And oppositely, when the light polarization was parallel to aligned nanofibers 
the transmission increased (Fig. 3.15b).  

 

 

Figure 3.15. Transmission of light with polarization perpendicular (a) and parallel (b) to the 

nanofibers alignment during AC poling. 

The time needed for the transmission signal to reach 80% of the total change of 
intensity was considered as the response time. The response time with respect to the 
magnitude of electric field is shown in Fig. 3.16.  

In the strong electric field approximation the dynamic equation of reorientation can be 
written as [53] 
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Figure 3.16. Response time of long nanofibers with respect to the amplitude of poling electric field 

(50 Hz) 

 

2 ,                       (2.2) 

where  is the angular velocity. As seen in Fig. 3.16, the response time decays with 

increasing voltage as 1/ .   

 

Layers of aligned nanofibers are anisotropic, which can be verified by measuring the 
dichroic absorption. The light with polarization perpendicular to nanofibers alignment 
is absorbed stronger than with the parallel one in the optical range 500-600 nm. The 
degree of nanofibers alignment reaches its maximum at electric field magnitude 0.8 
V/µm and the response time as low as ≃20 ms. 

 

3.3 Birefringence of P3HT nanofibers 

Due to the crystalline structure, the P3HT nanofibers are birefringent, which provides 
that light with polarization parallel to nanofibers long axis travels slower than with the 
perpendicular one. Such property is typical for uniaxial crystals. 

 

3.3.1 Birefringence of P3HT nanofibers aligned in a layer 

Layers with aligned P3HT nanofibers were prepared by AC poling, as described in 
Section 3.1.2. The setup for birefringence measurement consisted of a HeNe 632 nm 
laser and a polarimeter. The beam of light was incident perpendicularly on the 
nanofibers layer, as shown in Fig. 3.17. The initial polarization of light was set to -45° 
with respect to the poling direction [89].  
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Figure 3.17. Schematics of the setup for measuring the birefringence of aligned P3HT nanofibers in 

layer. 

 

The polarization vector, which corresponds to linear polarization of -45°, can be 
presented as a composition of two equal orthogonal components (projections) along 0° 
and 90°. As the polarization component, which was parallel to nanofibers long axis, 
travelled through the material slower than the perpendicular one, transmitted 
polarization components acquired a mutual phase shift. As the result, the initial linear 
polarization state became elliptical. The state of transmitted light can be described by 
three parameters, namely the azimuth of polarization vector, the phase shift and the 
degree of polarization (DOP). The initial state of polarization corresponds to 45˚ 
azimuth, 0˚ of phase shift and DOP ~100%. As can be seen in Fig. 3.18, the DOP of 
transmitted light decreased from 100% to 95.4%, which was caused by the 
inhomogeneity of the layer thickness. Moreover, the transmitted light became 
horizontally polarized, as the azimuth angle turned to 10.6˚. This is because due 
dichroic absorption (Fig. 3.12b), the vertical polarization component, which was 
perpendicular to nanofibers alignment, was absorbed stronger. 

 

 
Figure 3.18. Polarization state of light transmitted through a layer of P3HT nanofibers aligned by AC 

poling at 1.3 V/um, 50 Hz. 
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The birefringence ∆  of the layer was calculated using the phase shift value and the 
layer thickness according to Eq. 3.3 

∆ ∙
                                                                 (3.3) 

where  is the phase shift in radians,  is the layer thickness and  is the 
wavelength of light. For nanofibers aligned by AC at 1.3 V/um (50 Hz), the 
birefringence was 0.41, which is much higher than of calcite (0.172) and even of 
rutile (0.287). The thickness of the layer can be measured in different ways and in our 
experiments we used the needle probe profilemeter. 

Further on, we modified the experimental setup (Fig. 3.19a) and measured the 
birefringence for wavelengths 400–1000 nm and 1300-1500 nm (Fig. 3.19b), using a 
broadband light source, coupled to a monochromator. It should be noted that the 
polarization of input light was set to +45˚, which, as compared to previous setup (Fig. 
3.17), gave a negative value of birefringence at 632 nm wavelength. 

 

 

 

Figure 3.19. Layout of the setup (a) for birefringence measurement of AC poled P3HT nanofibers in a 

spectral range 400‐1000 nm (b). 

The power split ratio is related to the dichroic absorption and, therefore, almost 
repeats the absorption spectrum. The birefringence is negative starting from 
approximately 550 nm and has the maximum value at around 600 nm. Interestingly, in 
the spectral range 625 – 1700 nm, the material is absolutely transparent but the 
birefringence is non zero (Fig. 3.20).  

This is promising for applications where birefringence in visible and near infrared is 
required. The dispersion of birefringence of medium and short nanofibers had similar 
characteristics, except that it was much lower due to poor degree of alignment. 
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Figure 3.20. Phase shift related to birefringence of aligned P3HT nanofibers in spectral range 

1300‐1700 nm. 

 

The absolute values of birefringence in Fig. 3.18 and Fig. 3.19 are in fact relative due 
to possible variations of nanofibers length, uniformity of formed layers and 
concentration of nanofibers in solution for different measurements. 

 

3.3.2 Birefringence of P3HT nanofibers aligned in colloid 

After measuring the birefringence of aligned nanofibers in a layer, we measured the 
birefringence of nanofibers aligned in colloid. The birefringence, which is imposed by 
the dynamic realignment of particles in colloid under external electric field, is an EO 
effect, which is called the electric birefringence.  

Instead of the common poling device with only two electrodes and one alignment 
direction, in these experiments we used a poling device with a quadrupole electrode 
configuration. For this purposes, 10 nm of Cr and 500 nm were deposited on a clean 
glass substrate by evaporation technique. The Omnicoat photoresist was spin coated 
on top, forming a 30 nm sacrificial layer, and post baked at 200 ˚C. This layer was 
also used as an adhesion layer of SU-8 negative photoresist, which was spin coated on 
top. The patterning of SU-8 500 nm thick layer was done with E-beam lithography. 
Exposed areas of SU-8 were developed and rinsed away, while unexposed areas 
formed a hard mask for further reactive ion etching, which removed the sacrificial 
layers of Omnicoat and metal. Finally, the SU-8 hard mask was removed by wet 
etching in alkaline solution. 

Formed pattern provided four 100 µm wide gold pads, which had the form of two 
crossed electrode pairs with a rectangular opening of 200 µm (Fig. 3.21) [91]. The 
cross-shape was chosen to minimize the capacitance of the adjacent pads. Each of the 
electrode pads was connected to the AC (1.3 V/µm, 50 Hz) voltage supply through a 
manual electronic switch. With such configuration, the electric field between the 
electrode pairs could be switched in situ to alignment direction along V⊥ or V‖ axis 
(Fig. 3.21).  
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Figure  3.21.  Schematic  layout  of  the  setup  for  electric  birefringence  measurements  of  P3HT 

nanofibers in colloid. 

 

A droplet with long P3HT nanofibers was drop casted exactly on the rectangular 
opening, so that the light beam from HeNe laser with a cross section of Ø2 mm was 
passing through the center of the droplet. The polarization of incident light was set to 
+45°, which corresponds to two equal polarization components along the alignment 
directions V⊥ or V‖ (Fig. 3.22a). By applying the voltage to either of the electrode 
pair, the orientation of nanofibers was dynamically switched. For instance, when 
nanofibers were aligned along the V‖ axis (x-axis), the - polarization component of 
light travelled faster than the - component (Fig. 3.22c), and the transmitted 
polarization was elliptical with the left twist, which corresponds to the negative phase 
shift and negative ellipticity. When the electronic switch was pressed, the nanofibers 
realigned alone V⊥ direction (y-axis) and the fast and slow optical axes rotated by 90˚ 
(Fig. 3.22b). In such case, the polarization became right elliptical (Fig. 3.21c), and the 
ellipticity value switched to positive.  

 

 

Figure 3.22. The conversion of linear 45˚ polarization into right elliptical (b), and left elliptical (c) in a 

uniaxial media with different fast and slow axis. 

 

Strictly speaking, only a fraction of electric field distribution in the opening could be 
considered as uniform, which made any quantitative measurements impossible. 
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However, the experiment clearly showed that P3HT nanofibers can be dynamically 
and repeatedly realigned by changing the alignment direction of electric field. 

 

 
Figure 3.23. Results of the electric birefringence measurements with initial polarization of light 45˚. 

 

Fig. 3.23 shows the change of ellipticity during switching as was monitored by the 
polarimeter.  When the poling voltage was turned off, nanofibers relaxed to a 
disordered state due to thermal fluctuations and electro-static interactions, which 
changed the polarization state back to linear.  
When the polarization of incident light was changed to -45˚ by a half-wave plate, the 
alignment along V‖ caused a positive phase shift between polarization components, 
and vice versa for V⊥ (Fig. 3.24). The oscillations, which can be seen as a noise on 
top of each peak, had the frequency of 50 Hz and are attributed to vibration of the 
droplet. A thin glass piece, placed on top of the droplet before the experiments, 
reduced these oscillations and prevented the droplet from rapid evaporation. 
 

 
Figure. 3.24. Results of the electric birefringence measurements with initial polarization of light 

‐45˚. 

 

The rising and falling fronts of the ellipticity modulation in a higher resolution are 
presented in Fig. 3.25. 
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Figure 3.25. Higher resolution data traces for rising front (a) and falling front (b). 

 

In summary, we showed that the slow optical axis of aligned P3HT nanofibers in 
spectral range 500-1500 nm is parallel to the nanofiber long axis. The birefringence 
has a maximum value at approximately 600 nm and slowly decays at higher 
wavelength. Moreover, nanofibers can be repeatedly and dynamically reoriented by 
configuring the alignment direction. When the external electric field is switched off, 
nanofibers relax back to a disordered state and the initial polarization of light is 
regained. 

 

3.4 Discussions 

Main electro-optical effects that can be expected from a colloid are: electric 
birefringence (EB), electro absorption (EA) and electro scattering (ES). EA and ES 
can be present together or independently. Electro scattering takes place when the 
cross-section of particles changes due to realignment in electric field. Electro 
absorption originates from dichroic absorption and is related to internal properties of 
the particles. Both effects change the intensity of transmitted light with various 
contributions, which makes it hard to distinguish between them. In the experiment 
described in 3.3.2, P3HT nanofibers rotate in the plane perpendicular to propagation 
of light, and the cross section does not change. This implies that the effect originates 
from EA, while ES is small or even negligible. 

The charges along the axis of nanofibers can travel by the hopping mechanism, which 
is comparatively slow and, as will be discussed later, vanishes at electric field 
frequency >10 kHz. Therefore, the polarizability of nanofibers along their long axis is 
important only for the alignment and does not play a leading role in optical properties. 
It is most likely that the EA is caused by the dichroism of the P3HT molecules, which 
generally are elongated chains of bonded thiophenes with a fairly good conductivity. 
In such case, it is reasonable to assume that the strength of absorption oscillators 
depends on the light polarization, with stronger absorption along the P3HT molecules. 
The absorption spectra in Fig. 3.12b should be different only in magnitude with the 
same position of the absorption peak at 520-530 nm. This is unfortunately hard to 
conclude out of the measured data (Fig. 3.12). Moreover, this assumption does not 
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explain the EB effect. 

The EA can be also explained by the fact that the resonance frequency of the 
absorption oscillator may differ depending on the polarization of light. As if to say 
that light excites oscillators with different resonance frequencies if the polarization 
vector is perpendicular or parallel to the P3HT molecule axis. In such case, the 
absorption spectrum experiences a shift, which will manifest itself as EA. Such 
mechanism provides the explanation of the EB effect, as the change of resonance 
frequency of the oscillator would influence the material dispersion and, therefore, the 
refractive index. Moreover, results in Fig. 3.19b support the assumption that both, the 
strength and resonance frequency of the oscillator change at the same time. 
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Chapter 4 

Transmission modulation in a longitudinal electro-optical cell 

From previous chapter we know that P3HT nanofibers possess a number of 
anisotropic optical properties and can be dynamically aligned in colloid by external 
alternate electric field. In order to test the applicability of P3HT nanofibers for 
electro-optical applications, we fabricated a longitudinal EO cell suitable for 
electro-absorption measurements [92]. The cell was designed with one pair of 
electrodes and allowed switching of nanofibers alignment in a repeatable but not 
reversible manner. As for the EO effect we used the absorption dichroism property, 
which is strongly expressed at 532 nm. 

 

4.1 Micro-fluidic component and measurement setup 

The EO cell consisted of the micro-fluidic component and the voltage supply system. 
The micro-fluidic component was fabricated using the reaction injection molding 
(RIM) of the ultraviolet (UV) sensitive OSTE+ polymer (OSTEMER 322, Mercene 
Lab). OSTE+ polymer was chosen as the EO cell material for its high optical 
transparency. The thiol groups on the polymer surface allowed direct chemical 
bonding and gold deposition. Two complementary parts of the component (Fig. 4.1) 
were manufactured separately and then bonded together to form a monolithic 
structure with the cavity volume of approximately 250 μl and spacing between the 
electrodes 175 μm. Each part was fabricated by casting the OSTE+ polymer into an 
aluminum mold and precuring in UV. Then the 20 nm thick gold electrodes were 
evaporated and a thin layer of Teflon was spin coated on selected areas to protect the 
cavity sidewalls from the solvent. Afterwards, the parts were pressed together and 
baked for 30 min at 120°C to obtain bonding and achieve the final curing. It should be 
mentioned, that the RIM applied to OSTE+ polymer is a powerful technique, which 
combined with optical lithography enables structuring with feature size resolution 
down to 250 nm. 

 



32 

 

Figure 4.1. Layout of the micro‐fluidic component and the EO cell. 

 

Semitransparent electrodes were connected to the voltage supply system, which 
consisted of a wave generator, pulse generator, Single pole double throw (SPDT) 
switch and a cascade of voltage amplifiers (Fig. 4.2). The voltage supply delivered 
pulses of sinewave voltage of tunable amplitude and frequency to one of the 
electrodes, while the other one was permanently grounded. The duration and the duty 
cycle of sinewave pulses were defined by the settings of the pulse generator. 

 

 

Figure 4.2. Schematic layout of the setup for electro‐absorption measurements. 

 

The solution with long (1.5 μm) nanofibers was injected into the cavity through tubes, 
connected to the inlet and outlet. The density of nanofibers was 4.36·108 ±3% 1/μl, 
which was achieved by dilution of the original concentration (113·108 1/μl) by anisole. 
The dilution rate was chosen empirically to achieve a high contrast of the modulated 
transmission signal, as a more diluted concentration resulted in low modulation 
amplitude and a less diluted concentration absorbed light completely.  

The light beam from a 532 nm laser, linearly polarized, was incident perpendicularly 
on the electrode surfaces and the intensity of light transmitted through the EO cell was 
recorded by the detector. In such way, the polarization vector of light was always 
perpendicular to the direction of nanofibers alignment and the performance of EO cell 
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was independent on the polarization properties of modulated light. Due to this fact, 
with the longitudinal cell it was not possible to observe the electric birefringence 
effect without setting up an interferometric system, as measuring the optical phase of 
light cannot be done directly by electronic equipment.  

When the sinewave pulse was applied to the electrodes, P3HT nanofibers oriented 
parallel to the light beam and, due dichroic absorption, the intensity of transmitted 
light decreased to  (Fig. 4.2). When the potential on electrodes was grounded, the 
transmission intensity returned to the initial value  as nanofibers relaxed back to a 
disordered state.  

 

 
Figure 4.2. The decrease of transmission intensity due to realignemnt of P3HT nanofibers by a pulse 

of electric field with a sinewave form. 

 

At low frequencies of electric field an oscillatory component of the modulated 
transmission was observed (Fig. 4.3). The oscillation amplitude became smaller with 
increasing frequency and totally vanished at cut-off frequency of 1.5 kHz. The cut-off 
frequency  is related to the diffusion coefficient  as [93] 

2.5 ∙ 10                            (4.1) 
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Figure 4.3. Oscillations of the transmission signal during the sinewave voltage pulse at frequency 

below 1.5 kHz. 

 

The response time was defined as time needed for the transmission signal to reach 80% 
of the total decrease. The normalized amplitude of transmission modulation was 
calculated using Eq. 4.2 

∆
  .                                                                 (4.2) 

In such case, the measured effect was independent on the intensity of the incident 
light, which was chosen to be as low as possible in order to exclude the factor of 
optical stability from the experiment. The stability of P3HT nanofibers in colloid with 
respect to the intensity of transmitted light was, therefore, not covered in current 
research, however it is known that the absorbance of UV radiation excites nanofibers 
to a higher energetic state, which triggers the oxidation reaction [94]. The oxidation of 
P3HT destroys the nanofiber formation, but the excitation of nanofibers can be 
quenched when a conductive substrate is used. Therefore, the degradation of 
nanofibers in strong 532 nm light is possible but can be prevented by sealing the 
colloid from oxygen, as it was done in our EO cell. Furthermore, no degradation of 
electro-optical activity was observed during the measurements, which commonly 
consisted of more than 60 switchings in a row and lasted at average around 20-40 
minutes. 
The transmittance of the EO cell was mostly defined by the gold layers of electrodes. 
Each of them had a transmittance of 0.35, while the transmittance of 175 μl thick 
cavity with colloid was around 0.75. Therefore, the overall transmittance of the EO 
cell was 0.35x0.35x0.75 = 0.09. 
 

4.2 Measurement results 

The transmission modulation (
∆

) and response time with respect to the amplitude of 

electric field (2 kHz) are shown in Fig. 4.4a and 4.4b, respectively. The data in Fig. 
4.4a was fitted with the analytical expression from Eq. 2.12, 2.13 and 2.14 using 



35 

fitting parameters 0.1351 , 1 ∙ 10 	  m-3 and 0.45  V/μm. 
The parameter , represents the boundary condition for fitting the piecewise 
function in such a way, that for electric field < , the weak field approximation is 
fitted, while for >  the strong field approximation is used. 

 

 
Figure 4.4. Transmission modulation  (a) and  response  time  (b) versus  the amplitude of  sinewave 

electric field with frequency 2 kHz. 

 

The defined value of polarizability is high, as compared to other types of material. We 
achieved the full alignment already at 0.8 V/μm, which we attribute to the high aspect 
ratio of long P3HT nanofibers (~75), high carrier mobility and presence of extra 
positive charges. All these parameters contribute to dipole formation mechanism and 
provide a strong coupling with the electric field, however the aspect ratio is probably 
the most important parameter. For instance, for full alignment of gold nanorods with 
aspect ratio of 2.5 >1 V/μm is required [90], of semiconducting CdSe nanorods with 
aspect ratio of 10 ~15 V/μm [95] and some liquid crystalline materials require >0.7 
V/μm [96]. 

For electric field below 0.8 V/μm, the orientation of nanofibers was affected by the 
Brownian motion and the EO effect depends on electric field as . The increase of 
electric field from 0 to 0.8 V/μm increases the rotary torque, which aligns nanofibers, 

and the response time drops as  (Fig. 4.4b). Starting from 0.8 V/μm, the rotary 

torque becomes stronger than the thermal fluctuations and the motion of nanofibers 
becomes mechanical, which means that Brownian motion can be neglected.  

 
Figure 4.5. Transmission modulation (a) and response time (b) versus the frequency of sinewave 

electric field (0.8 V/µm). 
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In frequency sweep measurements, we monitored the transmission modulation at 
fixed electric field strength but varied frequency. As seen in Fig. 4.5a, the 
electro-optical response decreases for frequencies above 3 kHz, which can be 
explained by relaxation of space charges. It means that at frequency above 3 kHz the 
charges do not have enough time to follow the electric field and contribute to the 
particle polarization. Lower polarization of nanofibers leads to lower rotation torque 
and higher impact of the thermal fluctuations. The response time of the system rises 
with frequency for the same reasons (Fig. 4.5b). 

Accounting the abovementioned results, it can be stated that the optimal operation 
parameters of the EO cell correspond to electric field of 0.6-1.6 V/μm and frequency 
of 1.5-2 kHz. The operation temperature range imposed by the design of EO cell is 
limited by 160 ˚C, as the decomposition of OSTE+ polymer is above this temperature. 
The optimal temperature of P3HT nanofibers is unknown and is a matter of further 
studies, but the temperature above 25 ˚C is expected to lower the alignment dynamics. 
Moreover, the EO cell can be used as an optical phase modulator, which is 
independent on the polarization of incident light. At optical wavelength above 650 nm, 
the birefringence is high, while the absorption of the material is negligible. If gold 
electrodes are made thinner, or replaced by some transparent conductive material, the 
overall transmittance of the system can be greatly improved. 

 

The saturation of transmission modulation is related to the maximum degree of 
alignment and was observed at approximately 0.6-0.8 V/μm, which corresponds well 
with previously discussed results (Section 3.2.1). With frequency of the electric field 
above 2 kHz the space charges in P3HT nanofibers cannot completely follow the 
oscillations and the transmission modulation decreases. The transmission modulation 
signal totally vanishes above ~15-20 kHz. In dielectric materials such frequency 
dependence is attributed to dipole relaxation. The configuration of EO cell allowed 
measuring the electro-optical response for a wider range of electric fields, than 
compared to results presented in Fig. 3.15 and Fig. 3.16. Moreover, in this experiment 
the orientation of aligned nanofibers was along the direction of transmitted light, 
while in previous experiments (Chapter 3) it was perpendicular. 

 

 

 

 

 



37 

 

 

 

Chapter 5 

Transmission and birefringence modulation in a transverse EO cell 

The dynamic and repeatable switching of P3HT nanofibers orientation in longitudinal 
EO cell was discussed in the previous section. High polarizability makes nanofibers 
suitable for operating at comparatively low electric field of 1-2 V/µm with response 
time of around 10 ms. However, the self-relaxation of nanofibers takes around 50-100 
ms. Therefore, reversible switching between the aligned and not aligned states is a 
unacceptably slow process. Instead, for a faster reversible switching we implemented 
the idea of having two independent alignment directions, as described in Chapter 
3.3.2. For this reasons we fabricated a transverse EO cell with two pairs of poling 
electrodes [97]. Due to the configuration of designed electrodes, switching could be 
maintained between two orthogonal aligning directions with a switching time of 
around 26 ms. Performance of the transverse EO cell was evaluated through electric 
birefringence and electric dichroism measurements. 

 

5.1 Opto-fluidic component and measurement setup 

The measurement setup consisted of the transverse EO cell, laser sources and read out 
equipment. The EO cell was composed of an opto-fluidic component, two pairs of 
poling electrodes and the voltage supply system.  
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Figure 5.1. Schematic layout of the opto‐fluidic component. 

 

The design of opto-fluidic component (Fig. 5.1) was based on a micro-structured 
optical fiber with an optical core and two holes along the cladding (two-hole fiber), 
which was inserted into a 20 mm long capillary from both sides. The cores of 
two-hole fibers were spliced to short pieces of multimode optical fibers from both 
sides. Two 50 mm long inlet pipes were connected to the component so that the liquid 
could be injected by a pressure pump into the capillary through the holes in the 
cladding and flow out from the other side. After filling the capillary, the liquid flow 
was stopped and capillary cavity served as a liquid container. A special care was taken 
to prevent appearance of air bubbles in the capillary. The light was coupled into the 
multimode fibers, travelled through the core of the two-hole fiber into the capillary 
and coupled out the same way on the other side of the component. Two microscope 
objectives were used for focusing light into the multimode fiber and collimating the 
output beam. For hermetic sealing, i.e. to prevent liquid from evaporation or dripping, 
all connections of the inlet pipes and two-hole fiber were covered with a UV sensitive 
epoxy. In order to maintain the polarization of light, the length of the multimode 
optical fibers was done as short as possible. 
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Figure 5.2. Electrical connection of the EO cell. 

 

The poling electrodes were formed by placing copper wires of Ø50 µm along the 
capillary, as shown in Fig. 5.2. Diametrically opposite wires formed poling electrode 
pairs and created two orthogonal poling directions. The distance between the paired 
electrodes was 600µm. The voltage supply system consisted of a wave generator, a 
pulse generator, an SPDT switch and a cascade of voltage amplifiers. The sinewave 
signal from the wave generator with tunable frequency and maximum amplitude of 12 
V was amplified maximum up to 215 V. The output from the amplifiers was 
connected to the Single pole, double throw (SPDT) switch, which was switched by 
the control pulse from the pulse generator. The duration and duty cycle of the control 
pulse were varied depending on the type of measurement. The output of the SPDT 
switch was connected to the electrode pairs in such a way that the created electric 
field inside the capillary was either in the horizontal or vertical plane. The connection 
scheme of the poling electrodes, power supply and SPDT switch is shown in Fig. 5.3. 

 

Figure 5.3. Connection scheme of the voltage supply system and the poling electrodes. 

 

For birefringence modulation measurements we used the He-Ne laser as the highest 
birefringence of P3HT nanofibers was observed at approximately 600 nm. The 
polarization of input light was set by a half-wave plate to 45° with respect to the 
horizontal and vertical alignment directions. The light was coupled into the 
opto-fluidic component, travelled through the liquid in capillary and exited the 
component from the other side. The phase shift, and degree of polarization were read 
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out by the polarimeter. The refractive index of the capillary and anisole solvent at 589 
nm were 1.46 and 1.516, respectively. The refractive index of the P3HT solution at 
632 nm was measured using the beam displacement technique and was around 1.6. 
Due to this, the component was efficient for light-guiding when either P3HT colloid 
or anisole were introduced into the cavity. The cavity filled with anisole was used to 
make the reference adjustments of the setup. For instance, the length of multimode 
fibers was shorten until the DOP of transmitted light transmitted was around 85%, 
which means that the polarization was sufficiently well maintained. As the inner 
diameter of the capillary was much bigger than the light wavelength, the propagation 
of light through the component was considered as propagation of light through a 
bulky uniaxial media, with no consideration of the optical modes. 

 

 
Figure 5.4. Layout of the measurement setup. 

 

For electric dichroism measurements we used the 532 nm laser as the highest 
absorption dichroism was observed at approximately 550 nm. The polarization of 
input light was set vertically (90°) and the transmitted signal was read out by the 
powermeter. 

 

5.2 Simulation results 

The configuration of electric field inside the component could not be analytically 
calculated using the assumption of uniformity. Therefore we developed a simulation 
model, using a finite element method, to define the distribution and magnitude of 
electric field, as a function of applied poling voltage. The capacitance between the 
electrodes was considered as negligible and for simplicity reasons the model was 
developed only in the electro-static domain. It means that for each electrode a static 

electric potential 
√

 was assigned according to the connection scheme (Fig. 

5.3), providing the vertical (Fig. 5.5a) and horizontal (Fig. 5.5b) alignments. As in 
experiments the electric field had the form sin	 , the model could only be 
used to define  for a particular voltage . The positive charge of P3HT 
nanofibers and possible charging of the outer dielectric surface of the capillary were 
also not accounted. 
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Figure 5.5. Configuration of electric field for (a) vertically and (b) horizontally powered electrodes. 

 

A detailed layout of the computational domain with respect to its geometry is shown 
in Fig. 5.6a. As seen in Fig. 5.5, the electric field can be considered as uniform only in 
the center of the capillary. For example, when the electrodes are powered vertically 
(Fig. 5.5a and 5.6b) x-component of electric field along Y-axis is zero but becomes 
non zero in proximity to the side walls. Moreover, the y-component of electric field 
along the Y-axis is stronger near the upper electrode, which introduces a gradient of 
electric field.  

 

 

Figure 5.6. Description of the computational domain (a) and electric field components along the X 

and Y axes for vertically powered electrodes by 120 V (b). 
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The magnitude of y-component of electric field at three different points inside the 
capillary (Fig. 5.6a) with respect to applied voltage is shown in Fig. 5.7a, and gives an 
idea of maximum and minimum of electric field distribution. The electric field 
averaged all over the capillary cross section is shown in Fig. 5.7 and better explains 
the electric field that P3HT nanofibers experience in general, which for vertically 
powered electrodes reaches 0.1 V/μm at 215 V of applied voltage. For horizontally 
powered electrodes, considering the alignment axis is X, the resulting values are 
similar due to circular symmetry of the system. 

 
Figure 5.7. Magnitude of electric field in the capillary with respect to the poling voltage for vertically 

powered electrodes. 

 

5.3 Measurement results 

During the electric birefringence measurements, the duration of control pulse (signal 
from pulse generator) was set to 10 seconds with duty cycle of 50%. The density of 
nanofibers in solution was 5.6·108 1/μm. The settings of the oscilloscope were such 
that the initial value of phase shift and at least two switchings were recorded (Fig. 
5.8a). The presence of control pulse (threshold of 2V) corresponds to actuation of the 
vertical electrode pair, vertical alignment of the nanofibers, horizontally oriented fast 
optical axis of the system and, therefore, positive phase shift value of transmitted light. 
The absence of control pulse (0V) corresponds to horizontally powered electrodes and 
other parameters, respectively. The amplitude of phase shift modulation was 
calculated and the difference between the maximum and minimum phase shifts during 
switching. The switching times (“up” and “down”) were calculated as time required 
for the system to change the orientation state using the 80/20 rule. The amplitude of 
phase shift modulation and switching time with respect to applied voltage of a fixed 
frequency 2 kHz are shown in Fig. 5.8b and 5.9, respectively. Accounting the 
simulation results, the amplitude of phase shift modulation of 5/6π and switching time 
of 26 ms were achieved at average electric field of 0.1 V/μm. The overall trend in Fig. 
5.8b is linear, with a small parabolic curve at 0-0.03 V/μm, which corresponds to 
weak electric field approximation. The discrepancy from linear trend at 160 V can be 
explained by localized short-term thermal fluctuations. Such fluctuations could be 
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caused by a micro-size inhomogeneity, which was not noticed during the 
measurements. 

The response time in transverse EO cell is comparable to that in the longitudinal one. 
This can have several baseline explanations. First of all, in transverse EO cell 
nanofibers are always exposed to external electric field, and therefore, no time for 
dipole formation is needed. The approximate time for dipole formation at 0.8 V/μm 
can be calculated as 1/3 kHz = 0.33 ms (Chapter 4.2). Secondly, the dynamics of 
switching from one aligned state to another might be different to that in longitudinal 
EO cell due to nanofibers mutual interactions. The interaction between the nanofibers 
can also depend on the density, which is not equal in both experiments. 

 

 

Figure 5.8. Results of the birefringence and absorption modulation measurements. 

 

 

Figure 5.9. Switching time measured at voltage frequency of 2 kHz. 

 

Further on, we conducted the frequency sweep measurements. The applied voltage 
was fixed and the measurements of the phase shift amplitude and switching time were 
performed with voltage frequency varying from 0 to 3.6 kHz. The saturation of phase 
shift amplitude and times was observed at approximately 1 kHz (Fig. 5.10). As this 
was not observed in the experiments with the longitudinal EO cell, we attribute this 
dependence to charging of the side walls of the capillary. In such case, a screening 
layer was created, which decreased the electric field inside the colloid. At frequencies 



44 

above 1 kHz, the screening layer was not formed, as charging is a slow process and its 
contribution becomes negligible. 
A slight decrease of phase shift amplitude was observed above 3 kHz, which is 
reasonably explained by the inability of charges inside nanofibers to follow the 
electric field. 
 

 

Figure 5.10. Amplitude of phase shift (a) and average switching time (b) versus frequency of poling 

voltage. 

 

 

 
Figure 5.11. Transmission modulation plot measured at poling voltage of 215 V and frequency of 2 

kHz. 

 
The electric dichroism measurements were conducted at fixed poling voltage of 213 V 
and frequency of 2 kHz. The colloid was diluted to the nanofiber density of 2.8·107 
1/μm. The results in Fig. 5.11 quantitatively show that the modulation depth (the ratio 
between the maximum and minimum transmission levels) of 2.71 can be achieved 
with good repeatability after multiple switching.  
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5.4 Tolerance of P3HT nanofibers 

In order to define how many times the P3HT nanofibers can be reversibly reoriented 
by electric field, we conducted a tolerance test. Possible threats such as bundle 
formation, degradation of nanofibers by electric field and light were tested. During the 
experiment, a continuous switching of nanofibers was monitored until the amplitude 
of phase shift modulation decreased by 5% of its primary value. The frequency of 
control pulse was set to 8 Hz, which corresponds to 16 switchings per second. The 
poling voltage and voltage frequency were set to 213 V and 2 kHz, respectively. 
When the experiment was stopped (after 1506 seconds), the number of switching 
cycles was counted as 2.41·104. The density of nanofibers in tolerance measurements 
was 2.8·107 1/μm. 

The red dots on Poincare sphere (Fig. 5.12) represent the trace of polarization states, 
which were monitored during the experiment. The initial polarization state is marked 
with blue color and is misplaced from the equator due to an ellipticity offset, which 
was always introduced by the multimode fibers. 

 

Figure 5.12. Poincare sphere with traces of polarization states recorded during the tolerance test. 

 

As the polarization trace forms a straight line it is possible to conclude that the optical 
properties of nanofibers (birefringence and dichroism) did not change during the 
entire experiment. The observed drop of modulation amplitude is probably attributed 
to dielectrophoretic (DEP) migration of nanofibers, which could be caused by 
non-uniformity of electric field in proximity to the capillary walls. In such case, 
nanofibers located especially far away from the center of capillary slowly drift to the 
upper left area (Fig. 5.5). This results in uneven distribution of nanofibers density and 
may affect the measurement results. The effect of physical degradation of nanofibers 



46 

is unlikely because it would have a sharper impact on the nanofibers polarizability. 

 

In this section, we demonstrated that P3HT nanofibers can be implemented in a 
transverse EO cell. This is much more advantageous and challenging than 
implementation in the longitudinal EO cell, as the modulation can be controlled 
dynamically and reversibly. The reversibility of switching the orientation of 
nanofibers in one of the possible direction is granted by a set of two electrode pairs. 
Such approach does not require surface rubbing of the EO cell, which is beneficial in 
comparison with liquid crystal EO cells. The anisotropic optical properties of P3HT 
nanofibers allow direct modulation of transmission and birefringence.  
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Chapter 6 
 

Conclusions 

This work is a first attempt to examine organic crystalline semiconducting 
nanostructures in the scope of electro-optics. Accounting the dynamics of their 
behavior in external electric field it is most likely that they can find practical 
implementation in the niche of devices based on liquid crystals or similar. A definite 
advantage of organic crystals is the ease of fabrication, huge variety of strong 
anisotropic properties and tunability. For instance, it is possible to tune crystal 
dimensions during the growth process, while the internal properties can be modified 
by chemical engineering or choosing another suitable composition. We believe that 
the abovementioned distinctive features, if being solidly addressed, can lead to new 
outstanding discoveries and breakthroughs. 
 
 

6.1 Summary of the dissertation work 

During our research we studied the ability to align P3HT nanofibers in solution by 
applying external electric field. Then the optical properties of aligned nanofibers were 
studied in a solid film and dispersion. As a result, we concluded that the anisotropic 
properties of P3HT nanofibers, combined with availability to control their alignment 
by electric field, can be implemented for modulation of optical phase and intensity of 
transmitted light. This idea was tested in transverse and longitudinal electro-optical 
cells. 

 

6.2 Suggestions for the future work 

The property of photoluminescence dichroism, combined with the facility of orienting 
the emissive particles is promising for reconfigurable optical devices [38]. It was 
shown that the photoluminescence of aligned P3HT nanofibers is highly anisotropic, 
with a stronger emission along the main polymer chains [98]. The ability to modulate 
the photoluminescence emission can be tested using a transverse EO. This experiment 
is very interesting and can fulfill the picture of potential provided by organic 1D 
nanostructures. The recommendations for future work on this topic are described 
briefly below. 

Unpolarized light with spectral range 350-500 nm (Fig. 6.1) is coupled to the 
transverse EO cell with two orthogonal electrode pairs, which define two alignment 
directions for the P3HT nanofibers, e.g. vertical or horizontal. The unpolarized light 
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equally excites nanofibers aligned vertically and horizontally, hence the 
photoluminescence emission is equal in intensity for both aligned states but is 
different in polarization. The polarization of photoluminescence can be measured by 
the analyzer, placed after the high pass filter, which cuts away the excitation signal.  

If the input light has a linear polarization, the emission will of course depend on the 
orientation of nanofibers, but so will the absorption and it will not be possible to 
distinguish these two effects by observing the transmitted intensity. Current 
organization of experiment allows avoiding this situation. 

 

 
Figure 6.1. Layout of the measurement setup for polarized photoluminescence modulation. 
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