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Abstract
Thermal nanoimprint lithography (T-NIL) is a cheap and fast technique to
produce nanopatterns in polymeric materials. It creates these patterns by
pressing a stamp down into a polymer film that has been heated above its
glass transition temperature. These nanopatterned polymer films can be used
in a wide variety of scientific fields, not the least the organic semiconductor
industry. There the nanopatterned films have, among else, been used to
improve the efficiency of organic light-emitting diodes (OLEDs). The
light-emitting electrochemical cell (LEC), which is similar in structure to an
OLED, also uses polymer films in their device structure but the light emitting
layer also contains an electrolyte. However, it has not been shown if
nanopatterns can improve LECs as well or if it is even possible to make an
imprint in their polymer films that are mixed with an electrolyte.
This thesis shows that T-NIL can be used to imprint nanopatterns in films
made of poly(ethylene oxide) and the conjugated polymer Super Yellow. The
best nanopatterns were produced by setting the imprint parameters to 85 ◦ C,
10 bar, 1800 s for poly(ethylene oxide) and 115 ◦ C, 20 bar, 1800 s for Super
Yellow. Imprints were also performed on polystyrene but no nanopatterns
could be produced. This was most likely because the stamp could not handle
the high temperature that is required to make a nanopattern in polystyrene.
The best imprint parameters of Super Yellow were then used to produce a
pattern in a film made of Super Yellow mixed with the salt
tetrahexylammonium tetrafluoroborate (THABF4 ) in order to be able to
produce one imprinted and one reference LEC. The imprinted LEC had a
luminosity of 139 cd/m2 , an improvement of 20% compared to the reference’s
115 cd/m2 when operated under identical conditions. The forward direction
and the angular dependent electroluminescence spectrum of the imprinted
LEC clearly showed an effect not observed in the reference.
These findings show that the polymer films used in a LEC can be imprinted
with a nanopattern by using T-NIL. The imprinted films can be used to create
functional LECs that show different behavior and a higher luminosity
compared to a non-imprinted reference. If these results can be repeated it
might be the starting point of a brighter future.
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Sammanfattning
Termisk nanoimprintlitografi (T-NIL) är en billig och snabb teknik för att
skapa nanomönster i polymermaterial. Den skapar mönster genom att trycka
en stämpel ner i en polymerfilm som har blivit uppvärmd över sin
glasstransitionstemperatur. De nanomönstrade polymerfilmerna kan användas
inom en mängd olika områden, till exempel den organiska halvledarindustrin.
Där har nanomönstrade filmer bland annat använts för att förbättra
effektiviteten hos organiska ljus-emitterande dioder (OLEDs). Den
ljus-emitterande elektrokemiska cellen (LEC), som är strukturellt snarlik en
OLED, använder också polymerfilmer men det ljusemitterande lagret
innehåller även en elektrolyt. Det har emellertid inte visats om nanomönster
kan förbättra LECs eller om det ens är möjligt att göra ett avtryck i deras
polymerfilmer som är blandade med en elektrolyt.
Den här avhandlingen visar att T-NIL kan användas för att prägla
nanomönster i filmer gjorda av poly(etylenoxid) och den konjugerande
polymeren Super Yellow. De bästa nanomönstren gjordes genom att sätta
imprintparametrarna på 80 ◦ C, 20 bar, 1800 s för poly(etylenoxid) och 115 ◦ C,
20 bar, 1800 s för Super Yellow. Försök till mönstring gjordes även på
polystyren men inga nanomönster kunde skapas. Detta berodde troligtvis på
att stämpeln inte kunde hantera de höga temperaturerna som krävs för att
göra ett nanomönster i polystyren.
De bästa imprintparametrarna för Super Yellow användes sedan för att skapa
ett mönster i en film gjord av supergul som hade blandats med saltet
tetrahexylammoniumtetrafluoroborat (THABF4 ) för att kunna skapa en
präglad och en referens-LEC. Den präglade LEC’n hade en ljusstyrka på 139
cd/m2 , en förbättring med 20% jämfört med referensens 115 cd/m2 när den
användes under identiska förhållanden. Ett framåtriktat och ett
vinkelberoende elektroluminescensspektra togs på LEC’erna och den präglade
LEC’n visade tydligt en effekt som inte observerades i referensen.
De här resultaten visar att polymerfilmerna som används i en LEC kan präglas
med ett nanomönster genom att använda T-NIL. De präglade filmerna kan
användas för att skapa fungerande LEC’er som visar annorlunda beteende och
högre ljusstyrka jämfört med en icke-präglad referens. Om de här resultaten
kan återskapas kan det vara startpunkten för en ljusare framtid.
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1

Introduction
1.1

Background

The Organic Photonics and Electronics Group (OPEG) at Umeå University
works, among other things, with investigating and improving light-emitting electrochemical cells (LECs). A basic LEC can be seen in figure 1.1(a). In a very
simplified way the LEC is a light emitting device with a light emitting layer,
consisting of an organic and luminescent semiconducting material mixed with
an electrolyte, sandwiched between a top and bottom electrode. When a current
is supplied to the electrodes, the light-emitting layer will become electrochemically doped and a p-n junction will dynamically form. This allows electrons
and holes to recombine, and through the decay of excitons into photons, light is
created. Part of that light will either go directly out of the device or be reflected
at the reflective electrode before it finds its way out, but a substantial part of
the light is lost to wave-guiding effects in the semiconductor layers [1–3] and
this is a loss that OPEG wants to reduce.
It turns out that these wave-guiding effects can be reduced in organic lightemitting diodes (OLEDs), a light-emitting device that is very similar to the
LEC except that there is no electrolyte in their semiconducting material, by
creating a nanopattern in their internal layers [4]. OLEDs have also been improved by patterning their external layers [5, 6], but it reduces losses due to
internal reflections, not wave-guiding effects. OPEG have managed to improve
the performance of LECs by making a structure on its external layer [7]. Making
a nanopattern on the internal layers have however, to the best of my knowledge,
never been tested in LECs before. That is why OPEG wants to know if it is
possible to produce a nanopattern in films made of either polystyrene (PS),
poly(ethylene oxide) (PEO) or Super Yellow (SY); three polymers that can be
used as internal layers in LECs. At my disposal I have a soft intermediate
polymer stamp (IPS), that have cone-shaped 100 nm high nanopillars with a
diameter of 200 nm, and the nanoimprinter Obducat NIL-2.5 inch.
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The Obducat NIL-2.5 inch produces nanopatterns with a technique called thermal nanoimprint lithography (T-NIL). It produces the pattern in a material by
heating it up and pressing down a stamp on it. The potential of T-NIL was
first demonstrated in 1995 by Chou et al. [8] and it has since then been used
in a wide area of technologies, for example electronics, optics and biological applications [9, 10]. Some reasons it is so widely used is because it is a low-cost,
high-throughput technique capable of producing patterns that are smaller than
10 nm, [11] which goes well in hand with the merits of LEC-technology. The
robust LEC-devices could potentially be manufactured in large volumes at a
very low cost, [12] an extra imprinting step in the manufacturing process would
not change that.
This thesis aims at investigating if T-NIL with an IPS can be used to produce a
nanopattern in polymer films of either PS, PEO or SY, and if these nanopatterns
reduce the wave-guiding effects or in any other way affect the performance of
LECs.

1.2

Purpose

The main purpose of this thesis work is to investigate, with the help of T-NIL
and an IPS, if nanopatterns can be created in the polymers that are used inside
LECs. These patterns and how they are created are the central part of this
thesis. If patterns can be created and time allows, they can be integrated in
a LEC in a number of ways as depicted in figure 1.1(b), (c) and (d). In (b),
the light-emitting layer, which is made of SY, will be imprinted and a reflective
electrode will then be evaporated on top of that film. PS is electrically insulating
which is why it has to be put between the transparent electrode and substrate
in (c). PEO is electrically insulating but also ion-conducting. That is why, as
seen in (d), it can be used between the light-emitting layer and the electrode as
long as those two are in partial contact with each other. The hypothesis is that
these patterns will, like with OLEDs, reduce wave-guiding effects and thereby
increase the light-outcoupling efficiency.

2

CHAPTER 1. INTRODUCTION

(a)
(b)

(d)

(c)

Figure 1.1: (a) The LEC structure with, from top to bottom, a reflective
electrode, a light-emitting layer, a transparent electrode and a substrate.
The emission of photons in the light-emitting layer and the loss of parts
of the light due to wave-guiding effects (depicted as arrows) is also shown.
(b) An imprinted light-emitting layer (SY) and a conformal evaporated
top electrode. (c) A nanopatterned transparent insulating polymer film
(PS) has been placed between the substrate and bottom electrode. (d)
An electrically insulating but ion-conducting nanopatterned polymer film
(PEO) is positioned between the light-emitting layer and the bottom
electrode. Since the film is electrically insulating, it is important that the
light-emitting layer and bottom electrode make partial contact or else it
would not be possible for a current to go through the device.

1.3

Objectives

The purpose can be summarized in the following objectives:
1. Investigate if it is possible to produce a nanopattern in a film made of PS,
PEO or SY by using T-NIL together with an IPS.
2. If a nanopattern can be produced, find the imprint parameters that generate the best patterns.
3. Create LECs with the polymer films that could be imprinted.
4. Characterize the imprinted LECs and compare them to references in order
to determine if the patterns affect the performance of the devices.
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Principle of thermal nanoimprint
lithography
T-NIL is a mechanical process that relies only on temperature and pressure to
press a stamp down onto a film made of a polymeric material to create a pattern
in it. As seen in figure 2.1, the process starts by heating the polymer film, which
rests on a substrate, above its glass transition temperature, Tg . This makes it
become soft and moldable (more on that in section 2.5) and can thus more easily
be imprinted. The stamp, which has been heated to the same temperature as
the polymer film, can now be pressed down on it. The stamp and film are in
contact while the film is made solid by cooling it below Tg . The stamp can then
be released and a pattern has been created.

2.1

The stamp

The stamp can be made of a hard material, such as silicon, or a softer material
like a polymer, as long as the polymer have a sufficient elastic modulus. The
hard stamps commonly have a longer life time and better resolution compared to
the soft stamps. This is because they are harder and have a higher mechanical
strength, making them less susceptible to deformation or collapse during the
imprint process. However, due to their inflexibility, small particles that gets
stuck between the stamp and polymer film can cause air bubbles which creates
bad imprint regions up to a few millimeters depending on the particle size.
The demolding of hard stamps are commonly done with a razor blade which
often causes damage to the stamp. Soft stamps have the advantage of being
flexible, which makes the demolding process easier, enables conformal contact,
and reduces the required imprint pressure. Conformal contact makes soft stamps
less sensitive to particle contamination since they can deform around a particle
as illustrated in figure 2.2 [13–18].
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Figure 2.1: An illustration of the T-NIL process. The dashed black
lines clarifies what part of the imprint procedure that is explained. a)
The stamp and substrate with a polymer film on it are heated to the
required imprint temperature. b) The stamp is pressed down onto the
film and held there at high temperature and pressure. c) The stamp and
film are cooled below Tg before the pressure can be released. d) The
stamp is separated from the polymer when the desired temperature has
been reached. The process is completed.
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Figure 2.2: The top picture illustrates how a particle (black dot) comes
in contact with the hard stamp. The hard stamp rigid and cannot deform around the particle. That means that the particle can potentially,
depending on its size, affect an imprint area as large as a few of millimeters. The bottom picture illustrates how a soft stamp deforms around
the particle. Since it can deform around the particle, only the most local
imprint area around the particle will get affected.

It is non-trivial, time-consuming and expensive to fabricate stamps, but once
a hard stamp has been made, it can be used as a master stamp to produce
intermediate polymer stamps (IPS R (Obducat)), which are inverse images of
the master stamp. The process of producing IPSs is of low risk to the expensive
master stamp since it only comes in contact with a soft material unlikely to
cause any cracks in it. This way it can produce multiple copies of IPSs, each of
which can then ideally be used several times in an imprint process. This makes
IPSs a cheaper alternative for imprinting [17, 18].

2.2

Stamp profile

Whether you use a hard stamp or an IPS it is important to know that the protrusions in a stamp increases the surface area that is in contact with the polymer
film and that leads to a strong adhesion between them. This means that film
material will stick to a stamp that has not been surface treated. It can be remedied by lowering the stamp’s surface energy with a low-surface-energy-coating
or use a stamp with intrinsically low surface energy e.g., poly(dimethylsiloxane)
(PDMS) [13].
To further reduce sticking one should also consider the profile of the stamps
protrusions. An undercut profile will cause the polymer film to get stuck in
cavities and the imprint will be damaged during demolding. Vertical profiles
with high aspect-ratios can make demolding harder due to increased surface
contact between the stamp and film. A tapered profile could ease the demolding
process [19]. If the stamp has protrusions that vary in size, it could lead to an
imprinted pattern of uneven height [13, 17, 20].
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2.3

Important properties of polymer films for nanoimprinting

For T-NIL, a thermoplastic polymer is used as a film. Thermoplastic polymers
becomes moldable above a certain temperature and then hardens as they cool
down [21]. They can be categorized according to how their molecular chains are
ordered; polymers with no structural order are called amorphous and polymers
with structural order are called crystalline or semicrystalline [22]. Figure 2.3
illustrates an amorphous and a crystalline region in a polymer.

(a)

(b)

Figure 2.3: An illustration of an amorphous (a) and a crystalline (b)
region in a polymer. The molecular chains are in a disorder in the amorphous region and ordered in the crystalline region.

A thermoplastic polymer will have different mechanical and thermal properties
depending on whether it is amorphous or semicrystalline. Semicrystalline polymers have a distinct melting point, Tm , where the temperature destroys the
crystalline order and it becomes a disordered liquid. Amorphous thermoplastics
lack a fixed melting point, instead they gradually softens with increased temperature. Tm should not be confused the glass transition temperature, Tg . Tg
is the temperature where the amorphous regions of a polymer goes from being
hard and brittle to soft and rubbery [23–25]. Figure 2.4 shows a schematic
representation of how the elastic modulus can behave in an amorphous and a
semicrystalline polymer. In this illustrated case, Tm affects the elastic modulus
more than Tg but this depends on the degree of crystallinity [26].
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Figure 2.4: A schematic representation of how temperature affects the
elastic modulus in an amorphous and a semicrystalline polymer. Here it
is assumed that they have the same Tg . Picture inspired by [27].

Tg and Tm are affected by numerous factors, e.g., intermolecular forces, crosslinking and chain flexibility. They are also affected by the polymer’s molecular
weight, Mw . The Mw is the most important parameter for a polymer’s flow
behavior when the temperature is above Tg for amorphous polymers and Tm for
semicrystalline polymers. The shear viscosity of a polymer will decrease with
decreasing Mw [28]. This means that a polymer with low Mw can be imprinted
at lower temperatures and fill the mold better during imprint conditions compared to a high Mw polymer. However, they might be more prone to dewetting
and also be more brittle which can lead to fractures during demolding. A higher
Mw gives a polymer better cohesive strength, which is important when fabricating very small structures, but they require higher imprint temperatures which
increases the risk of defects caused by physical self-assembly [13, 29].
Another thing to consider when choosing the polymer film to imprint is the
polymer’s chain relaxation time, Ct . This is the time it takes for the polymer
to find an equilibrium state after it has been induced to stress. The imprint
time should be much longer than Ct to fully relax the residual stress and reduce
the risk of polymer recovery which can cause bad imprint patterns. Ct can
be lowered in two ways, higher imprint temperature and/or lower Mw , both
of which, as mentioned earlier, can have negative effects on the imprint result
[28, 30].
Bogdanski et al. suggest that polymers with higher Mw is more suitable for
T-NIL than those with lower Mw [30]. In another paper from the same research
group they suggest that polymers with a Tg of 80-100 ◦ C and a moderately
high Mw of 200-300 kg/mol is best suited for T-NIL [31]. A typical imprint
temperature is often 70-90 ◦ C above Tg [13].
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Nanopattern fabrication
The polymers that were imprinted were poly(ethylene oxide) (PEO), polystyrene
(PS) and Super Yellow (SY). The general sample preparation and imprint procedure were the same for all 3 polymers and are explained in the coming sections.
Details and processes that differentiates the polymers will be explained after
the general preparation and imprint procedure have been described.

3.1

The nanoimprinter

The nanoimprinter Obducat NIL-2.5 inch, which can be seen in figure 3.1, uses
compressed air on thin sheets of aluminum foil to press a stamp down onto the
polymer film in order to produce a nanopattern. In figure 3.2 one can see that
the air pressure technique, unlike a regular hard pressing technique, provides
a uniform, conformal force on the aluminum foil, which means that materials
that are not perfectly flat can be uniformly imprinted as well [32]. Before the
imprinter could be used, samples to imprint had to be prepared. How that was
done is described in the upcoming section.

9
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Figure 3.1: The left picture shows the nanoimprinter Obducat NIL-2.5
inch and the right picture displays the important parts for the imprint
procedure, namely: 1. air cooling tubes, 2. high pressure gas connector,
3. lock pin, 4. top pressure block containing the pressure chamber, 5.
loader arm, 6. pressure pin, 7. heater, 8. piston adapter. (The reason
the picture is yellow is because yellow light is used in the clean room in
order to protect photosensitive materials.)
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Figure 3.2: The difference between a hard and a soft pressing technique.
The hard pressure technique pushes the stamp down onto the film but
cannot compensate for any thickness variations in the stamp or substrate.
The soft pressing technique applies an uniform, conformal pressure on an
aluminum foil to press the stamp down onto the film. This means that
this technique is not as sensitive to thickness variations. The figure is
copied from [32].
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3.2

Sample preparation

Particle contamination can potentially destroy both the imprinted area and the
stamp, making it important to thoroughly clean the substrates on which the
polymer films will be formed. Plain glass- and indium tin-oxide (ITO) coated
glass substrates (30x30) mm2 were used in this thesis work. First they were
ultrasonicated for 15 minutes at 30 ◦ C in a 10% Extran MA 01 (Merck) deionized
water solution. The substrates were then rinsed with deionized water before they
were immersed in acetone (VWR) and ultrasonicated for another 15 minutes
at 30 ◦ C. Without rinsing, the substrates were then immersed in 2-propanol
(VWR) and ultrasonicated with the same parameters as before. Finally they
were dried in an oven at 120 ◦ C for a minimum of 2 hours before they were
used.
To make a film, the polymers had to be dissolved in a solvent and stirred on
a hotplate until they were completely dissolved. The dissolved polymer was
applied on a substrate using a pipette, and spin-coated with a SPS Spin 150.
Spin coating is a technique which uses high rotational speeds in order to spread
a fluid by centrifugal force, creating a thin uniform film on the substrate [33].
The rotational speed varied between samples, but unless otherwise specified, all
films were spun for 60 seconds at an acceleration of 1000 rpm/s. After a film
had been created, the remaining solvent was removed by heating the substrate
on the hotplate at a temperature of 50 ◦ C for at least 24 hours. These steps
were conducted under ambient conditions.

3.3

The imprint procedure

In order to produce a nanopattern, the first thing that needed to be done was
to place a glass substrate coated with a polymer film inside a custom made
aluminum frame which fits the substrates precisely; this helped to prevent leaks
during the imprint process (leaks are explained in more detail in section 3.3.2).
A piece of soft intermediate polymer stamp, approximately (7x25) mm2 , was cut
with a small and sharp scissor and placed on top of the polymer film. A small
part (approximately 3 mm) of the stamp was intentionally placed on the edge of
the aluminum frame in order to facilitate the upcoming demolding process. The
aluminum frame was resting on a 100 mm diameter circular sheet of aluminum
foil from Obducat, made for thermal imprinting and clean rooms (oil-free). The
sheet of aluminum foil, with the sample on top of it, was placed upon the loader
arm. Another two sheets of aluminum foil were then placed on top of that. One
sheet is enough for the pressure to be applied, the redundancy was to prevent
leaks from potential punctures through the foil. The loader arm was then placed
in between the heater and the top pressure block and locked into place with the
lock pin.
Now the imprint parameters needed to be set with the software Eitre3. Figure
3.3 shows a table from Eitre3 where the imprint parameters temperature, pressure, UV exposure and air cooling could be set. Each row represents one imprint
step and at least two steps are required. To keep the variations to a minimum,
only two steps were done for each imprint. In step one, a desired temperature,
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pressure and time were set, here UV exposure and air cooling were always set to
zero. The machine’s maximum temperature is 250 ◦ C with a setting accuracy
of ± 2.0 ◦ C and the temperature differences across the active surface is within
± 0.5% of the temperature. The maximum pressure allowed is 70 bar [34]. For
step two, the temperature was always set to 45 ◦ C, the air cooling to 100% and
the other parameters to zero. Once all the parameters had been set, the imprint
process was started.

Figure 3.3: A table from the LabVIEW program Eitre3. This is where the imprint
parameters were set and an example of a typical imprint setting is displayed.

It began with the piston adapter being raised to the top pressure block. This
made the loader arm with the sample go into the pressure chamber where it
was held firmly with a pressure around 4.3 bar. The heater then raised the
temperature of the sample until the setpoint had been reached. At this point,
the high pressure gas connector applied the set pressure and the temperature
was kept constant for the set amount of time. When the time was over, the air
cooling started and the sample began to cool down but the pressure was still
applied. Once the sample had cooled down to 45 ◦ C the pressure was released
and the imprint procedure was complete. A successful imprint procedure can
be seen in figure 3.4.

Figure 3.4: The pressure was stable for the entire imprint which means
that the procedure was successful. Keep in mind that a successful imprint
procedure does not necessarily mean that a nanopattern has been created
in the polymer film.
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3.3.1

Properties of the imprinted materials and their imprint settings

This subsection gives information about the properties of the polymers that were
imprinted and provides data from imprints done by other research groups. This,
together with the information in chapter 2, was then considered when choosing
the settings of the imprint parameters because it can often be advantageous to
choose these according to rules of thumb [35]. These settings were used as a
starting point, several different settings were then tried in order to get the best
possible pattern.
One important note is that the imprint parameters temperature, pressure and
time always had a high and low setting for each material. All permutations of
the imprint parameters where then tested in an imprint procedure for a total of
8 samples per material. This was inspired by the 2k factorial design test whose
purpose is to check which parameters are most important and if there are any
correlation between them [36]. A clarification of the permutations can be seen
in table 3.1.
Table 3.1: All possible permutations of the imprint parameters with one
high and one low setting.

Temp.
Low
Low
Low
High
Low
High
High
High

Pres.
Low
Low
High
Low
High
Low
High
High

Time
Low
High
Low
Low
High
High
Low
High

Polystyrene
Polystyrene (PS) is the polymer that is supposed to be used as the transparent film between the bottom electrode and substrate in figure 1.1(c). It is an
amorphous polymer with a Tg at 100 ◦ C when it has a Mw of 280 kg/mol [37].
Messé et al. [38] showed that an imprint time of 300 s > Ct when the imprint
temperature is 30 ◦ C above Tg at this Mw for PS, and Bogdanski et al. has
showed that PS can be imprinted at a temperature of 150-190 ◦ C [30].
Experimental procedure: PS with a Mw of 280 kg/mol (Sigma-Aldrich)
was dissolved in cyclohexanone (≥ 99.5%, Sigma-Aldrich) in a concentration of
51 mg/ml. This was applied on a glass substrate and spin-coated at 3000 rpm
which gave a film thickness of 290 nm. The imprint parameters that were chosen
can be seen in table 3.2. One extra imprint was performed with the temperature,
pressure and time set to 120 ◦ C, 20 bar and 1800 seconds respectively.
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Table 3.2: The low and high settings of the imprint parameters for PS.

Low
High

Temp. (◦ C)
150
180

Pres. (bar)
10
20

Time (s)
60
300

Poly(ethylene oxide)
Poly(ethylene oxide) (PEO), the material that is supposed to be used for the idea
in figure 1.1(d), is a semicrystalline polymer and when it has a Mw of 300 kg/mol
it has a Tg at -67 ◦ C and Tm at 65 ◦ C [39]. An experiment by Okerberg et al.
has showed that a film of PEO can be imprinted at a temperature of 75 ◦ C [40]
and its Ct is on the order of a few seconds when the temperature is 85 ◦ C [41].
Experimental procedure: PEO with a Mw of 300 kg/mol (Sigma-Aldrich)
was dissolved in cyclohexanone (≥ 99.5%, Sigma-Aldrich) in a concentration of
20 mg/ml. This was applied on a glass substrate and spin-coated at 2000 rpm
which gave a film thickness of approximately 150 nm. The imprint parameters
that were chosen can be seen in table 3.3.
Table 3.3: The low and high settings of the imprint parameters for PEO.

Low
High

Temp. (◦ C)
85
130

Pres. (bar)
10
20

Time (s)
60
300

Super Yellow
Super Yellow (SY) is an amorphous poly(para-phenylene vinylene) copolymer
and knowledge about its thermal properties are limited. Reports about its Tg
vary, Burns et al. showed that is has a Tg at 83 ◦ C [42]. Edman et al. states
that pure SY has a Tg at 150 ◦ C and the SY used in their experiment was found
to have a Tg at 180 ◦ C [43].
Experimental procedure: SY (PDY-132, Merck) was dissolved in Toluene
(Merck) in a concentration of 8.5 mg/ml. This was applied on a glass substrate
and spin-coated at 900 rpm which gave a film thickness of approximately 300
nm. The imprint parameters that were chosen can be seen in table 3.4. Besides
making an imprint with all the possible permutations of these parameters, another 18 extra samples with different parameters were made. The parameters
of these 18 imprints can be seen in table 3.5.
Table 3.4: The low and high settings of the imprint parameters for SY.

Low
High

Temp. (◦ C)
100
150

Pres. (bar)
10
20
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Table 3.5: The imprint parameters of the 18 extra samples.

Temp. (◦ C)
110
110
110
115
115
115
120
120
120
110
110
110
115
115
115
120
120
120

Pres. (bar)
10
20
30
10
20
30
10
20
30
10
20
30
10
20
30
10
20
30

16

Time (s)
300
300
300
300
300
300
300
300
300
1800
1800
1800
1800
1800
1800
1800
1800
1800
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3.3.2

Leaks during the imprints

Figure 3.4 shows a successful imprint, but sometimes there is a leak. A leak
occurs when the aluminum foil is punctured. This will result in a pressure drop
which the machine will try to compensate, leading to the pressure going up and
down and the imprint procedure would have to be aborted since this could affect
the fidelity of the final pattern. Examples of leaks of different sizes are shown
in figure 3.5.

(a)

(b)

(c)

(d)

Figure 3.5: Various sizes of leaks. In (a) there is a clearly visible rupture in the
sheet of aluminum foil which results in a large drop in pressure during the imprint
process. In (b) there is a small rupture in the foil that can be hard to detect but
it still leads to a significant pressure drop. (c) shows the pressure drop from a hole
not bigger than a pinhole. (d) displays a drop in pressure but it is not classified as a
leak since the machine did not have to compensate for it during the imprint process.
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The substrate in figure 3.6(a) has sharp edges and corners which easily could
puncture the aluminum foil when pressure was applied. To prevent this, the
substrates were placed in a custom made frame made of polydimethylsiloxane
(PDMS) with the same height as substrate. Since PDMS is soft, the aluminum
foil could press down the edges of the PDMS frame when pressure was applied,
making them less sharp. This did reduce the leaks but they were still a problem.
Instead, the substrates were placed in the custom made aluminum frame in figure
3.6(b). It is as high as the substrate and has rounded off and inclined edges
which made leaks very rare, even with only one sheet of aluminum foil on top of
the sample. However, two new sheets were always placed on top of the sample
before an imprint to further minimize the risk of leaks. The aluminum foils can
be reused several times unless there is a leak, then the aluminum foils should
be discarded and replaced with new ones.

(b)

(a)

Figure 3.6: The substrate in (a) have sharp edges and corners which often punctured
the aluminum foil when pressure was applied. This problem was greatly reduced by
placing the substrate in the custom made aluminum frame seen in (b).

The leak rate in a well tuned machine from the factory is nominally 0.03 bar/s
so anything above that rate could be classified as a leak [32]. However, for this
thesis work, if the machine had to compensate for a drop in pressure it was
considered a leak and the imprint process was aborted.

3.3.3

Demolding

If the imprint procedure went well, the bottom sheet of aluminum foil was carefully lifted up from the loading arm, bringing the sample and the two top sheets
of aluminum foil along with it. The top sheets were then carefully removed
with the help of a scalpel and a tweezer to make sure the stamp did not move.
The substrate could now be lifted out of the aluminum frame with the help of a
tweezer. The small part of the stamp that deliberately had been placed on the
aluminum frame at the beginning of the imprint procedure was now sticking
out on the side of the substrate. The stamp could now be lifted straight up
with a tweezer and the demolding process was complete. An indication that
a nanopattern had been created in the film was if the imprinted area acted
as a diffraction grating that dispersed the incoming light. An example of this
18
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can be seen in figure 3.7. This can be compared to the common compact discs
seen in the same figure which also acts as a diffraction gratings due to its track
separation of 1.6 micrometers [44].

Figure 3.7: An imprinted PEO film which acts as a diffraction grating,
an indication that a nanopattern has been produced in the film. It is the
same sample but photographed at different angles. In the bottom right
corner are compact discs that disperses the incoming light and also acts
as diffraction gratings. Disc image from [45].

3.3.4

The expected pattern

The pattern of the intermediate polymer stamp consists of cone-shaped nanopillars with an approximated height of 100 nm and they can be seen in figure 3.8
where they have been viewed with an atomic force microscope. In figure 3.9 the
stamp is viewed from directly above with a scanning electron microscope and
the pattern looks like holes with a diameter of approximately 200 nm. This is
actually the diameter of the bottom of the pillar which means that if the stamp
can be fully immersed into the polymer film, it will create a pattern which will
look like holes with a diameter of 200 nm when viewed from above.
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Figure 3.8: The stamp viewed with an atomic force microscope. The
protrusions are the stamp’s pillars.

Figure 3.9: The stamp viewed from directly above with a scanning
electron microscope. From this angle, the pillars look like holes.

Figure 3.10 shows a damaged region of the stamp and these regions were fairly
common. It is clear that the pillars have been bent by an external force. It
could come from a bad master stamp, but given the extent of the damage and
that the pillar is bent, not cut off (the master stamp is hard), it is more likely
that the damage comes from somewhere else. One theory is that the paper the
stamp rests in could be the cause of this damage. The paper is made to not
give off any residues that could contaminate the stamp. However, it is made of
relatively large fibers which could damage the stamp if pressure is applied on
the paper. If the stamp has been damaged by this is not something that can be
detected with a simple eye inspection of the stamp before an imprint. So one
should be aware that there might be damaged regions in the imprinted pattern.
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Figure 3.10: Damage on the stamp that might come from a fiber can
be seen in (a). (b) shows the interface of a non-damaged and a damaged
region; it is visible that the nanopillars have been bent by an external
pressure.

3.4

Characterization of the polymer films

This section shortly explains the techniques that were used to characterize the
non-imprinted and imprinted polymer films. More information about each technique can be found in the sources cited after their respective paragraph.

Thickness measurements
A stylus profilometer uses a contact probe to detect a surface. The probe moves
along a surface while maintaining contact with a constant force which allows it
to measure the height profile of the surface [46].
By making a scratch in the polymer film with a small needle, its thickness could
be measured with the stylus profilometer DektakXT (Bruker) by moving its
probe perpendicularly over the scratch. This procedure was done for both nonimprinted and imprinted films. However, PEO films (with a scratch) had to be
coated with a thin metal layer before their thickness could be measured since
PEO is so soft that the probe would press down into it otherwise, resulting in
an inaccurate thickness measurement. Lindh encountered the same problem in
his Master’s thesis [47].

Thermal evaporation
Thermal evaporation is a technique that makes a thin coating on a substrate by
heating a source material in high vacuum (pressure<4·10−6 mbar) until it starts
to evaporate. The high vacuum allows the atoms from the source material to
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travel freely to the substrate where they condensate and form a coated surface
[48].
Thermal evaporation served two purposes during this work. The first one was
to deposit a layer of aluminum on top of the PEO film in order to be able to
measure its thickness. The other one was to create the top electrode, described
in section 3.6.1, of a LEC. A layer of 100 nm aluminum was always used for
both of these purposes. An Univex 350 (Leybold) was used to do all thermal
evaporations.

Scanning electron microscopy
Scanning electron microscopy (SEM) was used to characterize the nanopattern
on the film since the profilometer’s horizontal resolution is too low to do that
(a regular optical microscope could not be used either since the wavelength of
visible light is too long). It uses an electron beam to scan the surface, which
must be electrically conductive, of a sample. A SEM allows for much better
resolution compared to an optical microscope since the wavelength of electrons
is much shorter than the wavelength of visible light [49].
To make the surface of the polymer films electrically conductive it had to be
coated with a layer of iridium 3 nm thick. This did not affect the pattern. After
a SEM image had been taken, the diameter of a hole could be measured by
counting pixels and comparing it to the image’s scale bar. This was done with
the help of the software Microsoft Paint.
All SEM-pictures in this thesis were taken with a Carl Zeiss Merlin field-emission
scanning electron microscope belonging to Umeå Core Facility for Electron Microscopy (UCEM), operated by Cheng Choo (Nikki) Lee.

Atomic force microscopy
An atomic force microscope (AFM) was used to make a depth profile of the
nanopattern. It measures the surface in a very similar fashion to that of a
stylus profilometer. However, the probe used in an AFM is much smaller, a 36 µm tall pyramid with 15-40 nm end radius, allowing for much better horizontal
resolution [50].
The BioScope CatalystTM BioAFM (Bruker) belonging to The Biochemical
Imaging Centre (BICU) was used to take all AFM images in this thesis. The
AFM images were analyzed with the software NanoScope which could do 3D
images of the surface and determine the depth of the holes.
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3.5

Fabrication and characterization of light-emitting
electrochemical cells

If a nanopattern could be produced in any of the polymer films, it was to
be used in a LEC (remember figure 1.1) and compared to a non-patterned
reference in order to determine if the pattern affects the performance of the
device. This section explains the fabrication of the LECs and how they were
characterized. As before, there will be a short explanation of the techniques
used in the characterization and more information about them can be found in
the sources cited after their respective paragraph.

3.5.1

Fabrication

SY and the salt tetrahexylammonium tetrafluoroborate (THABF4 , Sigma-Aldrich)
were separately dissolved in cyclohexanone(≥ 99.5%, Sigma-Aldrich) in a concentration of 10 mg/ml. These solutions were then mixed together in a mass
ratio of {SY:THABF4 }={10:1} and diluted with additional cyclohexanone to a
final solute concentration of 8.5 mg/ml. This solution was applied on an ITO
substrate (the ITO serves as a bottom electrode in a final LEC device) and spincoated at 700 rpm. This was then imprinted with the temperature, pressure and
time set to 115 ◦ C, 20 bar and 1800 seconds respectively. The imprinted sample was then transfered into a nitrogen filled glovebox (O2 < 5 ppm, H2 O < 2
ppm) and put on a hot plate set to 70 ◦ C. There it dried for 24 hours before
an aluminum top electrode with a thickness of 100 nm was evaporated on to
it. A reference LEC was fabricated in exactly the same way except it was not
imprinted.

3.5.2

Characterization

The pixel size was (2x2) mm2 for all LECs and they were all driven with a
constant current of 0.4 mA in all measurements.

Luminance
Luminance is a measure of how bright the emission looks to the human eye.
The luminance and voltage evolution of the LECs were measured using a M6000
OLED Lifetime Test System (McScience) and the software M760 OLED Lifetime
Test [51]. The voltage compliance was set to 20 V.

Electroluminescence spectrum
The fiber optic spectrometer USB2000+ (Ocean optics) measured the electroluminescence (EL) spectrum of the LECs. It diffracts incoming light into a
spectrum with a grating. The diffracted light is then directed into detectors
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which measure the intensity of the light at the different wavelengths, giving an
EL spectrum of the LEC [52].
The software SpectraSuite was used to handle the measurements. One measurement consisted of an average of 30 spectra, taken over a time period of 100 ms.
After the EL spectrum of a LEC had been measured, a dark measurement with
the same settings was performed. This measurement was then subtracted from
the LEC measurement with the help of Matlab (R2016b). The instrument have
different wavelength sensitivity, to compensate for this, the measured spectrum
had to be multiplied with the instrument function in order to get the correct
spectrum. The LECs had reached steady state before measuring.

Angular dependence of the electroluminescence spectrum
The angular dependence of the EL spectra of the LECs was measured with a
custom-built automated spectroscopic goniophotometer. The LEC is rotated
with a stepper motor and the light from it is directed into a CCD-array spectrometer (Flame-S, OceanOptics) with the help of an optical fiber. [53]
The angular dependent EL spectrum of the LECs were measured for a total of
43 angles, θ, over the range (-80◦ < θ <80◦ ). All LECs had reached steady state
before measuring.
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Result and Discussion
4.1

The pattern produced by imprinting polystyrene

PS could not be imprinted even though Bogdanski et al. has shown that it
is possible at temperatures of 150-190 ◦ C. They used PS with a Mw of only
10-30 kg/mol which is an order of magnitude lower than what was used in this
work. However, they mention that their PS had a Tg of approximately 95 ◦ C,
only 5 ◦ C lower compared to PS with a Mw of 300 kg/mol. That means that
the most important property (Tg ) [54] of the polymers was roughly the same.
Messé et al. [38] have already established that the imprint time of 300 s > Ct
at these temperatures, leaving pressure as the only imprint parameter left to
adjust in order to get an imprinted pattern. So tests with increased pressure
were performed but to no avail.
It was realized the problem might be with the stamp. A test was performed
where a piece of stamp was put on a hotplate and the temperature was turned up
gradually. The stamp became soft and moldable at only 130 ◦ C, indicating that
its Tg is around that temperature. This seriously limited the imprint capabilities
of this thesis work.
In light of this finding, a new imprint test was performed where the imprint
parameters were set to 120 ◦ C, 20 bar and 1800 s. The purpose of this was to
imprint at a temperature where the difference in elastic modulus between the
PS and stamp was as high as possible. Since the elastic modulus of a polymer
can drop several orders of magnitude around its Tg , the hope was that 120 ◦ C
was the temperature where this had already happened for the PS but not the
stamp. This idea is illustrated in figure 1 in the Appendix. This did not yield
any successful results so the experiments with PS were discontinued.
The problem with the high Tg of PS could be tackled by using PS with a lower
Mw , thus lowering its Tg . However, this could lead to poor pattern quality. Before resorting to that it is recommended that future imprint studies on PS uses
a soft stamp with a higher Tg in order to produce a pattern. It is also important that the stamp has an appropriate elastic modulus (too low leads to poor
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resolution, too high and it becomes brittle) and low surface energy. Candidates
for that could be polytetrafluoroethylene (PTFE), perfluoropolyether (PFPE)
and ethylene tetrafluoroethylene (ETFE) [55]. Another option is of course to
use a hard stamp made of e.g. silicon but that is excluded since this thesis work
investigates if the patterns can be produced with a soft stamp. (Although, one
alternative for future studies might be to meet halfway [56].)

4.2

The pattern produced by imprinting poly(ethylene
oxide)

A nanopattern could be produced in four different PEO films with the imprint
parameters seen in table 4.1 and figure 4.1 shows the four different imprinted
films. (a) and (b) both have characteristic drag marks pointing in one direction.
A plausible explanation for that might be that those patterns were produced
with the help of the frame made of PDMS instead of the one made of aluminum.
When a sample is ready to be imprinted, approximately 3 mm of the stamp rests
on the frame in order to ease the demolding process so if the frame moves, so will
the stamp. In figure 3.5(d) one can see that the pressure is slowly decreasing
during the whole imprint procedure and this was very common. This means
that, since PDMS is very soft (it has an elastic modulus of only a few MPa [57]
which can be compared to aluminum’s 69 GPa [58]), a decrease in pressure will
cause it to expand and thereby move the stamp. If the stamp moves during
the cool down process in the critical temperature zone around Tg , it will cause
permanent damage to the pattern. Another thing that could contribute to this
is the relatively high thermal expansion coefficient of 3·10−4 /◦ C [59] for PDMS.
That means that a piece of PDMS with a length of 3 mm will be 18 nm shorter
if the critical temperature zone ranges 20 ◦ C.
The imprint pattern in figure 4.1(c) has scratch marks on the surface of the film
that are in random directions. This pattern was also produced with the help of
the PDMS frame, so it is possible that the process was overall more stable that
time (compared to (a) and (b)) but small vibrational movements caused the not
perfectly flat bottom of the stamp to create scratches on the surface. Since Tm
of PEO is 65 ◦ C, and therefore in a liquid state at the imprint temperature,
it is reasonable to assume that the bottom of the stamp was in contact with
the surface of the film. The imprint temperature in (d) was 85 ◦ C but it does
not show any sign of these marks so it also possible that the higher imprint
temperature in (c) (130 ◦ C) causes physical self-assembly in the PEO film.
Figure 4.1(d) has a more uniform pattern and no signs of any marks. This is
most likely because the PDMS frame had been replaced by the more robust
aluminum frame. The holes’ diameter are 198-206 nm which is within the range
of the approximately 200 nm wide nanopillars on the stamp. This indicates that
the settings of the imprint parameters used in (d) are most likely a good choice
to create a nanopattern in PEO, however repeated experiments are required to
say for certain.
The holes’ diameters in 4.1(a), (b) and (c) are 180-184 nm, 202-221 nm and 212232 nm respectively. That implies an imprint temperature of 130 ◦ C leads to a
hole diameter that is bigger than the diameter of a nanopillar. This strengthens
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the claim that the stamp gets softer around that temperature because if the pillars becomes soft, the pressure will cause them to compress and deform making
the holes more shallow and wider.
The four imprints that can be seen in figure 4.1 are the only imprints in PEO
and 3 of them were made using a frame of PDMS. The result in (d) needs to
be repeated to say for sure if those are suitable imprint settings. (c) needs to
be repeated with an aluminum frame to make any conclusions if the defects are
because of small vibrations, self-assembly or an unknown cause. However, since
the stamp gets soft at that temperature it is recommended that is ignored. Instead one should perform a whole new test where the low and high temperatures
are set between 70-100 ◦ C. This is to reduce the risk of stamp deformation, finding good imprint settings and getting a larger sample set to draw conclusions
from.

(a)

(b)

(c)

(d)

Figure 4.1: The imprinted PEO films. A PDMS frame was used when
the patterns in (a), (b) and (c) were produced. An aluminum frame was
used when the pattern in (d) was produced. The hole diameters in (b)
and (c) are larger than the diameters of the stamp’s pillars, this is most
likely because the high imprint temperature has made the stamp soft.
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Table 4.1: The imprint parameters and the hole diamaters of the
nanopatterned PEO films in figure 4.1.

Figure
4.1d
4.1a
4.1b
4.1c

4.3

Temp. (◦ C)
85
85
130
130

Pres. (bar)
10
20
10
20

Time (s)
60
300
300
300

Diameter (nm)
198-206
180-184
202-221
212-232

The pattern produced by imprinting Super
Yellow

A larger sample set than that of PEO is SY’s and it can be seen in table
4.2. The reason why any results from the imprint settings in table 3.4 are not
presented is because they could not produce a nanopattern in the SY film. It
has already been established that 150 ◦ C is too high for the stamp but 100 ◦ C
is not. However, since no pattern could be produced it is probably below SY’s
Tg , making it too hard to imprint on. That is why, just as with PS, a test with
the imprint settings 120 ◦ C, 20 bar and 1800 s was performed on SY, hoping
that this was a temperature where the difference in elastic modulus between SY
and the stamp was large enough to create a pattern (remember figure 1 in the
Appendix). This did create a nanopattern and that is why additional tests in
the temperature range of 110-120 ◦ C were performed.
3 key SEM images from those tests can be seen in figure 4.2. (a) displays the
pattern generated by the imprint settings 115 ◦ C, 20 bar and 1800 s and these
were considered to be the best imprint settings for SY. However, the imprinted
pattern looks fainter compared to that of PEO which indicates that the holes
are more shallow. The reason for that is because, unlike PEO, SY is not a
liquid at 115 ◦ C. Instead it is quite hard and its Tg is most likely around that
temperature. This is strengthened by figure 4.3 which shows the height profile
of the nanopillars of an unused stamp and a stamp which has been used to
imprint SY. The used stamp’s nanopillars have been compressed and become
wider which very likely is the result of imprinting something that is hard. And
there probably would not be a pattern in the film if SY’s Tg was not around that
temperature. Even though the Tg of SY recently was reported to be 83 ◦ C [42]
it likely varies from batch to batch [43] so it is not an unreasonable assumption.
In table 4.2 there are some results that are marked with a "*", this indicates
an oval shaped pattern and an example of that can be seen in figure 4.2b. This
shape was fairly common and is most likely because the nanopillars are being
pressed onto the hard SY film at an angle. This would bend the pillars and
create an oval shaped pattern. In the same table, there are also some results
that are marked "-". This means that the pattern’s quality was too low to
be worth measuring and an example of that can be seen in figure 4.2c. These
patterns could be the result of bent or compressed nanopillars or damaged stamp
regions like the ones we saw in figure 3.10.
The overall trend in table 4.2 indicates that the holes’ diameter increases with
temperature and pressure which strengthens the presented hypothesis of SY
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being at the limit of what can be imprinted using the constraints in this project.
It has been shown that a pattern can be produced in a SY film and it would be
interesting to do further studies if it can be done with a stamp that can handle
higher temperatures. If not, it is recommended that further studies instead are
performed on the SY+THABF4 system that were used to create LECs, but
more on that in the end of the next section.
Table 4.2: Imprint settings and the average diameter of the holes they
generated in a SY film. Cells marked with "*" means the holes are oval
and gives the average of the smallest and largest diameter of those ovals.
"-" means that the pattern were so misshaped that no clear measurement
could be performed.

Temp. (◦ C)
110
110
110
115
115
115
120
120
120
110
110
110
115
115
115
120
120
120

Pres. (bar)
10
20
30
10
20
30
10
20
30
10
20
30
10
20
30
10
20
30

Time (s)
300
300
300
300
300
300
300
300
300
1800
1800
1800
1800
1800
1800
1800
1800
1800
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Diameter (nm)
186-205
190-203
125-170*
155-175
195-220
150-175
200-250*
185-200
170-195
210-255*
195-215
180-245*
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(a)

(b)

(c)

Figure 4.2: Imprinted SY films. (a) was considered having the highest
quality of the samples. (b) displays an example of a pattern that is
considered to be oval. The pattern in (c) is hard to see because it is so
shallow and is of such bad quality that no measurements of its diameter
were performed.

Figure 4.3: The height profile of the nanopillars of an unused stamp
and one that has been used once to imprint SY with the imprint settings
115 ◦ C, 20 bar and 1800 s.
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4.4

The imprinted light-emitting electrochemical
cell

The initial plan was to, if there was time, create LECs like the ones in figure
1.1(b), (c) and (d) using SY, PS and PEO films. PS was intended to be the
transparent isolating polymer in figure 1.1(c) but that plan could not be realized
since no pattern could be produced in it. PEO was meant for use in a bilayered
LEC as depicted in figure 1.1(d). The reason that was not realized is because
there was trouble creating an even film with PEO when the salt potassium trifluoromethanesulfonate (KTf) (KCF3 SO3 , Sigma-Aldrich) was added (KTf is
necessary for the bilayered LEC to work [60–62]). PEO and KTf were dissolved
in cyclohexanone in concentrations ranging from 5-20 mg/ml but the profilometer showed large spikes, making it impossible to determine the film thickness.
These spikes are most likely caused by aggregated material [63]. The solvent
was changed to deionized water in an attempt to get rid of these spikes. The
same range of concentrations were tried but to no avail, large spikes still showed
up so the focus was shifted to the SY+THABF4 system instead.
SY+THABF4 was used to create LECs like the one in figure 1.1(b). Since the
imprint settings 115 ◦ C, 20 bar and 1800 s generated the overall best nanopattern in SY, these settings were chosen when imprinting SY+THABF4 films.
Approximately 40 LECs were created. There were trouble to get both an imprinted and an identically created reference (except for the imprint procedure)
to work, that was only managed once. The pattern and the hole depth of the
imprinted LEC can be seen in figure 4.4 and 4.5 respectively. As suspected, the
holes are very shallow with a depth of only 10-18 nm. One should note that
their form and depth are most likely different when they are measured with
aluminum on top of them. This is because the sample did not rotate during
the evaporation process and this could lead to an uneven fill of the holes [64].
However, this does not change the profile of the holes in the polymer film and
should therefore not affect the light-emitting capabilities of the imprinted LEC.
To see if the pattern did affect the performance of the LEC, a wide range of
spectroscopic measurements were performed in order to compare the imprinted
LEC with the reference.
The first one of these measurements can be seen in figure 4.6. It shows that the
luminance of the imprinted LEC is higher over time compared to the reference.
The imprinted LEC also operates at a lower steady state voltage of approximately 2.9 V compared to the reference’s voltage of approximately 3.2 V. A
lower voltage can not explain a higher luminance since it should be the other
way around. The voltage difference could be explained if the films have different
thickness since it would require a higher voltage to drive a LEC with a thicker
film. However, the film thickness of the imprinted film was 180 ± 2 nm and
the reference film was 189 ± 2.5 nm. These thicknesses are very close to each
other and do not explain the relatively large difference in operating voltage. A
very recent study by Lindh et al. [65] shows that the film thickness can affect
the luminous performance of a LEC but since the film thickness is so similar it indicates that the pattern does affect the performance of the LEC. The
peak luminance was 115 and 139 cd/m2 for the reference and imprinted LEC
respectively, an improvement of 20%.
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The relative intensity of the forward EL spectra of the LECs can be seen in
figure 4.7. The imprinted LEC has a higher relative intensity and its peak is
slightly blue shifted compared to the reference’s peak at about 590 nm which
indicates that the pattern does affect the performance of the LEC. This is further
strengthened by figure 4.8 which shows the EL spectra of the LECs at angles
−75◦ ≤ θ ≤ 3◦ . Here, the imprinted LEC shows a different behavior with clear
extra peaks that the reference does not have and this was also true for angles
3◦ < θ ≤ 75◦ . This behavior is an indication that the light interacts with the
nanopattern. One should note that the spectra for both LECs in figure 4.8 have
two prominent peaks in the forward direction but the spectra in figure 4.7 do
not. A possible explanation is that the angle dependence of the spectra were
measured 3 days after the forward spectra. This could cause the emission zone
in the active layer to move and change its effective thickness which would change
the LEC’s optical output [65].
The thickness of the films were around 180 nm but it was also desirable to make
a LEC with a film thickness around 300 nm since a thicker layer makes the LEC
more fault-tolerant [65]. However, there were troubles creating 300 nm thick
films, the majority of the LECs that were created had a film thickness of 200-250
nm. It was harder to get an imprinted LEC to work compared to a reference, so
it is possible that the imprint procedure does something that inhibits the LEC’s
functionality. An idea is that the pressure compress the polymer chains and
reduces the free volume which could inhibit its ion transport capabilities [66].
Two imprinted LECs with a film thickness of 220 nm worked; unfortunately no
references with the same film thickness worked so they could be not used to
investigate if a pattern affects a LEC’s performance. However, they do serve
the purpose of strengthening the fact that a LEC can work with a patterned
film.
These results come from one single imprinted and reference LEC so it is important that this can be repeated in order to make conclusions more certain. For
future studies one could make an imprint test in SY+THABF4 films like the one
for pure SY, because it seemed that adding the salt changed the result of the
imprint. This was only investigated by eye but the diffraction of light was much
easier to detect so it is possible that the holes became deeper. However, that is
hard to know since no AFM was performed on a pure SY film and the hole depth
was measured on a SY+THABF4 film that had been coated with aluminum.
It is also possible that adding the salt does not change the depth of the holes
after the imprint but alters the optical properties of the film, making it easier
to detect a pattern. For that study it would be desirable to have a stamp that
can withstand higher temperatures so an imprint can be performed in a softer
SY+THABF4 film. And even though LECs have been shown to work with an
imprinted film thickness of 180 nm, it is recommended that the thickness of the
films are 300 nm from start since the LECs made from them are probably more
fault-tolerant, both from an electric and an optical perspective.

32

CHAPTER 4. RESULT AND DISCUSSION

(a)

(b)

Figure 4.4: A 3D image of the surface of the imprinted LEC taken with an AFM (a).
The pattern in (b) is the same imprinted LEC but viewed with a SEM from directly
above at an angle of 90◦ relative to the pattern in (a). The holes can be hard to spot
so three of the holes have been circled in blue to highlight what to look for.

Figure 4.5: The depth of the holes in the imprinted LEC measured with
an AFM.
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Figure 4.6: How the reference and imprinted LECs luminance and voltage changes over time. The highest peak of luminance for the reference
and imprinted LEC are 115 and 139 cd/m2 respectively; a difference of
20%. The highest peaks are indicated by the red arrows.

Figure 4.7: The relative intensity of the forward electroluminescence
spectrum of the reference and imprinted LEC.
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(a)

(b)
Figure 4.8: The relative intensity of different wavelengths in different
angles for the (a) reference and (b) imprinted LEC. Extra peaks can be
seen in the black circle in (b), this behavior is not displayed in (a).
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Conclusions
It has been investigated if it is possible to produce a nanopattern in PS, PEO
and SY using T-NIL with an intermediate polymer stamp. It could not be done
in PS most likely because Tg of PS is too high and Tg of the stamp is too low.
That would result in a difference in their elastic modulus that is too small to
be able to produce a pattern in the film. PEO on the other hand could be
imprinted and the results indicate that the imprint parameters should be set
to 85 ◦ C, 10 bar and 300 s but further testing is needed. If more tests are
performed the recommended temperature of the imprint is 70-100 ◦ C to reduce
the risk of stamp deformation. SY could be imprinted at temperatures of 110120 ◦ C but all the imprints were faint and half of them resulted in a pattern that
was oval or overall of bad quality. This is most likely because SY is too hard
at these temperatures. The best pattern produced is the one with the imprint
parameters set to 115 ◦ C, 20 bar and 1800 s. No further investigation with SY
is deemed necessary unless a more heat tolerant stamp is used; focus should
instead be shifted to the SY+THABF4 system. A more heat tolerable stamp
is desirable to use for imprints in PS and PEO as well. Possible candidates for
that are ETFE, PFPE and PTFE since they have a low surface energy and high
Tg .
Two LECs were created with the SY+THABF4 system, one imprinted and
one reference. Luminance measurements showed that the imprinted LEC had
both a higher luminance (139 cd/m2 ) and lower voltage (2.9 V) compared to
the reference (115 cd/m2 and 3.2 V). This can not be explained by their film
thickness since it is very similar. That indicates that an imprinted pattern could
affect the performance of an LEC. Measurements of the LECs’ EL spectra in the
forward direction and at an angle strengthen that assertion. They showed that
the imprinted LEC has peaks at wavelengths and angles where the reference
does not. All these results need to be repeated in future experiments in order
to draw more certain conclusions. Those studies could begin with an imprint
test in SY+THABF4 films in order to find the best imprint parameters since
it seems as though the salt changes the imprint properties compared to a film
made of pure SY. The film thickness is recommended to be 300 nm in order to
make the LECs more fault-tolerant.
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If these results can be repeated it would show that T-NIL can be used as a fast
and cheap technique to produce patterned films which significantly improve the
luminance of LECs, paving the way for a brighter future.
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Appendix
Figure 1 below illustrates an idea how polystyrene’s (PS), Super Yellow’s (SY)
and the stamp’s elastic modulus could behave. This idea shows that the stamp’s
elastic modulus starts falling later than the elastic modulus of PS and SY,
making it possible to imprint them at 120 ◦ C. Given that a pattern was created
in SY, there might be some truth to this illustration. Since no pattern could
be created in PS, it is more likely that the stamp and PS should switch lines,
making the elastic modulus of PS > stamp at 120 ◦ C. One should note that this
figure was created to illustrate an idea so it does not display the real properties
of PS, SY and the stamp.

Figure 1: An illustration of how the elastic modulus of amorphous PS
and SY have fallen several orders of magnitude around 120 ◦ C but the
stamp’s elastic modulus has just begun to decrease. This figure was
created to illustrate an idea so it does not display the real properties of
PS, SY and the stamp.

Figure 2 shows a height profile, measured with a profilometer, of a polymer film
made of a solution of poly(ethylene oxide) (PEO) and the salt potassium trifluoromethanesulfonate (KTf). Adding KTf to the PEO resulted in aggregation
of material that created large spikes in the measurements. These spikes made
it very hard to determine the films exact thickness. The concentrations of PEO
and KTf that were tested ranged from 2.5-20 mg/ml but all the tests resulted
in films with aggregated material causing spikes.

1

Figure 2: The height profile of the surface of a polymer film made of a solution of PEO and KTf. Aggregation of material creates
spikes, making it very hard to determine the exact thickness of the film.
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