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Abstract

Organic solar cells are primarily composed of conjugated carbon based materials which are
actively involved in light absorption and charge transfer. Although organic photovoltaics
have advantages such as long time stability, cheapness and easy processibility with
comparison to their inorganic competitors, due to its low conversion efficiency (5-6%)
there is still a need for research to commercialize these devices. Lithium fluoride is
commonly used to enhance conversion efficiency and charge injection at electrode bilayers
in organic electronics. However, the conventional processing of lithium fluoride typically

requires high vacuum methods, such as thermal evaporation.

This thesis focuses on the development of an ambient, solution processable alternative, in
which polymeric reverse micelle reactors are used to synthesize lithium fluoride particles.
Apart from controlling the synthesis of lithium fluoride nanoparticles, micelles has a role
in the deposition of nanoparticles into a well-ordered, two dimensional layer during spin
coating on the donor substrate. The formation of lithium fluoride particles inside micelles
were proved by electron and x-ray diffraction measurements. To assess the performance of
the solution-processed lithium fluoride, inverted device fabrication and comparative work
function measurements were carried out together with thermal evaporated lithium fluoride.
Both results support the suitability of solution-processed lithium fluoride for electrode
bilayers in organic solar cells. Additionally, different nano transfer printing studies were
carried out to integrate solution processed lithium fluoride particles to organic devices and

further studies are needed to achieve complete transfer.



Ozet

Organik glines pilleri genel olarak konjuge karbon bazli maddelerden olusmaktadirlar ve
bu maddeler aktif bir sekilde 15181n emilimi ve yiik transferinde etkilidirler. Organik giines
pillerinin inorganik giines pillerinie kiyasla uzun siire kararlilik, ucuzluk ve kolay
islenebilirlik gibi avantajlar1 olsa da diisiik verimleri (5-6%) sebebiyle bu cihazlarin ticari
onem kazabilmesi i¢in hala arastirmaya ihtiya¢ vardir. Lityum floriir, organik elektronik
cihazlarda verimi ve yiik iletimini artirmak icin genel olarak kullanilmaktadir. Fakat lityum
floriiriin geleneksel yollardan islenmesi, 1s1l buharlastirma gibi yliksek vakum ortamindaki

metodlar1 gerektirmektedir.

Bu tez ¢alismasi alternatif olarak normal hava ortaminda, polimerik ters misel reaktorlerin
yardimi ile  ¢ozeltide hazirlanabilen lityum floriir parcaciklarin sentezlenmesine
yogunlagmaktadir. Lityum floriiriin sentezini yonlendirmesinin disinda miseller, dondiirme
kaplama yontemi kullanilarak verici yiizey iizerine nanoparcaciklarin iki boyutta diizgiin
bir dizilimle yerlestirilmesini saglarlar. Lityum floriir pargaciklarin miseller iginde
olusumu elektron ve x-ray kirmmim teknikleri ile ispatlanmistir. Cozeltiden hazirlanan
lityum flortirlerin performansini 6lgmek i¢in, bu parcaciklarla ters cihaz diizeni iiretilmistir
ve 1sil buharlasgtirma yolu ile iiretilen lityum floriir ile karsilagtirmali is fonksiyonu
Olctimleri yapilmistir. Her iki sonug ¢ozeltide hazirlanan lityum floriiriin organik giines
pillerde kullanima elverisli oldugunu gostermistir. Ayrica ¢ozeltide hazirlanan lityum
florlir parcaciklar1 organik cihazlara entegre etmek igin farkli nano transfer baski
calismalar1 yapilmigtir ve tam transferin gerceklestirilmesi i¢cin daha fazla calisma

yapilmas1 gereklidir.
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Abbreviations and Symbols

AFM

Al

Alqs

Ceo

CdS

CdSe

Er

FTIR
GaAs

HF

HOMO

HRTEM

ITO

KP

LiAc

LiF

LiOH

LUMO

M

MEH-PPV

MgO

NH4F

NIL

nTP

OLED

orv

P2VP

P4VP

PDMS

PEDOT:PSS

PFO
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PMMA

PS

PS-b-P2VP
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SEM

Si
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T,

TMA-OH

XRD
Zn0O
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Y
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: Polystyrene
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: Self assembling monolayer
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: Silicon
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: Work function
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CHAPTER 1. INTRODUCTION

In 1959 Richard Feynman said “There is a plenty of room at the bottom... What I want to
talk about is the problem of manipulating and controlling things on a small scale”. It is
impressive that Feynman was aware of research opportunities at the nanoscale about five
decades ago, and his vision was an inspiration for the rapidly growing research on
nanotechnology. In fact, in that statement, he illuminated the key challenge that we face
today, that of manipulation of the nano-objects into a useful form, as an enabling layer in a
device. The primary objective of this thesis is the manipulation of nanoparticles to

enhance the performance of electrode bilayers in photonic devices.

1.1 Nanoparticle Synthesis via Diblock Copolymer Micelles

In the last two decades, interest in the synthesis and properties of colloidal nanoparticles
has grown, due to their potential catalytic, optical and electrical applications, which stem
from the confinement-induced quantization of most electronic properties'>>. Particles at
the nanoscale can be produced by “top-down” and “bottom-up” approaches. Top down
approach uses various types of lithography to make nanoscale patterns. The mostly used

techniques are “bottom-up,” which involve wet chemistry procedures.

The formation of nanoparticles by wet chemical procedures requires the optimization of
nucleation and growth. To obtain monodisperse particles, the nucleation time should be
distinctly separate from the growth regime. If they overlap, different nucleation sites will
evolve with different growth durations, which results in a broader size distribution. Apart
from nucleation and growth, in order to synthesize high quality nanoparticles, passivation
of a surface is required. Metal or semiconductor clusters will have high surface activity in
the nanoscale regime, and therefore they should be stabilized by surface-capping ligands,
which will enable engineering the interactions between nanoparticles’. Among the many
different types of ligands, diblock copolymer micelles were employed as reactor vessels

for nanoparticle synthesis in this study.
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In the last decade, intense research has been done on synthesis of metallic and
semiconducting nanoparticles by use of amphiphilic diblock copolymer (reverse) micelles
because these systems enable high degree of monodispersity and directed assembly of 2-

dimensional periodic arrays>®"®,

In polymeric micelles, the functionality of the
nanoreactor stems from the selectively soluble nature of one block and the metal
coordination capability of the other block. The final stable structure of diblock copolymer
micelle is based on its molecular weight and the polarity difference between the two blocks
and hence the size of the nanoreactor can be adjusted by changing the overall and relative
9,10,11

block lengths . Synthesis in the micelle can be limited by the amount of precipitated
material that could be accommodated inside the micelle, which thus enables better control
over the size distribution. In addition, with the only criteria being for a reactant to
coordinate with the core block of micelle, the micelle technique is applicable to the
synthesis of a broad range of nanoparticle systems. Metal nanoparticles such as gold,
silverm platinum, Co-Fe core-shell structures, as well as semiconducting nanoparticles,
such as cadmium sulfate (CdS), cadmium selenide (CdSe), and zinc oxide (ZnO) have

been demonstrated by the use of diblock copolymer micelles®'>!!,

Until now, different diblock copolymers have been used in nanoparticle synthesis and most
of them have a common shell, which is polystyrene (PS). The core region of diblock
copolymer micelles must like metals and in most cases coordinate with them. To fulfill
such a requirement, different inner metal-binding blocks have been used such as poly(4-
viynlpyridine) (P4VP), poly(2-vinylpyridine) (P2VP), polyethyleneoxide (PEO),
polybutadiene (PB) and polymethacrylic acid (PMAA)'"". In their diblock form with PS,
those polymers can form reverse micelles in a selective solvent such as toluene, which
dissolves the PS block but not other block, such as P2VP, due to their relatively polar
nature. In addition, using an organic solvent suitable for reverse micellization has another
advantage, which is the segregation of polar metal salts to the core of the reverse micelles.
In the core of the micelle, metal cations are held by forming a bond with the polar blocks'".
Among the commercially available diblock copolymers, mostly PS-5-P2VP and PS-b-
P4VP were used because the strong interaction of the inner block with metal cations and
the stabilizing effect of the outer block. The difference between PS-b-P2VP and PS-b-
P4VP is the nature of micelle formation. Because P4VP has a more polar character than
P2VP, PS-H-P4VP can form stable micelles themselves and form stronger bonds with

metal cations, while PS-b-P2VP exhibits metal induced micellization, especially for
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symmetric blocks (blocks which have the same molecular weight) and blocks with the

lower molecular weight PS'®.

After nanoparticle synthesis, post processing is required in order to remove the polymeric
micelles from the nanoparticles. A commonly used technique for removing polymeric

micelles is plasma etching with O,, H,, and N, '"'¢7

. The importance of removing
micelles with a plasma cleaner is to preserve the 2-D arrangement and enable the
production of one nanoparticle per micelle, despite the strong tendency for the formation of
several nanocrystals per micelle. M. Aizawa and J. M. Buriak produced metal
nanoparticles arranged in an ordered 2-D layer by the use of diblock copolymer micelles
and observed the removal of particles along with the micelles by ultrasonication in a
toluene bath. Hence they resorted to the use of plasma cleaning for removal of micelles'’.
This finding is significant for device application, because any change in the arrangement of
nanoparticles will influence new patterns that will subsequently be formed on top of the
nanoparticle layer. M. Haupt and coworkers prepared 2-D arranged gold nanoparticles with
diblock copolymer micelles and coated a monolayer of them on a gallium arsenide (GaAs)
substrate. After cleaning the polymeric part with plasma etching, they applied an
anisotropic etching on the hexagonal pattern and created a well-defined quantum well
between each nanoparticle'®. In a similar study, C. Lee and colleagues used PS-b-P4VP for
the synthesis of an ordered layer of cobalt (Co) nanoparticles, which will act as a charge
storing layer for a charge trap flash memory device'. To keep the 2-D arrangement
unaltered, plasma etching was used for removal of PS-b-P4VP around Co nanoparticles.
Furthermore, plasma etching can be used to reduce nanoparticles simultaneously’*”.
Rather than using a reducing agent such as hydrazine, Mbenkum et al. showed that H,
plasma or O, plasma can be employed to reduce Au nanoparticles and remove the
polymeric micelles at the same time’*. Similarly, core-shell nanoparticles can be
synthesized with micelles by loading the desired metallic salts (such as FeCo) together and
then reducing them with plasma etching ”°. For such system, reducing with plasma etching

also directs the homogeneous coalescence of different metallic salts into one core-shell

nanoparticle per micelle.

For some cases, in addition to cleaning the polymeric part, plasma etching was also used
for reducing nanoparticles or creating diatomic semiconductor nanoparticles. As an

example, synthesis of ZnO nanoparticles by micellar route was achieved by oxidation of
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ZnCl, nanoclusters which were previously loaded to PS-H-P2VP diblock copolymer
micelle?®. Here, O, plasma processing was used both to remove polymeric part and to
oxidize Zn particles to form ZnO nanoparticles. In fact, a similar secondary gas phase-
reaction was also used to form CdS and PbS nanoparticlesHata! Basvuru kaynag
bulunamadi.. However, in these methods diblock copolymer micelles were not used as
true nanoreactor vessels. To be able to employ diblock copolymer micelles as true
nanoreactor vessels El-Atwani et al. recently reported two step reaction inside micelle for
ZnO nanoparticle synthesis'*. In this study, initially zinc acetate (ZnAc) was loaded inside
micelles and loading was proved with Fourier transform infrared spectroscopy (FTIR),
which displayed a small shift in characteristic C-N bond in pyridine unit. This shift had
resulted from coordination of Zn" with pyridine unit. After successful loading of the metal
salt, tetramethyl ammonium hydroxide (TMA-OH) was used as second reactant and
oxygen source. Then the following reaction lead to ZnO nanoparticle formation inside

micelle without any post treatment:

nindc, + InTMA — OH — nin0 + 2nTMA — Ac + nH,0

All the process is illustrated in Figure 1. 1. This study enabled realization of two step
reaction inside polymeric micelles and made the micelle technique to be applicable wider

variety of diatomic nanoparticle synthesis.
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Figure 1. 1: Schematic illustration of ZnO nanoparticle synthesis in two step reaction inside PS-b-

P2VP reverse diblock copolymer micelle

As discussed in this section of the thesis, the nanoparticle synthesis by use of diblock

copolymer micelles can be outlined as following:

a) Formation of micelle by dissolving diblock copolymer in a selective organic

solvent

b) Adding metal salt to micelle solution in which metal salts will precipitate inside

micelles and coordinate to polar block

¢) Adding the reducing agent (for metal nanoparticles) or second reactant (for

diatomic molecules and semiconductors) to make reaction that will yield

nanoparticles

d) Post processing to remove polymeric micelles around nanoparticles, preferably by

plasma etching techniques.

Since the chemical variability is one of the most significant advantages of the micellar

route in nanoparticle synthesis, the synthesis of lithium fluoride (LiF) nanoparticles, for the
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first time, was demonstrated by use of diblock copolymer micelles in this thesis study.
Following the ZnO nanoparticle synthesis, a two step reaction inside micelle was planned

for LiF nanoparticle formation.

1.2 Effect of LiF on Photovoltaic Devices

In the last decade the understanding of polymer-based photovoltaic devices has increased
significantly, due to the heightened research activity in the field. This serious effort has
paid off, enabling devices with power conversion efficiencies as high as ~6.7%.
Although this is still below the 10% efficiency required for mass production and
commercialization, having advantages such as stability over a lifetime of 10* hours, low-
cost and relative processability render them more compelling in comparison to their
inorganic competitors and pushes continuing intense research on organic photovoltaic
devices®. With the further improvements, it is expected that this devices will enter markets
soon. A typical polymer based photovoltaic device is given in Figure 1. 2. The most
important part of the organic photovoltaic device is its active region. This part can be
composed of an organic bilayer with an electron donating and electron accepting
properties. Poly(2-methoxy,5-(2’-ethyl-hexyloxy)-p-phenylene vinylene) or MEH-PPV for
a common donor layer and buckminster fullerene or Cep film for a common acceptor layer
can be given as an example for the heterojunction. In order to increase the interfacial area,
the same molecules have also been used in the form of a phase-separated, interpenetrating
network (bulk heterojunction), as the active layer of photovoltaic device with a higher
efficiency®®. Apart from the active region and electrodes, there are additional layers. These
include an electron-injection (hole-blocking) layer, such as LiF, and hole-injection
(electron-blocking) layer, such as poly(3,4-ethylenedioxythiophene):poly(styrene
sulfonate) (PEDOT:PSS). These layers play a vital role in the charge-collection process
and increase the efficiency of the device. Moreover, for the device to absorb the light
efficiently, one of the electrodes (usually the anode) has to be transparent. In most cases,

indium tin oxide (ITO) is used as transparent electrode in organic photovoltaic devices.
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Figure 1. 2: Schematic illustration of an organic photovoltaic device

Although the details of different active layers used in organic photovoltaics is out of scope
of this study, the device physics and interfacial phenomena are relevant for further
discussion . When organic materials are used in a device application, either in organic light
emitting diodes (OLEDs) or in organic photovoltaics (OPVs), the function of the device is
very much dependent on the organic/metal interface. When organics are used for OLEDs,
energy level alignment occurs at the interface and band bending occurs in thicker regions
for OPVs™. After alignment, energy levels in OLEDs and OPVs appear as shown in Figure
1. 3. In OLEDs, electron transfer from the low work function (high Fermi energy [EF])
electrode to the organic electron transfer layer occurs with the assistance of an applied
voltage. At the same time, hole transfer occurs from the high work function (low Ef)
electrode to the organic hole transport layer. Then at the BHJ interface, electron-hole
combination results in electroluminescence and the device emits light. On the other hand,
almost reverse of this phenomenon happens in OPVs. With the absorption of light by the
active organic layer, electron-hole pair forms. Holes are collected in higher work function
electrode such as ITO and electrons are collected in lower work function electrode such as

aluminum (Al).
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Figure 1. 3: Schematic illustration of energy levels (a) in an OLED and (b) an OPV

For OLEDs, efficient light emission can be achieved through reducing or eliminating
energy barriers at organic/metal interface and balancing hole and electron injection®.
Among hole and electron, usually it is electron injection that is limited. To increase the
electron injection, the barrier between the cathode such as Al and the organic layer such as
tris(8-hydroxyquinoline) (Alqs) need to be decreased. Using a relatively lower work
function metal is also possible but such metals are readily oxidized and limit the lifetime of
the devices. Rather than using a lower work function metal with comparison to Al, several
groups have reported that the barrier height between Al and Alqs; can be decreased by
inserting a thin layer of LiF***"**. Thin layer of LiF (usually below than 2 nm grown by
thermal evaporation) decreases the energy barrier by resulting in band bending of Alqs;
towards Al%. However, the real mechanism behind this barrier reduction is still under

debate.

In order to explain the mechanism behind the improved electron injection with the
presence of LiF, various theories have been presented in the literature: tunneling, dipole
layer formation, protection during metal deposition and dissociation of LiF. In the presence
of the LiF layer, sufficient potential difference may be maintained between Al and Algs.
This can result in tunneling injection. Hung et al., showed with photoelectron emission
measurements that the energy bands of Alqgs were bent downwards by more than 1 eV
when the Alqs surface is in contact with LiF, thus lowering the electronic barrier height of

Alqs-Al interface?®.
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On the other hand, Yang et al. reported that the experimental results contradict with
tunneling mechanism®’. The tunneling mechanism predicts a strong dependence of the
electron injection to the thickness of the metal-fluoride layer. After investigating the
performances of different thickness of LiF, CsF, CaF, and BaF, layers, the quantum
efficiencies were found to be almost independent of the thickness of the fluoride layers

within the range of 1-8 nm, as illustrated in Table 1. 1.

Table 1. 1: External QE and operating voltage of BaF,/Al devices are presented

(taken from Ref 30 without permission)

BaF, thickness Voltage (V) Current (mA) QE (%)
(nm)
8 5.0 27.8 24
4 5.0 26.0 23
2 5.0 33.8 23
1 5.0 23.0 23

It was reported that the effective work function of Al cathode was reduced significantly
when LiF layer was introduced because the 1.0 V of open circuit voltage was increased to
above 1.4 V*°.This shift of the effective work function of Al reduced the barrier height at
the polymer/cathode interface, improved the quantum efficiency, and supported the
aligned dipole mechanism initially proposed by Shaheen et al’'. According to this
mechanism, the LiF molecules (under the influence of Al nearby) induce dipole moments
at the cathode interface. The large dipole moment decreases the surface potential of Al and
also leads to a significant reduction of the effective work function. As a proof, Yang and
coworkers reported the photoluminescence quantum efficiency (QEpr) results in Hata!
Basvuru kaynagi bulunamadu. *°. It can be observed from the results that thickness of the
LiF layer does not change the efficiency significantly, but inserting a thin layer of Ba
rather than LiF results in significant reduction of the QEpr. This can be interpreted as alkali

metals have much smaller cation size and larger mobility compared with alkaline-earth
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metals, PL quenching would be expected if the alkali metal ions diffuse into the polymer

layer.

Table 1. 2: EQpy, of different structure devices based on MEH-PPYV is presented
(taken from Ref 30 without permission)

Structure EQpL

Glass/MEH-PPV (100 nm) 18.9%
Glass/MEH-PPV (100 nm)/Al (150 nm) 14.8%
Glass/MEH-PPV (100 nm)/LiF (1 nm)/Al (150 nm) 15.6%
Glass/MEH-PPV (100 nm)/LiF (4 nm)/Al (150 nm) 15.4%
Glass/MEH-PPV (100 nm)/Ba (4 nm)/Al (150 nm) 12.2%

In addition to the QEp results, the dipole mechanism claim was also supported by heating
experiments. When devices with LiF/Al and BaF,/Al cathode were heated, it was observed
that the dipole moment is lost during operation of the LiF-containing device at 85 °C, as
shown in Figure 1. 4. However, BaF»/Al cathode showed a higher operation lifetime, and
this supported the dipole mechanism that, at an elevated temperature, thermal movement at
the interface creates disorder and decreases the orientation of the dipoles. Since the heavier

metal fluoride is less mobile, a better lifetime is expected.
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Figure 1. 4: Brightness decay under continuous operation at constant current at 85
°C for devices with a LiF/Al and BaF,/Al cathode (taken from Ref 30 without
permission)
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Salaneck and coworkers studied the deposition of Li and LiF on poly(9,9-dioctyl-fluorene)
(PFO)*%. In the case of Li-deposition on PFO films, doping occurred and resulted in the
formation of polaronic charge carriers at low doping levels and bipolaronic charge carriers
at high doping levels. LiF-deposition on PFO did not cause doping of the polymer films,
nor did the LiF dissociate at the interface. Neither significant shifts in a binding energy of
the core levels nor any changes in the work function occurred. Hence, the Al/LiF/PFO
interfaces are dramatically different from the ones reported for Algs. In PFO, no
dissociation of LiF takes place and no new gap states are formed. There is no significant
surface dipole formation at the LiF/PFO interface, though there is an evidence of a weak
dipole at the interface between LiF and clean Al. Therefore, they suggest that for the case
of PFO, and possibly other polymers as well, a thin LiF interfacial layer will mainly
improve device performance by protecting the polymer during Al-deposition and reduce
the number of quenching sites at the interface. The presence of LiF may also stabilize the

interface and prevent diffusion of the metal atoms of the cathode.

Furthermore, Piromreun et al. showed that as in the case of Alqgs; with LiF/Al cathodes,
introduction of a thin layer of CsF between MEH-PPV and Al leads to a considerable
improvement in the device performance™. To understand this, firstly the role of Al was
explored by comparing devices, in which CsF later was covered with Al and Au. The
difference was striking that no emission was observed, when Au was deposited on top the
CsF. The experimental result lead to proposing the following mechanism: When Al is
deposited on CsF, it attacks and dissociated it to form AlFs, releasing metallic Cs. Since
the Fermi level of Cs (work function 1.9 e¢V) is well above the LUMO of MEH-PPV (3.0
eV), Cs will dope MEH-PPV, creating an ohmic contact for electron injection. On the
other hand, because Au is inert, the dissociation of CsF is prohibited and therefore the

composite cathode does not dope MEH-PPV.

This mechanism was proved for LiF/Al cathodes afterwards by Y. D. Jin et al’*. They
studied with poly [2-methoxy-5-(3’,7’-dimethyloctyloxyl)]-1,4-phenylene vinylene
(OC1C10) with LiF modified cathodes. When cathodes with LiF rather than only Al were
used it was observed that device performance improved significantly. This can be
attributed to enhanced electron injection due to decrease of the electron injection barrier.

Cathodes composed of ultra-thin films of LiF [0.6 nm)/Al(1 nm) or LiF:Al (2 nm) covered

-30 -



by Ag (100 nm) show the same performance as LiF(0.6 nm)/Al bilayer cathode or a LiF: Al
composite cathode, indicating that the enhancement is specific to LiF and Al. Thus, those
experiments can be concluded as Li-ions can dissociate from LiF and diffuse into the
OC10C10 layer, leading to an n-type zone close to the polymer/cathode interface. This n-
doped layer at the interface facilitated electron injection at the cathode/polymer interface

and eventually leads to the formation of ohmic contact.

The controversial role of LiF for organic photovoltaics is not very different. It has been
reported by several groups that insertion of a thin LiF layer improves device performance
and increases the efficiency but the real mechanism is still not well understood®>~®*’.
However, in general LiF is believed to reduce the barrier height between polymer blend
film and the electrode either through the lower effective work function of LiF or through
the dipole alignment of LiF nanoparticles36. Moreover, it has been also reported that for an
Al and Cg interfaces, LiF introduction provides effective passivation for the contacts by
preventing Al oxidation®®. This is noteworthy for Cey/Al contacts because it was previously
reported that these contacts degrade from an ohmic contact to a blocking one after
exposure to air due to the emergence of a potential barrier between the top electrode Al and
Ceo film®. In addition, C is very sensitive to oxygen and moisture that upon oxygen
adsorption the decrease in the conductivity for several orders of magnitude was reported*’.

However, by addition of 0.5 nm LiF interlayer at the Al/Cg interface can successfully

suppress the interfacial oxidation which degrades the electrical contact *'.

Thus, addition of LiF between organic layer and metal cathode improves the performance
of device. However, as the general trend in research and development of photovoltaic
elements is aiming more and more for low cost devices and advances in non vacuum
deposition of metals and use of active layers from solution processed polymer blends

24,4243 Therefore, it is

necessitates non vacuum techniques for interlayer formation
important to achieve production of LiF layers with non vacuum techniques for the

realization of fully ambient manufacturing of organic devices.
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1.3 Nanotransfer Printing

With the recent advances in nanofabrication, either through “top-down” or “bottom-up”
techniques, the use of nanostructures with exceptional properties in new applications such
as electronics, biomedicine, and materials science has engendered growing interest in
nanotechnology ***. New emerging technologies require the integration of small-sized
materials to be organized in new, higher-ordered systems. In most cases, it is easier to
produce nanoscale objects on different surfaces by lithographic techniques based on

molding, embossing and printing ***"*%,

Molding and embossing techniques can be divided in two categories, according to the
stiffness of the mold: (i) molding and embossing nanostructures with a hard mold and (ii)
molding and embossing of nanostructures with a soft (elastomeric) mold », Molding is a
conventional method that is being used in industry for the production of materials. For
nanofabrication purposes, molding usually involves curing a precursor against a
topographically patterned substrate at the nanoscale. On the other hand, embossing, also
known as imprinting, technique involves transfer of the mold with topographical structures
into an initially flat polymer film. Among the different embossing techniques, nanoimprint

lithography is worthy of more detailed description.

Nanoimprint lithography (NIL) is used to transfer patterns from a rigid mold to a
thermoplastic polymer film heated above its glass transition temperature with the assist of
pressure (as given in Figure 1. 5a) *. Because this method involves heating, it can also be
also called “hot embossing”. It was reported that for application in nanogap metal contacts,
NIL allowed fabrication of 5 nm linewidth and 14 nm linepitch in resist and uniform

patterning in a full 4 inch wafer *°.
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Figure 1. 5: Schematic illustration of nanoimprint lithography (NIL) (a) and
schematic illustration of the formation of topographically patterned molds (or
stamps, depending on the application) and replication (taken from Ref 49 without
permission)

Soft pattern elements of embossing involve preparation of a soft mold or stamp by casting
a liquid polymer precursor against a topographically patterned master (see Figure 1. 5b).
For such purposes an elastomer, such as poly(dimethylsiloxane) (PDMS), have been
successfully employed >'. Apart from being an elastomer, PDMS has number of useful
properties in nanofabrication such as being durable, unreactive towards most materials
being patterned or molded, and being chemically resistant to many solvents. Probably, one
of the most important features of PDMS is its low cost of fabrication in the form of molds
and stamps. In addition, PDMS has a low surface energy (19.8 mJ/m?), and it allows
PDMS to be easily released after molding **. The advantage of being a soft elastomer can
be a double-edged sword when it comes to replication of nanoscale features. However, it is
possible to increase surface energy of PDMS for increasing adhesion to a substrate, by
exposing the surface to oxygen plasma temporarily. The hydrophilicity of the surface can
be delayed by thermal aging *. Due to its low tensile modulus (1.8 MPa) 184-PDMS (Dow
Corning) has limited use in nano-imprinting **. Higher resolution masters can be produced
by use of harder elastomers such as hard PDMS (h-PDMS), which has a higher tensile
modulus (8.2 MPa) *>*°. H-PDMS can perform molding and patterning of smooth, sub-100
nm structures, and therefore allow true nano-patterning. In addition, in a classical micro-
contact printing scheme, h-PDMS can be used to transfer functional biological molecules
°% However, h-PDMS has helped to achieve resolutions about 50 nm, albeit only for

features that are not densely spaced together and of high aspect ratio. By utilizing a similar
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mold hardness of polyurethane acrylate (PUA), which is UV-curable, it is possible to make
nanoholes with a low-pressure detachment and nanolithography-based technique °’.
However, again the resolution of such a mold is limited to 50 nm. Therefore, even harder
mold materials are needed to pattern scales smaller than 50 nm. For this reason, rather than
using only PDMS, McGehee and coworkers used both PDMS and poly(methyl
methacrylate) (PMMA) to pattern below 10 nm resolution **. In their study, they used
porous anodic alumina as template and used thermal infiltration to fill the narrow pores
with PMMA. Thin layer of PMMA covered with thick layer of PDMS was used as the
mold material so that the mold would be permeable, but mechanically stable and flexible.
Fabricated molds helped the patterning of dense arrays of deep, narrow, straight pores in

Ti0,, a semiconductor that is often used in photovoltaic and photocatalytic applications

(see below Figure 1. 6 and Figure 1. 7).

PDMS
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gel Tk,
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Figure 1. 6: Schematic diagram of the processes involved in embossing titania: (a)
preparing AAO template, (b) infiltrating PMMA, (c¢) coating on PDMS (d) retrieving
mold by wet chemical etching, (e) embossing sol-gel TiO; and (f) removing the mold
(taken from Ref 58 without permission)

-34-



Figure 1. 7: SEM images of (a) typical initial AAO template, (b) typical embossed
TiO; structures after PMMA removal with acetonitrile (c) embossed TiO; structures
(d) smaller-diameter pores with one showing 20 nm diameter, and (e) embossed TiO;

at a larger scale showing uniformity of the replication. (taken from Ref 58 without

permission)

PDMS has also been used for transfer printing of nanoscale objects. In this respect,
nanotransfer printing (nTP) by the use of PDMS departs from the systems that use specific
covalent interactions. The advantage lies again in low surface energy of PDMS, which
allows the release of materials on a surface. In addition, because the method is not using
specific covalent interactions, PDMS can transfer a considerable range of materials on
wide variety of surfaces. Rogers and coworkers successfully employed PDMS in the
transfer of Au patterns onto a polyethylene terephthalate (PET) substrate through covalent
bonding between the Au and the PET surfaces . Initially, Au was evaporated onto a
patterned PDMS. Metal-coated PDMS was brought gently into contact with a PET
substrate and no external pressure was applied. Upon heating, the PDMS stamp was
removed, and Au patterns were transfer printed onto the PET surface as illustrated in
Figure 1. 8. The transfer mechanism here is based on the different adhesion strengths

between PDMS-metal and the substrate-metal interfaces. The difference in the work of
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adhesion of these two interfaces, substrate-metal (Wgyp-metal) and PDMS-metal (Wppms-metal)s

in intimate contact, can be written as:

r r —( . (. 9
Wous —merat — Wenars—maret = Wane — .‘FD.'r.’S-] — Weup—meral — ¥Veoms —merail,

where y symbolizes the surface energies of substrate, metal and PDMS with subscripts. By
considering that the surface energy of metal is the highest among three, the difference in
work of adhesion is roughly equal to the difference in surface energy of the substrate and
the PDMS. Although the surface energy of PDMS can be as low as 19.8 mJ/mm?, electron
beam-evaporated metal films increase the intrinsic surface energy of PDMS. Therefore, the
authors used an additional heating step, which might decrease the surface energy of
PDMS, by accelerating the surface recovery. With such a method, transfer printing on
surfaces such as polythiophene (38.0 mJ/m?), polyimide (KaptonTM; 37.4 mJ/m?), MEH-
PPV (28.0 mJ/m®) and pentacene (23.7 mJ/m”) was achieved. Increasing stamping
temperature to 80 °C decreased the full transfer time. After analyzing different cases, the
authors concluded that temperature, contact time, surface energy and substrate

roughness are the main parameters that govern the noncovalent transfer process .
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Figure 1. 8: (a) Schematic illustration of steps for noncovalent transfer printing.
Contacting a metal coated stamp to a substrate, followed by moderate heating causes
the metal to remain on the substrate after removing the stamp. (b) Optical
micrograph of arrays of Au (30 nm thick) dots printed over an area of 0.5 cmXx 0.5 cm
on a plastic substrate. (c) SEM micrograph of a small region of the printed pattern.
(d) Optical micrograph of various Ti(2nm )/Au(30 nm) device patterns printed onto a
SiO,/Si substrate. (e) Optical and SEM micrographs of a small region of the printed
pattern. (Taken from Ref 59 without permission)

PDMS was also used to grab and release nano objects simultaneously to achieve transfer
printing by kinetic control of adhesion. The technique presented by Meitl et al. relies on
kinetically controllable adhesion of a viscoelastic stamp of PDMS . The process depicted
in Figure 1. 9 begins with the preparation of a donor substrate that supports small solid
objects, which can be prepared with top-down or bottom-up fabrication. Upon placing the
elastomeric stamp on top of a donor substrate, conformal contact was achieved, and
adhesion forces were dominated by van der Waals interactions. This adhesion between
solid objects and the stamp was shown to be rate-sensitive. If the stamp was pulled away
from the donor substrate with sufficiently high peeling velocities (~10 cm s™), the adhesion

was then strong enough to adhere solid objects preferentially to the surface of the stamp.
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Thus, when the peeling speed is high, the adhesion of rubber is high and as the peeling
speed is increased the adhesion of the rubber decreases. In that case, the separation energy
of PDMS and microstructure is rate (v) dependent owing to the viscous behavior of PDMS,
that is Gppms=Go[1+¢@(v)]. In contrast, the separation energy for the microstructure-
substrate interface Ggypsirate 1S typically independent of rate. To break the microstructure-
substrate interface, the rate of delamination should be high enough such that the elastomer-
microstructure interface becomes stronger. The inked stamp was brought into contact with
the receiving (device) substrate. When the stamp was removed with a low peeling velocity
(~1 mms™), objects on the stamp adhered preferentially to the device substrate. Apart from
being robust and inexpensive, the technique can enable the printing of objects with a wide
range of shapes and sizes onto virtually any smooth substrate (roughness of less than ~3
nm over 1 pm?). As illustrated in Figure 1. 10 with the kinetic adhesion control of PDMS,
solid objects with different geometries such as sheet like and spheres, mica and graphene
sheets, and biological samples such as pollens grains can be transfer printed on a smooth
receiver substrate. The rate dependent adhesiveness of elastomeric materials can be
explained by looking rate process theory '°. Usually what is expected for dry, hard,
macroscopic materials is that friction decreases at the onset of sliding, and as velocity
increases, friction continues to decrease because of a reduction in the number of interfacial
contacts. On the contrary, in the rate process approach for elastomers, friction is expressed
as a product of the density of bonded molecular chains and the sum of the bearing
(support) forces of stretched bonded molecular chains. Using the rate process approach, the
friction attains a peak (maximum) value that is good agreement with the value observed

experimentally.
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Figure 1. 9: Schematic illustration of the generic process flow for the transfer printing
solid objects. The process begins with the preparation of an assemblage of
microstructures on a donor substrate by solution casting, micromachining, self-
assembly or other suitable means. (i) Laminating a stamp against a donor substrate
and then quickly peeling it away (ii) pulls the microstructures from the donor
substrate onto the stamp. Contacting the stamp to another substrate (receiving
substrate (iii)) and then slowly peeling it away transfers the microstructures from the
stamp to the receiver (iv). The peeling rate determines the strength of adhesion and,
therefore, the direction of the transfer. (Taken from Ref 60 without permission)
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Figure 1. 10: Images of transfer printed objects with sheet-like and globular
geometries. a, 100-nm-thick mica ribbons cleaved from a mica substrate with a
PDMS stamp, and then transfer-printed onto SiO2 (blue). b, Graphite sheet, ranging
from 3 to 12 nm thick, cleaved from a highly ordered pyrolytic graphite substrate and
printed onto SiO; with a stamp. c,d, Silica microspheres (¢) and African Violet pollen
grains (d) picked up from and subsequently printed onto silicon wafers by means of
PDMS stamps. Relief features in the stamp define the stripe pattern in c. (Taken from
Ref 60 without permission)

Nanoprinting techniques were also enhanced through the use of a self-assembling
monolayer (SAM). In such methods, SAM molecules facilitate the transfer of the nano-
sized objects from donor substrate to receiver substrate ®'. Rogers and coworkers achieved
the transfer printing of a 20-nm thick Au film from PDMS to a gallium arsenide (GaAs)
surface, by using alkane dithiol monolayers®®. The transfer printing process is outlined in
Figure 1. 11. Initially, the PDMS stamp was prepared with the desired features, and a Au
film of 15-20-nm thickness was evaporated on top. At the same time, GaAs was coated
with an alkane dithiol SAM, which covalently bonded with the surface through the
formation of S-H bonds. Then, the Au-coated stamp was brought into contact with the
SAM-coated GaAs surface. A flexible structure of elastomeric PDMS helped the formation
of conformal contact, without the need to apply pressure. After removal of the stamp in 15
s, the Au layer remained on the GaAs surface, by forming a covelent bond with the

terminal S of alkane dithiol. Thus, with the aid of the SAM, accurate printing of Au can be
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achieved. This system can be used for printing different metals that can form a chemical
bond with the thiol group. With a similar approach, through utilizing the adhesion of
hydrogen silsequioxane (HSQ), Au patterns on Si were transferred to a Si coated with HSQ

by Matsui et al ©.
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Figure 1. 11: Schematic illustration of nanotransfer printing (nNTP) on GaAs: (a)
native oxide is removed from the wafer surface before 1,8-octanedithiol molecules are
deposited; (b) a gold-coated (20 nm) elastomeric stamp is brought into contact with
the treated surface; and (c) the stamp is removed to complete the printing. (Taken
from Ref 62 without permission)

SAMs and other material-specific covalent interactions were also used for the transfer
printing of nanoparticles **. Huskens and colleagues employed the self-assembly of silanes
to pattern negatively charged (by carboxylate functionalization) PS and SiO, nanoparticles
on a silicon oxide surface via capillary-assisted assembly ®. Figure 1. 12 depicts the
multistep nanofabrication process used to produce the two kinds of patterned colloidal
substrates. Nano imprint lithography was performed on PMMA films spin-coated on
silicon oxide substrates. After removing the residual PMMA layer in O, plasma, silane
SAMs were deposited from the gas phase onto the unprotected areas of the substrate.
Deposition of the aminoalkyl SAM resulted in substrates, which were both topographically

and chemically patterned. Alternatively, the substrate was initially functionalized with an
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alkyl SAM, followed by removal of the PMMA by sonication in acetone and the
deposition of aminoalkyl SAM from the gas phase onto areas previously covered by
PMMA. This led to topographically flat, solely chemically functionalized templates. The
templates were then dip-coated into a colloidal solution, which assisted the assembly of
nanoparticles by capillary forces stemming from the meniscus formed at the three-phase
contact line. By topographical confinement, a resolution of 60 nm was achieved for single
particle-wide lines of functionalized nanoparticles attached to 60 nm imprinted aminoalkyl
SAM lines, while resolutions of 300 nm were achieved on chemically confined substrates.

Patterned silica particles are shown in Figure 1. 13.
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Figure 1. 12: a-c) Schematic representation of the processes to fabricate patterns of
nanoparticles using chemical templates in combination with (a) or without physical
barriers (b). The polymer templates were prepared by nanoimprint lithography,
SAMs were formed by gas phase deposition, and nanoparticles were attached using a
vertical deposition set-up (c), in which the samples were withdrawn vertically from
the nanoparticle suspension. (Taken from Ref 65 without permission)
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Figure 1. 13: SEM images of 55 nm carboxylate-functionalized SiO, nanoparticles
assembled on PMMA-imprinted sub-300 nm patterns with aminoalkyl SAMs. The
initial polymer height was 100 nm, and the residual layer was removed by exposure to
O, plasma for 10 s. The withdrawal speed was 1 pms™'. After particle adsorption, the
polymer template was removed by sonication in acetone for 1 min. The effect of
confinement on the particle assembly is apparent by using lines with linewidths of a)
100 nm and b) 60 nm, and holes with diameters of ¢) 180 nm and d) 100 nm. (Taken
from Ref 65 without permission)

Buriak and coworkers combined the flexibility of a PDMS mold with a SAM to transfer
nanoparticles °°. They initially formed hexagonally close-packed nanoparticles on a silicon
substrate via the use of self-assembled block copolymer (PS-b-P2VP) templates.
Nanoparticles were then transferred onto a surface of PDMS through a simple peel-off
procedure. By modulation of the molecular weight of the PS and/or P2VP blocks,
nanopatterns of various metals can be synthesized with center to center spacing of 50-180
nm and nanoparticle diameters of 10-70 nm. The reaction employed in this study was
palladium (Pd) nanoparticle catalyzed hydrosilylation of terminal alkenes/alkynes on H-
terminated silicon surfaces. Upon Pd patterning of PDMS surface, catalytic stamp was
inked with dilute solution of terminal alkenes for 1 min and then applied to freshly
prepared flat H-terminated silicon (illustrated in Figure 1. 14). Stamping was normally

carried out for 20 min under light continuous pressure. The subsequent release of the
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catalytic stamp resulted in a duplication of the original pattern of Pd nanoparticles on the
silicon surface with arrays of alkyl/alkenyl groups covalently attached to silicon surface;
the released stamp was reusable for subsequent inking/stamping. Figure 1. 15 summarizes
the results of catalytic stamp lithography and its subsequent use as an etch stop using 1,4-
dioxane solution of 1-octadecyne as an ink. The study is valuable in terms of replacing
expensive top-down techniques with a bottom-up approach for nanofabrication. On the
other hand, although the group claimed that the process is simple, the peel-off step
involves series of complicated chemical modifications and their approach is limited to

metal nanoparticles such as palladium (Pd) and Au.
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Figure 1. 14: Typical reaction conditions for catalytic stamp lithography (1 min
inkind and 20 min stamping) and the concept of localized catalysis. Catalytic
hydrosilylation takes place only underneath Pd nanoparticles. (Taken from Ref 66
without permission)

- 44 -



& nm

0 nm
20'mm

Figure 1. 15: (a) AFM height image of a parent Pd catalytic stamp with nanoparticle
diameters of 40 nm and a center-to-center spacing of 110 nm. (b) 1-Octadecyne-
stamped Si(111)-H surface and corresponding phase image (c). (d) Section analysis
along the dashed line in (b). (¢) AFM height image of a 1-octadecyne-stamped Si(111)-
H surface, followed by wet chemical etching with 40% NH4F (aq). (f) SEM image of
the sample from (e). (Taken from Ref 66 without permission)

Hexagonal arrangement of nanoparticles via diblock copolymer templating was also used
for replication of DNA nanoarrays by Akbulut et al ®’. In their work they demonstrated
supramolecular nanostamping for the stamping of DNA arrays with features as small as 14
+ 2 nm spaced 77 £ 10 nm. Moreover, they demonstrated that hybridization of these
nanoarrays can be detected using atomic force microscope in a simple and scalable way
that additionally does not require labeling of the DNA strands. The process flow as well as
AFM results is given in Figure 1. 16 and it involves three steps: (1) hybridization, (2)
contact, and (3) dehybridization. Initially a master was prepared by Au nanoparticle
synthesis with the aid of PS-b-P2VP diblock copolymer micelles and hexagonal
arrangement of nanoparticles on chromium layer with spin coating. To achieve arrays of
DNA features on flat surfaces, thiolated DNA was attached onto an array of evenly spaced
Au nanoparticles. Then the master made of single stranded DNA features is immersed in a
solution containing complementary DNA molecules terminated with chemical groups that
can bind to a target surface (hybridization). Once hybridization has occurred, a secondary
substrate is placed onto the master (contact) to allow for bond formation between this
surface and the end groups of the complementary DNA strands. Afterward the master and
the secondary substrate are separated (dehybridization) by gentle heating. Although the

supramolecular nanostamping procedure outlined here has a significant resolution
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advantage over other soft-material stamping methods, chemical specificity limits the

application of the replication technique to wider variety of materials.
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Figure 1. 16: Scheme 1) gold nanoparticle preparation and supramolecular
nanostamping cycle, (a) AFM height image of Au nanoparticle master (b) AFM
height image of printed pattern (Taken from Ref 67 without permission)

Apart from generic covalent and noncovalent (van der Waals) forces, direct electrostatic

L. 68,69,70,71,72
forces were also employed for nanotransfer printing *%%70717

. Jacobs et al. demonstrated
electrostatic patterning on PMMA surface with nanometer resolution in several studies. In
general, patterned PDMS was coated with 100 nm thick Au film and the stamp was overall
supported either by glass or copper (depicted in Figure 1. 17 LEFT). Patterned stamp was

brought in contact with thin (80 nm) PMMA film coated on silicon substrate (for which the
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native oxide layer was removed for electrical conductivity). PDMS here, as a soft
elastomer, provide conformal contact between substrate and PMMA and ensuring high
area (1 cm?) patterning. After forming the contact, an external bias was applied to pattern
charges on PMMA. This process is resulted from the electret nature of PMMA that allows
generation of trapped charges which are stable in different media. Patterned charges of
PMMA can be characterized with Kelvin probe force microscopy. Among different
applications of the charged patterns, xerography of small particles is the outstanding one.
Either by immersing the stamp into a colloidal nanoparticle solution or exposing the stamp
to gas phase nanoparticles, directed assembly of different polarizable nanoparticles can be
achieved with the electrostatic printing technique (shown in Figure 1. 17 RIGHT).
Moreover, these particles on PMMA can be transferred to PDMS or a adhesive tape by just
peeling as illustrated in the small sections of Figure 1. 17 RIGHT.
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Figure 1. 17: (LEFT) Principle of electrical micro contact printing. (A) The flexible,
metal-coated stamp is placed on top of a thin film of PMMA supported on a doped,
electrically conducting silicon wafer. (B) An external voltage was applied between the
Au and the silicon to write pattern of the stamp into the electret. (C) The stamp was
removed; the PMMA was left with a patterned electrostatic potential. (RIGHT)
Optical microscope and SEM images of different types of particles trapped at
patterned charge and transferred onto second substrates. (A) 50-pm-wide parallel
lines of toner particles, <20 pm in size; (B) 5- pm-wide parallel lines of iron beads, <2
pm in size; (C) 2.5 and 10- pm-wide lines of red iron oxide particles, <500 nm in size.
(Taken from Ref 68 without permission)

There are number of factors which determine the resolution achievable in printing ***:

(1) size and stability (mechanical, etc) of the smallest features on the stamp;
(i1) larger scale deformations of the stamp;
(i11) lateral dimension and uniformity of the ink materials;

(iv) control over the differential adhesion of the printed material to the stamp and substrate.
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The resolution and dimensions of nanoscale features transferred from the stamps primarily
depends on the interaction of the ink with the printed surface. In addition, it depends on the
integrity of the transferred material. Moreover, preferential adhesion of the material to be
printed depends on the easy removal of materials from the stamp. This can be achieved by
decreasing the surface energy of the stamp and increasing the surface energy of printed
surface. The formation of covalent bonds between the transferred material and the printed
surface can also improve the release from the stamp. These parameters should be

optimized for different systems for effective transfer printing in nanoscale.

1.4 Aim of the Thesis

The overall objective in this thesis was investigating of the mechanism by which LiF
enhances electron and hole extraction in the electrode bilayer in organic photovoltaics
(OPVs). This required the synthesis of LiF nanoparticles in micelle reactors, which would
enable the controlled monolayer deposition of LiF particles at the electrode and organic
interface. The work function of the engendered electrode bilayer is characterized, as well
as the I-V characteristics of a model device integrating such a solution-processed LiF layer.
Finally, to realize the integration of a highly ordered, solution-processed LiF particle layer

into an actual OPV, nanoscale transfer printing was explored.
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CHAPTER 2. EXPERIMENTAL

2.1 Materials

Polystyrene block poly(2-vinylpyridine) (PS-b6-P2VP) polymers were purchased from
Polymer Source Inc. Chemical structure of the diblock copolymer is given in Figure 2. 1.
Polymers with two different molecular weights were used: (i) PS(48,500)-6-P2VP(70,000)
(PDI:1.08) (i) PS(75,000)-b-P2VP(66,500) (PDI: 1.09). Poly (methyl methacrylate)
(PMMA) was purchased in chlorobenzene with 950 K molecular weight and 2%
concentration from MicroChem, Newton, Massachusetts. Lithium hydroxide (non hydrate)
(Merck), hydrogen fluoride (40%) (Merck), toluene (99.9 %) (Merck) were used as
received. Lithium acetate (LiAc) and ammonium fluoride (NH4F) was purchased from
Merck and used as received. Sylgard-184 PDMS curing kit was purchased from Dow
Corning. Indium tin oxide (ITO) substrates (1.5 cm x 1.5 cm, 30 [J/square) coated on glass
support was purchased from TFD Inc.

wvw‘-[-'. - = :--]?-.-I- em - l--]:w

) O

Figure 2. 1: Chemical structure of PS-b-P2VP copolymers

2.2 Lithium Fluoride Formation

2.2.1 Lithium Fluoride Synthesis in Toluene

- 0.132 g LiOH was poured in 20 ml toluene and kept stirring.

- To obtain 1:1 molar ratio, 0.237 mL HF (40%) was added to start reaction.

- After 2 hours of stirring, the bulk salt obtained in the bottom of the plastic beaker was
filtered with a filter paper and dried in the ambient environment before SEM and XPS

characterization.
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2.2.2 Lithium Fluoride Nanoparticle Synthesis in Polystyrene
block poly(2-vinyl pyridine) copolymers (Plan A and Plan B
reactions)

The following reaction amounts are most frequently used values in the experiments. For

some experiments less or more amount were synthesized by keeping stoichiometric ratio.

To prepare the polystyrene-block-poly 2-vinylpyridine (PS-b6-P2VP) reverse micelle

reactor vessels:

15 mg of PS(48,500)-b6-P2VP(70,000) was dissolved in 5 ml of toluene under vigorous
stirring for 24 hours.

1.2 mg of LiOH was added to the micelle solution under vigorous stirring for at least 2
days. In order to obtain bigger particles LiOH loading step was extended to 4 — 5 days.
To remove the undissolved LiOH, the solution was centrifuged at 4500 rpm for 40
minutes.

Upon centrifugation, undissolved salt was precipitated to bottom of the falcon tube.
The transparent solution remained on top (supernatant) was taken with a micropipette
for further reaction

To obtain the nominal 1:1 molar stoichiometry for LiF formation, 2.8 pl of
hydrofluoric acid (technical grade 40%) was added to the LiOH loaded micellar
solution under continuous stirring.

Following the HF addition, solution was kept stirring for 24 hours at least. Without any

further processes solutions were used.

Due to the complications and difficulties of characterization of LiF nanoparticles, at certain

point, an additional reaction scheme was planned. This ‘Plan B’ synthesis of LiF was from

the reaction of lithium acetate (LiAc) + ammonium fluoride (NH4F):

15 mg of PS(48,500)-6-P2VP(70,000) was dissolved in 5 ml of toluene under vigorous
stirring for 24 hours.
1 mg of LiAc was added to solution. LiAc was a big salt. However, it was observed

that big particles were completely dissolved and solution became blurry.
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- After 36 hours of mixing super saturation was observed. Prior to NH4F addition,
solution was centrifuged for 40 minutes at 4500 rpm. After centrifuge, the flake-like
particles were precipitated and supernatant was taken for further reaction.

- For 1-1 molar ratio, the calculated amount of NH4F is ~0.5 mg. So, 0.6 mg NH4F was
added to M+LiAc solution and solution was stirred for 1 day.

- After 24 hours, some precipitates were observed which was probably as the result of
super saturation and products other than LiF. Therefore, prior to substrate coating step,

solution was centrifuged at 4500 rpm for 40 minutes.

2.2.3 Understanding aging effect

Two different particle morphologies observed and the reason appeared to be reaction time
after HF addition. For this purpose effect of HF on PS was observed. 30 mg PS
homopolymer (M,,: 48,000) was dissolved in 10 ml toluene. Solution was divided in 2 ml
parts. For these, HF(%1), HF (%5) and HF(%40) was added and solutions were kept
stirred. Molar amounts of HF were adjusted to the amount used for LiF synthesis inside

micelle. For FTIR analysis, thick films on glass were prepared by drop casting.

2.3 Post Processing After Synthesis

2.3.1 Coating on substrates

The substrates used in this project are glass, silicon, silicon nitride (SizNy4), ITO and
magnesium oxide (MgO). Prior to usage, all substrates were cleaned in an ultrasonic bath
of 15 minutes each of acetone, followed by ethanol, and then rinsed with de-ionized water.
After cleaning with solvents, all substrates were dried with a pure N, stream. In the

absence of N, stream overnight furnace heating was applied to substrates at 60 °C.

MgO (single crystal) substrates were annealed before coating with the micelle solution.
The substrates were brought to 1000 °C with 20 °C/min heating rate and kept there for 1
hour. Then they were cooled again with rate of ~20 °C/min. The coating procedure was

completed as the substrates were taken from the furnace.
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In most of the cases spin coating was used. The solution of loaded micelles (12-13 uL) was
spin coated on substrates by spin-parameters of 2000 rpm for 40 seconds, for 3 mg/ml of
micelle solution. However, it was observed that better hexagonal coating can be achieved
for lower concentrations (between 2 — 2.5 mg/ml). In order to create more coverage on the
surface, lower spin rates with higher concentration were used. Or, spin coating with

conventional parameters were repeated following with O, plasma.

2.3.2 Plasma Etching

To remove the polymeric micelles and to reveal the LiF particles plasma etching was
performed. In the initial experiments both O, plasma and H, plasma was performed with
PVA Tepla America Inc. Etching conditions for O, plasma is 150W power, 0.1 mbar O,
gas pressure for 45 min. For H, plasma 150W power, 0.4 mbar H, gas pressure for 45 min.
For the latest experiments performed in SU, Harrick Plasma equipment was used for O,

plasma with the parameters of Hi-power (29.6W), 1 Torr O, gas pressure for 30 min.

2.4 Device Formation in Inverted Structure With Direct Coating of
Nanoparticles

The experimental procedure for LiF coating of Al:

1) Getting Al samples from big chamber to transfer chamber. Close the connection
between two chambers and unplug the transfer chamber.

2) Carry the transfer chamber to glove box and open the N, gas flow. Wait ~1 hour,
the humidity inside the glove box was measured as % 0.4

3) Open the transfer chamber in glove box and take samples to desiccator. Start
pumping. After 30 minutes take the transfer chamber and place solution, samples
inside the glove box. Wait 1 hour to obtain humidity below % 0.4.

4) Organize everything in glove box, position everything for easy coating
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5) Coat samples with M+LiOH+HF solution that is 1.66 mg/ml (diluted from 3
mg/ml) (See Hata! Bagvuru kaynag@ bulunamadi.. During coating use 30 V that
corresponds to 30 mm/min speed of dipping and pulling.

6) After coating the samples, place them into petri dish

7) Place samples that are in petri dish to desiccator and vacuum the desiccator.

8) After 45 minutes bring samples to plasma with desiccator.

9) Place petri dish in plasma while flushing the environment with argon (Ar).

Because the bottom petri dish was too big for metal protector in chamber, we had to
spend more time then anticipated (possible air exposure)

10) After doing each move, we evacuated the chamber and apply vacuum.

11) Then vent with Ar that is heavier than O,

12) Open petri dish, transfer them to smaller

13) Etch the samples with H, plasma 0.4 mbar, 150 W, 45 min.

14) Vent the chamber with argon

15) Place the top petri dish in the chamber and vacuum, then vent with argon. Then
open the chamber (while flushing with argon) and close the petri dish.

16) Place the petri dish into the desiccator that is just near to plasma system.

17) Apply vacuum to desiccator, wait 10-15 min.

18) Bring the desiccator to glove box and start N, flow. Wait ~1 hour until humidity
decreases to % 0.2.

19) Transfer samples from desiccator to Transfer chamber.

20) Bring transfer chamber out carefully and mount it to big chamber.

(Everything took ~11 hours and growth of films in vacuum was performed by Ayse

Turak, MPI)

2.5 Effect of Direct Coating of Particles on Organic Surfaces

In order to understand the effect of direct coating of nanoparticles on organic layers used in
the photovoltaics, initially organic films were exposed to toluene, by dropping 15 pl

toluene, and spin coating at 2000 rpm for 40 seconds. Afterwards O, plasma with 0.1 mbar
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gas pressure, 150 W power, for 45 min was applied. Before and after each process,

samples were characterized with AFM.

2.6 Nanotransfer printing Experiments

2.6.1 PDMS Curing

The outline of the PDMS curing can be found in literature. However, the details and tricks
can not be found in the literature. Therefore, a detailed process flow of PDMS curing was

retrieved from a webpage .
Weighing

- Sylgard 184 is a two-component heat-curing system, i.e. it consist of a base part and a
curing agent part.

- A common plastic cup was taken and filled with one part curing agent and ten parts of
base (by weight) 10:1 (m/m) ratio

- It is better to start with the curing agent, since it is harder to pour the right amount of it.
7-10 g material will be sufficient for covering one template, e.g. 0.7 g curing agent and

7 g base.

Mixing

- A plastic spoon was used to mix the base and the curing agent for at least a few
minutes, depending on the amount of material. Upon mixing, a lot of air trapped in the

solution

Degassing

- After the mixing the silicone mixture will be full of air bubbles and needs degassing.
This was done in a desiccator using vacuum. During the degassing the silicone expands
and bubbles disappear by small explosion. When the silicone is completely clear and

transparent it is finished. (20-30 min)
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Dispensing

Dispensing the silicone on to the template can be a bit tricky, because it important to
avoid trapping air in the process. Sylgard 184 has relatively low viscosity, so the flow
is no problem. Dispensing the material at the center of the template from a low altitude
minimizes the risk of trapped air. Template should be kept horizontal during

dispensing.

Spreading
The spreading on a flat substrate can be achieved by tilting it at a low angle. By tilting
it in different directions it is possible to cover the whole template by silicone.

Curing

Sylgard 184 is heat curing. It is curable from less than room temperature to over
150°C. Sylgard 184 also has temperature dependant shrinkage as seen in Figure 2. 2.
Curing in 140°C (~15 min) will make the stamp shrink almost exactly 3 %.

Peel-off

The final step is to peel off the stamp from the template. It is possible to use a sharp
and curved pair of tweezers to do this. Start by releasing all borders and then continue
at a low speed in a direction parallel to most structures and peel off the remaining parts.
Store the stamp in a flat plastic container with the pattern facing upwards, i.e. away

from the container.
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Figure 2. 2: Shrinkage graph of Sylgard 184 PDMS depending on the curing
temperature (Taken from Ref 1 without permission)

2.6.2 PDMS Pressing

PDMS pressing experiments were performed with different loads. In certain cases a gentle
force was applied by putting 50-100 mg weight over the PDMS and the substrate.
However, most pressing experiments were carried with the set-up shown in Figure 2. 3.

The press was manufactured in the workshop of MPL.
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Figure 2. 3: Press set-up used for PDMS pressing and other purposes.

2.6.3 PMMA Cooling

Nanotransfer printing experiments by use of PMMA was generally performed as

following:

- Clean silicon substrate was spin coated with thin layer of PMMA in chlorobenzene.
Spin coating parameters as 5000 rpm for 1 min resulted in 100 nm thick films.

- PMMA coated silicon substrate and LiF nanoparticle coated glass substrate was
brought together with press. Due to the fragility of standard optic microscope
borosilicate glass slide (thin one), sometimes paper clips were also used.

- Substrates in close contact were heated to higher temperatures (~120 °C) than glass

transition temperature (Ty) of PMMA which is around ~100 °C.

2.6.4 Electrostatic Charging of PMMA

Electrostatic charging of PMMA experiments were done as described in the work of

Jacobs et al. which was also discussed in section 1.3 2. Apart from the same procedure
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described in the work, direct transition of particles was tried by coating the gold surface of
the stamp with particles and applying O, plasma. Afterwards, bias was applied between
stamp which has particles on it, and PMMA coated silicon in 20 — 40 V range.

2.6.5 Adhesive Tape Experiments

There are two kinds of adhesive tape experiments. The first one is rather robust and simple:
sticking an adhesive tape (scotch tape, REVALPHA tape) on top of a glass substrate,
which is coated with LiF nanoparticles beforehand. Pressure was applied with the back-
side of Teflon tweezers for 5—10 minutes, and the tape remained in contact with the glass

substrate for an additional 15-20 minutes to complete 30 minutes of experiment time.

The second type of adhesive tape experiments rely on REVALPHA tape. REVALPHA is a
unique thermal release tape that behaves like normal adhesive tape at room temperature but
can be easily peeled off by simply heating when you want to peel the tape off. The details
of this experiment are still under study. However, the planned process-flow schematic is

given in section 3.5.4.

2.7Characterization

2.7.1 Dynamic Light Scattering (DLS)

DLS experiments were carried out by Zetasizer Nano, Malvern Instruments Ltd. Because
the micellar solutions were prepared in a toluene environment, quartz cells were employed
rather than the standard PS cells. The detector was fixed at the scattering angle of 173° (the
Noninvasive Backscattered optical detection technology maximizes the sample volume
analyzed, enabling study of a broader range of particle sizes and concentrations), and a He-
Ne laser was used as a light source with A = 632 nm. Characterization was performed at 23
°C (room temperature) waiting for 3 minutes for temperature equilibration. For optical
parameters, PS was taken account as being the corona of micelle. For viscosity, rather than
the viscosity of toluene (0.54 cP), the viscosity of the micellar solution (0.66 cP) was used

because it directly affects the final result.
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2.7.2 Scanning electron microscope (SEM)

Scanning electron micrographs were taken by a Zeiss field emission scanning electron
microscope (FE-SEM) (Ultra 55) operated at an acceleration voltage of 2-5 kV. For

nonconductive surfaces, carbon coating was applied.

2.7.3 Atomic force microscope (AFM)

Atomic force microscopy measurements were done in 2 different AFMs. The one at MPI is
in air using a Veeco Digital Instruments CP-II SPM system in tapping mode. The non-
contact silicon tips were MPP-11123-10 (Veeco) with a resonance frequency of 285-327
kHz, and a force constant of 20-80 N/m. AFM characterization in SU was performed using
a Nanoscope III Atomic Force Microscope (Digital Instruments, Santa Barbara, CA USA)
using the tapping mode with single-beam silicon cantilevers (spring constant between 30 —

40 N/m) The AFM images were processed with the free software WSxM (NanoTec)’.

2.7.4 Transmission electron microscope (TEM)

Electron diffraction experiments were performed using a JEOL 2010F transmission
electron microscope (TEM) operated at 200 keV, while energy dispersive x-ray
spectroscopy (EDX) analysis was carried out on the same instrument in scanning
transmission electron microscope (STEM) mode. TEM sample preparation was done in
two ways with Cu grids. In the first method, Cu grid was dipped in micelle solution and
take back after 2 s waiting time. Then it is placed on top of a filter paper to remove excess
solution from the grid. In the second method, a very tiny drop (3-4 uL) of micelle solution
was dropped on Cu grid which stands on filter paper. TEM characterization in this study is

mostly performed by Cleva Ow-Yang.
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2.7.5 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy was performed on a ThetaProbe (Thermo VG
Scientific), equipped with a monochromatic Al Ka source, which can be focused down to a

spot size of 15 um. XPS measurements were performed at MPI.

2.7.6 X-ray diffraction (XRD)

X-ray diffraction measurements were performed in a Philips (now Panalytical) X'Pert Pro
Diffractometer, parallel beam realized by an X-ray lens in the primary beam and parallel-
plate collimator in the diffracted beam, beam size set to 4 mm x 4 mm by crossed slits, Cu-
Ka radiation from a sealed X-ray tube (45 kV, 40 mA). XRD measurements were
performed at MPI.

2.7.7 Kelvin probe work function measurements

Kelvin probe (KP) measurements were performed by Prof. I. D Baikie of KP
Technologies, KP Technology Ltd. Analysis type was absolute scan which is a scan of
approximate dimensions 6 x 6 cm conducted with a 2 mm diameter Kelvin probe tip. The
tip Work Function (WF) has been determined with reference to a pristine gold surface and

we assume the gold surface is 5.10 eV.

The scans have been performed at a constant tip to sample spacing, termed tracking, so that
the measurements made with the same tip on different samples can be compared correctly.
Average work function and standard deviation about the mean was reported. The data set

have been nearest-neighbor filtered.
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CHAPTER 3. RESULTS AND DISCUSSION

3.1 Lithium Fluoride Formation

3.1.1 Lithium Fluoride Synthesis in Toluene

The formation of fine LiF nano-powders in an aqueous environment with a simple reaction
of LiOH and HF was previously demonstrated by Sarraf-Mamoory and coworkers'. The

reaction in this scheme is described in Eqn 1:
LiOH ,, + HF|,,) > LiF )+ H,0y, Equation 1

To confirm that the reaction would occur without the presence of the micelles, LIOH was
reacted with HF directly in toluene. The formed salt was analyzed with SEM and XPS
(results is given in Figure 3. 1). Observation of cubic particles by SEM is indication of LiF
formation because cubic structure is resulted from rocksalt crystal structure of LiF. In
addition, XPS validate the formation of LiF crystallites from solution with the 1s Li peak at
55 eV and Is F peak at 685 eV °.

-70 -



Surv (b)
" [Fs T
- |8
Rl H
C Ik . -
= =1 Li1s
O 695 690 685 6680 675 ~I
3 BE (eV) é
> 8|
= L P -
c 3
i) ——————
= BE (eV)
_ " e
1250 1000 750 500 250 0
BE (eV)

Figure 3. 1: (a) SEM image and (b) XPS spectra of LiF crystals produced from direct
reaction of LIOH and HF in toluene.

3.1.2 Lithium Fluoride Nanoparticle Synthesis in Polystyrene
block poly(2-vinyl pyridine) copolymers

The conventional nanoparticle formation in diblock copolymer micelles are carried by
initial loading of the metal salt and coordination of metal with 2VP group of the micelle.

For this purpose, the metal candidate should have acidic or basic property so that it can
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leave its bonded groups easily. So our selection of LiOH seems to be proper metal salt that
can precipitate inside the micelle core that bears 2VP groups. To prove this concept,
initially LiOH was added to PS(75,000)-5-P2VP(66,500) micelle solution and kept stirring
for 1 week. However, the big salt LiOH at the bottom of vial had not disappeared. In
addition, the solution did not become blurry which is a good indication for salt dissolution
in micelle solution. To solve the solubility problem, an asymmetric polymer, PS(48,500)-
b-P2VP(70,000), with longer P2VP (polar) block was tried. The dissolution of salt was
observed with the asymmetric polymer and this polymer was used in all the experiments.
Upon LiOH loading after 3-4 days, undissolved LiOH was removed by centrifuge and spin
coated on a silicon substrate. Polymeric micelles were removed by O, plasma. In the given
SEM image below (Figure 3. 2) few nanometer sized particles can be observed. Particles
were not arranged hexagonally and the size distribution does not seem very uniform.
Indeed, this is a predicted result because before reduction, the metal salt is mostly found as
incorporated to micelle core as small salt particles that are not unified yet’. Especially very
close particles are indicative for several nano-salt formations in a single micelle core.
Moreover, in order to reveal LiOH loading to micelle DLS measurement was performed.
As shown in Figure 3. 3 average diameter of PS-b-P2VP increased from 16.7 nm to 67 nm
which is a good indication for salt loading®. Thus, presented result is a good proof that

LiOH can be used as Li" source for the LiF formation.

Figure 3. 2: SEM image of PS-P2VP micelles loaded with LiOH and etched with O,
plasma
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Figure 3. 3: Dynamic light scattering result for empty and LiOH loaded micelles,
average size increased from 16.7 nm to 67 nm upon loading of LiOH.

After ensuring the loading of LiOH salt into micelle core, the following reactant, HF, was
added to micelles. This reaction was always performed after a centrifuge step. This was
important because in micellar solution, there can always be some unloaded salt present
outside the micelle and formation of HF particles outside the micelles may not be desired.
After HF addition, solutions were left for stirring at least 20 hours and after spin coating on
a substrate, samples were etched with either O, or H; plasma. It was found out that the
plasma conditions are critical for the removal of all polymeric part. In the case of less
power/time usage, there is always possibility of residual polymers on particles as in Figure
3. 4b. Along with other experiments plasma conditions were optimized as following': - for
O, plasma, 0.1 mbar, 150 W, 45 minutes; for H, plasma: 0.4 mbar, 150 W, 75 minutes. In
addition to plasma systems, concentration of micelle solution was adjusted after this
experiment. In this experiment, concentration of the micelle solution was 5 mg/ml (PS-b-
P2VP to toluene). For this particular molecular weight polymer, PS(48,500)-b-
P2VP(70,000), this amount was found high because as seen from the SEM images with
this concentration, micelles tend to induce phase transformation. After this experiment,

concentration of micellar solution was decreased to 3 mg/ml.

" These parameters are for PVA Telpa plasma system, for each system these parameters can be different.
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Figure 3. 4: LiIOH and HF loaded micelles etched with (a) O, plasma and (b)H,
plasma

In certain cases, some problems were encountered during the synthesis of LiF
nanoparticles. First of all there was a stability problem with time, which is seldom
observed with other diblock copolymer micelle systems. On the other hand, HF can
fluorinate the polystyrene part of micelle, which may give rise to the carbon-fluorine peak
in the XPS spectra’. This was especially notable, when the solutions were held for longer
than 2-3 days, and one could see the appearance of white rings around the micelles in the
SEM images. In order to monitor the stability, further stirring was continued for 15 days.

The ring pattern around micelles had increased, and this is shown in the Figure 3. 5 below.

? Obtained in early times, however, after realization of contamination in the plasma system, XPS results
belong to LiF nanoparticles derived from PS-b-P2VP was discarded.
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Figure 3. 5: SEM images of LIOH and HF loaded micelles after 3 days of HF addition
(a) and after 15 days of HF addition (b)

When extensively stirred micelles were etched with plasma, core-shell like particles was
obtained (Figure 3. 6). The particle distribution is not very hexagonal, and the size of
particles is around 18 nm. Having core-shell particles could have been attributed to an O,
plasma, but for the LiF crystals obtained with direct reaction of LiOH and HF in toluene,
O, plasma treatment was performed, and it was observed from the SEM images that the
cubic structure of LiF crystals had not changed with such treatment. Therefore, it is
reasonable to attribute this ring formation in micelle and the post-etch core-shell like
particles to fluorination of styrene groups and the formation of some variant of fluorinated
carbide. When the stirring of solution is limited to 15 hours after the HF addition, single
colored particles (not resemble core-shell particles) were obtained and this is illustrated
inHata! Basvuru kaynagi bulunamadi.. From the SEM image, a hexagonal ordering
between particles can be seen, and the distance between each particle is around 60 nm,
while the particle size is around 10 nm. Hence, it is clear that for this system, uniform
particles are formed in the core of each micelle. Therefore, even if there is a reaction of HF
with styrene part, the formation of some fluorinated compound would occur, given

sufficient time.
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Figure 3. 6: SEM image of LiOH and HF loaded micelles etched with O2 plasma after
3 days of HF addition

#

ve = 1043 nm
B

Figure 3. 7: SEM image of LiOH and HF loaded micelles, spin coated on SizNy4
substrate and etched with O, plasma after 15 hours of HF addition. FFT is given on
the upper right corner
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To understand the direct effect of HF to PS-b-P2VP reverse micelles, only the HF loading
of micelles were performed. Two experiments with different HF loading (stirring) time
were performed, and the SEM results can be seen below. In Hata! Basvuru kaynag
bulunamadi.a, HF-loaded micelles etched after 3 days of stirring are shown, and here the
formation of small particles with non-uniform distribution can be observed. The distance
between particles vary and is not limited with center-to-center distance of micelles (60
nm), which was previously shown in Figure 3. 7. This evidence can be indicative of a
reaction between HF and PS-h-P2VP, and probably this reaction was on the surface (or any
non-core place) of the micelles. On the other hand, when the stirring time of HF is
decreased to 15 hours, only very small particles are observed, as illustrated in Figure 3. 8b.
However, these small particles are very limited in numbers. Thus, reaction of HF with
micelles may occur over extended periods of time, and this was also observed with the

micelle system in which LiOH and HF reacted.

Figure 3. 8: SEM images of only HF loaded micelles coated and etched after 3 days
(a) and 15 hours stirring (b)

In order to further understand the effect of HF, PS homopolymer was tried to react with
HF(%]1), HF (%5) and HF(%40). As the reference, some part of the PS solution was not
reacted with HF. These 4 samples were characterized with FTIR. HF(40%) was expected
to react with the (fluorinated) benzene ring of PS. However, FTIR characterization showed
that all spectral peaks were consistent, without the appearance of additional peaks in all 3

samples. Some portion of the FTIR spectra is illustrated in Figure 3. 9. Therefore, the core
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shell particle produced could not be attributed to fluorination of PS block of micelle. This
problem was not solved effectively in the project because core-shell nanoparticles were

almost never observed in other experiments.
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Figure 3. 9: FTIR spectra of 4 samples, PS film, PS+HF(1%), PS+HF(5%) and
PS+HF(40%)

There were several problems with the characterization of LiF nanoparticles produced by
micelles. The quantities were too low, below the detectability limits of XPS and XRD
characterization at the initial trials. For those experiments multiply coated samples and
drop cast samples were used respectively to improve the signal-to-noise ratio. Moreover, as
the highest band gap materials, LiF cannot be characterized with techniques such as UV-
absorption spectroscopy, which can be employed for the characterization of metallic and
semiconducting nanoparticles. A ‘plan B’ reaction for LiF formation was also explored. In

that reaction, as lithium source, lithium acetate® (Mw=65.99 g/mol) and as fluorine source

)I\ Li*
3 O
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ammonium fluoride’ (Mw=37.4 g/mol) was used. The possible reaction should be as

following:
(1) LiAc + (1) NH4F — (1) LiF + (1) CH,CO,H+ (1)NH;3 Equation 2

Since the LiAc molecule is bulkier than that of LiOH, lower quantities of LiAc was used,
such as 1 mg (where we put 1.5 mg of LiOH for 5 ml, 3mg/ml micelle solution), because
when the salt amount (volume) is high, super saturation occurs, as observed upon excess
loading of LiOH. Indeed, during the reaction, both after LiAc loading and NH4F addition,
super-saturation in the micelle solution occurred. Super-saturation resulted from the
micelle instability, when it is loaded. In the case of the polymer that is used in this study,
the PS block is shorter than P2VP, and this induces stability problems upon loading an

excess of salt inside the micelle.

The SEM image of plan B reaction is shown in Figure 3. 10. Here smaller particles were
obtained due to limitations of the vessel for the bulky salt molecules and the solid fluorine
compound. In LiOH + HF reaction, LiOH is relatively small, which may enable more
LiOH ions to coordinate with pyridine group inside the micelle. In addition, in that
reaction, the fluorine source is HF, which is in aqueous environment, whereas NH4F is
solid. Apart from smaller size of particles, there are some extensions observed near the
particles. This might have resulted from other products such as carboxymethl. For
comparison a usual nanoparticle formation with the reaction of LiOH and HF is presented
in Figure 3. 11. The nanoparticle pattern with this reaction is very clear, without the
residual material between the particles, observed in plan B reaction products. At this point,

the plan B reaction was discarded.

N Hq +
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Figure 3. 10: SEM image of M+LiAc+NH4F on silicon substrate after O, plasma

etching

Figure 3. 11: SEM image of M+LiOH+HF prepared in glass vial and spin coated on
silicon substrate, after etched with O, plasma
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After some difficulties, the chemical verification of LiF was achieved by electron and x-
ray diffraction. Electron diffraction was performed on LiF loaded micelles, which were
drop cast on a lacey formvar-coated Cu grid. XRD was performed on drop cast LiF loaded
micelles layer coated on amorphous glass. Both X-ray and electron diffraction spectra can
be indexed to LiF, with (111) and (200) peaks at g, = 2.7 and 3.1 A-1, proving LiF particles
had indeed formed inside the polymeric micelle core. STEM-EDX (not shown here) also
revealed the characteristic fluorine peak for LiF. Note that similar measurements of
unloaded micelles, or ones loaded only with LiOH, showed none of these characteristic
signatures of LiF formation. Imaging of the particles were also performed with TEM to
determine if the nanoparticles after etching were crystalline and textured on the surface, as
suggested by XRD measurements of the micelles before etching. For this purpose samples
were coated on a SizN4 membrane and O, plasma etching performed after coating. TEM
micrograph is given in Figure 3. 13 displays some highlighted particles which are slightly
smaller than those produced again on Si;N4 substrate (see Figure 3. 7) (~4-6 nm vs. 8-10
nm); however, they are neither uniformly dispersed on the surface nor uniform in size. This
suggests that the coating of the nanoparticles on the TEM grid is not representative of the
nanoparticle formation that is typically observable by SEM. By analyzing the particles in
Figure 3. 12, we can clearly see that some of the nanoparticles are crystalline. Some
particles also show some high angle grain boundaries, suggesting that either nanoparticles
have coalesced or that some are made up of multiple crystalline domains. The small size of
the particles, similar to or smaller than what was observed in the SEM, suggests that the
latter is more likely, especially as some particles may also have amorphous regions (see
particle 3 in Figure 3. 12, where both crystalline and amorphous domains are visible).
However, it is possible that the amorphous regions correspond to residual polymer.
Highlighted in orange (Figure 3. 12) are these amorphous regions with contrast darker than
that of the substrate; in some places they are in contact with the particles, while in others
they are isolated.. These may also result from the deposition process on the surface, and the
non-spherical shapes may correspond to the coalescence of amorphous LiF particles, or the

polymer micelle residue from incomplete plasma etching.
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Figure 3. 12: (a) Electron diffraction (Cleva Ow-Yang) and (b) background
subtracted x-ray diffraction pattern formed from LiF-loaded polymeric micelles
(Ayse Turak and Udo Welzel)

Figure 3. 13: TEM micrograph of LiF nanoparticles on Si;N, grid. Likely particles
are highlighted, showing both crystalline and amorphous particles. Line profiles

through the background and some particles are highlighted by the blue lines

Electron and x-ray diffraction spectra given above belong to LiF nanoparticles, while they
are inside the polymeric micelle. In order to validate the nanoparticle formation after O,

plasma etching step, grazing incidence XRD was performed in the synchrotron facility at
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ANKA (Forschungszentrum Karlsruhe). Grazing incidence diffraction technique allows
the characterization of the surface features. Because the technique uses small incident
angles surface sensitive (in the order of nanometers) Bragg reflections can be collected
from the detector. The synchrotron source produced x-rays with the A=1.23A. With the
given wavelength the (200) plane of LiF should give rise to a peak at 35.9°, and the
resulting peak from the experiment is consistent with the expected value as shown in
Figure 3. 14. Thus, XRD directly on nanoparticles proved that the LiF nanoparticles on
MgO substrate upon O, plasma etching.
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Figure 3. 14: Grazing incidence x-ray diffraction spectra of LiF nanoparticles coated
on MgO substrate (Ayse Turak)

3.2 Work Function Measurements’

Work function measurements were performed by special care because the characterization
was conducted at KP Technologies, Scotland. In total, 7 samples were sent to be
characterized. A bare ITO and O, plasma etched ITO was characterized as references (The

AFM surface characterization is depicted in Figure 3. 15.
Two different substrates were prepared from solution based LiF, i.e. LiF synthesized by
PS-b-P2VP copolymer reverse micelles. One of the samples was prepared by one layer

coating. The second one was prepared by 3 subsequent coatings, each spin coating step by
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followed by O, plasma etching step. The schematic illustration of LiF formation and SEM
results of 1 and 3 layers of LiF nanoparticle on ITO surface is given in Figure 3. 16. After
spin-coating (2000 rpm for 40 seconds) onto ITO-coated glass substrates, oxygen plasma
etching was used to remove the polymeric micelles. The nanoparticle size was ~22 nm.
The LiF particles were revealed to have covered ~16.6% of the substrate surface, as shown
in the secondary electron image in Figure 3. 16(c). Successive coating and etching steps
led to sequential coverage of the substrate surface by disconnected LiF islands. The
thickness range where an evaporated LiF interlayer is effective in improving device
performance is limited to ~Inm in both OLEDs and OPVs ®’. At such thicknesses, LiF
forms a discontinuous layer of nanoparticles on the organic surface, similar to that

observed in Figure 3. 16 (d) *.

Moreover, for comparison, LiF was vacuum evaporated on ITO with 5 A, 5 A (O, plasma
etched) and 10 A thicknesses; (Ayse Turak) (thickness monitored by a quartz crystal
microbalance (QCM). thermal evaporation of LiF onto ITO substrates also led to the
formation of nanoparticle islands with a characteristic island size of ~40 nm. Prior to
thermal evaporation, the ITO substrates were annealed at 130°C in vacuum for 30 mins to
remove absorbed water and contaminants. During thermal evaporation of LiF, the ITO
substrate was masked, to produce regions of LiF covered ITO, and bare ITO for direct
comparison with the Kelvin probe, as shown in Figure 3. 17. Thermally evaporated LiF on
ITO is polycrystalline, with nearly the <522> texture expected for LiF thin films on

amorphous substrates °.

| h‘. '- ; . - o5
"."? L . -“. ‘br; {
Figure 3. 15: ITO surface — (a) as received ITO (b) ITO surface after O, plasma

(MPI6) (non-contact AFM). RMS roughness = 0.6nm and 0.94nm respectively (Ayse
Turak)
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Figure 3. 16: Schematic illustration of monolayer of micelle spin coated on ITO
before (a) and after (b) O; plasma etching. SEM images of (¢) a single layer of
solution-processed LiF, after etching with O, plasma; and (d) three layers of solution-
processed LiF, formed by successive spin coating and O, plasma etching.

Figure 3. 17: (a) MPI3: 10A LiF thermally evaporated on ITO (b) masked region of
MPI3 showing the ITO surface. (non-contact AFM) (c) Overlay of stereographic
projection for LiF with indication of the 100 and 111 poles and the measured pole
figures for the 111 (left) and 200 (right) reflections of thermally evaporated LiF (Ayse
Turak)
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For comparison, LiF was also thermally evaporated onto Diindenoperylene (DIP) organic

thin film surface as shown in Figure 3. 18 (Felix Maye, MPI).
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Figure 3. 18: Thermally evaporated LiF (5A by QCM) on diindenoperylene (SML)
(non-contact AFM) (b) corresponding height profile (Felix Maye)

The work function of the surfaces was measured in an effort to compare the interlayer
performance of the solution-processed LiF, forming an electrode bilayer with ITO (sol-
LiF/ITO), with that of the thermal evaporated LiF on ITO (thermo-LiF/ITO). As solution
processing necessitated the use of an oxygen plasma etch, the effect of plasma treatment

was also evaluated on bare ITO and thermo-LiF/ITO.

The work function is extremely sensitive to the surface state, as gases and adsorbates may
induce substantial variations in the energy required to remove an electron from the Fermi
level. KP yields the average work function of the entire analyzed surface'®. Since device
performance is a global value, made up of averaging in parallel all of the local “cells” that
arise from microscopic differences on the electrode surface, KP analysis is ideally suited

for probing the impact of interlayers in devices'.

A typical 2D work function map is shown in Figure 3. 19. The average work function,
summarized for various samples in Table 3. 1 is the mean work function across a complete
scan area. The relative change in the electrode work function, referenced to that of the

plasma-etched, bare ITO is also given. The data sets have been nearest-neighbor fitted.

Since the uniform macroscopic work function is of interest, the 2-mm diameter probe head

used was sufficiently insensitive to the micro- and nanoscale variations inherently present
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in the surface topography of the ITO surface'™"

and of the ultra-thin LiF films, which
consists of nanoparticle islands (see Figure 3. 19). The standard deviation about the
average work function ranged 20-60 meV, which is consistent with the macroscopic work
function measurements on real surfaces, i.e. surfaces that contain modest inhomogeneity,

such as scratches.

Evaporation of LiF onto ITO (see Table 3. 1) leads to a reduction in the ITO work

. 12,13
function, as has also been observed on metal surfaces =

. However, unlike the case for the
low work function electrode metal, this should increase the barrier to hole injection at the
ITO surface. This confirms that the role of LiF at ITO in OLEDs is to prevent the injection
of holes, leading to higher performance from the balance of electron and hole injection in

. 14,15,16
devices 7.
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Figure 3. 19: Surface work function map (scanning Kelvin probe) of the electrode
bilayer consisting of solution-processed LiF on ITO. The scan area was over 11.2 x 10
mm’ with tip radius 2mm. The scans were performed, while maintaining a constant
tip-to-sample spacing, in order to facilitate comparison of different samples to the tip.
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Table 3. 1: Summary of extracted work function (®) from KP using a 2mm calibrated
polycrystalline Au tip (calibrated to Au surface with ® = 5.1eV).

Sample Avg. @ [eV] AD
5-A, thermo-LiF (S1) 5.06 +0.01 -0.045%
5-A, thermo-LiF, plasma etched 5904 0.02 10,034
(82)

10-A, thermo-LiF (S3) 4.89 + 0.06 -0.167%
sol-LiF, etched, 16.6% coverage 5.29+0.02 0.032°
sol-LiF, etched 24.8% coverage 5.44+0.03 0.189"
Bare ITO, etch-treated 5.25+0.03 0.130°
Bare ITO 5.12+£0.06 0

? relative to ITO surface, masked during thermal evaporation
® relative to etched ITO surface

¢ relative to as-received ITO surface

As expected, O, plasma etching increases the work function of both the bare ITO and the
masked portion of the ITO partially covered with thermo-LiF. Typically, this improvement
in work function is associated with the oxidation of OH sites on the surface'’. A similar
improvement for both coated and uncoated areas, while maintaining the reduction in work
function due to the presence of LiF, suggests that this mechanism still holds, with etching

having little impact on the surface state of the LiF particles themselves.

For the sol-LiF monolayer that has been subjected to O, plasma etching, the work function
is larger than both that of the thermo-LiF/ITO, as well as that of the etched (bare) ITO.
The resulting lower barrier for hole carrier extraction suggests that sol-LiF/ITO would be
well suited for an organic solar cell electrode'®. In OLEDs, where charge balance is
essential to achieve high performance, it is advantageous to increase the barrier to charge
injection by decreasing the work function, as observed for thermo-LiF/ITO. However, in
organic solar cells, which do not suffer from this disadvantage, a work function at the

electrode surface closer to an Ohmic contact with typical polymer layers is highly
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desirable. Energy level diagram is illustrated in the figure below. The sub-monolayer (16%
coverage) of sol-LiF/ITO revealed a measured work function of 5.29 + 0.02 eV. Compared
to the 5.1 eV of PEDOT:PSS, the upper valence band edge of LiF is much closer to that of

commonly used organic hole transport layers.
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Illustration of energy level changes in OLEDs and OPVs

This unexpected advantage to the sol-LiF/ITO is particularly noteworthy, because this is
the first bilayer system in which a dielectric film of nominally the same chemistry could
induce a change in work function in the opposite direction on the same electrode. The
potential cause may be elucidated from investigating the work of Pacchioni and co-
workers, who have reported extensively on work function modification by ultra-thin
dielectric films on metal substrates". Although such studies have been carried out on
systems assumed to have an epitaxially formed interface, i.e. continuous films fully
wetting the metal surface, two primary mechanisms have been proposed to explain the
modification of the metal work function in opposite directions, determined in large part by

the ionicity of the dielectric film. In the case of a positive change in ® (A® = @y — Oy, >
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0), an ultra-thin dielectric film would receive transferred charge from the metal. However,
in the case of a dielectric film with highly ionic character, such as LiF, the effective work
function would be lowered, due to the electrostatic compression of the overspill electron
density by the dielectric (A® = ®m/d — ®m < 0). Although an oxide, ITO does have a
sufficiently high free charge carrier density, such that one could expect the formation of a
surface dipole that would define the work function of the bare ITO. When this overspill
charge encounters LiF “islands”, compression back into the ITO would lead to a negative
change in the work function, which is typically observed in thermal evaporated LiF on
ITO. When solution processed LiF is deposited onto ITO, on the other hand, charge
transfer may occur from metal to dielectric, inducing a positive A®. The reason behind this
charge transfer can be understood by analyzing the study of Mckenna et al *°. In this study,
electron trapping behavior of ionic materials such as LiF was analyzed, and it was found
that grain boundaries in the structure of such ionic molecules can trap electrons due to their
low energy relative to the bulk material. Therefore, the reason for charge transfer to sol-
LiF might be due to its polycrystalline structure as observed in electron diffraction ring
pattern (Figure 3. 12a), Polycrystalline nature of sol-LiF might bear grain boundaries as
electron trapping sites which can cause the electron transfer from metal to dielectric and so
that inducing positive A®. On the contrary, in the previous studies it was observed that
thermo-LiF is more likely to be single crystalline. For this reason, rather than charge
transfer, the effective mechanism for thermo-LiF is electrostatic compression of electron

density, which results in the decrease of ®@ of ITO.

Moreover, the work function could easily be tuned (i.e., the barrier lowered further), by
successive deposition of multiple layers of solution-cast LiF with interlayer plasma etch
removal of the polymer, as shown by the 0.323 eV increase for 24.8% coverage sol-
LiF/ITO. As the quest for higher efficiency also includes modifying the molecular orbital
levels of the donor molecules to increase the open circuit voltage and wavelength
absorption maxima, a tunable surface work function would give a considerable advantage

in the production of advanced solar cells'.

In sum, it is shown by the work function measurements that LiF produced from solution
can be used to tune the surface work function of commonly used electrodes in organic

electronics. While the use of an ambient solution-based approach is itself attractive for the
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production of low cost organic devices, the ability to tune the surface work function using
a controlled bottom-up approach is also of considerable interest in tailoring device

performance.

3.3 Fabrication of Inverted Device

Work function measurements proved that LiF nanoparticles obtained from solution
processing are well-suited for the electrode bilayer in organic photovoltaics. Although the
original plan for the integration of LiF nanoparticles in an organic device was by transfer
printing onto the organic layer. Since the cathode is typically Al, it should be vacuum
deposited and should not be exposed to air, in order to prevent oxidation. However,
because the transfer printing experiments took much longer to develop than anticipated, we
fabricated an inverted device to see if LiF nanoparticles obtained from solution to evaluate
its performance in organic photovoltaics. In an inverted device, LiF nanoparticles were
placed on the Al cathode rather than directly on the organic layer (see Figure 3. 20).
Everything was carried out in vacuum and in a glove box, to the maximum extent possible.
Even though we took many precautions, exposing the sample to air for short period of time
(~5-10 s) was inevitable, due to the necessity for plasma etching to remove the polymeric
micelles around the LiF nanoparticles. Instead of O,, H, plasma etching was used here to
avoid oxidation of the Al cathode. A control sample was also prepared on a glass substrate
from the same solution to characterize with SEM. The resulting SEM image is shown in
Figure 3. 21. Similar conditions were attempted by spin coating, which resulted in a quasi-

hexagonal packing of ~10-12 nm sized LiF nanoparticles with ~70 nm spacing.
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Figure 3. 20: Schematic illustration of experimental procedure for fabrication of
inverted device with LiF nanoparticles produced with PS-b-P2VP copolymer reverse
micelles
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Figure 3. 21: M+LiOH+HF solution that is used on Al substrate, spin coated on glass
at 2000 rpm and etched with O, plasma with 150 W, 0.1 mbar for 45 minutes. FFT of
the image is given in the right corner.

For comparison, a device containing fully vacuum-evaporated LiF layers was also
prepared. The device structure for fully evaporated films is Al/LiF/Cgo/LiF/Al/ITO, while
it is Al/LiF/Cgo/LiFNano/AVITO. Here LiFyano is denoted for LiF nanoparticles
synthesized with micelles. Due to the difficulties of device manufacturing in a vacuum
environment, two sets of samples were prepared. Among these, the Al part of one for each
device was masked, and the device was divided in 4 individual sub-devices. I-V
characteristics of the devices produced were measured under vacuum. The results for the
fully vacuum evaporated device Al/LiF/Cgy/LiF/Al/ITO are presented Figure 3. 22. The
devices displayed Ohmic contact, which is desirable for organic devices, and are consistent
with the literature for LiF insertion between Al cathode and organic layer®. I-V curves for
the solution-based LiF device, AI/LiF/Cgo/LiFnano/Al/ITO, is shown in Figure 3. 23. Both
devices are insulating, which may be attributed to different experimental errors. However,
the general trend in the two sub-devices is that they all display ohmic contact behavior. In
comparison, the sol-LiF based device the resistivity is higher. This might be due to the
brief air exposure of the device containing sol-LiF. Although there were imperfections in

the experimental procedure (air exposure of cathode), most devices (and sub-devices)
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displayed Ohmic behavior. This was particularly important to prove that LiF synthesized
by micelle reactors can actually be used in OPVs. Further numerical analysis was not
carried out on these proof-of-concept devices, because complications in production render

the inverted structure devices impractical for implementation.
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Figure 3. 22: I-V curves for the devices produced from only thermal evaporated LiF
films. Unmasked (O776) (a) and masked (O779) devices (b).
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Figure 3. 23: I-V curves for the devices produced from solution based LiF
nanoparticles. Unmasked (O777) (a) and masked (O778) devices (b)

3.4 Effect of Direct Coating Conditions on Organic Surfaces

Before starting the any transfer printing process, we sought to try the direct coating of

particles on organic layers. However, because this process involves more than a single
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step, we initially investigated the effect of each step on organic layers independently. The

list of organic layers that were studied is given in Table 3. 2.

Organic Layer Short Name
Ce0 (On ITO) CHB 202B
HCuPc (On ITO) CHB 203B

Pentacene (On ITO) CHB 204B

PTCDI (On Si) 0559
DIP (On ITO) 0571
DIP (On Si) 0643
Ceo (On Si) 0665

Table 3. 2: List of organic layers that were analyzed

In the direct coating process the first step involves spin coating of particles. In this step, the
effect of toluene on organic layers is an issue that should be considered. Secondly, spin
coated particles require plasma etch removal of the micelles, but this may also etch the
underlying organic layers, mandating a separate analysis. Hence, initially atomic force
microscopy (AFM) characterization of non-processed organic layers was performed,
followed by toluene exposure, and finally by H, plasma-etching. The results are presented
in Figure 3. 24. For all the experiments, at least two images were captured for comparing
reproducibility, but only representative images are shown. Short toluene exposure does not
seem to affect the organic layer surface, as seen from the images below. On the other hand,
H; plasma exposure modified all of the surfaces. Interestingly, organic layers on silicon
substrate seem to be affected more than the ones on ITO. This difference can be better

observed on DIP, which was both on silicon (0643) and ITO (O571) substrates.
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Figure 3. 24: AFM images of (from left to right) initial surface- after toluene
exposure- after H2 etching of CHB 204B (a), CHB 203B (b), CHB 202B (c), 0665 (d),
0643 (e), 0571 (f), O 559 (g).

These plasma results clearly indicated that direct printing was not possible on a DIP
surface that was evaporated on the ITO substrate. After coating with a monolayer of LiF-
loaded micelles, the substrate was introduced to the H, plasma. It was observed by eyes
that the pink color on the ITO substrate had decreased, and when the sample was analyzed
with SEM, formation of small islands on the surface were seen (Figure 3. 25). This kind of
alteration on the surface is excessive and undesirable for the final device. Therefore, we

did not continue this study further.
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Figure 3. 25: SEM of DIP surface initially coated with LiOH and HF loaded micelles
and etched with H, plasma

Direct printing studies involve just two substrates: donor and receiver substrates. This
study was not applied to small organic molecules; instead it was applied to P3HT-PCBM,
which is a commonly used polymer blend for the acceptor layer in organic photovoltaics.
This was one of the easiest and promising methods to explore before trying the PDMS
pressing. Two experiments (NTP 15, NTP 21°) were performed, and in both nanoparticle
transfer was not achieved. This study did not proceed mainly because of phase segregation
of the polymer blend, when it is heated and held for a long time at ~100 °C. The phase
segregation of P3HT and PCBM can be clearly seen in Figure 3. 26.

° NTP is the abbreviation of nano transfer printing studies carried out with PDMS, and for the ease of
experiment following, numbers are given for nano transfer printing experiments.
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Figure 3. 26: Schematic illustration for direct printing and SEM result for P3HT-
PCBM film upon heating

3.5 Nanotransfer Printing Experiments

3.5.1 PDMS Results

PDMS Curing Studies

PDMS curing on nanoparticles had initially appeared to be a good way of removing
nanoparticles from the donor substrate, given reports in the literature on this method
for forming microscale and nanoscale features on a PDMS surface. In order to
achieve this, curing on several substrates was performed (see Table 3. 3)

. Among all the substrates only the O, plasma-processed ITO was successful. On the other

surfaces, after curing, PDMS could not be peeled off, and bonding was observed between

PDMS and the other surfaces.
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PDMS
SUBSTRATE PLASMA CURING
0O, -
Silicon
H, -
0, -
Glass
H, -
0, -
Silicon Nitride
H, -
0, -
H terminated Silicon
H, -
O, +
Indium tin oxide
H, -

Table 3. 3: List of substrates on which PDMS curing was tried

Several experiments were conducted for PDMS curing on ITO with a nanoparticle layer,
by varying the curing temperature of curing. In none of the experiments nanoparticles were
able to be removed from the donor substrate. The details of these experiments can be

checked from Hata! Bagvuru kaynagi bulunamadi..

PDMS Pressing Studies

With its adhesive property and low surface energy PDMS is an attractive material for
transfer printing. The challenge is to remove nanoparticles from donor substrate to PDMS
layer. If the particles sit on the PDMS surface, transferring them to another substrate is not
very difficult. For such process two important interface forms, particle-PDMS and particle-
substrate (receiver). The difference between the work function of adhesion of these two

interfaces substrate-particle (W..;_..,) and PDMS-particle (W us_52-) can be written in the

. . 20
Intimate contact
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where y.,; and yz;ys are the surface energies of the substrate and the PDMS. The y.; e,
and yepus_ner are the interfacial energies between substrate and particle and between
PDMS and particle respectively. The second term [}-_..ﬁp__,_:_.— }-;;,.\,5__::,} can be much
smaller than the first (yw; — vznus), because it is often the case that v,z vy O ¥epus
where ¥,., 1S the surface energy of the particle. The particles in this study are LiF

nanoparticles and substrates are glass or silicon in most cases. The surface energies of most
commong substrates and LiF is given in the Table 3. 4% The difference in work of
adhesion is then roughly equal to the difference in surface energies of the substrate and the
PDMS. For most materials, the PDMS interface is weaker than the substrate interface
because of the low surface energy (19.8 mJ/m?) of PDMS. Therefore, if the proximal
contact is established between LiF particle-coated PDMS stamp and the receiver substrate
long enough, LiF particles will transfer to the receiver substrate. It was reported that, the
contact time should be kept longer for lower surface energy substrates and additional
thermal energy should be applied to decrease the time of transfer such as contact times of
several days from PDMS to PET but only 2 h at 45 °C *°. Heating can facilitate diffusion
of low molecular weight component of PDMS to the surface, accelerating the surface
hydrophobic recovery and decreasing the surface energy. Therefore, once the LiF particles
can be transferred from donor substrate to PDMS, the transfer from PDMS to organic

layers, such as pentacene, MEH-PPV can be relatively easy and straightforward.
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Material Surface Energy (mJ/m”)
PDMS 19.8
PET 44.6
Polythiophene 38.0
Polyimide 37.4
Polypropylene 29.6
MEH-PPV 28.0
Pentacene 23.7
Gold (Au) 1500.0
Titanium (Ti) 2100.0
ITO 45.0
Teflon 18.5 (20)
LiF 480.0
Glass 72.0
Silicon 60-90

Table 3. 4: Surface energies of common substrates and surfaces.

Before performing the PDMS pressing experiments, the effect of PDMS pressing on
organic surfaces (i.e., the receiver substrate) were studied. The AFM results are shown in
Figure 3. 27, and any significant change on organic surfaces was not observed after PDMS
pressing. Therefore, PDMS pressing is not sufficiently harsh to alter the surface of small
organic molecules. In addition to our studies, it has been reported that small features were
transferred from a PDMS surface to pentacene, which is one of our organic molecules™.
Here, it was discussed that because the surface energy of PDMS (19.8mJ/m?) is lower than
pentacene (23.7 mJ/m?), it is easy to transfer features from PDMS to pentacene. However,
due to the low difference between two, it was suggested that contact time should be
increased and slight heating should be done to full transfer of features. Thus, if the particle
adhesion on the PDMS surface could be achieved, then the transfer of particles from the

PDMS surface to organic molecules will not be difficult.

-102 -



After PDMS pressing

Before

' -,
g
=
=
S
5

- 103 -



400nm
Frrri

0.0

Figure 3. 27: AFM images of (from left to right) initial surface- after PDMS pressing
of CHB204B (a), CHB 203B (b), CHB 202B (c), 0665 (d), 0643 (e), 0571 (f), O 559

(-

After ascertaining the effect of PDMS pressing on organic molecules, pressing experiments
were started on nanoparticles deposited on the organic layers. Apart from NTP 1 and NTP
2 that were performed using LiF powder, particle removal from the surface could not be
achieved. This could be attributed to the very small size of the particles (around 10 nm)
and the strong interaction between the particles and the substrate. Particularly in the case of
silicon substrate, the growth of an additional oxide layer during the plasma etching yielded

particles embedded in this oxide layer. This kind of interaction required a very strong
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adhesion (i.e., primary bonds) to remove the particles from the substrate surface. In order
to increase the particle-PDMS interaction, PDMS was briefly (5 min) exposed to O,
plasma and immersed in ethanol to passivate the surface. Hence the surface became more
rigid and more hydrophilic yet, this was not enough to remove the particles from the

surface (NTP 18).

NTP 10-11-12 yielded perhaps the most interesting results among the PDMS pressing
experiments. The initial characterization of these experiments was performed with AFM,
and the results are presented in Figure 3. 28 - Figure 3. 29 (NTP 10) - Figure 3. 30 (NTP
11) - Figure 3. 31 - Figure 3. 32 (NTP 12). These results seemed very promising in the first
glance and suggested that the nanoparticles were successfully removed. However, for
validation, the silicon surface of NTP 11 experiment was inspected with SEM, and almost
all the particles remained on the sample surface, as illustrated in Hata! Bagvuru kaynagi
bulunamadi.. Thus for the NTP experiments, AFM should not be the only characterization
technique used to interpret the results. However, even in these images, AFM shows some
decrease in height where nanoparticles are located. These experiments should be

considered in future work.

Z[nm]

J200nm -
rerT= -

- . ) X[nm]

Figure 3. 28: AFM image of micelles (3mg/ml) loaded with LiOH, and after HF
addition, spin coated (2000 rpm) on normal (100) silicon substrate, before etching (a),
on ITO after etching with O, plasma (b) and corresponding height profile (c)
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Figure 3. 29: AFM image of micelles (3mg/ml) loaded with LiOH, and after HF
addition, spin coated (2000 rpm) on ITO substrate (a), afterwards etched with O,
plasma (150 W, 0.1 mbar, 1 hour), after PDMS pressing; and corresponding profiles
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Figure 3. 30: AFM image of micelles (3mg/ml) loaded with LiOH, and after HF
addition, spin coated (2000 rpm) on H-terminated silicon substrate (a), afterwards
etched with O, plasma (150 W, 0.1 mbar, 1 hour), after PDMS pressing; and

corresponding profiles (b)-(c)
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Figure 3. 31: AFM image of micelles (3mg/ml) loaded with LiOH, and after HF
addition, spin coated (2000 rpm) on normal (100) silicon substrate (a), afterwards
etched with O, plasma (150 W, 0.1 mbar, 1 hour), BEFORE PDMS pressing; and

corresponding profiles (b)-(c)
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Figure 3. 32: AFM image of micelles (3mg/ml) loaded with LiOH, and after HF
addition, spin coated (2000 rpm) on normal (100) silicon substrate (a), afterwards
etched with O, plasma (150 W, 0.1 mbar, 1 hour), AFTER PDMS pressing; and
corresponding profiles (b)-(c)

Figure 3. 33: SEM image of silicon surface of NTP11 experiment

The summary of NTP experiments are given inTable 3. 5. This can be used to refer and

remember any NTP studies.
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Type Substrate Temp. | Time(min) | Explanation
NTP LiF powders on
1 PDMS Pressing | glass 23 °C 210 PDMS grabbed all the powder
NTP LiF powders on
2 PDMS Pressing | glass 23 °C 15 (s.) PDMS grabbed all the powder
NTP |PDMS Slow peeling, almost nothing was
3 Releasing Glass 23 °C 10 released
NTP |PDMS Slow peeling, almost nothing was
4 Releasing Glass 75 °C 45 released
NTP O, etched Cross-linking between substrate
5 PDMS Curing | nanoparticles on Si 85°C 125 and PDMS
NTP H, etched Cross-linking between substrate
6 PDMS Curing | nanoparticles on Si 85°C 125 and PDMS
NTP H, etched Cross-linking between substrate
7 PDMS Curing | nanoparticles on ITO | 85 °C 125 and PDMS
NTP Nanoparticles on Nanoparticles remained almost the
8 PU-PDMS cast | silicon 23 °C 180 same
NTP O, etched Particles were affected by THF but
9 PU-PDMS cast | nanoparticles on Si 23 °C 150 largely remained on surface
NTP O, etched Peeling-off was successful,
10 PDMS Curing | nanoparticles on ITO | 90 °C 120 nanoparticle removal was not

O, etched

NTP nanoparticles on H Nanoparticles remained almost
11 PDMS Pressing | term. Si 23 °C 210 same
NTP O, etched Nanoparticles remained almost
12 PDMS Pressing | nanoparticles on Si 23 °C 210 same
NTP O, etched Silicon substrate was pressed on
13 PDMS Pressing | nanoparticles on Si 23 °C 120 PDMS, no change
NTP O, etched Nanoparticles remained almost the
14 PDMS Pressing | nanoparticles on Si 75 °C 150 same
NTP ITO to P3BHT-PCBM Polymer was stuck to the other
15 Direct Printing | on ITO 140 °C 120 surface
NTP O, etched Nanoparticles remained almost the
16 PDMS Curing | nanoparticles on ITO | 23 °C 40 (h.) same
NTP O, etched Nanoparticles remained almost the
17 PDMS Curing | nanoparticles on ITO | 45 °C 15 (h.) same

PDMS Pressing | H2 etched 23°C 120
NTP nanoparticles on H O, plasma-PDMS used, nothing
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18 term. Si removed
H, etched
NTP nanoparticles on H 0O, plasma-PDMS used, nothing
18 R | PDMS Pressing | term. Si 23 °C 120 removed
O, etched
NTP nanoparticles on
19 PDMS Curing | ITO(heat 270°C) 23 °C 15 6 hour room temp-9 hour at 60 °C
O, etched
NTP nanoparticles on Nanoparticles remained almost the
20 PDMS Pressing | SizN4(heat 270°C) 110 °C 120 same
NTP ITO to P3BHT-PCBM Nanoparticles remained almost the
21 Direct Printing | on ITO 100 °C 115 same
O, etched
NTP nanoparticles on Nanoparticles remained almost the
22 PDMS Pressing | SizNy 24 °C 225 same

Table 3. 5: Summary of most nanotransfer printing experiments

Weakening the Particle-Substrate Interaction Studies

As mentioned in the previous section, the interaction between nanoparticles and substrate
is very strong, and experiments were conducted to decrease this interaction. First, the
substrates on which nanoparticles present were heated to 270 °C, in order to remove the
polymeric part (if any existed) between the substrate and the particles. This temperature is
high enough to bring polymers above their T, or decompose them. This organic part was
thought to be the remaining micelles, as in the case of core-shell nanoparticle observation.
From the SEM images, there were no changes detected, and these substrates were used in
NTP experiments (NTP 19 and NTP 20). However, the result was similar to the non-heated

substrates, from which none of the particles could be removed from the surface.

Apart from heating experiments, water bath immersion experiments were performed.
Samples were held in water for lengths of time exceeding 12 hours, and no change was
observed for the dimensions of particles. This was notable, because if the particles were
dissolved in water, then removal of smaller particles from the surface cavities (if they
existed) would have been easier. Even 15 minutes of water bath sonication changed neither

the position nor the size of particles. In addition, sonication in acetone was tried. However
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again, there was not any change in the position of the particles. To achieve this, the

sonication time may be extended for the future experiments.

Up to this point, single crystal silicon wafer was the substrate of choice. However, glass
substrates were considered after reports *', comparing the O, plasma etching performance
of the two as supports for a Au nanoparticle (see Figure 3. 34). When plasma reduction
was applied during the nanoparticle synthesis in block copolymer micelle reactors on a
silicon substrate, oxide growth occurs. At the end of plasma cleaning, the nanoparticles had
become partially buried in an SiOx layer. On the other hand, only cavities formed when the
particles were on glass, which might be a result of the high energy and temperature

involved the plasma process.

Figure 3. 34: Electron micrographs of Au nanoparticles on borosilicate glass and
SiO,/Si substrates: (a) SEM image showing a tilted view (45°) of Au nanoparticles on
a borosilicate glass. HRTEM images of Au nanoparticles on SiO,/Si (b,d) and glass (c¢)
substrates after a H, plasma burning process. (b) Zoom-in image of a Au nanoparticle
with a diameter of about 9 nm. The particle is partly embedded in an amorphous
SiOx layer. (c) Au nanoparticles partially embedded in a topographically rough glass
substrate as compared to the relatively flat SiOxSi substrate shown in panel d. (Taken
from Ref 21 without permission)

After learning the effect of plasma on silicon substrates, weakening of the
particle/substrate interaction by controlled chemical etching of oxide layer was tried. The

controlled chemical etching of oxide layer was achieved by use of HF as etchant and NH4F
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as buffer. However, transfer printing studies on these samples did not yield any noticeable
result. Besides, ultrasonication was applied to glass substrates coated with nanoparticles
but most of the time particles were not removed. The summary of particle-substrate

interaction weakening experiments is given in Table 3. 6.

Name Substrate Explanation
Heating Silicon Heated to 275 C
Water
immersion Silicon Waited 15 hours
Ultrasonic
bath Silicon Both with water and acetone for 2 hours
Ultrasonic Both in water and in empty bottle for 90 seconds.
bath Glass For empty bottle particles were removed only 1
time
Chemical . HF(40 pul):NH4F(0.148 mg) solution (50 ml water
Etching Sihicon was used, Si substrates immersed 10-15 seonds

Table 3. 6: Summary of experiment for weakening particle-substrate interaction

3.5.2 PMMA Results

In the literature, PDMS was cited as soft elastomer and lacking resolution in sub — 100 nm
region. As an alternative, the harder PMMA was considered”>* for detaching the
nanoparticles from the glass substrate. Since a mechanical adhesive force (by PMMA
encapsulation upon heating over T,) was expected, to facilitate the transfer, in addition to
heating, cooling with liquid N, step was explored. The reason for the cooling step is
twofold: (1) after heating PMMA above its 7,, silicon and glass substrates stick to each
other very strongly and upon cooling, easy removal was achieved; (2) iduring the harsh
milling conditions of TEM cross-section sample preparation, nanoparticles on glass were
observed to have been removed, when they were brought to liquid N, temperatures. The

schematic illustration of the experimental procedure is given in Figure 3. 35.
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Figure 3. 35: Schematic illustration of heating/cooling experiments with PMMA

The annealing and cooling steps were performed for at least 60 minutes and 15 minutes,
respectively. However, because a good transfer was not achieved, these times were altered
sometimes. One of the most promising results for a PMMA heating-cooling experiment is
given in Figure 3. 36. The image belongs to the PMMA surface, after the experiment. The
sizes and separation of the nano sized objects matches with the donor substrate used and
hence these particles can be thought as LiF nanoparticles. Although this result was
promising, the transferred nanoparticle pattern was observed only in a very small region of
PMMA. Moreover, this quality of transfer was not ever achieved again in these
experiments. Even it could have been achieved; the difficulty of searching for a small
nanoparticle transferred region did not allow imaging, such a region with SEM. Therefore,

the further experiments were not done with this experimental procedure.
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Figure 3. 36: SEM image of PMMA surface after heating-cooling experimenf.

Donor: Receiver Explanation

Glass - PMMA on | Two substrates brought to contact, heated to 120, cooled by
Si Cu finger in N,

Glass - PMMA on | Two substrates brought to contact, heated to 150, cooled by
Si Cu finger in Ny i,

Glass - PMMA on | Two substrates brought to contact, heated to 120, cooled by

Si direct immersion to Ny i,

Glass - PMMA on | Two substrates brought to contact, heated to 150, cooled by

Si direct immersion to N s

Glass - PMMA on | Two substrates brought to contact with paper clips, heated

Si to 120, cooled by direct immersion to N»

Glass - PMMA on | Two substrates brought to contact with paper clips, heated

Si to 150, cooled by direct immersion to Ny s

Glass - PMMA on | Two substrates brought to contact with better paper clips,

Si heated to 120, cooled by direct immersion to N j,

Table 3. 7: Summary of PMMA cooling/heating experiments
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3.5.3 Electrostatic Charging Results

Poly(methyl methacrylate) (PMMA) can be used as a charge storing medium in order to
achieve patterning of nanostructures, especially nanoparticles through Coulomb forces.
Whitesides and coworkers first introduced the technique to show the patterning and
transfer printing of submicrometer particles with this method *. First of all, a set-up (as
shown in Figure 3. 37) was used to charge the PMMA thin films on silicon substrate.
External voltage source was used to apply electrical potential of 10-20V sweep with steps
of 350 mV which takes 25 seconds. Then, charged PMMA substrates were brought to
contact with LiF nanoparticles. Representative SEM images from this experiment are
shown in Figure 3. 38. From these images it can be said that there is some interaction
between charged PMMA and glass substrate. Some bigger particles seemed to be
transferred from glass to charged PMMA layer. However, for smaller particles which are
around 15 nm the disappearance was not observed in a big region. After this experiment,
additional experiment was performed, but this time, the stamp (that is constituted by
PDMS coated with cold) was spin coated with LiF loaded micelles and O, plasma etched
afterwards. Then the potential was applied between stamp and PMMA coated on silicon as
shown in Figure 3. 39. However, again a notable result could not obtained. The reason may
lie in the low dimension of particles, and less polarizability in this limit (although LiF itself
is a polarizable material in bulk form). The summary of all charging experiments is given

in Table 3. 8.

Place charged PMMA coated on
Si on glass substrate and apply

20V PDMS InGa alloy LiF Nanoparticles
ar

-20V

Au/Cr coating

Glass Substrate

Figure 3. 37: Schematic illustration of PMMA charging experiments
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200nm EHT = 2.00 kv Signal A=InLens  Date :18 Feb 2010 MPI- ) Signal A=InLens  Date :18 Feb2010  MPI-MF,DEP. SPATZ

WD= 5mm Mag = 26.84 KX Time :18:52:35 ile a WD= 5mm Mag = 19.54 KX Time :18:54:50 Fila I

EHT = 1.00 kv Signal A = InLens Date :18 Feb 2010 MPI-MF,DEP. 200nm EHT = 1.00 kv Signal A = InLens Date :18 Feb 2010 MPI-MF,DEP. SPATZ

WD= 3mm Mag = 40.05 KX Time :17:03:55 il Nar of 1 WD= 3mm Mag = 22.20 KX Time :17:11:40

Figure 3. 38: SEM results of charging experiments. Both PMMA and glass surfaces
are shown after experiment.

AUICT Coating e 11853 1l 7y
20V PDMS
ar
=20V

Figure 3. 39: Schematic illustration of direct charging experiment
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Potential
Donor Applied to
Substrate PDMS Time (s) Explanation
Glass with
LiF 0-(H)20V 40 (+) PMMA pressed on donor for 1h
Glass with
LiF 0-(-)20V 40 (-) PMMA pressed on donor for 1h
Glass with
LiF +20V 50 (+) PMMA pressed on donor for 2h
Glass with
LiF 20V 50 (-) PMMA pressed on donor for 2h
Glass with
LiF +40 V 50 (+) PMMA pressed on donor for 1h
Glass with
LiF 40V 50 (-) PMMA pressed on donor for 1h
LiF coated
on Au +20V 50 LiF on Au/PDMS direct charging

Table 3. 8: Summary of charging experiments

3.5.4 Adhesive Tape Experiments

Actually adhesive tape experiment was one of the first experiments performed for nano
transfer printing studies. However, because the initial substrate was Si which strongly
grabs the nanoparticles with the additional oxide layer formed after plasma etching step,
particles were unaffected by adhesive tape. After changing the potential substrate as glass
for nanotransfer experiments, adhesive tape experiment was repeated. In addition, before
trying any commercial adhesive tapes, initially we used scotch tape which is frequently

used in laboratory and ready in hand.

Initially very basic experiments were carried out with scotch tape. The tape was overlaid
on LiF nanoparticle coated glass substrates and pressure was applied by the back side of
Teflon tweezers (see Figure 3. 40 below). Then scotch tape was taken in a fast manner to

assist grabbing of particles. Two surfaces were analyzed by SEM to find transfer regions.
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The best results obtained with this experiment are given in Figure 3. 41 and Figure 3. 42. It
was good to observe the removal of nanoparticles even with the basic scotch tape.
However, large removal areas could not be obtained, possibly due to low adhesion strength

and high rough surface of Scotch tape.

Apply some pressure by pushing
with the back end of Teflon
tweezers

LiF Manoparticles

Glass Substrate

Figure 3. 40: Schematic illustration of a Scotch adhesive tape experiment

200nm

Mag = 109.18 KX |—|

Figure 3. 41: SEM of LiF nanoparticle-coated-glass surface after transfer experiment

']
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1um
Mag = 44.85 KX |—|

Figure 3. 42: SEM of adhesive tape surface after transfer experiment

After Scotch tape experiments, possible tape candidates were searched. As the result of
searching process REVALPHA thermal release tape was chosen. The ability of this tape is
that it loses its adhesive strength upon heating to the specified temperature. Therefore, if
transfer of nanoparticles on thermal tape is achieved, that printing the particles on organic
layers will be easy. For this purposes, direct sticking and peeling experiments were carried
out as done with Scotch tape. Although single particle transfer from glass substrate to
REVALPHA tape was obtained in several places, a collective transfer could not be
obtained. Hence, rather than directly sticking and peeling, REVALPHA thermal release
tape was adopted, wince it had proved useful for the transfer printing of graphene”. The

experimental procedure under consideration is given in Figure 3. 43.
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Gold deposition

JE 2R 2R AR

| Glass substrate with LiF | # Glass substrate with LiF

L

Press thermal release tape

Peel off thermal release tape

Place thermal release tape on
top of organic layer

Glass substrate with LiF

Heat the system to 90 C

ITO with Crganic layer ITO with Organic layer

SRS
v

Peel off the tape again and process with
selective gold etcher
——

LiF particles on organic layer

ITO with Organic layer

ITO with Organic layer

Figure 3. 43: Schematic illustration of transfer printing experiment that will be
carried out by REVALPHA thermal release tape

Only the peeling step was performed until now and AFM images of glass layer coated with

LiF nanoparticles are given in Figure 3. 44. As it can be seen in the AFM image in the
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right, upon peeling coated Au film from the surface, a decent amount of LiF particles were
removed. This experiment gave the most promising result among all the transfer printing
studies performed in this thesis study. Although here only the preliminary results are
presented, with the optimization of the process with further studies, complete transfer of

nanoparticles can be achieved by this method.

’ 2 e SR i e
Figure 3. 44: AFM height images of glass substrate coated with LiF particles (x3),
before (left) and after (right) peeling.
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CHAPTER 4. CONCLUSION

In this thesis, the synthesis of LiF nanoparticles by use of PS-b-P2VP reverse micelles was
achieved for the first time. Initially, the prospective reactants, LiOH and HF, were
combined in a toluene environment. XPS characterization on the reaction by-product
confirmed the synthesis of LiF, by giving the expected binding energy peaks for Li and F
atoms, and additionally cubic crystals LiF were observed with SEM. Diblock copolymer
micelles were employed as true reactor vessels for the reaction of LiOH and HF to form
LiF. The difficulty of the LiOH loading step was handled by using a longer molecular
weight (polar) P2VP block, rather than a symmetric diblock copolymer, in order to
improve the loaded micelle stability. The verification of the LiOH loading was done by
dynamic light scattering. In the size distribution-intensity results, the 50-nm increase in the
average diameter signified the success of LiOH loading. The formation of LiF inside the
micelle was achieved with the addition of HF to the LiOH loaded micelle composite
system. With electron and x-ray diffraction methods, LiF crystal structure patterns were

extracted, proving the formation of LiF inside micelles.

Homogenous coating of the LiF loaded micelles were done by spin coating onto a variety
of substrates. LiF loaded micelle solution with a concentration of 3mg/ml was spin coated
at 2000 rpm, giving denser micelle coverage on the surface. Using a lower concentration or
higher spin rates was observed to result in quasi-hexagonal close packed arrangement. In
order to remove the polymeric micelle without disturbing the particle arrangement on the
surface, O, plasma etching was performed to LiF loaded micelles. By the removal of
micelles, naked particles were obtained on the surface with monolayer coverage.
Verification of LiF nanoparticles on the surface upon removal micelle was done by grazing
incidence x-ray diffraction from a synchrotron source. Therefore, the stability of naked

nanoparticles on substrate after O, plasma was validated.

To assess the performance of synthesized LiF nanoparticles for possible device application,
inverted organic diode was fabricated and I-V characteristics were compared to the same
device produced with thermally evaporated LiF. The device configurations were
Al/LiF/Cgo/LiF/AI/ITO for  thermally evaporated LiF (thermo-LiF) and
AL/LiF/Cg/LiFnano/AVITO for micelle assisted LiF nanoparticles (sol-LiF) (denoted as
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LiFxano). Although the complexity of production of the device with micelle assisted LiF
and brief air exposure of Al cathode, ohmic behavior was observed in most of the I-V
measurements of both devices. Ohmic behavior of an organic device is particularly
important because this is attained by insertion of LiF between organic layer and Al layer.
To further evaluate the potential device application, work function measurements were
performed with Kelvin probe (KP) for ITO electrodes coated with thermo-LiF and sol-LiF.
For thermo-LiF, the work function of the electrode was decreased (negative A®) as
expected. However, the work function of ITO was increased (positive A®) with sol-LiF
and this was not expected. In terms of organic light emitting diode performance (OLED),
having thermo-LiF on ITO side is more advantageous because this way the barrier for hole
injection is increased and charge balance for electron-hole combination can be achieved.
For organic photovoltaics (OPVs) case, having sol-LiF is more advantageous because ITO
work function level can be aligned with valence band of PEDOT:PSS, a common hole
transport layer in OPVs, by the increase resulted from sol-LiF. For Al cathode side of
OPVs, sol-LiF can be a good candidate. Although sol-LiF widens the energy level
difference between conduction band of Cgy and Al, it may still do its function because it
decreases the barrier height, This is also validated by the ohmic contact behavior in the
fabricated organic diode and as the objective of this thesis to produce LiF nanoparticle
films for OPVs, this may be a good proof of concept. However, in order to conclude this
discussion, an organic device should be made from sol-LiF and device performance should

be compared with same device made from thermo-LiF.

The possible mechanism for thermo-LiF to decrease the work function can be electrostatic
compression and overspill electron cloud from ITO surface. One the other hand, charge
transfer should be occurred to increase the work function and in sol-LiF case some
electrons must be transferred from ITO. The reason of the charge transfer for sol-LiF case
can be attributed to high texturing and polycrystalline structure of LiF in this case as
observed in ring electron diffraction patterns because high electron trapping behavior of
grain boundaries of LiF was previously reported in the literature. The scientific basis of
work function alteration anomaly for LiF produced with two different methods can be

better understood with further TEM analysis.

In order to build the desired OPVs, LiF should be coated on organic layers and Al cathode
should be deposited in vacuum environment. The micelle technique does not allow direct

coating of nanoparticles on organic layers because O, plasma is required to remove
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micelles and this damages the organic layers as well. For this purposes, several transfer
printing studies based on non covalent forces were carried out in this thesis. Initially, it was
observed that the donor substrate used for LiF nanoparticles was very effective to achieve
particle removal. For silicon substrate particles were almost immobile and this is resulted
from the additional oxide growth during O, plasma. On the other hand, particles were
mobile on glass substrate that even with the scratch of tweezers some particles can be
ripped off from the surface. Then, as the material for grabbing LiF nanoparticles from glass
surface, PDMS and PMMA were used. Although PDMS was able to grab LiF powder, it
was found to be insensitive sub 100 nm structures because of its low elastic modulus. The
make PDMS harder and more hydrophilic brief O, plasma treatment was performed but
even this was not effective for removing particles and this can be attributed to high rough
surface of PDMS. As harder material than PDMS, PMMA was used. Heating was applied
to PMMA to encapsulate nanoparticles and cooling was applied to separate PMMA. Only
for once, nanoparticles were transferred to a very small area on PMMA surface but the
technique found to be non reproducible. For using Coulombic forces, charging experiments
were performed with PMMA which can trap charges in its matrix. In this case, particles
could not be removed, which might be due to the low polarizability of the nanoparticles
and additionally, small size (20 nm) of particles may prevent a good contact to PMMA

surface.

Lastly, Au coating and thermal release tape was used for nanoscale transfer printing
experiment. Au has a much larger surface energy than glass substrate as LiF does and for
that reason it is believed that Au can strongly adhere to LiF with the intimate contact
formed by thermal evaporation of Au on LiF nanoparticle films directly. The transfer part
of the process is achieved by adhesive thermal release tape which loses its stickiness upon
heating. The preliminary results of the experiment showed promising removal of LiF
nanoparticles from glass substrate. The process should be optimized to remove all LiF
particles from the surface and release of the particles on organic surfaces should be

elucidated with additional experiments.

Consequently, for further transfer printing studies at nanoscale, there are few important
factors to be considered. Firstly, the stamp material should form conformal contact with
the LiF nanoparticles. If the surface of the stamp material is rough, or its elastic modulus is
small, nanoparticles will not interact strongly with the stamp material. As in charging

experiments, even Coulombic forces may not be enough to remove the particles from the
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surface. Beside this, even material can form an intimate contact, the forces should be
sufficiently high to grab the nanoparticles. This was observed for PMMA heating
experiments that heating the polymer over its T, might help it to form a better contact with
LiF nanoparticles however, possibly non covalent forces were not enough to transfer
particles to PMMA side. Lastly, the method that is used to receive nanoparticles from glass
surface should be double acting, and allow printing of nanoparticles on organic layers.
Charging experiments were straightforward in that sense because the charges on PMMA
can easily be manipulated. Similarly, PDMS experiments were important because PDMS is
an adhesive elastomer but its low surface energy makes it possible to transfer materials
from PDMS to other surfaces which mostly have higher surface energy with comparison to

PDMS.
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