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Abstract

This study addresses a current limitation in the development of high performance
organic optoelectronic devices: depositing indium tin oxide (ITO), a transparent,
conductive film, without damage to underlying organic films. ITO is deposited with
a plasma sputter deposition process which causes damage to organic films. Previous
research demonstrates that damage can be reduced with a sputtering configuration
with substrates placed perpendicular to two facing guns. We employ fluorescent or-
ganic material Alqs (tris-(8-hydroxyquinoline)aluminum) to explore damage caused
by radio-frequency facing-target magnetron plasma sputtering by means of photolu-
minescence spectroscopy. We present an investigation of the degree to which Alqs
is damaged in the plasma sputtering process. We explore the dependence of the
damage on the rate of growth. We evaluate the effects of closing the sputter sys-
tem shutter to eliminate direct plasma exposure as well as the effect of employing a
BPhen (bathophenanthroline) protective layer. We find that facing-target sputtering
can be performed at a high growth rate without causing significantly more damage
than that caused when sputtering is performed at a low growth rate, with only a 10%
reduction in PL from a rate of 0.2A /s to 2.4A/s. We demonstrate that the greatest
amount of damage occurs at the start of plasma sputtering. The BPhen protective
layer is shown to mitigate damage to the surface of the organic material by exposure
to gaseous ions.

Thesis Supervisor: Alexi C. Arango
Title: Assistant Professor of Physics
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Chapter 1

Introduction

1.1 Transparent Conductive Electrodes

Transparent conductive electrodes (TCEs) are a key component of solar cells, light
emitting diodes (LEDs), smart phones and televisions. [1, 2]. TCEs conduct electrical

current while allowing light to enter and exit the device. [3]

1.1.1 Indium Tin Oxide (ITO) and Other Transparent Con-

ductive Materials

Indium tin oxide (ITO) is the most widely used transparent conductive electrode
material in organic light emitting diodes (OLEDs) and organic photovoltaics. The
prominence of I'TO can be attributed to its environmental stability and superior
optoelectronic properties. [3] The molecular structure of ITO is illustrated in Figure
1-1.

Table 1.1, adapted from Ellmer [1], shows TCEs divided by material class. Current
TCE materials being explored include metals, such as silver nanowires [4], semicon-
ductor oxides, including ITO, as well as a recently emerged category of carbon TCEs,

including carbon nanotube films and polymer composites. [5, 6, 7, §]

Haacke’s figure of merit, expressed in Equation 1.1, allows TCEs to be judged for
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Figure 1-1: Molecular structure of ITO (Indium tin oxide)

their suitability in a particular application.

T T4
by=—=— 1.1
a R, aq ( )

The figure of merit accounts for the material properties of the potential TCE, where
T is transmittance, Ry is sheet resistance, ¢ is an exponent which determines the

transmittance necessary for a particular use, and « is the absorption coefficient.

Table 1.1: Field of Transparent Conductive Materials Adapted from Ellmer [1]

Material
Al
Ag
Cu
ITO
SHOQ
Zn0O
TiO,
Si
Polymers
Carbon Single Walled Carbon Nanotubes
Graphene

Material Class

Metals

Semiconductors

ITO dominates over other TCEs in terms of its use in optoelectronic devices due
to its superior properties. ITO holds highest figure of merit for TCEs.[1] Additionally,

ITO has the lowest resistivity of all semiconductor TCEs produced on a commercial
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scale, at approximately 1-2x1074Q cm. [9] For this reason, ITO is the TCE material

most commonly used in organic optoelectronics.

1.2 Previous Research

Transparent conductive electrodes (TCEs) are commonly employed as a bottom elec-
trode in organic optoelectronic devices. The deposition of ITO as a top electrode
opens up many new device possibilities, but remains a major fabrication challenge.
ITO is typically deposited through plasma sputtering, a method which causes signifi-
cant damage to organic layers, detailed in Chapter 2. As a consequence, a low growth
rate is commonly used to reduce sputtering damage, extending the time required for
deposition. [10, 11, 12] This fabrication limitation is a pressing issue which inhibits
the realization of high performance organic optoelectronic devices.

Previous work has examined plasma sputtering damage caused to fluorescent or-
ganic material Alqs (tris(8-hydroxyquinolinato)aluminium) by means of photolumi-
nescence spectroscopy, [13, 14, 15, 16, 11, 17, 18] whereby a decrease in photolumi-
nescence correlates to organic film damage, detailed in 2. A 2010 study by Lei et al.
examined the effect of plasma exposure to organic films through studying ion-induced
damage to BAlq (Bis(8-hydroxy-2-methylquinoline)-(4-phenylphenoxy)aluminum) by
measuring photoluminescence. They observed a decrease in Photoluminescence (PL)
intensity upon electron bombardment. [17]

Past work has simulated the effect of ions generated during plasma sputtering
to study organic layer damage. Liao et al. investigated the mechanism responsible
for damage caused to Alqs films in OLEDs by simulating plasma with an Argon ion
beam. They report broken chemical bonds at the Algs surface using ultraviolet pho-
toelectron spectroscopy and x-ray photoelectron spectroscopy. The study concludes
that organic surface damage from sputtering significantly degrades OLED device per-
formance when exposed high energy ions and no buffer layer is in place. [12]

As recommended by Liao et al., researchers have explored the use of oxide and

metal buffer layers to reduce plasma sputtering damage induced to organic layers.
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In 2013, Zhao et al. utilized BPhen (Bathophenanthroline) in polymer solar cells to
eliminate exciton quenching at the electrode interface and protect the organic layer
from damage caused by depositing a silver top electrode. [19, 20, 21]

While studies have investigated plasma sputtering damage caused to an organic
fluorescent material by means of photoluminescence, no study has examined the fun-
damental mechanisms responsible for damage caused to an Alqs film when plasma
sputtering ITO with a facing-target magnetron sputter system. Additionally, no pre-
vious study has investigated the use of BPhen as a protective layer in a fundamental

study of organic film damage. [22]

1.3 Investigation of Facing-Target Sputtering

This study examines plasma sputtering performed with a unique radio-frequency
facing-target magnetron sputter deposition system designed to minimize plasma in-
duced damage. [23] In this design, substrates are placed above the plasma and a
magnetic field is used to protect substrates from high energy ions and electrons. The
details of the sputter system are explained in Chapter 2.

A 2013 study by Lei et al. shows that facing-target sputtering systems are better
at reducing bombardment from negatively-charged oxygen ions and secondary elec-
trons emitted from the charged sputtering target electrode compared to conventional
magnetron sputtering, low voltage sputtering, and kinetic-energy-control-deposition
systems. [24] Onai et al. specifically reported reduced damage from plasma sputtering
ITO electrodes through use of facing-target sputtering. Their results were obtained
through measuring the photoluminescence of BAlq samples bombarded with Argon
ions and samples deposited with an ITO film. [25] This thesis presents a detailed
analysis of the mechanism responsible for organic layer damage upon the plasma

sputter deposition of ITO.

1.3.1 Research Questions
The main research questions include:
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e What is the effect of ITO growth rate on plasma sputtering damage induced to

organic layers?

e What is the role of a protective layer inserted between an organic layer and ITO

electrode?

e What is the mechanism of plasma sputtering damage within radio-frequency

facing-target magnetron plasma sputtering?

1.3.2 Experimental Approach

Create material system for sputtering experiments: We fabricate simple struc-
tures, detailed in Chapters 3 and 4, comprised of organic fluorescent material,
Alqs (tris(8-hydroxyquinolinato)aluminium), illustrated in Figure 1-2, to be ex-
posed to ITO (indium tin oxide) plasma sputtering.

Assess sputtering induced damage using photoluminescence spectroscopy:
We analyze the degree of organic layer damage induced by plasma sputtering

through photoluminescence spectroscopy, detailed in Chapters 2 and 3.

Investigate role of protective layer: We study the effect of a BPhen (Bathophenan-
throline) protective layer, illustrated in Figure 1-2, protective layer employed

between organic fluorescent films and ITO.

Figure 1-2: Molecular structure of (A) Alqs (tris(8-hydroxyquinolinato)aluminium)
and (B) BPhen (Bathophenanthroline)
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Attempt to isolate damage mechanisms: We explore the effects of different dam-
age mechanisms by conducting experiments with the shutter open and closed,
illustrated in Figure 1-3. This allows us to isolate the gaseous ions, plasma, and

electrons exposed to the substrates.

Glass substrate Glass substrate
B L

ITO

Figure 1-3: Sputter System Shutter State
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1.4 Summary

The goal of this thesis is to gain an understanding of the damage caused to organic
layers when a top I'TO electrode is deposited via plasma sputtering. Additionally, this
work seeks to explore the effect of plasma sputtering growth rate, as well as the effect
of a protective layer. We also isolate certain mechanisms of organic layer damage by
observing damage when the plasma is running but with the shutter closed. Through
these experiments, we provide a qualitative study of organic damage through methods
of photoluminescence spectroscopy.

The theory of plasma sputtering deposition and photoluminescence as a means to
characterize sputtering damage is explained in 2. This chapter also contains detailed
explanation of mechanisms responsible for organic film damage. Sample fabrication
and photoluminescence characterization methods are outlined in 3. The Results of
this work are presented in 4, while the Discussion is included in 5. Lastly, the Con-

clusion outlines opportunities for future research and the impact of this project, 6.
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Chapter 2

Theory

2.1 Plasma Sputter Deposition

Plasma sputter deposition is used to deposit uniform films within a vacuum chamber.
For this process, a low pressure vacuum chamber void of additional molecules ensures
that unwanted chemical reactions do not occur. Argon is typically used as the inert
gas for the plasma due to its low reactivity and abundance. An applied electric field
generates a neutral gaseous plasma.

When the high energy ions of the plasma bombard a solid target comprised of the
desired film material, these collisions cause the particles from the target material to
be ejected and condense on a substrate, forming a thin-film.

Magnetron sputtering systems rely on the Lorentz Force, Equation 2.1, to confine
charged particles in the chamber, in which ¢ is the charge of the particle, ¥ is the
particle’s velocity, and B is the magnetic field. [26, 27] Figure 2-1 illustrates the
configuration of the magnetron sputter system, while Figure 2-2 illustrates the magnet
orientation. Previous research suggests that sputtering systems which confine plasma

away from the substrates minimize organic film damage. [24, 14, 16, 13, 18]

F =q(¥x B) (2.1)
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substrates

\fgald,
\/ __
|
I\ —
/7

targets

Figure 2-1: Illustration of facing-target magnetron sputter system, where S and N
indicate south and north magnetic poles.

Figure 2-2: Illustration of magnets in gun, from the perspective of the sputter system
gun.
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To deposit indium tin oxide (ITO) via plasma sputtering, solid ITO targets are
bombarded with high energy Argon ions. In facing-target sputtering, the substrate is
placed above the plume in effort to reduce damage, illustrated in Figure 2-3. Sputter
systems in which the target is placed facing toward the substrates expose films to the
plasma plume. This work focuses on films deposited with a sputter system utilizing
the magnetron and facing-target design. This thesis explores the cause of damage
induced to organic films by plasma sputtering. The various damage mechanisms

arising from plasma sputtering are detailed below.

substrates

shutter
open

O 0o O
plasma plume

targets

Figure 2-3: Sputter Shutter Open: Gaseous ions, high energy ions and electrons, and
secondary electrons can bombard substrates.
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2.2 Damage Mechanisms

Previous research describes the mechanisms by which organic films are damaged in
the process of plasma sputtering. Damage is primarily caused by the bombardment
of high energy ITO atoms, neutral Argon atoms, negative oxygen ions, secondary

electrons, and plasma irradiation.[24]

Liao et al. simulated the effect of plasma sputtering by exposing Alqs to an ion
beam of 100eV Ar". They observe significant changes to the surface energy level
following ion irradiation at a relatively low energy. They reason that nonradiative
recombination in Alqgs result from overlapping gap states between the lowest unoccu-
pied molecular orbital (LUMO) and the highest occupied molecular orbital (HOMO).
They propose that the overlapping gap states result in a conductive metal-like Alqs
surface. Researchers estimate that actual electrode deposition will be even more
harmful than this controlled experiment. The study concludes that surface damage
from sputtering significantly degrades the performance of OLED devices comprised

of Alqs and ITO. [12]

Cheng et al. studied Alqz films when Argon ion plasma and describe the bond-
breaking which occurs in Algs upon ion bombardment. They characterized the com-
position of Alqs films via XPS and conclude that plasma treatment first broke Al-O
and AI-N bonds, forming gases, including CO, CO,y, Ny, and other organic com-
pounds. [28]

Another study noted the effect of bombardment by electrons. Lei et al. ex-
amined the effect of plasma exposure to organic films by studying Photolumines-
cence (PL) of ion-induced damage to BAlq (Bis(8-hydroxy-2-methylquinoline)-(4-
phenylphenoxy)aluminum). They noted a clear decrease in PL intensity upon electron

bombardment. [17]

These studies demonstrate that several factors are responsible for damage to Alqs
films. This thesis investigates the effectiveness of the facing-target magnetron sput-
ter system through analysis of organic layer damage with photoluminescence (PL)

spectroscopy, described below.
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2.3 Photoluminescence

Photoluminescence (PL) spectroscopy is a non-contact analytical technique used to
probe the electronic structure of materials. When light is aimed at a sample, energy
from photons is absorbed by the material, exciting valence electrons to excited elec-
tronic states through photoexcitation. Each atomic orbital can hold an electron pair,
in which the electrons have opposite spin. The process of photoexcitation conserves
electron spin. When electrons return to their equilibrium states following photoexci-
tation, excess energy is released through the emission of light, or photoluminescence.
Photoluminescence spectroscopy measures the number of photons emitted in this
process.

Fluorescence describes a type of photoluminescence in which internal energy tran-
sitions occur before an electron relaxes from an excited electronic state to a lower
electronic state. The internal energy dissipation results in photon emission at a lower
energy than the photons absorbed. Thus, the photons emitted have a lower frequency
than those absorbed, see Appendix A. Figure 2-4 illustrates fluorescence as an elec-
tron relaxes from the excited state, Sy, to the ground state, Sy, and emits a photon.
In Figure 2-4, the electrons are represented by their spin state in blue arrows. [29, 30]

In this study, we utilize PL to study damage caused to an organic fluorescent
material, Alqs, by plasma sputtering an ITO film directly on top of Alqs. We would
expect the measured Photoluminescence (PL) to decrease with overlap between the
low energy and high energy electronic states of Alqs caused by ion bombardment and
irradiation. Thus, we can use PL to measure the degree of Alqs damage as ITO is

sputtered.

25



photoexcitation

Energy

Ground state Excited state

laser light

thermal
relaxation

A 81_ + L]

emission

v 4— =\

Emission

Figure 2-4: Fluorescence: Electrons are represented by their spin state in blue arrows.
High energy photons excite an electron from the ground state to an excited state. The
electron relaxes to a lower energy state through thermal relaxation. Eventually, as
the system reaches equilibrium, the electron relaxes to the ground state and emits a

photon of lower energy.
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Chapter 3

Methods

In this chapter, we provide the details of the fabrication of sample and control struc-
tures. We describe the

3.1 Fabrication

Glass substrates are cleaned by ultrasonication in a series of solutions. The substrates
are placed in an ultrasonic bath in the following solutions for 5 minutes each: (1)
Micro-90®, (2) deionized water, (3) acetone, (4) isopropanol. Substrates remain
in isopropanol to reduce the introduction of debris as they are transferred into a
nitrogen glovebox, which is controlled for oxygen and moisture content . Substrates
are removed from isopropanol while laminar flow circulates air in the glovebox to
prevent particles from settling on the substrate. Substrates are subsequently dried
using a nitrogen spray gun.

Films were deposited on sample and control substrates simultaneously to account
for possible variation in film morphology. Organic films were deposited through
methods of thermal evaporation. A sample and control film were loaded into a sub-
strate mask in the thermal evaporator chamber and brought to ultra-high vacuum,
at a chamber pressure of approximately 1x107% to 1x10~ Torr. Every control and
sample in this study was deposited with 40nm of organic fluorescent Alqs, obtained
from Luminescence Technology Corp. The Alqs film was deposited at approximately
1.8A/s. Some control and sample structures were deposited with 7nm of BPhen
(Bathophenanthroline), obtained from Fisher Scientific, immediately following the
deposition of Alqs. Following thermal evaporation, both the sample and control sub-
strates were removed from the chamber. The control was set aside, while the sample

was immediately placed into the sputter chamber.
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The pressure of the sputter chamber was brought to approximately 1x10~¢ Torr.
The shutter was adjusted to either the closed or open state and the plasma was turned
on. For each plasma run, the plasma was initiated at a power of 20W and a pressure
of 15x1073 Torr. After the initial strike, the pressure was reduced to 6x1073 Torr

and the power was tuned to that required for the desired growth rate.

3.2 Plasma Sputter Deposition Trends

In Figure 3-1, we demonstrate that ITO growth rate is linearly related to growth
power, with an R?=0.996, for the facing-target sputter system. Thus, to account for
fluctuations in the growth rate displayed throughout film deposition, the same growth

power is used for samples of the same growth rate.

Growth Power vs. ITO Growth Rate

2.5
— [ ]
] R2=0996 .~
. 7
2.0 pad
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Figure 3-1: Linear Trend Between Growth Rate and Growth Power
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3.3 Sample and Control Structures

In this study, samples were either deposited with a 10nm ITO film with the shutter
open, or samples were placed in the chamber with the shutter closed and plasma
running. Tables 3.1, 3.2, 3.3, and 3.4 show the sample and control structures for the
ITO film deposition experiment with the shutter open. The tables include the powers

and rates considered.

Table 3.1: ITO Deposition Sample Structures Without BPhen

Structure Growth Power (W) Growth Rate (A/s)
glass/Alqs(40nm)/ITO(10nm) 20 0.2
glass/Alqs(40nm)/ITO(10nm) 45 0.5
glass/Alqs(40nm)/ITO(10nm) 69 0.8
glass/Alqs(40nm)/ITO(10nm) 80 0.9
glass/Alqs(40nm)/ITO(10nm) 86 1.0
glass/Alqs(40nm)/ITO(10nm) 120 14
glass/Alqs3(40nm)/ITO(10nm) 170 1.9
glass/Alqs(40nm)/ITO(10nm) 200 24

Table 3.2: ITO Deposition Control Structures Without BPhen

Structure Growth Power (W) Growth Rate (A/s)
glass/Alqs(40nm) 20 0.2
glass/Alqs(40nm) 45 0.5
glass/Alqs(40nm) 69 0.8
glass/Alqs(40nm) 80 0.9
glass/Alqs(40nm) 86 1.0
glass/Alqs(40nm) 120 14
glass/Alqs(40nm) 170 1.9
glass/Alqs(40nm) 200 2.4
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Table 3.3: ITO Deposition Sample Structures With BPhen

Structure Growth Power (W) Growth Rate (A/s)
glass/Alqs(40nm)/BPhen(7nm)/ITO(10nm) 20 0.2
glass/Alqs(40nm)/BPhen(7nm)/ITO(10nm) 45 0.5
glass/Alqs(40nm)/BPhen(7nm)/ITO(10nm) 69 0.8
glass/Alqs(40nm)/BPhen(7nm)/ITO(10nm) 80 0.9
glass/Alqs(40nm)/BPhen(7nm)/ITO(10nm) 86 1.0
glass/Alqs(40nm)/BPhen(7nm)/ITO(10nm) 120 14
glass/Alqs(40nm)/BPhen(7nm)/ITO(10nm) 170 1.9
glass/Alqs(40nm)/BPhen(7nm)/ITO(10nm) 200 2.4

Table 3.4: ITO Deposition Control Structures With BPhen

Structure Growth Power (W) Growth Rate (A/s)
glass/Alqs(40nm)/BPhen(7nm) 20 0.2
glass/Alqs(40nm)/BPhen(7nm) 45 0.5
glass/Alqs(40nm)/BPhen(7nm) 69 0.8
glass/Alqs(40nm)/BPhen(7nm) 80 0.9
glass/Alqs(40nm)/BPhen(7nm) 86 1.0
glass/Alqs(40nm)/BPhen(7nm) 120 14
glass/Alqs(40nm)/BPhen(7nm) 170 1.9
glass/Alqs(40nm)/BPhen(7nm) 200 24
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Tables 3.5 and 3.6 show the sample and control structures for the experiment in
which the shutter was closed during the plasma sputtering process. As with the other

experiment, we considered samples fabricated with various ITO growth rates.

Table 3.5: Gaseous Ion Exposure Sample and Control Structures Without BPhen

Structure Growth Power (W) Growth Rate (A/s)
glass/Alqs(40nm) 20 0.2
glass/Alqs(40nm) 80 0.9
glass/Alqs(40nm) 200 24

Table 3.6: Gaseous Ion Exposure Sample and Control Structures With BPhen

Structure Growth Power (W) Growth Rate (A/s)
glass/Alqs(40nm)/BPhen(7nm) 20 0.2
glass/Alqs(40nm)/BPhen(7nm) 80 0.9
glass/Alqs(40nm)/BPhen(7nm) 200 24

3.4 Photoluminescence Analysis Techniques

The samples and controls were analyzed within Nitrogen gloveboxes. The substrates
were placed in the same orientation on a stage and illuminated with a standard green
laser diode with a wavelength of 532nm, see Figure 3-2. Fluorescence was measured
using FilmTek™ software. We attempted to use the same laser position, angle, and
intensity for each measurement. Three PL measurements were taken in the center of
each sample and control. We would expect a 1-5% measurement accuracy assuming

negligible spectral and chemical interferences. [30]
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Figure 3-2: Photoluminescence Spectroscopy Setup

The average of measured PL spectra was calculated from the three measurements.
The damage was assessed through calculating the Normalized PL, Equation 3.1, using
PL measurements of the sample and control, demonstrated in Figure 3-3. This allowed
us to compare the PL of Alqsy before and after either plasma sputtering. These

calculations as well as their associated error propagation are included in Appendix

le A Maximum PL
Normalized PL = Sample Average Maximum

Control Average Maximum PL
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Figure 3-3: PL: Sample and Control Measurements
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Chapter 4

Results

This chapter presents an assessment of organic film damage through measuring Pho-

toluminescence (PL). To investigate the effect of depositing an ITO film on an organic

material, we considered the PL of fluorescent Alqs (tris(8-hydroxyquinolinato)aluminium).
Sample structures are presented in Tables 4.1 and 4.2. Figures 4-1, 4-2, 4-5, and

4-6 illustrate the sample structures considered in this study. Normalized PL as a

function of growth rate is presented along with normalized PL spectra.

4.1 Effect of ITO Film Deposition on Organic Film

Damage

4.1.1 Effect of Depositing ITO on a Fluorescent Organic Layer

We fabricated structures of Alqs and I'TO on glass, illustrated in Figure 4-2. Multiple
samples were fabricated to measure PL as a function of growth rate, included in Table
4.1. A control film, Figure 4-1, consisting of only Alqs was created for each sample.
As described in Chapter 3, the PL was measured for both sample and control to

calculate the normalized PL for various ITO growth rates.
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40nm Alq,

Glass

Figure 4-1: Structure: glass / 40nm Alqs

10nm ITO

40nm Alq,

Glass

Figure 4-2: Structure: glass / 40nm Alqs / 10nm ITO
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Table 4.1: ITO Deposition Sample Structures

Structure Growth Power (W) Growth Rate (A/s)
glass/Alqs(40nm)/ITO(10nm) 20 0.2
glass/Alqs(40nm)/ITO(10nm) 45 0.5
glass/Alqs(40nm)/ITO(10nm) 69 0.8
glass/Alqs(40nm)/ITO(10nm) 80 0.9
glass/Alqs(40nm)/ITO(10nm) 86 1.0

(400m) /ITO(10nm)

(40nm)/ITO(10nm)

(400m) /ITO(10nm)

glass/Alqs3(40nm) /ITO(10nm 120 14
glass/Alqs(40nm)/ITO(10nm 170 1.9
glass/Alqs(40nm)/ITO(10nm 200 2.4

For Figure 4-3, each data point represents a PL ratio calculated from Equation
4.1 as detailed in Chapter 3.

Average PL. Maximum With ITO

N lized PL =
ormalize Average PL Maximum Without ITO

(4.1)

Figure 4-3 shows normalized PL decreases with increasing ITO growth rate when
ITO is deposited on Alqs. The normalized PL ranges from approximately 0.48 to
0.58. Therefore, the difference in normalized PL between the lowest ITO growth
rate, 0.2A /s, and the highest, 2.4A /s, is 0.1. This is highlighted in the plot of PL

spectra at these rates, Figure 4-4.
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Figure 4-3: ITO Film Without BPhen Protective Layer
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PL (Sample counts / Reference counts)

growth rate than a low growth rate. However, this does not account for the primary
damage mechanism that governs the degradation of Alqs during the plasma sputtering
process. The sample sputtered at the lowest rate of 0.2A /s has the highest normalized

PL value at 0.6. However, this means that the photoluminescence of the Alqs is only

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

== Slow Growth Rate: Organic Fluorescent Layer and ITO
== Fast Growth Rate: Organic Fluorescent Layer and ITO
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T T

T T T T T Tt T T T T T T
1.4 1.6 18 20 22 24 26 28 30 32 34 36

Wavelength (eV)

Figure 4-4: PL Spectra: glass / 40nm Algz / 100nm ITO

A normalized PL difference of approximately 0.1 is minimal, representing only a
10% difference in Alqs PL between the samples with highest and lowest ITO growth
rate. This suggests that the Algs film is not damaged to a greater degree at a high

60% of the value before ITO deposition.

In an effort to investigate the mechanism responsible for Alqz film damage, we

considered the role of a protective layer between Alqs and ITO.
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4.1.2 Effect of Depositing ITO on a Fluorescent Organic Layer
with Protective Buffer Layer

We considered the effect of ITO growth rate on PL when a protective layer was
employed between Alqz and ITO. Figures 4-5 and 4-6 illustrate the control and sample
structures. ITO was deposited at eight growth rates, from O.QA/S to 2.4A/S, as
illustrated in Table 4.2.

7nm BPhen
40nm Alq,
Glass

Figure 4-5: Structure: glass / 40nm Alqs / 7nm BPhen
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10nm ITO
7nm BPhen
40nm Alq,
Glass

Figure 4-6: Structure: glass / 40nm Alqs / 7nm BPhen / 10nm ITO
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Table 4.2: ITO Deposition Sample Structures With BPhen

Structure

Growth Power (W)

Growth Rate (A/s)

glass/Alq;(40nm)/BPhen(7nm)/ITO(10nm

(40nm) (70m)/ITO(10nm)
glass/Alqs(40nm)/BPhen(7nm)/ITO(10nm)
glass/Alqs(40nm)/BPhen(7nm)/ITO(10nm)
glass/Alqs(40nm)/BPhen(7nm)/ITO(10nm)
glass/Alqs(40nm)/BPhen(7nm)/ITO(10nm)
glass/Alqs(40nm)/BPhen(7nm)/ITO(10nm)
glass/Alqs(40nm)/BPhen(7nm)/ITO(10nm)
glass/Alqs(40nm)/BPhen(7nm)/ITO(10nm)

20
45
69
80
86
120
170
200

0.2
0.5
0.8
0.9
1.0
1.4
1.9
2.4

Figure 4-7 shows normalized PL decreases with increasing I'TO growth rate. The

normalized PL does not show significant variation from that of the structures without

a BPhen protective layer, demonstrated in Figure 4-3.

Additionally, Figure 4-17 shows the normalized PL spectra as measured at the

extremes of the growth rates considered. Again, there is a minimal difference in peak

PL. For these samples with the protective BPhen layer, the difference in maximum
PL between a growth rate of O.QA/S and 2.4A/s is approximately 0.15.

The similarity in results presented in this section and the section above indicate

that BPhen does not protect against the damage induced to Alqz when an I'TO film

is deposited. Additionally, a BPhen layer does not have a significant effect on PL for

samples sputtered with a high or low growth rate.
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Figure 4-7: ITO Film Deposition With BPhen Protective Layer
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Figure 4-8: PL Spectra: glass / 40nm Algs / 7nm BPhen / 100nm ITO

44



4.1.3 Consistent Organic Damage

ITO Growth Power [W] ITO Growth Power [W]
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Figure 4-9: ITO Deposition: Growth Rate vs. PLL Ratio Comparison

These two experiments are summarized in Figure 4-9. Plots A and B show that
PL decreases slightly with increasing growth rate.

Figure 4-10 shows a comparison of the normalized PL spectra at the minimum
and maximum growth rates considered for structures of glass / Alqs / ITO as well
as glass / Alqs / BPhen / ITO. There is negligible difference between spectra for
structures with and without a BPhen protective layer. Additionally, the difference
in peak PL intensity between the high rate and low rate is approximately 0.1-0.15,
meaning there is a 10-15% difference between structures with ITO deposited at a low
and structures with ITO deposited at a high rate.

This suggests that a BPhen protective layer does not change the amount of organic
layer damage which occurs at different growth rates. This implies that additional

factors separate from ITO growth rate account for the damage which caused Alqs
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films to decrease in PL by 40-55% of the original value following ITO deposition.
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Figure 4-10: ITO Deposition: PL Spectra Comparison
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Figure 4-11: ITO Deposition: Illustrating Damage Rate vs. ITO Growth Rate

Figure 4-11 shows the damage rate, Equation 4.2, as a function of ITO growth
rate. The slope of the line connecting the data points represents damage. For plots

A and B, the slope does not vary widely as a function of growth rate.

Damage Rate = (1 — PL) * (ITO Growth Rate) (4.2)
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Figure 4-12: ITO Deposition: Illustrating Damage Rate vs. Growth Time

Figure 4-12 shows damage rate as a function of growth time, Equation 4.3. For

these plots, the area under the curve represents damage. Plots A and B demonstrate

that greater damage occurs at the beginning of ITO film growth.

1

th Time =
Grow e ITO Growth Rate

(4.3)
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4.2 Plasma Sputter Shutter State

We designed experiments to explore damage mechanisms separate from high energy
ion and electron collisions when an ITO film is deposited. To explore the effect of
exposure to gas from the chamber on Alqs films, we altered the state of the shutter
which separates the substrates from the plasma sputtering chamber. In the closed
state, an aluminum sheet shields substrates from the plasma sputtering process below,
while in the open state, the aluminum sheet is an a retracted state to the side of the
substrates, exposing them to ions from the plasma sputtering below. ITO film is
deposited with the shutter open so I'TO material can grow on the substrates.

Our results detailed above suggest that ITO growth rate has little effect on Alqs
damage, with little variation between the lowest and highest growth rates. In the
following section, we present a study to investigate the effect of exposure to gaseous
ions which would not be shielded from the substrates by the shutter.

Therefore, the experiment presented in the section above constitute the results of
plasma sputtering conducted when the shutter is in the open state, necessary for ITO
film deposition. The section below describes an investigation of the effect of an open

shutter, where Alqs is exposed to gaseous ions.

4.3 Effect of GGaseous Ion Exposure

We considered the effect of exposure to gaseous ions for sample structures of glass/Alqs
and for structures of glass/Alqs/BPhen, illustrated in Figures 4-13 and 4-14. We
sought to determine whether BPhen served to protect Algs upon exposure to gaseous
ions.

The samples were exposed to ozone at three rates, 0.2A/s, 0.9A /s, and 2.4A/s.
The samples were placed in the substrate holder and the plasma sputtering process
was identical to that executed for samples deposited with an ITO film. However, in

this case, the shutter was closed.
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40nm Alq,

Glass

Figure 4-13: Structure: glass / 40nm Alqs

7nm BPhen
40nm Alq,

Glass

Figure 4-14: Structure: glass / 40nm Alqs / 7nm BPhen
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Figure 4-15 shows normalized PL as a function of ITO growth rate for samples
exposed to gaseous ions with a closed shutter. For the samples without BPhen,
there is a higher normalized PL for those exposed to gaseous ions produced upon
sputtering at O.QA/ s compared to the rate of 2.4A/ s. However, for structures with
a BPhen protective layer, there is not a decrease in normalized PL with increasing
growth rate.

Figures 4-16 and 4-17 illustrate these PL spectra trends. Figure 4-16 shows the
normalized peak PL decreases with increasing growth rate for structures without
BPhen, while Figure 4-17 shows an increase in normalized peak PL with increasing

rate.

1 | -® Organic Fluorescent Layer With Protective Layer
1.15— | -e- Organic Fluorescent Layer Without Protective Layer

PL (Sample counts / Reference counts)

060 . T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘
0 02 04 06 08 1.0 1.2 1.4 1.6 18 20 22 24
ITO Ozone Growth Rate (A/s)

Figure 4-15: Gaseous lon Exposure With and Without BPhen Protective Layer
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Figure 4-16: PL Spectra: Gaseous lon Exposure Without BPhen Protective Layer
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Figure 4-17: PL Spectra: Gaseous lon Exposure With BPhen Protective Layer
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4.4 Summary of Results

In this chapter, we described the results of PL. damage analysis for structures de-
posited with I'TO as well as structures exposed only to gaseous ions. We show that
PL is not strongly affected by growth rate for structures deposited with ITO. Our
findings illustrate that greater organic film damage occurs at the start of sputtering.
We demonstrate that BPhen protects against Alqs damage at high rates. In Chapter

5, we will explore the factors responsible for the reductions in PL.
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Chapter 5
Discussion

In Chapter 4, we present results of PL measured for samples exposed to the plasma
sputtering process. This chapter offers a discussion on the nature of the facing-
target sputter system and the effect of growth rate. Additionally, we explore possible
mechanisms responsible for damage, described in Chapter 4, at various stages of
plasma sputtering the experiments and the controls adopted to address potential

sources of error.

5.1 Facing-Target Sputtering System

Previous work suggests that facing-target magnetron sputter systems prevent film
damage by reducing bombardment from secondary electrons and negatively-charged
oxygen ions more effectively than systems that operate at low voltage or use a con-
ventional target configuration. [13, 14, 16, 18, 24|

This work was performed with a facing-target sputter system tailored for low-
damage film deposition designed by Sophia Weeks. [23] Conventional sputter systems
in which substrates are exposed to the plasma plume may not allow for detailed

analysis of the damage mechanisms responsible for degradation of organic films.

5.2 Growth Rate

Lei et al. investigated the effect of plasma sputtering ITO on BAlq (Bis(8-hydroxy-
2-methylquinoline)-(4-phenylphenoxy)aluminum) films using facing-target sputtering
and by analyzing PL from BAlq. The paper concluded that reducing high energy
electron bombardment to the substrate was key to mitigating BAlq damage. [11]
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Other researchers have cited the collision of high-energy ion and electrons with Alqs
as primary damage mechanism. For this reason, a low growth rate is employed to
reduce organic film damage. [11, 12] We anticipated that at a higher growth rate,
there would be greater damage due to high energy I'TO particle bombardment, while
at a lower growth rate, there would be fewer high energy collisions.

We sought to determine whether there was a particular growth rate at which
plasma damage was minimized. We predicted that such a rate would be slow enough
to minimize plasma exposure, but fast enough to prevent prolonged exposure to ele-
ments in the chamber. However, we do not find one particular rate at which damage
is mitigated to the greatest extent. Figure 4-11 demonstrates that the facing-target
sputter system prevents damage at all growth powers and thus increasing the rate has
little effect. Additionally, Figure 4-12 illustrates that the majority of damage occurs
at the initial start of plasma sputtering.

Our results show that a facing-target sputter system can maintain relatively low
damage even at high growth rates. The difference in PL between the highest and
lowest growth rate is approximately 10%, demonstrated in Figure 4-4, whereas in
conventional sputter systems, growth rates of ITO sputtered onto organic films are
limited to 0.06 A/s. [10] This is supported by work Hoshi et al., which demonstrates
that damage from facing-target sputtering is independent of growth rate. [31] The
initial reduction of the PL by 59% for the sample deposited at the slowest rate is
likely due to thin film effects associated with a change in the index of refraction
mismatch at the air interface. However, plasma induced damage cannot be completely
ruled out without applying an optoelectronic model. The excitons generated by the
photoexcitation of Alqs are likely quenched by ITO, suggesting that the presence of
ITO would reduce PL. Exciton quenching at the ITO electrode might be expected,
yet samples with BPhen of a layer thickness that will suppress quenching show a
similar initial drop in PL.

These results suggest that analyzing the various stages of plasma sputtering is key

to understanding the mechanisms responsible for film damage.
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5.3 Distinguishing Damage Mechanisms from PL

There may be five mechanisms, described in Chapter 2, which cause organic film

damage during plasma sputtering:
1. ITO atoms
2. High energy ions
3. High energy electrons
4. Secondary electrons
5. Gaseous ions

Analysis of PL for samples with a sputtered ITO film may not allow us to fully
assess damage because PL can decrease due to factors separate from organic film
damage. One possibility is that the index of refraction is affected by thin-film inter-
ference. For this reason, we can not conclusively determine what causes a change in
PL. Therefore, we conducted experiments to distinguish between possible mechanisms

of damage.

5.3.1 Shutter State
Shutter Open

Figure 5-1 illustrates the sputter chamber with shutter in the open state. ITO atoms,
high energy ions, high energy electrons, secondary electrons, and gaseous ions are
exposed to the substrate. While the facing-target is designed to confine high energy
ions and electrons within the plasma plume stationed beneath the substrates, some
high energy particles may escape and travel beyond the magnetic field to the substrate

when the shutter is in the open state.

Shutter Closed

While the shutter separating the plasma plume from the substrates, shields hot plasma
ions, high energy electrons, and secondary electrons, the suspended gaseous ions may
still circumvent the shutter and travel to the substrates. Thus, we can isolate the
effect of suspended particles on Alqs by running the plasma with the shutter in the

closed position, illustrated in Figure 5-2.
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Figure 5-1: Sputter Shutter Open: ITO atoms, high energy ions and electrons, sec-
ondary electrons, and gaseous ions can bombard substrates.
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Figure 5-2: Sputter Shutter Closed: High energy ions, electrons, and secondary elec-
trons are confined to plasma plume, ITO atoms are shielded by the shutter, and
gaseous ions are located throughout chamber.
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5.3.2 Plasma Sputtering Stages

Steps involved in depositing an ITO film:
1. Initially, sample sits in the chamber
2. With the shutter closed, gaseous ions are exposed to sample
3. With the shutter open, there is direct exposure to all features of the plasma

4. As ITO is deposited, the ITO film acts as a protection layer, reducing damage

with greater thickness

5.3.3 Damage by Plasma Sputter Stage

Previous research has demonstrated the harmful nature of gaseous ion irradiation
on organic films. [32] We propose that with the shutter closed, gaseous ions may
travel through the sputter chamber to damage the substrates. We would expect this
to remove the effects of high energy Ar™ ions as well as high energy and secondary
electrons. To explore effects aside from the high energy collisions, we performed
experiments with the shutter closed, illustrated in Figure 5-2.

We investigated the effect of initial plasma exposure by exposing the bare Alqs
film to elements of the chamber with the shutter closed. Figure 4-3 shows that with a
higher growth rate, the PL is reduced, implying greater damage. This suggests that
initial exposure of the film to plasma elements in the chamber may dominate Alqs
damage. We attribute this to the absence of an I'TO layer which acts as self-protection
throughout the growth.

To approximate any measure of self-protection the initial layer of ITO may provide,
we employed a BPhen protective layer between Alqs and I'TO. Other studies suggest
that a buffer layer may prevent against organic layer damage from both metal deposi-
tion by thermal evaporation and ITO deposition by sputtering. [14, 15, 12, 19, 20, 21]
Previous work describes the motivation for using BPhen to eliminate exciton quench-
ing at the electrode interface and to protect organic layers from damage when de-
positing an electrode. [22, 33]

The experiments carried out with the shutter closed allow us to understand the
degree of damage that might occur at the onset of sputtering. Figure 4-15 demon-
strates that there is greater damage for Algs films with no protective layer compared
to samples with a BPhen protective layer. For samples with protective BPhen layer,

there is a layer protecting Alqs from incoming ions that result from plasma sputtering.
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Figure 4-15 demonstrates that BPhen mitigates damage to Alqs upon exposure
to ozone gas produced during the plasma sputter process. For the samples without
a protective layer, gaseous ions may bombard the organic fluorescent layer. How-
ever, a protective layer can protect the fluorescent organic layer against gaseous ion
bombardment.

Figure 4-15 reveals a trend between growth rate and PL when the shutter is closed.
As growth rate is increased, there is greater damage. This demonstrates that initial

damage caused by sputtering is dependent on plasma growth rate.

5.4 Error and Control Measures

The variation in data presented in Figures 4-3 and 4-7 may be due to sources of
experimental error introduced upon fabrication.

The Algs and BPhen films were deposited via thermal evaporation. Samples were
thermally evaporated at the same time as a control. This allowed us to account
for potential differences in the properties of Alqs and/or BPhen film from different
thermal evaporation executions. Immediately following evaporation, the sample was
moved to the sputter system. Following plasma sputter operation, the sample was
removed and PL was measured for the sample and the control.

Sources of error include possible contamination in the thermal evaporation cham-
ber altering the chemical composition of Alqs and BPhen. Additionally, variations in
the growth rate of the evaporated films could have contributed to different degrees
of crystallization of Alqs or BPhen. All procedures were carried out in a oxygen and
moisture controlled Nitrogen glovebox, however, trace amounts of oxygen present in
the Argon gas line of the sputter system could have degraded the quality of the Alqs
film.

5.5 Summary

Our results suggest that for facing-target magnetron sputtering, ITO growth rate does
not significantly affect PL. Our findings show that the majority of organic film damage
occurs at the onset of sputtering from exposure to gaseous ions. We also propose
that when the shutter is closed, the Alqs is damaged by exposure to gaseous ions
that diffuse throughout the chamber and that this damage depends on growth rate.
Lastly, our results suggest that a BPhen protective layer prevents against gaseous

ions that could damage a bare Alqs surface.
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Chapter 6
Conclusion

This study explored the plasma sputter damage mechanisms of Alqs through several
experiments: (i) in which the shutter was open and an ITO film deposited atop
Alqs, (ii) in which the shutter was open and an ITO film deposited on a BPhen layer
protecting Algs, (iii) in which the shutter was closed and Alqs was exposed to gaseous
ions in the plasma sputtering chamber, and (iv) in which the shutter was closed and
Alqsz protected with BPhen was exposed to gaseous ions in the plasma sputtering
chamber.

We demonstrate that [TO growth rate does not have a significant effect on organic
film damage for a facing-target magnetron sputter system. Additionally, our results
indicate that organic film damage occurs at the onset of sputtering I'TO from exposure
to gaseous ions present in the sputtering chamber. We show that a BPhen protective

layer can mitigate this damage.

6.1 Future work

Future work includes a comparison of substrates sputtered in a facing-target mag-
netron sputter system with those sputtered in other sputter systems configurations.
An alternative approach includes mounting the samples within the plasma plume of
the facing-target magnetron sputter system. Placing substrates in the plasma di-
rectly, would allow for additional insight into the damage caused by direct plasma
exposure. If these substrates vary in PL with respect to the samples deposited with
ITO in this study, it would suggest that the facing-target magnetron system properly
confines high energy electrons and ions.

While this study considered the effect of growth rate, an additional plasma sput-

tering parameter which would provide insight on the nature of organic film damage
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is chamber pressure. We would expect that organic films would be damaged more
severely at higher pressures, where there is a higher concentration of gaseous ions in
the chamber.

We can also consider how the optoelectronic properties of the films may affect
measured PL. When gaseous Argon ions are exposed to Alqgs, the optical properties
may be affected by changes to the film morphology. [34, 35] Therefore, optical mod-
eling of ITO, Alqs, and BPhen may help to clarify what changes in PL are due to
damage and what changes may be due to variations in the optical properties of the

films, such as the index of refraction.

6.2 Impacts

Our results suggest that for facing-target magnetron sputter systems, ITO film de-
position is not limited to low growth rates in order to prevent organic film damage.
This work builds upon previous studies which utilize photoluminecence spectroscopy
to study damage caused to organic films during the plasma sputter deposition of ITO.
These findings improve our understanding of the damage mechanisms involved in the
process of plasma sputtering. This work impacts the application of ITO in organic

optoelectronic devices which offer benefits to society, such as organic solar cells.
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Appendix A

Appendix

A.1 Fluorescence

Relationship between energy (E), frequency (7), and wavelength (\), where ¢ is the

speed of light and h is Planck’s constant:

(A.1)

A.2 Photoluminescence (PL) Analysis and Error

Propagation Calculations

A.2.1 Addition of Measured PL

Operation:
PLyy,, = PLi+ PLy+ PLs

Error calculation:

S(PLgum) = \/(0PL)? + (6PLy)? + (§PLs)?

A.2.2 Average PL

Operation:
PLayerage = PL?)sum
Error calculation:
(P Laverage) =1 5 | 0P L)
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A.2.3 Normalized PL

Operation:
PLCLUST'(LQQ

PLcontrol

PLnOTmalized =

mazximum

Error calculation:

5<PLnormalized) :| PLno'rmalized | '(5PLaverage)
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