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Abstract

Indium tin oxide serve a critical function in many organic devices, such as organic light
emitting diodes and organic photovoltaics. To optimize the performances of these devices,
it is desirable to tune the interface between the indium tin oxide and the next functional
layer of these devices. A common surface modification of transparent conductive oxides
is through the use of self-assembled monolayers. This methodology enables a
simultaneously tuning of the properties and performance of this interface, including the
surface energy, work function and durability of the transparent conductive oxide.
Phosphonic acid and silane based monolayers have been extensively studied and used
in devices for their ability to tune the interfacial properties of transparent conductive oxide.
Herein, alcohol based monolayers are first demonstrated on transparent conductive oxide
surfaces. The electrochemical and chemical stabilities of alcohol based monolayers, as
well as changes in the optical properties of the Indium tin oxide as a function of their
stability were evaluated in comparison to more traditional routes of surface modification,
such as through the use of silanes and phosphonic acid based monolayers. The tunability
of both work function and surface energy of the modified Indium tin oxide were also

determined for assessing their electronic properties.

Keywords: transparent conductive oxide (TCO), indium tin oxide (ITO), alcohol based
monolayers, stability, work function, surface energy
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Chapter 1.

Introduction

1.1. Indium Tin Oxide: Properties and Modifications

1.1.1.  Properties of Indium Tin Oxide

Transparent conductive oxides (TCOs) are semiconductors that have become
prevalent in the recent decades because of many applications for these materials in
electronic devices. The TCOs are often utilized as anodes in solar panels, heat reflective
coatings on windows, touch screens, organic photovoltaics (OPVs), and displays that
include organic light emitting diodes (OLEDs) and light emitting diodes (LEDs)."” After the
first TCO, cadmium oxide (CdO), was discovered in 1907, multiple types of TCOs were
reported and studied extensively.® The criteria for TCO are: i) a band gap (Eg) size that is
greater than or equal to 3 electron volts (eV) for transparency; ii) a carrier concentration
of at least 10 cm™; and iii) a resistivity less than 10 ohm/cm.? These criteria are the
classification of which materials are TCOs with a minimum conductivity and transparency.
The most common type of materials used in preparing TCOs are n-type semiconductors,
which include indium oxide (In,03), tin oxide (SnO), and zin oxide (ZnO) based materials.®
9 Among these TCOs, indium tin oxide (ITO) has been the standard material for organic
electronics because of its high conductivity over a wide range of temperatures, its high
degree of transparency in the visible spectrum (~90% transparency when deposited on a

glass substrate), and its high work function.

Indium tin oxide (ITO) is an In,0O3 based n-type semiconductor with tin as a dopant.
Indium oxide has a bixbyite unit cell structure, which has two oxygen vacancies.' These
vacancies result in two free electrons. An additional free extra electron is generated, when

3+

In® is replaced with Sn**. These free electrons form an energy level just below the

conduction band. Currently, commercial ITO targets include 10 mol% Sn. Based on



previous studies, at approximately 20 mol% Sn the neutral SnO, begins to form.' The
formation of the SnO, species reduces the number of free electrons that contribute to the

conductivity. This loss of free electrons leads to an increase in the resistivity of the ITO.

Another interesting aspect of ITO is the band gap size. Some studies have
reported sizes of ITO band gap as small as 3 eV, while others have reported band gaps
as large as 3.9 eV." ""® In order to address the large discrepancies in reported band gap
sizes for ITO, the presence of indirect band gap has been suggested in multiple studies.”
.13 An indirect band gap refers to a non-symmetry in the conduction and valence band
structures. The offset of the band structures results in a larger apparent band gap, which
gives rise to the optical transparency of these thin films. These properties have led to ITO
becoming the standard material among other TCOs for various devices that include touch
screens and displays.® %% ™"

Besides the conductivity and transparency of TCOs, there is another important
criterion for the choice of materials in display devices. The Schottky barrier and surface
energy are two main properties that are directly related to device performance. The
Schottky barrier is involved with hole injection processes and work function of interfaces
within the devices. For example, the brightness of displays depends on the interfacial
properties between the TCO and hole transport layer (HTL) or hole injection layer (HIL).
This barrier determines the efficiency of electron transport between layers within
devices." For these devices, materials with high work function is desired to minimize this

barrier. Among TCOs, ITO exhibits a relatively high work function (~4.6 eV).?

Despite of these beneficial properties of ITO, some challenges still remain with
incorporating ITO into devices, such as into OLEDs and OPVs, mainly due to the
degradations of ITO and its surface modifications. Currently, devices that utilize ITO as an
anode are faced with the degradation of ITO and its surface modification overtime.
Specifically in OLEDs and OPVs, the thermal, electrochemical, and photochemical
degradation can lead to compromised device performance and shortening of the device
lifetime. Thermal degradation leads to the loss of contact between ITO and the HTL, which
impairs the device performance. Electrochemical degradation can take place at the ITO
and HTL interface during device operation. This process involves the formation of

electronic traps, where electrons cannot be transported to the adjacent layer and charging



is observed at the interface. The photochemical degradation refers to the loss of
electroluminescence, which is caused by irradiation of light at energies larger than
electronic gap of the semiconducting organic materials. Another challenge is that indium
ions can leach into the organic layer that is deposited onto the ITO during device
operations. This loss of indium ions also leads to a decrease in the conductivity.” '°
Inorganic and organic surface modifications of ITO have been proposed to address these
issues. In this thesis, surface modification through the preparation of heteroatom free
organic monolayers is pursed to achieve highly stable surface modifications on ITO, as
well as to design an interface with the desired electronic properties and long-term

stabilities.

1.1.2. Surface Modifications on Indium Tin Oxide (ITO)

1.1.2.1 Inorganic Surface Modifications of ITO

Multiple solutions have been proposed to prevent and compensate for the
degradation of ITO in OLED devices." '*'® One approach is modifying the surfaces with
a thin metal film through physical deposition techniques. This approach has shown its
effectiveness in tuning work function of ITO. For example, thin gold films are already used
in commercial systems to improve the performance of organic electronics.” The most
common metal thin films used to modify the ITO surfaces include Pt, Au, Cu and Ni.""?
Thin gold films can successfully minimize the degradation of ITO, can increase the work
function up to 5.1 eV and can improve the physical contact with HTL, which enhances the
performance and prolongs the lifetime of OLED devices."” Some trade-offs, however, exist
with inorganic surface modifications. In order to maintain the transparency of the ITO, the
film thicknesses must be less than or equal to 0.5 nm." Therefore, this process requires
extremely precise and control over the process of film deposition. Due to interfacial tension
(e.g., surface tension) of the materials used to form these atomic thin films, these coatings
are likely to form nanodots and lead to changes in the surface morphologies. Therefore,
these coatings often lack uniformity in the resulting surface morphology. The non-
uniformity at the interface limits the ability to tune the surface energy and the work function
to localized effects, which leads to large uncertainties when determining the hole injection

barrier.



Another method to modify the ITO surfaces is through the use of metal oxide films
deposited onto the ITO surfaces. This approach provides a few benefits over the use of
metal thin films. Transition metals are often used to form a metal oxide films, such as Al,O3,
MoO3, WO3, Ag2,0 and Pr,0s, which are more transparent than pure metal thin films and
induce permanent dipole moments at the interface.’®#'** Studies have shown that OLED
devices that utilize metal oxide thin films exhibit a good stability over a wide range of
thicknesses. Another benefit is that these thin films can also improve the power efficiency
of the electronic devices. For example, an MoO; layer can exhibit permanent dipole
moments that maximize the work function at this surface (up to 6.3 eV).?* Approximately
10 times higher hole injections and 2 times higher power efficiencies were observed with
the use of Pr,0sin OLED devices.' These increases in the device efficiencies were also
observed in their overall performance, such as a 60% increase in the luminance observed

with the incorporation of Ag,O thin films.?*

Similar to metal thin films, metal oxide films are also prepared through deposition
techniques that can lead to a non-uniformity of the resulting films, which confines the
modified surface properties to localized effects.’ A variety of organic surface modifications
and atomic layer deposition (ALD) techniques were employed to achieve more uniform
surface modifications. The ALD technique is, however, very costly to operate, especially
on large substrates. As an alternative to inorganic surface modifications, some organic

surface modifications have been proposed to tune surface properties of ITO.

1.1.2.2 Organic Surface Modifications of ITO

Organic surface modifications of ITO, unlike inorganic modifications, are often
utilized to modify the interfacial chemistry and minimize degradation of the ITO surfaces.”>
16.253% There are multiple methods to modify the surfaces of ITO with organic materials.
These surface modifications are often sought to serve as a support layer for the deposition
of organic based functional materials, such as conductive polymers, HTL and HIL used in
the preparation of devices based on a multilayer design." * ' Majority of these functional
organic materials are often spin coated or drop-cast on the ITO. These materials form
relatively thick layers, which are distinguishable from self-assembled monolayers (SAMs)
that are covalently bonded to the ITO surfaces and are often used underneath these
functional organic films to tune their surface wetting and electronic properties of this

interface. In this thesis, the wider deposition of organic materials onto ITO will not be
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discussed in detail, but will instead focus on organic surface modifications to prepare
SAMs.

Monolayer-based surface modifications have been investigated for their ability to
minimize the degradation of ITO and to design an interface with respect to the work
function and the surface energy of this interface within an organic electronic device.> '
25,21, 2930, 3235 T date, this methodology has been demonstrated for its effectiveness to
create an interface with desired properties and demonstrated for its compatibility with
common HTL materials. Another benefit of this approach is that monolayers enable the
simultaneous modifications of the work function and surface energy of ITO. There are
primarily two types of organic layers used to modify ITO surfaces: silanes and phosphonic
acids. Monolayers derived from carboxylic acids and thiols have also been studied
previously.* Due to their weak interactions with the oxide surfaces, in comparison to silane
and phosphonic acids, they will not be discussed in this work. Both silane and phosphonic
acid approaches are currently being utilized in the display industries and have
demonstrated their ability to tune surface properties.* Figure 1.1 illustrates silane and
phosphonic acid based monolayers on ITO surfaces and their theoretical packing density.
Although the formations of both of these types of monolayers are dictated by the available
hydroxyl groups on native ITO surfaces, silane based monolayers can exhibit a slightly
lower packing density due to the orientation of the molecules.” '

Silanes are one of the commonly used organic monolayers used for modifying ITO
surfaces, and are capable of forming covalent bonds (e.g., In-O-Si bonds). Silane based
monolayers have a number of advantages that include a relatively short solution reaction
time and insensitivity to reaction conditions, such as concentrations of precursors and
temperatures of preparing solutions (e.g., room temperature). These SAMs can tune
surface properties and forming up to three covalent bonds." ' Under ambient conditions,
silane precursors readily self-polymerize to form a chain over ITO surfaces, which results
in a high surface coverage. Furthermore, among all surface modifications to ITO through
the use of monolayers, silanes have the shortest reaction time (~ 2 h, compared to ~24 h
for phosphonic acid and alcohol based monolayers). Surface modification through the use
of silanes have shown promising results that include an increase in the work function of
and luminance in OLED devices.> ?* 3% Using octadecyltrichlorosilane (ODTS) as a

precursor, the work function of ITO was increased to 4.85 eV and decreased surface



energy to 29.3 mJ m. With functionalized terminal groups, the work function and surface
energy of the ITO could be further modified to minimize mismatching properties between
the ITO and the HTL. For example, [4-(diphenylamino) phenyllmethoxy-N-(4,4,4-triethoxy-
4-silabutyl)formamide was used to form monolayers on ITO surfaces and investigated
improving the OLED device performance.” The device characterization resulted in
achieving a work function of 5.3 eV and approximately a 2.3-fold increase in brightness
without a significant change in the onset potential of the device, although the surface
modification increased the work function by ~0.5 eV. This observation was attributed to
the increased contact surface area between ITO and the deposited organic layers.
Through this surface modification, the surface energy of the ITO was significantly reduced
to be compatible with the organic coatings applied to the ITO. This approach allowed these
devices to endure higher currents in comparison to unmodified ITO. Another study that
utiized a fluorine moiety at the ITO surfaces of the monolayers (3,3,3-
trifluoropropyltrichlorosilane) demonstrated 5.16 eV and 28.7 mJ m™ for the work function
and surface energy, respectively.*® Similarly, many studies have demonstrated either an
increase in the work function or a decrease in the surface energy to enhance device

performance (Table 1.1).

Despite the benefits from silane derived monolayers, there are major drawbacks
in the stability under ambient conditions to which include: (i) moisture sensitivity of the
precursors; (i) hydrolytic instability of the monolayers; (iii) limitations to the achievable
functional terminal groups, such as hydroxyls, carbonyls and nitryls; and (iv) their
susceptibility to form multilayer formation.” *' Silanes are extremely sensitive to moisture
as these reagents can undergo condensation reactions to form Si-O-Si bonds in the
presence of moisture. Therefore, these reagents often require a controlled environment
for handling. Moreover, silane based monolayers have a tendency to degrade when
exposed to moisture and heat. Their hydrolytic and thermal instabilities have been
reported in multiple studies.*'**® More importantly, because silanes are extremely reactive
towards hydroxyls, carbonyls and nitryls, if any of these functional groups are present
within the reagents, silanes can self-polymerize and become non-reactive. Consequently,

silanes are restricted to a limited choice of terminal functional groups on precursors.

Another critical issue with silanes is the uniformity of the resulting monolayers. The

formation of multilayers could not only reduce the overall induced dipole at the interface



between ITO and monolayers, but also increase the surface roughness.** The relationship
between surface roughness and wetting have been well known. An increase in surface
roughness can result in poorer wetting of the HTL. Therefore, in order for the HTL to be
uniformly deposited and be stable, multilayer formations of the monolayers should be

avoided when possible.

Table 1.1 Work functions and surface energies reported for a series of silane
surface modifications on ITO.
chemical structure work function (eV) surface energy (ml/cm’) _ reference
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Figure 1.1

Another alternative to inorganic surface modifications to ITO is through the use of

phosphonic acid based monolayers. These monolayers form through covalent In-O-P

bonds and offer a few advantages over silane based monolayers. The benefits include the

formation of a single layer, ease of synthesizing and storing precursors, and availability of



various terminal functional groups (Table 1.2)." " % % 28 45 This type of surface
modification also offers up to three covalent bonds, similar to silane based monolayers.
However, phosphonic acids can be sensitive to reaction conditions, such as
concentrations of reagents and composition and purity of solvents. The solvent can
influence the formation of phosphonic based monolayers. Previous studies on solvent
effects for the formation of phosphonic acid based monolayers concluded that each
precursors requires specific solvents to achieve the high quality monolayers.*® An
additional sintering process is often performed to stabilize the covalent bond, In-O-P, and
to achieve high quality monolayers. Previous studies have shown that phosphonic acid
based monolayers can tune the work function and surface energy of ITO and prolong the
lifetime of OLEDs through the uses of various precursors with different terminal functional
groups.? 1225283447 |5 the study, different phosphonic acid modifiers, including phenylated
and fluorinated molecules, were utilized to form monolayers and were characterized using
XPS, UPS, and WCA.?" The result showed that these monolayers have close to a full
surface coverage (86-90%), increased work function by 0.6 eV, and surface energies as
low as 24 mJ m™?. Another study demonstrated the tunability of work functions through the
use of 4-nitrophenylphosphonic acids and 4-cyanophenylphosphonic acids.?® Both
phosphonic acids exhibited increases of 0.60 and 0.77 eV in their work function with dipole
moments of 4.04 and 3.59 at the surfaces with these surface modifications. These results
demonstrate the effectiveness of the phosphonic acid based monolayers in tuning the
surface properties of ITO. However, there is still room for improvements to the results

achieved using phosphonic acid based monolayers on ITO.



Table 1.2 Work functions and surface energies reported for series of
phosphonic acid surface modifications on ITO.

chemical structure work function (eV) surface energy (mJ/cmz) reference
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Phosphonic acids have multiple binding modes with ITO surfaces, which leads to
large uncertainties in its stability.' 2> ?® The most prevalent mode of binding is bidentate,
while the strongest and the most stable binding mode is tridentate on the surfaces of ITO.
Having unbound hydroxyl groups hinders the close packing of the molecules within the
monolayers and exposes In-O-P bonds making them more susceptible to hydrolytic
damage. Studies have shown that phosphonic acid molecules that are bound to ITO
surfaces through bi- or mono-dentate modes can undergo hydrolysis and detach from the
surfaces while also producing a local increase in acidity.*® One CV study on ITO modified
with phosphonic acids reported that after 60 scans, the faradaic peak increased three-fold,
indicating an electrochemical instability.*® Although phosphonic acid based monolayers
offer multiple benefits over silane monolayers and unmodified ITO, due to this low
hydrolytic stability, another surface modification was sought for modifying the ITO surfaces.

In the research presented within this thesis work, an alternative type of monolayers on
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ITO surfaces that utilizes alcohol reagents was pursued and evaluated using several

characterization techniques.

1.2. Organic Light Emitting Diodes

One of the most common devices that utilize ITO are OLED displays. In this type
of display devices, ITO supported on a glass substrate is used as a transparent anode.
The basic schematic diagram of an OLED device is depicted in Figure 1.2. The working
principle of OLED displays is that electrons from the cathode and holes from the anode
are injected toward the middle light emitting layer in the sandwiched structure.®® Once
electrons and holes join to combine in the light emitting layer, the relaxation of the
electrons release energy to the surrounding, exciting organic molecules to emit light.
According to this principle, a cathode, an organic light emitting layer, and an anode are
required to emit light. Because of the large work function mismatch between those
materials, OLED devices were very inefficient as a large amount of energy was required
to operate.” *® Over the last few decades, OLED devices underwent many design changes
and evolved to contain multiple additional layers that include an electron injection layer,
an electron transport layer, a HIL, and a HTL." Through having multiple layers, hole and
electron injection processes became step-wise processes, resulting in multiple small
energy barriers, instead of one large energy step. By minimizing the sizes of the energy
barriers, OLED devices can operate at lower potentials, meaning lower energy
consumption and longer lifetimes due to fewer electrochemical stresses.” * "2 This
multilayer design yielded brighter and more efficient OLED devices, but there is still room
to enhance performance through minimizing those energy barriers and maximizing the

physical contact between ITO and the organic layer.
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Figure 1.2 Graphical depiction of OLED working principles. The anode in this
figure is ITO and the interface between the ITO and HIL can be
modified using monolayers.

There have been efforts to minimize energy barriers through redesigning the OLED
device through insertion of additional layers. These layers can be inorganic and organic
materials, such as poly(3,4-ethylenedioxythiphene)polystyrene sulfonate (PEDOT:PSS)
that can vary in their thickness from an angstrom to hundreds of nm." These layers can
serve as “support layers”. Support layers, often called transport and injection layers, lower
each of the transport energy barrier down to smaller energy steps (in some OLED devices,
HIL and EIL are absent). These multilayer OLED devices operate more efficiently as less
energy is required for the electron or hole transport. Support layers have been studied
extensively and the details of these materials and their function are not discussed further
in this thesis; further details can be found in the literature." ' '® % Depending on the
materials used to fabricate an OLED device, the size of the energy barriers can vary from
1 to 2 eV. Typically, clean native ITO exhibits a work function of 4.6 eV and

phosphorescent molecules deposited on ITO to emit light possess a work function of 5.5
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to 6.5 eV." Additional studies have increased the work function of ITO to 6.13 eV through
chlorination of these surfaces.’’ The use of UV light to ionize chlorine gas to chlorine ions,
which was exchanged with hydroxyl groups at the surfaces of ITO, led to this achievement.
This result indicates that hole transport and hole injection layers can be eliminated and
still have very energy efficiencies for display devices. Other studies with the use of a series
of phosphonic acids have utilized silanes and phosphonic acids to achieve work functions
varying from 4.8 to 5.2 eV.?”* Although the work function values achieved through the
use of SAMs tend to be lower than that achieved using chlorination of the surfaces, these
organic based monolayers offer additional benefits, such as chemical passivation for the
ITO for improved chemical and electrochemical stability, tunable surface energies for
enhanced electronic contact efficiencies, and a platform for further surface modifications.
Because SAMs can be utilized to simultaneously tune multiple properties and provide

benefits, they are essential components in OLED devices to optimize their performance.

1.3. Objectives of the Thesis

The main purpose of this thesis work is to investigate an alternative class of
monolayers for modifying the surfaces of ITO using alcohol based reagents (Figure 1.3).
The alcohol based monolayers aim to achieve high electrochemical, chemical, and optical
stabilities of ITO, thereby enhancing the performance and elongating the lifetime of
devices that utilize ITO, namely OLED devices. Previous studies have shown a high
degree of hydrolytic stability for alcohol based monolayers on other semiconductor
surfaces that include silicon and silicon oxide.***” Based on these studies, alcohol based
monolayers were grafted on ITO films. The alcohol based monolayers also offer multiple
additional benefits including various terminal functional groups and cost effectiveness of
reagents relative to silanes and phosphonic acids. The characterization of techniques for
evaluating the stability of the alcohol based monolayers on ITO will be discussed in further
detail in Chapter 2.
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Proposed alcohol based monolayers on ITO.

Figure 1.3
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Chapter 2.
Characterization Techniques for ITO Surfaces

Monolayers derived from silanes, phosphonic acids and alcohols are characterized
using multiple techniques to evaluate their stability, and to study their chemical
composition and interfacial properties. The details on these characterization techniques
will be discussed in each of the following sections. Critical assessments of these
characteristics are required before implementing ITO modified with alcohol based

monolayers in organic electronics, such as OPVs and OLEDs.

2.1. Three Electrodes Electrochemical Setup

All TCOs exhibit electrochemical properties that can be varied using different
material compositions. The SAMs on TCOs alter these properties by electrochemical
insulation of the surfaces, which is often referred as blocking effects.?® Previous work on
SAMs on conductive materials have extensively characterized for these effects.*® %% To
study the blocking effect, a systematic setup is required to assess the electrochemical
properties of SAMs on the ITO. In this thesis, to assess the blocking effects,
electrochemical properties and performance, alcohol based monolayers were subjected
to electrochemical experiments. In these experiments, an electrochemical setup was
employed for monitoring processes that occur at the electrode/electrolyte interfaces when
an electric potential is applied to electrodes. To accurately monitor these processes, a
precise electric potential must be applied to the electrodes and the electric current must
also be measured accurately. A three electrodes electrochemical setup enables an
accurate measurement of both the electric potential and current. In this thesis, a three
electrodes setup consisted of a working electrode (WE), reference electrode (RE) and
counter electrode (CE). This setup is utilized to evaluate electrochemical properties of the
alcohol based monolayers on ITO electrodes (Figure 2.1).*%%% Electrochemical analyses
were required to study the properties of monolayers on the ITO as it enables assessing
multiple surface properties, including the pin hole defects, electron transfer, and the
chemical stability provided if the experiment were conducted in a aqueous solution

containing high salt concentrations. In this research, all electrodes were partially immersed
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in electrolyte containing a conductive solution medium (1 M KCI). In aqueous systems,
one of the common materials for RE and CE are Ag/AgCl and Pt rod, respectively.® The
WE, ITO modified with monolayers prepared in this study, is the electrode being evaluated
for its performance in this system. The WEs were cut into 1 cm x 2 cm sections, where
only 1 cm x 1 cm was submerged in the 1 M KCI solution to evaluate the properties and
performance of the modified electrodes. The RE is an electrode with known constant
composition so that known electrochemical processes always occurs at this electrode and
that it accurately measures the current flow between RE and WE. The Ag/AgCl RE used
in these studies is suitable for the scan rates, either 50 or 200 mV s™', used in this thesis.
The CE is the primary electrode in this setup that measures the applied electric potential.
All three electrodes are connected to a potentiostat, which allows the application and
control over a potential at the WE, which is needed to determine the electrochemical
properties and performance of the WE. In this thesis, temperature control and gas purging

were not performed as they were not required to evaluate the monolayers on the ITO.

Pt, CE Q

m/—cc\
Ag/AgCl, \
] RE
ITO,
WE
10 mM -
K;Fe(CN)g/K4Fe(CN)gin
1M KCI

Figure 2.1 A schematic diagram of three electrodes system setup used for CV
to evaluate and characterize electrochemical properties of
monolayer modified ITO.

2.2. Cyclic Voltammetry Experiments

Cyclic voltammetry (CV) is an electrochemical technique that utilizes a potentiostat
and the three electrodes electrochemical setup to study the electrochemical processes

occurring at the WE interface with electrolyte.®® In some cases, redox agents are used to
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accurately monitor the electrochemical processes. Commonly used redox agents in
electrochemical experiments include ferrocene, ferri- and ferro-cyanide and diazonium
salts.%® This technique has a set desired potential range (e.g., 0 to 1 V) that is applied to
the WE. The electric potential of the WE is linearly scanned in the forward and backward
direction between two low (E+) and high (E;) potentials, while measuring current flow. The
measured current is the sum of both faradaic and non-faradaic processes. Faradaic
processes include oxidation and reduction reactions at the electrodes, and non-faradaic
processes represent capacitive current (e.g., double layer charging). In this thesis work,
CV is employed to assess the electrochemical and chemical stability of monolayers on
ITO surfaces through probing small defective areas (e.g., pin-hole defect) within the
monolayers, which is observed through shifts in the faradaic peak position and changes
in the faradaic peak current (Figure 2.2). In this thesis, a Pt rod, and Ag/AgCl electrode

were employed as the CE and RE, respectively.

The measured current in a CV experiment is mainly dictated by two processes:
activation and diffusion controls.®® Activation control is the kinetic component of the
electron transfer process. The electron transfer occurs between the working electrode and
the indicators. For example, at the oxidation peak, chemical species at working electrode
are being oxidized while indicators in the solution are being reduced. The diffusion control
is the mass transport component of the electron transfer process, which can be described
by indicators coming sufficiently close to the surface of the working electrode for
oxidation/reduction processes to occur and leave this interface. Equation 2.1 captures the
relationship between activation and diffusion control, as well as how they contribute to

measured current. /. and Jarrepresent the activation and diffusion control, respectively.

1 1 1

J E Jaiff

Equation 2.1

In CV, J = J.c initially dictates the current at E4 as Jur>> Ja, but as the magnitude of the
applied electric potential increases while scanning to higher potentials, J.cincreases while
Jairrdecreases. This process leads to a continuous increase in J until both components are
approximately equal. When J..= Jairr, ] reaches its maximum, the observed faradaic peak
current in a CV profile. At this maximum, the surfaces of the working electrode have been
fully oxidized and now the process is dictated by the mass transport component rather

than the electron transport. In other words, after reaching this maximum J, as applied
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electric potential continues to increase, J..>> Jur and J = Jus and the observed current

decreases.

L oxidation peak

Eo

current density (mA cm?)

/ reduction peak

0.0 0.2 0.4 0.6 0.8 1.0
potential (V vs Ag/AgCl)

Figure 2.2 A typical CV scan of native ITO, indicating oxidation and reduction
peaks, as well as low and high applied potentials (E; and E,,
respectively).

Oxidation and reduction peak positions are dependent on the RE used in the system,
but theoretically for ideal one electron process, the separation distance between the two
peaks should be 59 mV.*"%® This separation distance does, however, depend on the
electron transfer kinetics. Decreasing electron transfer rates by an increase in the
resistivity (e.g., solution resistivity, and surface resistivity) leads to a larger peak
separation distance.®® The solution resistivity can be ignored in this setup, as 1 M KCI
would provide sufficient conductivity. There are two major sources of resistivity with ITO
electrodes: surface contaminants, and thickness of the surface oxide layer. The
commercial ITOs are often covered with an organic protective layer, which can hinder the
electron transfer rates. An appropriate cleaning procedure is, therefore, required to
eliminate this organic layer. Changes in the thickness of oxide layer has been observed
with different cleaning procedures. As oxygen vacancies in the ITO lattice can contribute
to conductivity through providing a free electron, through the use of vigorous cleaning
procedures that can oxidize the surfaces these vacancy sites can be filled with oxygen
species. This process will reduce the total number of free electrons, which leads to an
increase in resistivity and a larger peak separation distance (see further details and
discussion in Chapter 3). Peak separations could be caused by the presence of SAMs on

the surfaces of the working electrode. Depending on the thicknesses and coverages of
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the SAMs, the observed peak currents and peak positions can also vary from those

observed for unmodified surfaces.”

In this thesis, CV was performed in an aqueous solution, containing redox agents
and electrolytes. The scanned potential range was set between 0 to 1V relative to the CE,
using ITO as the WE. This specific range of potentials was chosen to eliminate electrolysis
of water at 1.23 V and Fe deposition on ITO at negative potentials.”’ Small redox agents,
10 mM of each K3[Fe(CN)s] and K4[Fe(CN)g] (oxidation potential at 0.37 V at 25°C)"?, were
used to probe pin hole defects within monolayers on ITO surfaces. These redox agents
were selected based on their sizes to probe pin hole defects, as these molecules have a
smaller in size among other agents that include ferrocene.”® The concentration (10 mM)
was chosen to avoid the depletion of each species. This CV analysis was performed in
aqueous 1 M KCI solution to minimize the loss of conductivity and maximize the
performance of the electrodes. The applied potential was scanned forward and backward
10,000 times from 0 to 1 V at a rate of 50 mV s™ to observe changes in the faradaic peak
position and the peak current density. These observed changes were used to evaluate
the stability of each of the monolayers on ITO. Moreover, these observed changes will
indicate changes in the interfacial chemistry, such as hydrolysis and degradation of the
monolayers prepared monolayers on ITO. As CV is carried out in an aqueous solution
containing 1M KCl, it will also simultaneously evaluate the chemical and hydrolytic stability

of the monolayers.

2.3. Contact Angle Measurements

Contact angle (CA) measurements are techniques that can be used to quantify the
wettability of a liquid (e.g., water or hexadecane) on solid surfaces. It is also one of the
most common techniques used to evaluate monolayers on surfaces. This technique
requires measuring the angle using the protractor on goniometer. As this technique relies
on the manual measurements from an operator, it has shortcomings in consistency,
reproducibility, as well as errors for contact angles lower than 20°. A small liquid droplet
(2 to 10 pl) is placed on the surfaces of solid, using a micrometer pipette, and the angle
between the baseline (solid-liquid interface) and tangent line to the liquid droplet at the

bottom (liquid-gas interface) is measured to obtain the CA (Figure 2.3). It represents where
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three interfacial tensions ysg, ys. and y.c are at the equilibrium. The values of these
interfacial tensions vary with the species of the liquid, the surfaces of the solids and the
atmosphere of where the measurements are taken. This equilibrium can be described by
the Young’s equation (Equation 2.2), where 6, represents the measured CA.** " ys6, 751
and y represents for solid-gas, solid-liquid and liquid-gas interfacial tensions,

respectively.
Ysv —VsL = Yy €os 6. Equation 2.2

Typically, if the measured CA with a water droplet is below 90° (Figure 2.3A), the solid

surface is considered to be hydrophilic, or in a high wetting state, as:

yLycosf, >0

Ysv — Vs >0

Ysv > VsL

As the interfacial tension between solid-gas is larger than at the solid-liquid interface, the
solid-gas tension pulls the droplet outward, decreasing the CA. If the measured CA is
between 90° and 180° (Figure 2.3C), the solid surface is considered hydrophobic, orin a

low wetting state, as ysy < ys;.

A B C

Figure 2.3  Contact Angle (CA) Scenarios. The obtained CA can determine the
wetting of the surface: A) high wettability; 6 < 90°, B) boundary
condition, 6 = 90°; and C) low wettability, 6 > 90°.

There are different approaches to study the surface energies of solids, which
include the work of adhesion (Equation 2.3), the Young-Dupré equation (Equation 2.4),

the Young-Fowkes equation (Equation 2.5) and the Owens-Wendt model (Equation 2.6).°*
73-74
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W& =v1+v2— V12 Equation 2.3
WL, = Ysv + Yiv — VsL Equation 2.4

From the Young-Dupré equation, Fowkes made a first approach to partition the surface

%973 |t was proposed that the measured surface

energy into its disparate components.
energy is a sum of multiple components that include the dispersive, polar, hydrogen
bonding, induction, and acid-base contributions. His approach involved investigating

dispersive interactions between the solid and the liquid as follows:
d,,d)%> :
Ws, =vs + v — 2(vdyi) Equation 2.5

From the Young-Fowkes equation (Equation 2.5), Owen and Wendt pursued further
partitioning the surface energy. They proposed that dispersive and polar components (yid
and yip) are dominant terms in surface energy (Equation 2.6). Similar to what Fowkes had
proposed, they also took the geometric mean of surface tensions. Their revised

expression is derived as follows:

We=2 (JVSdVVLdV + \/VfVVLpV>

based on assumption, y; = yid + yip

through combining with Young equation,

Vs = Vsy + Vv — 2 <\/ Y& vy + \/ VspVVLpV>'

resulting in the derivation of the Owens — Wendt equation:

yw(1 +cosB,) =2 (\/ysdvyLdV + \/yg’vyfv> Equation 2.6

The Owens-Wendt equation offers a route to calculating the dispersive and polar

interactions at the solid-liquid interfaces. In order to determine each component, liquids
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that are very polar, such as water, or that are very non-polar, such as hexadecane, are
typically used to measure the contact angles. In this thesis, as surface polarity is directly
related to the surface energy and work function, the Owens-Wendt model was used to

measure each component.

2.4. X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is a surface analysis technique that
provides information about chemical compositions. The working mechanism of the XPS is
through irradiating the sample and its surfaces with monochromatic X-rays. The XPS is a
surface-sensitive technique because of the penetration of the resulting photoelectrons.
The penetration depth of these photoelectrons depends on the inelastic mean free path
(IMFP) of an electron, which varies with the energy of the generated X-rays and
composition of material under study.” The common sources of these X-rays include Al
and Mg.”>"® In this thesis, X-rays generated from aluminum source (1487 eV) were utilized
to investigate the chemical composition of samples. The resulting photoelectrons for the
modified ITO surfaces have a penetration depth of approximately 10 nm. Samples are
irradiated with the generated X-rays, which causes the sample to eject an inner shell
electron (a photoelectron). The kinetic energy of the ejected photoelectron is detected by
an electron energy analyzer. The principles of XPS are based on the photoionization and
the Koopman’s theorem, assuming there will be no relaxation of the excited electron

following the photoemission.”>"®

E = hv, energy of a photon Equation 2.7

A+ hv > A* + e~,photoionization  Equation 2.8

E(A)+hv=E(A*) +E(e”) Equation 2.9
as E(e”) = Ex and through rearranging,

Ex = hv — (E(AT) — E(A4)) Equation 2.10

Eg = E(AY) — E(A), Koopman's theorem Equation 2.11
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Ex = hv — Eg Equation 2.12

Combining the energy of a photon (Equation 2.7, where h = plank’s constant and v =
frequency) and photoionization (Equation 2.8) and considering the conservation of energy,
a new term is derived for photoionization (Equation 2.9). As energy of an electron in this
case is equal to kinetic energy (E), Equation 2.9 can be re-written as Equation 2.10. The
Koopman'’s theorem, which describes a binding energy of an electron (Equation 2.11) and
when it is combined with Equation 2.10, a new equation is derived for an overall
photoionization (Equation 2.12). Although this equation accurately reflects the process
occurring at the sample, it requires a correction factor, accounting for the effects of the
analyzer. For the instrumentation used to measure the binding energies, the changes are
typically measured with respect to the Fermi-level (Ef) instead of the vacuum level (E,ac).
Therefore, the work function of the spectrometer must be accounted for in order to produce

an accurate measurement as shown:
Ex =hv—Eg— @ Equation 2.13
rearranging, Eg = hv — E;, — @ Equation 2.14

Through the use of Equation 2.14, the binding energy of the ejected photoelectron can be
calculated based on the kinetic energy of the photoelectron detected by the analyzer. Each
binding energy is unique to the element and the orbital of the electrons interacting with the
incident X-rays, which enables the study of the chemical bonds that are present between
atoms and their oxidation states in the surfaces of the materials. A survey plot of Ez versus
the count rate has a large background noise due to inelastic collisions of emitted electrons
within the sample. This background noise can be seen in the spectrum as indicated in

Figure 2.4.

Another important aspect in XPS analysis is the orbital information found in a
spectrum. As shown in Figure 2.4, each peak in binding energy is assigned to a specific
orbital of an element. All orbital levels, except s orbitals, exhibit doublet splitting patterns
due to spin-orbit splitting.”>”® According to crystal field splitting of d orbital energy levels,
d orbitals exhibit doublet splitting patterns in the ratio of 2:3, when quantifying the surface

chemical composition through integration of XPS peaks. The 3d orbitals exhibit a
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degeneracy in their orbital structure.”® The 3d orbitals have a principle quantum number
(n) of 3, an angular momentum quantum number (/) of 2 and the spin angular momentum
quantum number (s) of £1/2. These quantum numbers give rises to 2 different energy
levels, which are the 3ds, and 3ds, states. Because some peak positions differ by less
than 1 eV, convoluted peaks often appear with the acquired spectrum. The 3d orbitals
from In and Sn exhibit the same splitting patterns. Each of these peaks present in the
spectrum can be deconvoluted and assigned to a correct orbital of an element based on
the binding energies and the quantum numbers. Although survey XPS scan can provide
chemical species present in the sample, it does not provide information on the ratio of the
composition. To quantify such information, high resolution spectra of those XPS peaks are

required to analyze and deconvolute the data.

High resolution XPS spectra provide information on a specific element and the
orbital from which the photoelectrons were ejected. Elements in different oxidation states
and/or coordinating with different species can give rise to difference in peak positions.
High resolution spectra enable a determination of surface chemical compositions.”>"®
Through quantification and peak fitting, individual components of a peak can be resolved,
which enables an analysis of the relative compositions within the sample. For example,
SAMs on metal oxide surfaces often require analyses of oxygen 1s high resolution spectra
to acquire information on the species present and their bonding environment. The resulting
high resolution spectrum will have a convoluted peak that contains all of the oxygen
species present at the surfaces. Deconvolution of the peak through a fitting routine gives
the relative contributions from different oxygen species can be identified and quantified.
In this thesis, the surfaces of ITO were studied through oxygen high resolution spectra. All
surface modifications on ITO, such as silanes, phosphonic acids and alcohols, utilize the
oxo and/or hydroxyl groups at the surfaces. Therefore, oxygen high resolution spectra

enable a determination of the surface compositions.
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Figure 2.4 A typical survey XPS scan (A) and a typical oxygen high resolution
XPS scan (B) of an ITO coated substrate.

2.5. Ultraviolet Photoelectron Spectroscopy

Ultraviolet photoelectron spectroscopy (UPS) is a technique to study band
structures of materials and is commonly used to assess the electronic properties of
materials widely used in the semiconductor field.”> ™ The working principles of UPS are
the same as XPS, which involve the photoionization of electrons and are based on the
Koopman'’s theorem.”®® The primary difference between the two techniques are in the
radiation source. In UPS, ultraviolet light generated from noble gases (e.g., He 1 & 2 and
Ar) is used as the prepared radiation source, instead of X-rays (Figure 2.5). Using UV
photons as an radiation source allows probing the band structure of the sample as the
photon energy is much lower than the X-ray energy (21.2 eV for He 1 source, compared
to 1487 eV for aluminum source).”*® Because of the low energy radiation, the penetration
depth of UPS is approximately 2 nm. Although using low energy photons to study surfaces
enables acquisition of information on band structures, along with an extreme surface
sensitivity, it complicates the design of the instrumentation (Figure 2.5). Since photons
interact with all known materials, the radiation source to the analysis chamber is not a
closed system. This analytical technique requires an ultra-high vacuum environment. To
minimize contamination and achieve the ultra-high vacuum status, two pumps are
attached to an outlet that is connected to the chamber. Because of this possible
contamination, noble gases are the common radiation sources used to generate photons.
These noble gases are also inert, which enables acquisition of data without damaging the

sample. The presence of noble gases inside the analysis chamber and the requirement
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for it be an open system means that UPS operates at a lower vacuum than XPS. The UPS
also requires applying a small potential electric potential (e.g., from a 5 V battery) to

eliminate background noise from noble gases.

=-===0as

atmosphere
photons

UV lamp

2nd stage 1st stage
pumping, pumping,
turbo pump| | rotary pump

Figure 2.5 A schematic illustration of UPS instrumentation.

While XPS can eject the core shell photoelectrons, the low energy photons used
in UPS do not have the sufficient energy to eject the inner photoelectron. They eject
electrons from the valence band instead. The band structure can, therefore, be
investigated using this technique. The UPS can yeild information on work function, Fermi
levels, and valence band maxima for inorganic materials (Figure 2.6).”> ® For organic
materials, the highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) can be obtained from the acquired UPS spectra.”*® For the
scope of this thesis, only the work function will be determined from UPS spectra and

discussed in detail.
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Figure 2.6 Energy diagram representing work function (®), band gap (Eg) and
binding energy (Eg) in an insulator, a semiconductor and a
conductor.

The work function refers to the energy required to pull a single electron from the

1.3! There are multiple methods to measure work functions,

Fermi level to the vacuum leve
including UPS and Kelvin probe.’ Measuring the work function using Kelvin probe
techniques will not be discussed here. In contrast to XPS, UPS is a qualitative technique
because detected electrons by the spectrometer have gone through inelastic collisions.
The shape of UPS spectra depends on the sample material (e.g., conductor,
semiconductor, or insulator).” For all clean surfaces, such as Au, the Ef is always at 0 eV
on the UPS spectrum, where the Fermi-edge is observed, while modified surfaces may
exhibit shifts in the Er. For conductors, which have overlapping conduction bands (Ecgwm),
and valence bands (Eygum), and the Fermi level within those bands, there are two important
edges of the spectrum: the Fermi-edge and secondary electron cut-off edge (Esec), which
defines the width of the spectrum. This width subtracted from the maximum kinetic energy
of the source determines the work function. For insulators and semiconductors, such as
ITO, because of the presence of the band gap, the Fermi-edge does not appear. The E¢
is still at 0 eV and instead of the Fermi-edge, E\gu appears within the spectrum (Figure
2.7). Therefore, the width of the spectrum is still used to calculate the work function of the

sample material.
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Figure 2.7 A typical UPS spectrum of clean native ITO

In the case of modified surfaces, there is one additional component that needs to
be taken into account, Eygy. Modified surfaces can cause shifts in energy levels through
two mechanisms, band bending and surface polarity. Band bending and dipole moments
induced by the modification of ITO with monolayers can shift the positions of the E¢ and
Evac.¥'® According to the Schottky-Mott rule and Fermi-level pinning, band bending
occurs when two different materials come into contact.® Their energy levels re-align using
Er as their reference. All energy levels, except Eg, including the Eyac, Evem, Ecam, HOMO
and LUMO will bend accordingly. This process often decreases the work function of ITO
in OLED devices because the organic layers have a higher work function, which means
that the relative position of Eg for the organic layer is lower than the one for ITO. The ITO-
modified with monolayers, through inducing permanent dipole at these surfaces, can
increase their work function. This process is dictated by the direction of the dipole moment
because it can shift the position of the Eyac.®® There are two components in determining
the position of Eyac: the intrinsic bulk property and the surface dipole.®' Although the major
determinant is the intrinsic bulk property, the surface dipole can be modified to shift the
position of Eyac.?’ Electron affinity, which is the energy gained or required to move an
electron at the vacuum level to conduction band minimum, is altered by inducing a dipole
at the surfaces. If an inward oriented dipole moment is induced, the work function would
decrease as the positive charges at the surfaces will decrease the electron affinity, shifting
the E,oc downward. When outward oriented dipole moment is induced, work function will
increase as surface negative charges increase the electron affinity, shifting E,,. upward

(Figure 2.8). Consequently, measuring the work function of the modified surfaces require
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determining shifts in the energy levels. These shifts can be seen in the overall shift of the
Evem and can be quantified using the changes in the position of Eygy relative to Eg on the
UPS spectra (Figure 2.9). The work function of modified surfaces can be accurately
determined using Equation 2.15.%% Here the work function is represented by ®, the surface
potential by y, the degree of band bending by eB, the conduction band minimum by Eg,
and and the Fermi-level by Er. The work function of ITO modified with monolayers
determines the hole injection barrier when incorporated in organic electronic devices.
Minimizing the hole injection barrier is crucial for the improvement of the efficiencies and
performances of these devices. Therefore, an accurate determination of the work function
of ITO modified with monolayers is critical in evaluating their electronic properties, as well

as for future use in devices and electronic applications.

® = y+eB+ (E;—Er) Equation 2.15
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Figure 2.8 Work function (®) and hole injection barrier (AEyo.g) tuned through
the use of a dipolar modifier at the interface between ITO and HTL.
(A) Representation of an outward oriented dipole at the interface
between ITO and HTL, while (B) Representation of an inward
oriented dipole at the same interface. Only an outward oriented
dipole increases the vacuum level to increase work function and
minimize the hole injection barrier.
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Figure 2.9 A typical UPS spectrum of ITO indicating the secondary electron
cut-off edge (Esgc) and valence band maximum (Eygy).

All of the mentioned techniques described in this section were used to characterize
the properties of monolayers on ITO. The CV analyses, which utilized a three electrodes
system, were employed to assess electrochemical and chemical stability of the
monolayers on ITO. The CA measurements enabled an assessment of the changes in
surface coverage of the monolayers, as well as to their modified surface energies. The
XPS analyses were performed to study chemical compositions of the monolayers on ITO
both before and after the series of electrochemical tests. Work functions of the modified
surfaces of ITO were measured using UPS techniques, which enabled an evaluation the

electronic properties of the alcohol based monolayers on ITO.
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Chapter 3.

Alcohol Based Monolayers on ITO surfaces

3.1. Notice of Permissions

A manuscript based on the work presented in this chapter is currently being
prepared for publication. The majority of the work presented in this paper has been
performed by myself, including experiments, data acquisition and writing, under the
guidance of Dr. Byron Gates. Mr. Austin Lee performed the XPS analyses and Dr. Jennie

Eastcott provided advice on the electrochemistry section of this work.

3.2. Introduction

Surface modifications of transparent conductive oxides, including indium tin oxide
(ITO), have been extensively studied to tune their interfacial properties, such as surface
energy and work function.> 2>%"- 2931 47 Thjs modification is necessary to achieve the
optimal performance in organic electronic devices and to prolong their lifetime. Often, the
interface between unmodified ITO and the hole transport layer (HTL) can undergo multiple
degradations, thereby shortening the device lifetime." The hydrophobic non-polar organic
HTLs are deposited on ITO in many devices that include OLEDs and OPVs." % 23" 47
There is an electronic mismatch between these HTLs and ITO as the two materials often
exhibit a significantly higher work function (approximately 1.2 to 1.8 eV).*" This mismatch,
called the hole injection barrier, is directly associated with the efficiency of devices
incorporating HTLs and ITO. Work functions of clean native ITO, depending on the
procedures used to clean their surfaces, can vary from 4.2 to 5.1 eV.?"2930:%1.8485 Another
form of mismatch at this interface is the surface energy. This mismach leads to a non-
uniform wetting of the organic films and subsequent changes to the interface can lead to
delamination of the HTL. Therefore simultaneously tuning both the surface energy and
work function of ITO is desired to optimize the performances of organic based electronics.
Previously, in an effort to enhance the performance of organic based electronics, the
surfaces of ITO have been modified using both inorganic and organic chemistries to adjust

the properties of interfaces. Silane and phosphonic acid based derivatives have been

33



widely used to tune the surface properties of ITQ. % 2530. 3233, 35,46, 86 Althoygh these
strategies can increase the work function and tune the surface energy of ITO electrodes,
studies have shown that these modifications can compromise the electronic and/or optical
properties of the ITO films after prolonged exposure to operational or environmental
stresses.” *!" % These changes can significantly reduce the performance and operational
lifetime of the ITO and, in turn, the electronic devices utilizing its properties.** 8" Both
silanes and phosphonic acid based monolayers do, however, contain potential impurities
that can impair device performance. Silane based monolayers may degrade into a thin
layer of silicon oxide over time.?> Monolayers of phosphonic acid are prone to hydrolytic
damage because of the varying binding mechanisms of these molecules on ITO (e.g., a
mixture of mono-, bi- and tri-dentate).’* *'

Here, we report a new heteroatom-free covalent surface modification of ITO using
alcohol based monolayers to simultaneously control the resulting surface energy and work
function. Similar to other surface modifications using SAMs, alcohols can covalently bond
with hydroxyl containing oxide surfaces via the formation of ether bonds (e.g., In-O-R or
Sn-O-R). This process is analogous to the surface modifications achieved using silane
and phosphonic acid based monolayers (In-O-Si and In-O-P).> 230323349 \ye gought to
understand the effectiveness of tuning the surface properties of ITO through the use of
alcohol based monolayers. These surface modifications were directly compared with ITO
electrodes modified with silanes or phosphonic acids. The alcohol based monolayers were
characterized using multiple techniques that include prolonged cyclic voltammetry (CV)
scans, contact angle (CA) measurements, X-ray photoelectron spectroscopy (XPS), and
ultraviolet-visible transmission spectroscopy (UV-Vis). These techniques enabled an
assessment of the electrochemical, optical, and chemical stability of the modified ITO
films. We also sought to understand the impact of changing the length of the alkyl chains
on the alcohol reagents with regards to their passivation of the ITO interfaces. Work
functions and surface energies of these alcohol modified ITO films were determined using
ultraviolet photoelectron spectroscopy (UPS) and CA measurements to better understand
the electronic properties of the modified ITO. These analyses confirmed that the desired
interfacial properties were achieved through the use of alcohol based monolayers to attain
the desired interfacial properties, and alcohol based monolayers could potentially improve

the lifetime of electronic devices that utilize ITO.
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3.3. Results and Discussion

Electronic devices that utilize organic electronic materials often incorporate ITO or
other transparent conductive oxides (TCOs) at an interface within the device. This
interface between these dissimilar materials requires further surface modifications to
improve their performance and durability.>* *® Numerous different surface modifications
have been pursued, but many of these modifications have demonstrated drawbacks that
include hydrolytic damage and/or lack of uniformity across this interface.' '® ** In this
study, we prepared a series of monolayers derived from alcohol reagents that include 1-
octadecanol (ODA), 1H,1H,2H,2H-perfluoro-1-octanol (PFOA), 1,5-pentanediol (PTdiA)
and 1,10-decanediol (DCdiA) to demonstrate a new type of SAM on ITO. These
modifications to the surfaces of the ITO films are, in many ways, analogous to the
preparation of monolayers on silicon oxides. Previous methods to prepare monolayers on
silicon oxides from alcohol based reagents include the use of convective or microwave
heating, UV-irradiation, or the use of catalysts.”**” %% The study described herein
extends the application of these reactants to form alcohol based monolayers on ITO and,
by extension, to demonstrate their utility for modifying the properties of ITO. Among the
alcohol based monolayers prepared in this study, the monolayers derived from ODA were
specifically evaluated in a detailed comparison to monolayers that were prepared from
octadecyltrichlorosilane (ODTS) and octadecylphosphonic acid (ODPA). All precursor
species to these three monolayers consisted of a linear 18 hydrocarbon chain, which was
previously demonstrated to form crystalline monolayers due to van der Waals
interactions.?”?° %3 Prior to any surface modifications, the ITO surfaces were cleaned and
oxidized using a modified RCA-1 standard cleaning procedure. Each type of monolayer
was grafted onto ITO using specific procedures, which are discussed in detail in the
experimental section. Monolayers derived from ODA required heating up to 120 °C in neat
solutions of alcohol reagents for 24 h, while ODTS and ODPA monolayers were grafted
at room temperature in hexane and tetrahydrofuran (THF) solutions, respectively. These
monolayers were successfully prepared from solutions of either 95% or 99% ODA. The
contact angles obtained from alcohol based monolayers on ITO that were prepared at
lower temperatures (<120 °C) or with the use of solvents, such as propylene carbonate,
indicated either the absence of SAMs or a relatively poor surface coverage. Following the
formation of the monolayers, each sample was sonicated in ethanol and dried with a

stream of filtered nitrogen gas. The RCA-1 cleaned ITO substrates (as a control) and
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substrates coated with the monolayers were subjected to multiple characterization
techniques to cross-evaluate the stability of the monolayers, as well as to assess their

optical and electronic properties.

3.3.1.  Electrochemical and Chemical Stability of Alcohol Based
Monolayers on ITO

Surface modifications to ITO are required to tune their properties, as well as to
minimize their potential degradation by thermal, photochemical and diffusive based
processes. A common methodology to design the interfacial chemistry of ITO is through
the use of SAMs." To understand the impact and advantages of alcohol based
monolayers, their electrochemical and chemical properties were compared to those of
silane and phosphonic acid based monolayers. A series of CV, WCAs and XPS
measurements were performed to assess the ability of the alcohol based monolayers to

tune the properties of the ITO.

All of the monolayers prepared on ITO were subjected to an extensive set of CV
experiments. Figure 3.1 depicts 1% CV profiles obtained from different cleaning
procedures. Largest peak separation was observed with the RCA-1 cleaned substrate.
This separation can be attributed to the reduction in oxygen vacancies, which generates
a free electron that contributes to conductivity. In particular, ODA, ODTS and ODPA were
used to cross-evaluate their electrochemical stability through these CV experiments. The
modified ITO films served as a working electrode submerged in a 1 M KCI solution
containing 10 mM Ky[Fe(CN)g] and 10 mM Ks[Fe(CN)g]. These studies mimicked the use
of modified ITO substrates while being subjected to corrosive electrolytic conditioning,
which may be experienced by the electrodes after a prolonged use in some electronic
devices. Changes in the composition and structure of the monolayers were monitored
through the use of small redox reporters (i.e., K4[Fe(CN)s] and Ks[Fe(CN)g]) incorporated
into the electrolytic conditioning solutions. Changes in the electrochemical peak current
density and peak potential of the oxidation and reduction processes were assessed as an
indication of changes to the SAMs at the ITO interface. The electric potential applied to
the ITO electrodes was continuously scanned between 0 and 1 V versus a Ag/AgCl
reference electrode for at least 10,000 full scans or approximately 2.5 days. This range of

potentials was selected to avoid the deposition of iron oxide on the ITO at negative
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potentials, and the electrolysis of water at 1.23 V.”" Such parameters enabled an
assessment of the electrochemical and hydrolytic stability of each type of monolayers on
the ITO substrates.

Although there are many reports on the electrochemical properties of silane or
phosphonic acid based monolayers on ITO, to the best of our knowledge, the hydrolytic
and electrochemical stability of these monolayers have not been extensively studied.
Examples of SAMs on ITO that have been otherwise extensively studied in the literature
include those prepared from ODTS and ODPA.?> 27294962 |5 the current study, ITO
surfaces modified with ODA were directly compared to ITO surfaces coated with either
ODTS or ODPA. Additional control experiments included a comparison to the properties
of RCA-1 cleaned ITO. The modification of the ITO surfaces with organic molecules can
decrease the current passed through these electrodes, and could also shift the potentials
of the oxidation and reduction processes that take place at these electrodes.®”*® Changes
to the monolayers on the ITO, such as a restructuring of the assembled coatings or any
decrease in the integrity of these coatings, can further alter the electronic properties of
ITO electrodes. The peak current could increase or the peak potential could decrease for
the oxidation process due to a loss of the surface passivation. A previous study on the
electrochemical properties of monolayers derived from n-alkylphosphonic acid were
analyzed by CV techniques.®® Their results demonstrated a three-fold increase in the
oxidation peak current within only 60 consecutive CV scans of the applied potential.
Similar results were observed in our CV experiments with ODPA monolayers, where the
oxidation peak current almost doubled within the first 100 CV scans. Although hydrolytic
instability of ODPA and ODTS monolayers are well understood, this hydrolytic and
electrochemical instability has not been studied extensively for their durability on ITO
electrodes. In this study, we prepared ODA, ODTS and ODPA monolayers on ITO and

evaluated their electrochemical properties and stabilities after extensive CV analysis.
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Figure 3.1

—— ACE+IPA
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—AP

—— RCA-1

current density (mA cm?)

00 02 04 06 08 10
potential (V vs Ag/AgCl)

Cyclic voltammetry obtained from native ITO surfaces after applying
different surface treatments. Notations are defined as the following:
ACE + IPA = sonication in acetone and isopropanol for 10 min each;
Solvent = 20 min sonication in Sparkleen® 1 solution and 10 min in
acetone, isopropanol and then ethanol; AP = solvent cleaning as
described above followed by 5 min of air plasma; and RCA-1 =
solvent cleaning as described above followed by 3 h of RCA-1
cleaning procedure.
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Figure 3.2  The 1%, 1,000" and 10,000" scans of the cyclic voltammetry
analyses of (A) RCA-1 cleaned ITO, (B) 1-octadecanol (ODA) coated
ITO, (C) octadecyltrichlorosilane (ODTS) coated ITO, and (D)
octadecylphosphonic acid (ODPA) coated ITO. These
electrochemical studies were performed at a scan rate of 50 mV s™
using the ITO substrates as the working electrode in 1 M KCI
solutions containing 10 mM potassium ferricyanide and 10 mM
potassium ferrocyanide. Black arrows indicate trends observed in
the change in position and peak current of the oxidation processes
over the course of these experiments.

We assessed the electrochemical properties of monolayers on ITO electrodes by
monitoring for changes in their oxidation peak position and current during CV analysis
while immersed in a solution of potassium ferricyanide/ferrocyanide. The
ferricyanide/ferrocyanide redox couple was chosen for the relatively small dimensions of
these redox active species, which can probe molecular-scale defects in monolayers
covering the ITO electrodes.*® Figure 3.2A includes plots of the 1%, 1,000™ and 10,000"
CV scans for an RCA-1 cleaned ITO electrode. The RCA-1 cleaned ITO exhibited a subtle

decrease in the peak current density (-0.24 mA cm™) without a significant change in the
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oxidation peak position. This decrease in current density was attributed to thermal,
photochemical and diffusive based degradation processes of the unmodified ITO
interfaces.” ' The CVs obtained for the series of ITO substrates modified with SAMs of
ODA, ODTS and ODPA are plotted in Figures 3.2B to 3.2D. All ITO surfaces with or
without monolayers, exhibited similar faradaic peak positions after 10,000 consecutive CV
scans. This observation indicates most of the electron transports occurs through pin-holes
that are separated by a distance greater than the thickness of the diffusion layer at the
electrode interface with the solution. This phenomenon has been reported previously with
SAMs derived from 1,8-octanedithiol on Au, where the coverage of the SAMs did not lead
to a change in peak positons, but led to changes in the current density.”® The peak current
density nominally increased by 0.03 mA cm™ and the peak position changed by -0.01 V
over the 10,000 CV scans for ITO electrodes coated with ODA monolayers (Figure 3.2B).
During the first positive scan of the electrode potential, the peak current density and
position of the oxidation of the ferrocyanide were 1.59 mA cm? and 0.37 V, respectively.
After completing 10,000 scans, the peak current density (1.62 mA cm?) and its
electrochemical potential (0.36 V) remained relatively consistent. Any changes to the CV
profiles indicate the degree of molecular-scale changes to the electrode surfaces created
during the 10,000 CV scans. The results indicate that the ODA monolayers exhibit high
electrochemical and hydrolytic stability under the conditions used in this study. This
stability could be attributed to the mechanism by which these monolayers form and the
structure of the ODA when covalently bound to the ITO. The hydroxyl group of ODA and
terminal hydroxyl groups on the ITO surfaces likely form indium ether (In-O-R) or tin ether
(Sn-O-R) linkages through an etherification process. This process could produce
monolayers with a chemical structure that is analogous to that of alkanethiols assembled
onto gold surfaces.® Unlike alcohol based monolayers, this is not the case for ODTS and

ODPA derived monolayers.

The silane or phosphonic acid based monolayers can possess multiple chemical
structures on the surfaces of the ITO as a result of intermolecular polymerization or a
series of varying binding mechanisms." These monolayers are likely to be susceptible to
further changes in their structure and surface coverage as a result of oxidation and
reduction reactions at the ITO electrodes. Monolayers formed using ODTS initially
possessed a similar degree of surface passivation in comparison to monolayers prepared

from ODA. The peak current density of the oxidation process for ODTS and its potential
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at this peak current were 1.56 mA cm™ and 0.35 V, respectively (Figure 3.2C). During the
consecutive scans of the applied potential, the overall magnitude of the oxidation peak
decreased and the position of the peak remained consistent. After 10,000 CV scans, the
oxidation peak current density decreased to 1.25 mA cm™, corresponding to an overall
reduction of 0.31 mA cm? This decrease in peak current density is attributed to
restructuring of the ODTS coating. Previous studies demonstrated the susceptibility of
silane based monolayers to thermal, chemical and hydrolytic damage.** "' Thin silicon
oxide films also have been produced from silanes through intermolecular polymerization
and hydrolysis of the Si-C bonds.?? In addition, Si-C bonds are more susceptible to

hydrolysis as they exhibit a weaker bond strength than Si-O bonds.™"

We hypothesize
that the ODTS monolayers decomposed to form thin silicon oxide films on the ITO surfaces
through a process of electrochemical, chemical, and hydrolytic stresses. This additional
passivation increases the resistivity at the interface between the ITO and the electrolytes.
Monolayers prepared from ODPA initially demonstrated a very high degree of surface
passivation with a relatively low oxidation peak current density (0.69 mA c¢cm?) and a
relatively high oxidation peak potential (0.50 V). Significant changes in both the peak
current density (+0.65 mA cm™) and the position of the oxidative peak potential (-0.13 V)
were observed after 10,000 scans of the applied potential (Figure 3.2D). These significant
changes to the oxidative conditions of the ferricyanide/ferrocyanide redox couple are
attributed to restructuring of the ODPA coatings. The phosphonic acids interact through
three distinct denticities with the ITO surfaces, and structural changes can induce changes
in their binding denticity.?® In addition, it has been shown that In-O-P bonds can be easily
hydrolyzed when exposed to moisture.*® The restructuring of the ODPA coatings likely
leads to the dissolution of individual ODPA molecules, leaving defects within the
monolayers on the ITO surfaces. These changes could significantly compromise the
electronic properties of the modified ITO substrates. Additional studies were performed to
further assess these structural changes to the monolayers including dissolution of bound

species.

Water contact angle studies can be used to estimate the surface coverage of
monolayers.* In this study, changes in WCA values were used to infer changes in their
surface coverage. The WCA values for all of the as-prepared and electrochemically tested
monolayers, as well as the RCA-1 cleaned ITO, were assessed for changes to their

surface passivation. The WCA values were obtained from 8 different areas within each
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sample and there were some variations in the volumes of each of the water droplets due
to changes in the environmental conditions. The RCA-1 cleaned ITO electrodes initially
exhibited a WCA value of ~0° and after repeated electrochemical tests the WCA increased
to ~9°. This increase in WCA is attributed to an increase in the surface coverage of O-In-
O bonds through condensation of In-OH bonds, accumulation of organic contaminants, or
leaching of indium species from the surfaces that could expose an underlying layer of
oxygen deficient In." 8 %2 The WCA values for each of the as-prepared monolayers on
the ITO electrodes were consistent. The ODA coated substrates exhibited average WCA
values of ~100 % 4°, while ODTS and ODPA coated substrates exhibited average WCAs
of ~112 £ 10° and ~102  7°, respectively (Figure 3.3). After the electrochemical
experiments, changes to the average WCAs for the ITO substrates coated with ODA,
ODTS, and ODPA were -3°, -13°, and -20°, respectively (Figure 3.4). The changes in
WCAs observed for the ODPA monolayers agrees well with observations made in our
electrochemical stability experiments. These results are also consistent with the hydrolytic
sensitivity of ODPA reported in the literature.*® These changes are attributed in part to a
change in the binding states of the ODPA molecules, which can result from exposure to
moisture through hydrolysis of In-O-P bonds.*®* The WCA results further support the
conclusions that as a result of the electrochemical tests and their hydrolytic conditions the
silane molecules experienced structural changes and the phosphonic acid molecules likely
undergo dissolution from the ITO surfaces. A matched pair t-test was performed to assess
the statistical significance of the observed changes in the WCA values. The test indicated
that the changes observed for the ODA coated ITO had a 95% statistical significance
[degree of freedom (df) = 7 and t = 1.96] between the values measured before and after
the electrochemical tests. The ODTS coated ITO and the ODPA coated ITO substrates,
on the other hand, exhibited a 97.5% significance (df = 7, and t = 2.70 and 2.77,
respectively) in the observed change in average WCA value. To confirm that the changes
in the WCA did not originate from change in surface morphology, atomic force microscopy
(AFM) measurements were obtained for the unmodified and modified ITO substrates. The
AFM measurements obtained after the CV analyses indicated that the surface roughness
of the ITO substrates modified with monolayers derived from ODA and ODPA remained
relatively consistent with the observed roughness for the RCA-1 cleaned ITO (Figure 3.5).
Surface roughness of the ITO substrates modified with ODTS did, however, exhibit a

decrease of ~2 nm (Table 3.1).
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H=06,-86, Equation 3.1

To further assess the quality of the alcohol based monolayers, 5 advancing contact
angles and 4 receding contact angles were measured on an ODA coated ITO substrate
from 2 different regions. The hysteresis values were calculated according to the
relationship in Equation 3.1. The hysteresis measured for the two locations was 20.4° and
13.5°. This significant hysteresis in the WCA values indicates that the surfaces are not
homogeneous, which is likely a function of both the surface coverage of these SAMs and
the surface roughness of these substrates. In addition, the ODA coated ITO substrates
were exposed to either 1 M KCI solution or 1 M KCI solution containing 10 mM of
ferricyanide/ferrocyanide redox couple for the same period of time required for each of the
CV analyses (~2.5 days). Potential degradation of the monolayers was assessed through
calculating the change in WCA values from the original values prior to immersion in these
solutions. These WCA measurements were obtained from 4 different regions of the
substrate with negligible (~0°) change from the original values. The result of this study
further indicate that the electrochemical tests accelerate the hydrolysis of the monolayers.
Specific changes to the chemical composition of each interface required further analysis
to better understand the observations made regarding the stability of all prepared

monolayers.
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Figure 3.3 Representative WCA measurements for: (A) RCA-1 cleaned ITO; (B)
ODA coated ITO; (C) ODTS coated ITO; and (D) ODPA coated ITO
substrates.
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Figure 3.4  Water contact angles (WCAs) of RCA-1 cleaned ITO and ITO
modified with either ODA, ODTS, or ODPA. These average WCA
values were calculated using measurements from 8 independent
regions on each sample, which were obtained either before or after
the series of electrochemical and hydrolytic tests as noted in the
legend.
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Table 3.1 Root mean square (RMS) roughness values from AFM
measurements for unmodified and modified ITO substrates.

ITO treatment or surface

modification RMS (nm)
RCA-1 cleaned 6.11
ODA 6.62
ODPA 6.03
ODTS 413

To accurately measure changes in the composition of each interface, the surfaces
of the ITO substrates were analyzed by XPS. High resolution XPS analysis of the O,
peaks (Figure 3.6) were monitored before and after the electrochemical experiments. The
O+ species were selected as the molecules within the monolayers are anticipated to
interact with the ITO through oxygen bonds (e.g., In-O-C, In-O-P and In-0-Si).? *! Three
O, peaks were observed for each of the substrates, which were attributed to O-In-OH, O-
In-O and O-C at binding energies of 529.5 eV, 530.4 eV and 531.5 eV, respectively. All of
the three oxygen species are present at the surfaces, as commercially available ITO are
often amorphous or polycrystalline. The same peak positions for these peaks were
previously reported in the literature.® '# 27338 The peak area ratio between O-In-OH and
0O-In-O maintained a value of approximately at 2 for all of the samples. The binding
energies of the oxygen atoms within the silane or phosphonic acid based monolayers (O-
Si, O-P or O=P) overlapped with the O-C peak position. A shift in the binding energy for
the O-C species was observed after preparation of the monolayers when compared to the
RCA-1 cleaned ITO substrates. This shift was attributed to a shift in the Fermi level (Ef)
at the interface between the ITO and the monolayers. When comparing the XPS spectra
before and after the extended electrochemical tests, no significant changes in composition
were observed for the RCA-1 cleaned ITO substrates (Figure 3.6A) or the ODA coated
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ITO (Figure 3.6B). The XPS spectra obtained from ODA monolayers before and after the
CV analyses suggest that the changes in the chemical composition of the ITO surfaces
were minimal for these substrates after extended electrochemical and hydrolytic testing.
In contrast, significant spectral changes were observed for the substrates coated with
either ODTS or ODPA. For the ODTS coated ITO, significant changes in the intensity of
the O-Si species were observed from the XPS analysis. After repeatedly cycling the
applied potential, the spectrum exhibited a significantly reduced intensity of the O-Si
species in comparison to the O-In-OH and O-In-O species (Figure 3.6C). This change was
attributed to the formation of a multilayer structure within the as-deposited ODTS and the
subsequent loss of non-covalently attached ODTS molecules and/or degradation of the
monolayers of ODTS. The ODPA coated ITO substrates also exhibited a significant
change in their high resolution XPS spectra when comparing the plots obtained before
and after the extensive electrochemical testing. Initially, the high resolution O+ spectrum
for the ODPA monolayers exhibited similar peak intensities to those observed for the RCA-
1 cleaned ITO surfaces. After evaluating the electrochemical stability of the ODPA
monolayers, the peak intensity of the O-In-OH species significantly decreased relative to
the O-C or O-In-O species (Figure 3.6D). This phenomenon was attributed to etching or
non-specific degradation of the underlying ITO films. The ODPA monolayers likely
underwent restructuring and degradation from electrochemical and hydrolytic stresses.
One example is the hydrolysis of the In-O-P bonds, which produces H3O" and increases
local acidity.48 Another example is that weakly bound In or Sn atoms coordinate with
phosphonic acids and undergo complexation to form an insoluble salt."® ' Previous
studies reported changes in the relative content of In and Sn on the surfaces of ITO due
to etching of In with an acid.®® '® Another study proposed that phosphoric acid slowly
etches ITO and could be used to extract In species from solution.*® "% The results of these
XPS analyses confirmed the observations made from the CV and WCA analyses, which
suggested changes to the chemical composition and structure of the ODTS and ODPA
monolayers upon prolonged electrochemical and hydrolytic testing. In summary, the ODA
coated ITO demonstrated a greater electrochemical and chemical stability in contrast to
ODTS or ODPA coated ITO. The ODA monolayers on ITO could serve as an alternative
passivation layer for fine tuning the surface properties of ITO for a variety of applications,
such as displays, touchscreens, heat reflective coatings and smart windows." '

Evaluating these coatings for their potential use in optoelectronic devices required a
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further assessment of possible changes to their optical properties.
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Figure 3.6 High resolution XPS data for O, species associated with: (A) RCA-1
cleaned ITO; (B) ODA coated ITO; (C) ODTS coated ITO; and (D)
ODPA coated ITO. Representative spectra are plotted for each type
of surface modification, which were obtained either before or after
the series of electrochemical experiments as noted above each plot.

3.3.2. Optical Properties of Organic Monolayers on ITO

The optical properties of the modified ITO films were evaluated after repeated
electrochemical and hydrolytic testing. The optical transmittance of these substrates was
evaluated using UV-Vis transmission spectroscopy. Specifically, transmittance between
350 and 750 nm was investigated to monitor changes in the desired optical properties of
the ITO films. Substrates coated with monolayers of either ODPA or ODA did not exhibit
any spectral shift in comparison to the RCA-1 cleaned ITO substrates (Figure 3.7). A blue

shift was, however, observed for the ODTS modified ITO after electrochemical testing.
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This phenomenon is attributed to deformation of the ODTS coatings in to a thin SiOy film.
The additional SiOy layer leads to a change in the optical dielectric properties of these
interfaces, which alters the position of the interference pattern observed in the UV-Vis
transmission spectra.'® Previously, thin films of silicon oxide prepared from the
decomposition of tris-dimethylaminosilane exhibit a similar UV-Vis transmission
spectrum.®? Decomposition of silane based monolayers, such as through the formation of
silicon oxide, could induce the observed changes in the transmittance properties of the
ITO films. It is speculated that the blue tint observed for the ODTS coatings was due to
the formation of a thin silicon oxide layer. This change in the dielectric properties at the
ITO surfaces could lead to the shift in the features observed within the transmission
spectrum.’® Figure 3.8 shows the visible blue tint of the ODTS coated ITO films after 2.5
days of continuous evaluation of their electrochemical and hydrolytic stability. Within this
film, the corners and edges exhibited a more vivid blue coloration. Non-uniformities in the
current density between the edges and center of the ITO electrodes could lead to this
differential growth of the silicon oxide films."®” The monolayers prepared from phosphonic
acids or aliphatic alcohols did not show any significant change in their optical

transmittance properties.
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Figure 3.7 Ultraviolet-visible (UV-Vis) transmittance spectra of RCA-1 cleaned
ITO, ODA coated ITO, ODTS coated ITO, ODPA coated ITO, and glass
slide obtained after a series of electrochemical and hydrolytic tests.
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Figure 3.8 A blue tint was observed for the ODTS modified ITO substrates in
comparison to RCA-1 cleaned, ODA coated and ODPA coated ITO
substrates after the prolonged electrochemical tests.

3.3.3.  Electronic Properties of Alcohol Based Monolayers on ITO

To evaluate the utility and electronic properties of alcohol based monolayers in
organic electronics, their surface energy and work function must be determined to assess
their compatibility with the HTL.® Previous studies demonstrated that incompatibilities can
lead to a non-uniform wetting of the non-polar organic HTL.?>?”**” |n OLEDs and OPVs,
a mismatch in these two properties between ITO and the HTL must be minimized to
optimize their electronic performance. The modification of ITO with SAMs can be used to
reduce the surface energy of this interface and to establish a stable interfacial chemistry.
For example, a higher luminance at fixed potentials was achieved through the use of silane
based monolayers on ITO in comparison to unmodified ITO.® This result was attributed to
improvements in the uniformity of the thickness and wetting of the HTL on the ITO
substrate. As surface energy of the ITO can be an indication of the uniform wetting of the
HTL, it is important to determine the surface energy of modified ITO surfaces. This
assessment can indicate the utility of various monolayers for use in organic based

electronic devices.

Surface energies of the monolayers on the ITO substrates were derived using the
Owen-Wendt model of wetting, which can be used to estimate the total surface energy.”
The Owen-Wendt model (Equation 2.6) can also be used to derive the polar and dispersive
components of the surface energy of the ITO substrates. In this equation, 6, represents

the contact angle of the liquid interest and y is the surface tensions. The subscripts LV and
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SV represent the liquid-vapor and solid-vapor interactions, respectively, while the
superscripts d and p represent dispersive and polar components.” The Owen-Wendt
model requires contact angle measurements to be obtained using two distinct liquids. In
this study, water and n-hexadecane contact angles were used to derive the polar and
dispersive components of the surface energy, as well as the total surface energy of each
sample. For all of the substrates, at least four independent contact angle measurements
were obtained using each of the liquids. The results of these contact angle measurements
are summarized in Table 3.2. The RCA-1 cleaned ITO sample exhibited contact angle
values of ~0° for both water and n-hexadecane. Based on these measurements, the total
surface energy of the RCA-1 cleaned ITO was calculated to be 73 mJ m?, and the polar
and dispersive components were 46 and 28 mJ m™, respectively. Monolayers derived from
ODA, ODTS, and ODPA exhibited consistent values for their total surface energy (e.g., 23
to 27 mJ m). These results are significantly lower than those for the RCA-1 cleaned ITO
substrates. The lower surface energies of the modified ITO would enable a more uniform
wetting of the HTL. Previous studies have reported values of 29 mJ m™for monolayers of
ODPA and ODTS.?”?° These lower surface energy values are important to achieve the
desired efficiencies and lifetimes of OLEDs and OPVs.** Other alcohol reagents were also
evaluated to better understand the ability to tune the surface energy through altering the

composition of the alcohol based monolayers.

Composition of the alcohol based monolayers derived from alcohol species were
tuned between two extremes. One type of reactant was a perfluorinated species (i.e.,
1H,1H,2H,2H-perfluoro-octanol or PFOA), and the other species were linear diols (i.e.,
1,5-pentanediol or PTdiA and 1,10-decandiol or DCdiA). These substrates exhibited
slightly higher total surface energies than the linear hydrocarbon chains (Table 3.2). The
estimated surface energies were 34, 48 and 46 mJ m™ for PFOA, PTdiA and DCdiA,
respectively. The total surface energies for each of these monolayers, along with a
distinction of their polar and dispersive components, are graphically depicted in Figure
3.9. The variation in surface energies observed for the different alcohol based reagents
indicate that the composition of these monolayers can be tuned to sufficiently adjust the
surface energy. This tunability could be necessary to create a compatible interface for
uniform wetting of different HTLs. Modifications to the ITO surfaces also result in changes
to their surface work function, which can lead to further improvements in device

performance.
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Table 3.2 Average contact angle values for the ITO substrates and their
corresponding surface energies derived using the Owen-Wendt
model of wetting.

water n-hexadecane v, polar . Y, dispersive Y, total
component? component
o . 0 G H G H G H
treatment/modification

RCA-1 cleaned 0+£0 0£0 46 46 28 28 73 73
ODA 100 +£2 13£2 0.6 0.55 27 27 27 27
ODTS 111+7 19+£3 0.021 1.7E-3 26 26 26 26
ODPA 102 +7 33+ 4 0.062 3.3E-5 23 23 23 23
PFOA 75+4 31+£3 11 10 24 24 34 34
PTdiA 552 5+£1 21 21 27 27 48 48
DCdiA 58 +1 9+2 19 19 27 27 46 46

* = Average contact angle (degrees).
* = Surface energy (mJ m?), G = geometric mean, and H = harmonic mean.
Standard errors in contact angle measurements were < 2°.
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Figure 3.9 Surface energies derived using the Owen-Wendt model of wetting
for RCA-1 cleaned ITO and ITO coated with ODTS, ODPA, ODA,
1H,1H,2H,2H-perfluoro-octanol (PFOA), 1,5-pentanediol (PTdiA) and
1,10-decandiol (DCdiA). The polar and dispersive components of the
surface energy are represented by the light grey (upper) and dark
grey (lower) columns, respectively.

The work function of ITO electrodes at the interface with potential HTL can be
adjusted using SAMs. There is a significant mismatch in work function between the native
ITO and the HTL."# 2%".29.51.62 Thjs mismatch is often referred as hole transport barrier.
The larger the barrier is, the higher is the required energy to operate the device.
Monolayers can be used to effectively tune the work function of metals and

semiconductors, while increasing the efficiency of the hole injection process.?® 3 °' These
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achievements result from the creation of a new permanent surface dipole. Ultraviolet
photoelectron spectroscopy (UPS) measurements can be used to determine the work
function of materials.”® %% "% Previous UPS studies compared the work functions of
monolayers of n-alkylphosphonic acid and other phosphonic acids on ITO to those of triton
X-100 cleaned ITO and oxygen plasma treated ITO.?*%"-* The triton X-100 cleaned ITO
had a work function of 4.6 eV, and that for the oxygen plasma treated ITO was 5.1 eV.?"
192 The n-alkylphosphonic acid monolayers decreased the work function of ITO by 0.6 eV,
while other phosphonic acids, such as fluorinated and phenylated phosphonic acids,
exhibited equal or higher work functions in comparison to the oxygen plasma treated ITO.
These results indicate that work functions can be tuned through the use of various terminal
groups within the monolayers. The work functions of a series of ITO substrates, each
modified with different alcohol based monolayers, were determined through UPS
measurements. Work functions of the alcohol based monolayers were compared with
RCA-1 cleaned ITO, as well as to ITO substrates modified with either alkylsilanes or

alkylphosphonic acids.

Alcohol based monolayers were specifically evaluated for their ability to tune the
work function of ITO. This study included SAMs prepared from ODA, PTdiA, DCdiA, and
PFOA. Three separate measurements were obtained from different regions of each
substrate to assess the regularity of each work function. Important information extracted
from the UPS spectra included the width of the spectrum, or the range between the
secondary electron edge and the Fermi level or E (0 eV)." ' 2751102108 The difference
between the width of the UPS spectrum and the energy of the helium 1 source (e.g., 21.2
eV) was used to determine the work function of the RCA-1 cleaned ITO film (4.73 eV).
This value was similar to those reported in the literature for clean ITO, which range from
4.5 to 4.7 eV.25?" 2.51.19%8 Monolayer modified ITO surfaces required a more detailed
assessment of the energy levels and their shifts for an accurate determination of their work

functions.

An accurate determination of the work function of the monolayer modified surfaces
requires the consideration of both band bending and shifts in E¢. '* %" ®"-# Band bending
occurs through Eg pinning at the interface of two different materials. This phenomenon
decreases the work function of ITO, resulting in an increase in the hole-injection barrier

when ITO is used as the anode in electronic devices. Monolayers exhibit a permanent
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surface dipole moment that can shift the vacuum level (E,s) and either increase or
decrease the work function depending on the overall direction of the dipole.* " 14278183
There are two components in determining the overall direction of the dipole: (i) the induced
dipole at the interface between the ITO and the monolayers, and (ii) the permanent dipole
of the molecular constituents of the monolayers.®' Depending on the overall direction of
the dipole, the energy levels are shifted either upward or downward. For example,
monolayers prepared from molecules with a negative dipole oriented away from the ITO
can raise the level of E,,, increasing the local work function of the electrode. This shift in
the energy level of E,sc can offset a decrease in work function that results from band
bending.?" # The overall shift in the energy levels from the contributions of the surface
dipole and band bending can be measured by monitoring the position of valence band
maximum (VBM) and secondary electron edge in the UPS spectrum. The onset of the
electronic transitions (at ~3 eV) observed for the monolayers on ITO is compared to that
measured for the RCA-1 cleaned ITO to estimate the relative shift in each spectrum. The
width of the UPS spectra, after accounting for these shifts, were used to more accurately
compute the work functions of the modified ITO substrates.* '"'% ?" The reported work
function values for ODTS and ODPA monolayers on ITO are 4.85 eV and 4.5 eV,
respectively.?” ?° Our coatings prepared from ODTS and ODPA exhibited work function
values of 4.07 eV and 4.78 eV, respectively. The previously reported value for ODTS
modified ITO films did not account for the shift in Er and band bending, which resulted in
a higher value than derived from our measurements. In addition, this value was measured
using Kelvin probe, which measurements can be influenced by obtaining measurements
under ambient atmospheric conditions (e.g., adsorbed water layers or other species).'*
108199 Monolayers derived from ODA on ITO exhibited a work function of 4.74 eV, which
is close to the value for ODPA monolayers on ITO. In electronic devices that utilize ITO
as an anode, a high work function for the ITO electrode (e.g., > 5 eV) is desired to minimize
the hole injection barrier, which is sought to improve the performance and lifetime of these
devices. Although these measurements indicate that alcohol based monolayers are
comparable to monolayers derived from alkylsilanes and alkylphosphonic acids, the work
function of the ODA coated ITO was not significantly improved in comparison to RCA-1
cleaned ITO.
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Figure 3.10 The UPS spectra of RCA-1 cleaned ITO and the series of ITO
substrates modified by SAMs, which are indicated above each
spectrum. These spectra are plotted to depict the secondary
electron edge and the Fermi levels (Eg) associated with each of
these substrates.

A high work function can be achieved through tuning the terminal functional groups
within SAMs. Based on previous studies, electron withdrawing groups can be incorporated
into SAMs to increase the work function because of their higher electron affinity in
comparison to alkyl chains.?*% %81 The work functions of ITO modified with PTdiA, DCdiA
and PFOA were determined using the methods described above. Figure 3.10 depicts the
UPS spectra for each of the samples that were normalized to the maximum peak intensity.
The computed average work function values with errors reported to one standard deviation
are summarized in Table 3.3. The work functions for the ODA, PTdiA, DCdIiA and PFOA
monolayers were 4.74 eV, 4.58 eV, 4.49 eV and 4.88 eV, respectively. Treatments with
either of the diols, PTdiA or DCdIiA, decreased the work function by 0.15 and 0.24 eV,
respectively, in comparison to the RCA-1 cleaned sample. This decrease was attributed
to the difference in magnitude of the dipoles between the In-O-H and C-O-H terminated
surfaces. To increase the work function, a surface dipole created by the monolayers must
be larger than the dipole of the native surfaces. The ITO surfaces include both polar oxo
and hydroxyl groups (e.g., In-O-In and In-O-H). A previous study reported a similar
phenomenon with pentafluorobenzyl phosphonic acid, which exhibited a lower work
function than anticipated for this species. This decrease in work function was attributed to
the fluorine atoms on the phenyl ring, where all of the dipoles formed by each of the

fluorine atoms were cancelled one another, except for the fluorine at the para position.?’
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The PFOA sample was the only alcohol based monolayers that exhibited a work function
that was higher than the RCA-1 cleaned sample. A similar result was previously reported
with fluorinated phosphonic acid species used to prepare monolayers on ITO. Monolayers
derived from 3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluorooctyl phosphonic acid exhibited a work
function that was equal to the oxygen plasma treated ITO.?” These results indicate that
the fluorine moiety of the monolayers creates a stronger surface dipole than hydrocarbons
and can, therefore, increase the work function. The range of values in work function
demonstrated for the alcohol based monolayers suggest that the work function of ITO can
be tuned using different alcohol reagents. This study demonstrated the preparation of ITO
coated with monolayers derived from alcohol based reactants with potential use in organic
based electronic devices, such as OLEDs and OPVs, through designing the ITO interface

to exhibit the desirable surface energy and work function.

Table 3.3 Work functions obtained from UPS spectra (He 1 Source).

sample work function (eV)
RCA-1 cleaned 4.73 £0.20
ODA 4.74 £0.27
ODTS 4.07 £0.05
ODPA 478 £0.26
PFOA 4.88 £0.08
PTdiA 4.58+0.13
DCdiA 4.49+0.16

3.3.4. Varying the Hydrocarbon Chain Length for Alcohol Based
Monolayers on ITO

An important property of monolayers attached to ITO films is their influence on the
current passed through this interface as part of an electrochemical device.””*® We studied
the relationship between the electrical properties of these alcohol based monolayers on
ITO and their chain length. A series of electrochemical studies were performed with the
modified ITO substrates while monitoring the peak current passed through the
monolayers. A series of molecules with an even number of carbons in their backbone were
selected for these experiments to eliminate the possibility of odd-even effects observed in
the packing density and electronic properties of some types of monolayers.®® ¢ "% we

evaluated the degree of change in the current passed through the monolayers over the
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course of the electrochemical studies. We specifically monitored the peak faradaic current.
The most significant peak shifts were observed within the first 1,000 scans of the applied
potential. Peak positions were, therefore, reported at the 1,000" scan. Hydrocarbon chain
length and peak current exhibited a linear correlation (Figure 3.11). Every two additional
carbons in the backbone of the monolayers exhibited an average decrease of ~0.18 mA
cm?in the peak faradaic current density or ~0.027 log | J | at the faradaic peak. A similar
relationship has been observed in a study on thiol based monolayers on Au surfaces.®® %
" varying the hydrocarbon chain length of phosphonic acids on SrTiO; have also shown
a similar relationship."'? The length of the hydrocarbon chain was directly correlated with
the observed peak current density recorded for the modified ITO films. For reference, the
1,000™ CV profiles of each sample is shown in Figure 3.12. The peak faradaic current for
the modified ITO can be tailored by choice of the appropriate reagent. In summary, the
monolayers prepared on the ITO surfaces can be used to design their electronic properties

for the needs of specific organic based devices.*
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Figure 3.11 Average Log | J | values obtained at faradaic peaks from CV
experiments carried out for ITO substrates coated with a series of
monolayers. Data were obtained at a 200 mV s™ scan rate. The
reported peak current densities are each an average from the
measurements of three independent samples. These measurements
were taken after the 1,000™ scan of the applied potential for each of
the modified ITO electrodes. Each of the monolayers were prepared
from linear aliphatic alcohols of the specified chain length, as
indicated on the x-axis. The dashed line is a linear fit to the
observed and the error bars for each data point indicate one
standard deviation from the mean values.
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Figure 3.12 The 1,000" profile from a consecutive series of cyclic voltammetry
analyses for: (A) RCA-1 cleaned ITO; (B) 1-hexanol coated ITO; (C) 1-
octanol coated ITO; (D) 1-decanol coated ITO; (E) 1-dodecanol
coated ITO; (F) 1-tetradecanol coated ITO; (G) 1-hexadecanol coated
ITO; and (H) 1-octadecanol coated ITO. These electrochemical
studies were carried out at a scan rate of 200 mV s™ using the ITO
substrates as the working electrode in 1 M KCI solutions containing
10 mM of potassium ferricyanide and 10 mM of potassium
ferrocyanide.
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3.4. Conclusions

The modification of ITO surfaces with self-assembled monolayers have been used
to tune the properties of the ITO for use in a variety of organic based electronic devices.
Herein, a new class of monolayers on ITO, alcohol based monolayers, have been
demonstrated for the first time. Several different alcohol containing reagents were
successfully grafted onto ITO surfaces through a condensation reaction to form covalent
bonds. The electrochemical analyses of these alcohol based monolayers on ITO by CV
techniques demonstrated their electrochemical and hydrolytic stability, in a direct
comparison to surfaces modified with silanes or phosphonic acids. Alcohol based
monolayers exhibited a change of only 0.03 mA cm? and -0.01 V in the faradaic peak
current density and peak position after a series of continuous stability tests each carried
out over the course of ~2.5 days. The notable stability of the alcohol based monolayers
relative to monolayers of silanes or phosphonic acids was further confirmed through WCA
measurements and XPS analyses. The optical transmittance of the alcohol based
monolayers on ITO exhibited minimal changes after these stability tests. In contrast, the
silane based monolayers exhibited a notable degradation in film quality as observed by
both electrochemical and optical techniques. In addition, electronic properties of each of
the monolayers, which include their surface energy and work function, were analyzed
using the Owen-Wendt model of wetting and UPS techniques. The surface energy was
tuned from 27 to 48 mJ m™ and the work function adjusted from 4.49 to 4.88 eV through
changes to the composition of the alcohol based monolayers. These results indicated that
the alcohol based monolayers can simultaneously modify both the surface energy and
work function of the ITO. This approach to modifying ITO is a promising technique for
adjusting the properties of the ITO for its use in organic based electronic devices. The
alcohols based monolayers on ITO exhibited an exceptional electrochemical and chemical
stability that is required for their prolonged use in electronic devices. In addition, these
surface modifications to ITO can readily incorporate a terminal hydroxyl moiety through
the use of diols. These hydroxyl groups could potentially provide a platform for further
chemical reactions and for applications in electronic devices other than OLEDs and OPVs,

such as molecular sensors and organic transistors.
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3.5. Experimental

3.5.1. Reagents for Pretreatment of ITO

All reagents and materials were used as received, which include Sparkleen 1
glassware detergent, acetone (Fisher Scientific, reagent grade, CAS no. 67-64-1),
isopropanol (Fisher Scientific, reagent grade, CAS no. 67-63-0), ethanol, hydrogen
peroxide (Fisher Scientific, CAS no. 7722-84-1), and ammonium hydroxide (Fisher
Scientific, Reagent ACS grade, CAS no. 1336-21-6).

3.5.2. Reagents for Monolayers on ITO

All reagents were used as received, which included tetrahydrofuran (Calderon,
HPLC grade, CAS no. 109-99-9), octadecylphosphonic acid (Sigma-Aldrich, 97%, CAS
no. 4727-47-4), octadecyltrichlorosilane (Sigma-Aldrich, 290%, CAS no. 112-04-9), 1-
octadecanol (Sigma-Aldrich, ReagentPlus® grade >99%, CAS no. 112-92-5), n-hexane
(ACS, reagent grade, CAS no. 110-54-3), 1H,1H,2H,2H-perfluoro-1-octanol (Sigma-
Aldrich, 97%, CAS no. 647-42-7), 1, 5-pentanediol (Sigma-Aldrich, >97%, CAS no. 111-
29-5), and 1,10-decanediol (Sigma-Aldrich, 98.0%, CAS no. 112-47-0). Glass slides
coated with ITO films (7 ohms cm?, polished grade, 75 x 25 x 1.1 mm with an ITO
thickness of ~100 £ 10 nm) were purchased from University Wafer (Item no. 2290). The
ITO coated glass slides were diced into 1 cm x 2 cm pieces. These pieces served as
substrates for the following experiments. Potassium chloride (Fisher Scientific, certified
ACS grade, CAS no. 7447-440-7), potassium ferricyanide (Allied Chemical, ACS reagent
grade, CAS no. 1376-66-2), potassium ferrocyanide (Fisher Scientific, certified ACS

grade, CAS no. 14459-95-1) were used as received without further purification.

3.5.3. Pretreatment of ITO Films on Glass Slides

Each of the cut glass slides coated with an ITO film were placed into individual
glass test tubes (part no. 908035, CEM Discover). These substrates were sonicated in a
detergent solution prepared from 18 MQ-cm deionized (DI) water (10 mL, obtained from a
Barnstead Nanopure Diamond water filtration system) and Sparkleen glassware detergent

(1 g).- The samples were sonicated sequentially in acetone, isopropanol and ethanol. The
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sonication process was maintained over a period of 10 min in each solvent, and
subsequently rinsed with DI water (25 mL). A modified RCA-1 cleaning procedure was
performed to remove additional surface contaminants and to create hydroxyl groups on
the ITO surfaces.'™ In brief, to prepare the RCA-1 cleaning solution, a glass beaker
containing DI water (50 mL) was heated to 70 °C using a temperature controlled hotplate
(Corning 720). Upon reading 70 °C, an aqueous solution of NH,OH (10mL, 30% v/v) was
added to the heated DI water. An aqueous solution of H,O, (10 mL, 30% v/v) was
subsequently added to this mixture and heated until re-equilibrating at 70 °C. The freshly
prepared, hot RCA solution was transferred to the glass test tubes containing individual
samples, which were held at 70 °C for 3 h. The RCA-1 solution was replaced with DI water
(10 mL) and the cleaned substrates were sonicated for 10 min. The rinsed ITO substrates
were dried in a drying oven (model no. 1350GM, Sheldon) maintained at 120 °C for 20

min prior to the formation of the desired monolayers.

3.5.4. Surface Modifications of ITO

3.5.4.1. Formation of Alcohol Based Self-Assembled Monolayers

A series of alcohol based monolayers were formed on the ITO surfaces. Individual
clean ITO coated substrates were placed into separate 10 mL glass test tubes that
contained a neat solution (~5 mL) of the desired alcohol reagent, which were heated to

temperatures reaching 120 °C over a period of 24 h.

3.5.4.2. Formation of Silane Based Monolayers

A solution of ODTS was prepared in n-hexane for use in formation of monolayers
on ITO following previously published techniques.?® Individual, clean ITO coated
substrates were placed into separate 10 mL glass test tubes containing the ODTS solution

(~5 mL, 0.02 mM) for 2 h at room temperature.

3.5.4.3. Formation of Phosphonic Acid Based Monolayers

A solution of ODPA was prepared in tetrahydrofuran as required to make
monolayers on ITO following previously published techniques.?® Each of the ITO coated
substrates were placed into individual 10 mL glass test tubes containing the ODPA

solution (~0.5 mL, 0.01 mM) for up to 15 h at room temperature.
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3.5.4.4. Rinsing the Prepared Substrates

Upon removal of each substrate from its corresponding preparing solution, the
substrates were rinsed sequentially with ethanol (20 mL) and of DI water (200 mL). To
remove any non-covalently attached molecules the substrates were sonicated in ethanol
(5 mL) for 10 min. The sonicated substrates were dried under a steady stream of nitrogen

gas filtered with a PTFE membrane containing <200 nm pores.

3.5.5. Characterization Procedures

The substrates were each characterized by a series of analytical techniques to
assess their surface topography, hydrophobicity, chemical composition, electrochemical
stability, and optical properties. Multiple measurements were obtained on each substrate
to assess the surface coverage of the monolayers, as well as to assess the consistency
of the coverage between each of the substrates. The parameters for each of the analytical

techniques are outlined in detail below.

3.5.5.1. Cyclic Voltammetry

Cyclic voltammetry analyses were performed to investigate the electrochemical
and chemical stability of the monolayers on the ITO substrates. These experiments were
performed using a Biologic Potentiostat (Model SP-150) using a standard three-electrode
system with a Ag/AgClI reference electrode filled with 4 M KCI (CH Instruments, part no.
CHI111), a Pt counter electrode (CH Instrument, part no. CHI115) and the ITO substrates
as the working electrode. The reference electrode was calibrated through measuring the
electric potential difference with another standard electrode. The electrolyte solution for
these experiments consisted of KCI (100 mL, 1 M) containing K4Fe(CN)s] (10 mM) and
Ka[Fe(CN)s] (10 mM). A series of CV scans was acquired using a scan rate of 50 mV s™

over a potential range from 0 to 1 V for up to 10,000 scans.

3.5.5.2. Contact Angle (CA) Measurements

The CA measurements were performed with a contact angle goniometer
(Dataphysics, model OCA 15) in the Nanofabrication Facility of 4D LABS at Simon Fraser
University. A droplet of DI water or hexadecane (2 pL) was dispensed onto the substrate

for each of the measurements. The CA was measured as the angle between the air-water
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interface of the droplet and the interface between the water and the substrate. For surface
energy measurements, n-hexadecane was used in the place of water. Where applicable,
error bars for the CA measurements are reported as one standard deviation from the

calculated mean of eight independent measurements from a single sample.

3.5.5.3. X-ray Photoelectron Spectroscopy (XPS)

A series of XPS measurements were performed to investigate the chemical
composition of the monolayers. These studies were conducted using a Kratos Analytical
Axis ULTRA DLD system with a monochromatic aluminum source (Al Ka of 1486.7 eV)
operating at 150 W with a 90° takeoff angle. Survey spectra (0 to 1200 eV) were acquired
using a pass energy of 160 eV, a dwell time of 100 ms, and 1 sweep. High-resolution
spectra were obtained using a pass energy of 20 eV, a dwell time of 500 ms, and
averaging the results of 10 sweeps. This XPS analysis was performed with the assistance
of a charge neutralizer because of significant charging effects from the substrates of
interest. The peak positions were calibrated to the C-C hydrocarbon signal (C,s) that was
set to 285.0 eV. The peak area ratios in the high resolution XPS spectra were compared
after normalization of each spectrum to the maximum signal intensity. An area of 700 pm
x 300 ym was analyzed in at least three separate regions of each sample to assess the
uniformity of its surface modification. Background noise was corrected through a linear fit
of the baseline. Analyses and fitting of the XPS peaks was performed using Vision

Processing software version 2.2.7 beta.

3.5.5.4. Ultraviolet and Visible Transmission Spectroscopy

The optical transmittance of the ITO coated substrates, acquired across the visible
region of the electromagnetic spectrum, was assessed both before and after the cyclic
voltammetry experiments. These spectra were obtained using an Agilent 8453
spectrophotometer. The spectral range for these studies spanned from 190 to 1100 nm
with a scan time of 1.5 s. Spectral resolution of the system was set to 1.5 nm. The software

package UV-Visible ChemStation Rev. A.07.01 was used to analyze these spectra.

3.5.5.5. Ultraviolet Photoelectron Spectroscopy (UPS)

A series of UPS measurements were performed to assess the work functions of

the modified ITO substrates. These experiments were carried out at the University of
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Washington Molecular Analysis Facility. A Kratos Axis Ultra DLD photoelectron
spectrometer was used to acquire both UPS measurements and XPS survey scans.
Before the UPS measurements, survey XPS spectra (0 to 1200 eV) were acquired to
confirm the composition of each substrate using a monochromatic aluminum source (Al
Ka of 1486.7 eV) operating with a 20 mA current at 15 kV, a pass energy of 80 eV and a
data step of 1 eV. The UPS measurements used the He 1 (21.2 eV) line as the incident
radiation produced from a Kratos UV lamp operating at 10 W. The UPS spectra were
acquired with a pass energy of 5 eV, an aperture of 100 ym and a data step of 0.01 eV.
Three independent positions on each sample were analyzed to check the uniformity of
each type of surface modification. Calibration of the spectrometer was performed using a
clean gold film. A 5 V battery was connected to the system to eliminate background noise.
The UPS data was obtained using Casa XPS software version 2.3.15 and further

processed using Vision Processing software version 2.2.7 beta.
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Chapter 4.
Summary and Outlook

Despite the widespread utilization of ITO in many fields of research and in
commercial products, there are still challenges of incorporating ITO into organic
electronics. For example, in the case of OLED devices, multiple studies have emphasized
the needs for designing the interfacial properties and chemistries of ITO to enhance the
overall device performance that includes the brightness and lifetime. In this thesis work,
an alternative approach to modifying the surfaces of ITO with self-assembled monolayers
has been demonstrated to design interfaces with desirable work function, surface energies
and stability. The results from experiments indicate alcohol based monolayers outperform
the traditional procedures that utilize silanes and phosphonic acids in terms of their
stabilities. Alcohol based monolayers exhibited minimal degradations in electrochemical,
and chemical stabilities. The electrochemical and chemical stabilities were assessed
through multiple characterization techniques, including CV, XPS, and WCA. The change
in optical properties of ITO films with alcohol based monolayers were evaluated through
absorption spectroscopy, namely UV-Vis transmission spectroscopy. In addition to
assessing the stability of the monolayers, the work function was measured to study the

electronic property.

There have been multiple approaches demonstrated in literature to address the
stability and performance issues of OLED devices. The methods to characterize and
evaluate the surface modifications on ITO were discussed in this thesis. These
approaches include the use of metal or metal oxide thin films, and organic based
monolayers. These methods have shown their effectiveness in tuning the interfacial
chemistry and properties of ITO but with some limitations. The inorganic surface
modifications can often have uniformity issues, where the thickness of the deposited
ultrathin films is not uniform, increasing the surface roughness and adding variations to
the electronic properties across this interface. This additional roughness hinders the
overall performance of the device as it is limited by these localized effects. The organic
surface modifications have stability issues. Monolayers prepared from both silanes and

phosphonic acids, which are the common monolayers on ITO surfaces, are susceptible to
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external stresses, such as hydrolytic damage and electrochemical stresses. Details on the
previous achievements for the surface modifications of ITO can be found in Chapter 1.
Common characterization techniques and evaluation methods used in these studies and
specifically in the research introduced within this thesis were explained in detail in Chapter
2. The CV analyses were performed to assess electrochemical properties of ITO modified
with monolayers and the WCA were measured to assess the change in the surface
coverage and/or the degradations of the prepared monolayers after electrochemical
stresses. The surface chemical composition was also pursued using XPS and investigated
the changes in the species present at the surfaces before and after extensive
electrochemical analyses. To further evaluate these results, an extended CV analyses
either in organic solvents or use of different redox probes could be pursued on these
substrates to eliminate the solvent effects. The optical properties of the prepared samples
were studied using UV-Vis transmittance spectroscopy. Lastly, the electronic properties

of ITO were evaluated by determining work function and surface energy.

In this thesis, alcohol based monolayers on ITO are demonstrated for the first time.
This method utilizes a more affordable family of reagents, which also introduce an ease
of handling and storage relative to the silanes, phosphonic acids and related species used
in a number of previous studies. Monolayers derived from a series of alcohol reagents
were grafted onto ITO and evaluated for their stability. The alcohol reagents used in this
thesis work include simple linear alcohols, varying in their hydrocarbon chain length from
6 to 18 carbons, perfluorinated alcohols and diols. To understand and evaluate the impact
of these alcohol based monolayers, an 18 hydrocarbon chain alcohol, octadecanol, was
subjected to an extensive comparison with silanes and phosphonic acid monolayers
derived from octadecyltrichlorosilane and octadecylphosphonic acid, respectively. The
cross evaluation of these three reagents indicated that the alcohol based monolayers
exhibit higher electrochemical and chemical stabilities when exposed to the same external
stresses. For electronic properties, alcohol based monolayers showed a similar trend in
electronic properties that has been observed for other organic monolayers in work function
measurements. The work function obtained from ODA was 4.7 eV, while the work function
values reported in literature for ODTS and ODPA coated ITO films were 4.85 and 4.5 eV,
respectively.?” % To further demonstrate work function tunability, monolayers derived from
PTdiA, DCdIiA and PFOA were prepared and evaluated through UPS. These reagents

were chosen for their terminal function groups, hydroxyl- and perfluoro- moieties present
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at the outermost surfaces of monolayers. The PFOA exhibited highest work function of
4.88 eV. The details of these studies on alcohol based monolayers are included in Chapter
3.

This thesis work focused on the assessing the characteristics of alcohol based
monolayers on ITO films. Based on the findings of this work, incorporation of ITO films
modified with alcohol based monolayers into OLED devices should be pursued to further
evaluate their influence on device performance and lifetime. Previous studies on the
performance of OLEDs used multiple strategies that include measuring quantum efficiency,
luminance, and resistivity to evaluate surface modifications on ITO.*"**>° One common
method used to study lifetime of an OLED devices is through measuring the half-lifetime
of the device. It is defined as time taken for luminance to decrease to half of its initial

luminance, while maintaining a constant current.”’

These experiments will allow
understanding of the difference of performance and lifetime of OLEDs utilizing alcohol

based monolayer, in contrast to monolayers derived from silanes and phosphonic acids.

Another potential use of these alcohol based monolayers are in molecular sensors.
Beside OLEDs and OPVs, sensors are another common type of devices that utilize ITO.
In these molecular sensors, a platform that expresses diverse surface moieties at the
outermost surfaces of monolayers is desired to detect various molecular species in a
solution or gaseous form. Monolayers with hydroxyl terminal groups have not yet been
demonstrated on ITO. Alcohol based monolayers have demonstrated this hydroxyl surface
moiety at the outermost surfaces of monolayers through use of diols, which could be
modified further through elimination and/or substitution of hydroxyl groups.""*""® This new
platform will enable detection of molecular species that are not currently able to be

detected using sensors prepared from ITO films.
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Appendix A.

Three-Electrode Setup

The standard setup for the three-electrode setup used in this thsis for CV analyses
is shown in Figure A1. This experiment was performed on a bench top without controlling

the environment. Three holes were drilled on the lid for RE, CE, and WE.

Figure A1. Three-electrode setup used for cyclic voltammetry (CV). WE = working

electrode (ITO), CE = counter electrode (Pt wire) and RE = reference electrode (Ag/AgCl
electrode)

78



Appendix B.

X-ray Photoelectron Survey Scans and High Resolution
Scans of ITO Films Modified with Monolayers

All of the typical XPS survey scans for monolayers on ITO included in this thesis
are shown in this appendix. Figure B1 depicts the XPS survey scan of clean native ITO.
The typical XPS survey scans of ODA, ODTS and ODPA coated ITO substrates before
and after electrochemical tests are shown in Figure B2 to B7. In addition, XPS survey
scans of PTdiA, DCdiA and PFOA coated ITO substrates are also included in this section,

as well as their high resolution O+ scans (Figure B8 to B13).
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Figure B1. A typical XPS survey scan of an RCA-1 cleaned ITO substrate.
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Figure B2. A typical XPS survey scan of the ODA coated ITO substrates.
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Figure B3. A typical XPS survey scan for ODA coated ITO after extensive electrochemical

and hydrolytic tests.
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Figure B4. A typical XPS survey scan of the ODTS coated ITO substrate.
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Figure B5. A typical XPS survey scan of the ODTS coated ITO after extensive

electrochemical and hydrolytic tests.
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Figure B6. A typical XPS survey scan of the ODPA coated ITO substrates.
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Figure B7. A typical XPS survey scan of the ODPA coated ITO after extensive

electrochemical and hydrolytic tests.

82



= In3 Insd',ad

E p

S In In

: e *® ' sn In4d,4d
E Sn_ ! 3d ,3d

< Sn %

= MNNa Snsp, o SR
2 1s

5 In

2 In , o540
E 3s

3 o ‘ } In4s

? b KL R

@ o PR N

N A L

© | C

g 1s

2 ARSI ‘|
< N

1200 1000 800 600 400 200 O
binding energy (eV)

Figure B8. A typical XPS survey scan of the PTdiA coated ITO.
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Figure B9. High resolution XPS scan of the O+ species in DCdiA based monolayers on

ITO.
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Figure B10. A typical XPS survey scan of the DCdiA coated ITO.
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Figure B11. High resolution XPS scan of the O+ species in DCdiA based monolayers on

ITO.
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Figure B12. A typical XPS survey scan of PFOA coated ITO.
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Figure B13. High resolution XPS scan of the O+ species in PFOA based monolayers on

ITO.
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