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Abstract

This study investigates the effect of blending of poly(ethylene glycol) (PEG) into the
active layer on the performance of n-channel organic-thin-film transistors (OTFTs) based on
[6,6]-phenyl Cg;-butyric acid ‘methyl ester (PCBM). We found that the performance and the
stability of the OTFTs could be enhanced after the addition of PEG. The mobility could be
improved from 0.014 to 0.044 cm®/Vs, and the threshold voltage shifted from 17V toward to
-2V. In the ambient conditions, the mobility of the pristine-PCBM device degraded by three
orders. However, the one of the device prepared with PEG only decreased by one order. The
enhancement could be attributed into the reduction of the electron injection barrier due to the

chemical reactions between PEG molecules and Al atoms of the source/drain electrodes.
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Chapter 1

Introduction

1.1 Preface

Over the last few years, the organic electronic devices such as organic light-emitting
diodes (OLEDs), organic photovoltaic cells (OPVs), and organic field-effect transistors
(OFETs) have received much attention [1, 4]. Because many of the organic or polymer
molecules can be dissolved in organic solvents, the solution can be used for large-area
fabrication, such as using spin-casting or ink-jet printing processes. Because the production
process of organic electronics only requires relatively low temperature, usually less than 200
C, plastics could be potentially used as the substrates. However, some problems still remain
to be solved. The organic semiconductors are very unstable and sensitive to the environment;
the mobility is also much lower than the typical values of inorganic semiconductors.

At Society for Information Display (SID)-2010 electronic-display exhibition in Seattle
(May 23-May 28), Sony Corporation announced a flexible, 80 pum-thick, full color OLED
display (4.1-inch) driving by OFETs which can be enveloped around a thin cylinder with a
radius of 4 mm (Figure 1.1).

In the same conference, Samsung Mobile Display showed their 19-inch transparent
AMOLED display. Its transparency is reported to be over 30%. It can deliver the usage in
notebook, car windshields, and for storefront advertising. The prototype is shown in Figure

1.2.



Figurel.l The application of organic electronics: a “rollable” OFET-driven OLED Display

that can wrap around a pencil. [Adapted from http://en.akihabaranews.com/47902/display]

Figurel.2 The application of organic electronics: a transparent OLED Display. [ Adapted from

http://en.akihabaranews.com/47796/display]



1.2 Organic Thin-Film Transistors

1.2.1 Introduction to Organic Semiconductors

Organic semiconductors are organic materials within semiconducting properties. We can
classify them into two categories: oligomers and polymers. Oligomers consist few repeat units.
Oligomers include dimers, trimers and tetramers. OTFTs fabricated from oligomers have been
demonstrated with high mobilities (2-40 cm?*/Vs) [7, 50].

Polymers are large molecules (macromolecule) which are composed of a long chain
made of hydrogen and carbon elements. Bonding occurs when the carbon atoms are brought
together. It forms the backbone of the molecule and leaves one weakly n-bonded electron.
This n-bonded electron can transport in the polymer while an electric field is applied. Park et
al. demonstrated the TFTs fabricated by the poly(3-hexylthiophene) polymer. They have
relatively lower mobilities (0.04 cm?™/Vs) [51].

The most important advantage of organic semiconductors is that they can be processed at
lower temperatures, which means ‘they are suitable for flexible plastic substrates. Many
developers in this field have high interest in this subject, and try to improve the process

techniques.

1.2.2 Overview of Organic Thin-Film Transistors

Organic thin-film transistors (OTFTs) have received much attention from many scientists.
The first OTFT was demonstrated in 1983 by F, Ebisawa et al [2]. The authors used
polyacetylene and polysiloxane as the active layer and the dielectrics, respectively in the
devices. However, the mobility was just 1x10™ ¢cm?®/Vs and the device did not show pinch-off.
In past decade, organic thin-film transistors with improved performance have been reported.
In 1997, Lin ef al. demonstrated an OTFT, whose mobility was greater than 1 cm?®/Vs for the

first time [49]. In 2007, Takeda et al. proposed a very high-mobility OTFT which was
3



fabricated with single-crystal rubrene. The maximum mobility is evaluated as high as 40

cm?/Vs [50].

1.2.3 Overview of n-channel Organic Thin-Film Transistors

So far, the electrical performances of p-channel organic OTFTs such like mobility and
stability are much better than those n-channel devices. However, the n-channel OTFTs still
play important roles in the production of electronics (ex: CMOS inverters). The common
n-channel semiconductors are shown in Figure 1.3.

In general, the operation of many n-channel OTFTs is not stable in ambient conditions. It
is attributed to its sensitivity to water and oxygen. The organic radical anions are produced in
the channel as applying a positive gate voltage. These radical anions have a very high
reducing power that can react. effectively with water or oxygen. Hence most of n-channel
OTFTs can only be measured and operated under -inert environment such as in a
nitrogen-filled glove box [16-18].

Besides, there are two major. challenges.that have to be overcome for improving the
performance of n-channel OTFTs. First, the electrons are easily trapped by hydroxyl groups at
the semiconductor-insulator interfaces. This problem can be solved by using hydroxyl-free
polymer insulator materials [17, 31]. For example, a special kind of polyvinyl alcohols
(Mowiol® 40-88) has been used as the gate insulator material and formed an
electron-trap-free interface [31].

The second issue of enhancing the performance of n-channel OTFTs is their poor
injection of electrons from the source/drain (S/D) electrodes into the semiconducting layer.
For high-performance n-channel OTFTs, electrons need to inject efficiently into the lowest
unoccupied molecular orbitals (LUMOs). The LUMO of the organic semiconductor usually

locates at around 2 to 3 eV verse the vacuum energy level. Better electron injection can be



achieved by introducing low work function metals, such as Ca, Al, and Mg. However, all
these metals are very unstable under ambient environmental. Cho et al. demonstrated
n-channel OTFTs inserting titanium sub-oxide (TiO4) at the electrodes/semiconductor
interface [52]. This method can not only effectively improve the electron injection but also
protect the channel from the influence of the environmental. Now for n-channel materials, the
mobility up to 6 cm?/V's has been improved using fullerene molecules made through vacuum

evaporation as the active material [23, 24].

Fy5-CuPc
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s i s m
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et paSalha
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Figurel.3 N-type organic semiconducting materials [5].
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1.2.4 Introduction to the N-channel Material PCBM

Fullerene molecules have a high electron affinity and have been widely used for
fabrication of high-performance n-channel OTFTs [23, 24]. In this study, a fullerene
derivative, [6,6]-phenyl Ce;-butyric acid methyl ester (PCBM), has been chosen as the organic
semiconductor. PCBM is solution-processable and its chemical structure is shown in Figure

1.4.

Figurel. 4 The chemical structure of [6,6]-phenyl Cs,-butyric acid methyl ester (PCBM) [22].

The highest occupied molecular orbital (HOMO) of PCBM is about -6.1 eV and the
lowest unoccupied molecular orbital (LUMO) of PCBM is about -3.7 eV. Researchers have
chosen PCBM as an electron acceptor and a conducting polymer, poly(3-hexylthiophene)
(P3HT), as an electron donor to form the most successful model materials system for organic
photovoltaic. Power conservation efficiencies of these bulk heterojunction polymer
photovoltaic cells have been reported to be around 5%, and these devices also exhibited
thermal stability [53].

Nevertheless, less attention has been paid to the morphology of pristine PCBM. In
general, the spin-coated PCBM thin film forms disarranged structure [21]. No diffraction
peaks and homogeneous morphology were observed in the PCBM thin film from the the

results of X-ray diffraction (XRD) and the atomic force microscope (AFM) measurements



[20], which are shown in Figure 1.5.
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Figurel.5 Out-of-plane XRD pattern of spin-coated PCBM film. Inset shows AFM image of

PCBM film [20].

Recently, PCBM has showed its high performance with high electron mobility up to 0.03
-0.04 cm?/Vs [22, 37]. It points that PCBM: can act'as a good semiconductor material for

n-channel organic devices and as a building block for organic CMOS semiconductor circuits.

1.3 Motivation

In recent years, the highest mobility of n-channel Organic thin-film transistors (OTFTs)
reported is up to 6¢cm’/Vs for fullerene molecules by vacuum deposition [23, 24]. However, to
take the advantages of low cost and easy processing, solution-processed OTFTs are needed.
Mobility values from 0.18 to 0.9 cm’/Vs are already obtained with high ON/OFF ratios for
the solution-processed p-type materials [25-28], although the n-type solution-processed
OTFTs are still lagging in performance.

The solution-processed fullerene derivatives are known as potential candidates for

high-performance n-channel OTFTs [18-20, 29-31]. Higher electron mobility with
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low-work-function calcium S/D electrodes were also reported [32], but these metals are easily
oxidized and, therefore, the devices need further passivation.

An alternative approach for replacing the reactive metals as an electrode is to insert a
thin layer of alkali metal halides [33] or carboxylates [34], in various efforts for improving the
charge injection from an Al cathode to an emitting layer for organic light emitting diodes
(OLED). Similarly, the S/D contacts in the OTFTs have significant influence on device
operation. For example, it has been reported that the electrical properties of n-channel OTFTs
can be enhanced by inseting a nanoscale Cs,COj interfacial layer between the PCBM active
layer and the S/D electrodes [37]. The presence of the Cs,CO; layer at the organic/Al
interface reduced the contact barriers and provided protection against diffusion and chemical
interaction between the organic film ‘and metal electrodes. But all the above-mentioned
method needed many fabrication steps.

Vertical segregation between organic molecules and its application toward improving the
performance of organic electronic devices have become topics of strong research activity
[38-44]. To enhance the efficiency and increase the-stability of polymer solar cells, Chen et al.
introduced a nanoscale functional interlayer, containing poly(ethylene glycol) (PEG) through
spontaneous vertical phase separation [44]. During the spin-coating process, the PEG
molecules migrated to the surface and formed a thin layer on top of the active polymer layer
without the need for any additional fabrication steps. After thermal deposition, the chemical
interaction between the PEG monolayer and the Al atoms lowered the barrier height and
contact resistance. As a result, the device performance has been improved.

Although high-performance devices made of solution-processed fullerene derivatives
have been reported, most of them need additional fabrication steps to modify or protect the
active layer. We try to develop a simple fabrication method that made the active thin-film

containing poly(ethylene glycol), intend to achieve the same results in one step.



1.4 Thesis Organization

This thesis is organized as followings. In this chapter, the background of this study is
described briefly; and in the following chapter, we have introduced the basic mechanism and
device structures of organic field-effect transistors. The useful methods of analysis are also
presented in this part. The experimental details are shown in the third chapter and the
organization of OTFT is illustrated including substrate preparing and thin-film coating.
Except for the device fabrication, the analysis methods are also particularly taken into
consideration. In Chapter 4, there are discussions for devices prepared with and without
blending poly(ethylene glycol) (PEG). Further, the role of PEG in the semiconducting layer is
investigated by using atomic force microscope (AFM) and X-ray photoelectron spectroscopy

(XPS). Finally, conclusions and future work are remarked in last chapter.



Chapter 2

Mechanism and Operation

2.1 Structures of Organic Thin Film Transistors

The conventional field-effect transistors (FETs) are based on the inorganic materials such
as Si and Ge. The common FETs are metal-oxide-semiconductor field-effect transistors
(MOSFETs). The MOSFETs are used extensively in digital circuits. Because of its relatively
small size, millions of devices can be fabricated in a single integrated circuit (IC). The
structures of thin-film transistors (TFTs) are similar to FETs, and the main difference is the
thickness of active layer.

If we replace the inorganic. semiconductor with organic semiconductor, the new device is
called organic thin-film transistors (OTFTs). According the order of depositing
semiconducting materials, OTFTs are classified to two structures: top-contact (TC) and
bottom-contact (BC). While the<active layer is deposited first, and source and drain (S/D)
electrodes are fabricated lately, the structure is called TC. But the BC structure is opposite.

The two different OTFTs structures are shown in Figure 2.1.

Source Drain Semiconductor
Semiconductor source drain
Insulator Insulator

Figure 2.1 Two TFT structures (a) Top contact (b) Bottom contact.
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General speaking, because of the poor adhesion of organic molecules on metal surface, it
provides a bad growth base for the active layer. Therefore the device performances of TC
OTFTs are better than BC OTFTs due to the small contact resistance at the
semiconductor/electrodes interface. But the photolithography process cannot be used after
depositing the active layer due to the damage of organic materials during the etching process.
Hence we usually use the shadow mask to define the channel length, and the length scale is

limited to 40 um. We have to introduce BC structure to fabricate the smaller length device.

2.2 The Charge Carrier Transportation in Organic
Semiconductors

2.2.1 Preface

The molecular interaction between organic semiconductors is different than inorganic
semiconductors. They are covalent bonding and van der Waals force in inorganic and organic
molecules, respectively. There «are. two distributions of m-bonding electrons in organic
materials: localized states and delocalized states. The definition of localized states is that the
electrons are bound to particularly atom. On the contrary, we can find some free electrons in
n-bonding without direct relationships to specific atom, they are called delocalized states. The
carriers in inorganic semiconductor materials are all delocalized states due to the extended
bandgap. By the confinement in localized states, the mobility of organic semiconductor is
relatively lower than that of inorganic semiconductor.

Up to now, the charge carrier transportation in organic semiconductors is still unobvious.
There are three common models in organic semiconductors: polaron and bipolaron [8],

hopping [54], and multiple trapping and release models [46].
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2.2.2 Polaron and Bipolaron

The polaron is an electron or a hole in a conjugated molecule systems together with a
cloud of phonons that is result from the deformation of the lattice produced by the interaction
of the charges. The energy level is rearranged and the new one is defined as polaron energy

level. The polaron structure is shown in Figure 2.2.

0060 66066
€666 . 6966
@060 60C0O
0006 0006

Figure 2.2 The structure of polarons. [Adapted from http://upload.wikimedia.org/

wikipedia/commons/d/d0/Polaron]

When two polarons are close together, they can lower their energy by sharing the same
deformations, which leads to an effective attraction between the polarons. If the interaction is
sufficiently large, then the attraction leads to a bound bipolaron, thereby forming bipolaron
energy levels. The origin of polaron in the energy band is shown in Figure 2.3.

If there are many bipolarons in conjugated molecules, the energy of carriers is
overlapped near the edge of energy bands as highly doping in organic semiconductors, and the
narrow bipolaron bands is formed between LUMO and HOMO levels. If we apply an external

electric field, the polarons and bipolarons can move in the energy band.
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Figure 2.3 The origin of polaron in energy band [8].

2.2.3 Hopping Model

In this theory, scientistsvintroduced that the intermolecular transportation of charge
carriers rely on hopping as shown in Figure 2.4. This is'a limitation to environment of the
charge carrier mobility in organic semiconductor. Hence the phonons could help the hopping
of carriers, the mobility decreases with the decreasing temperature. The relation between the

mobility of the hopping model and the temperature can be described as the following equation:

u = p,exp[—(T, /T)"“], where the o is ranged from 1 to 4.

l | | heppin
| NS ing

- I
N [\ebide /) |
| LI b S |
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[ L ;'l("'d L ""Ih._‘.-"l II I|| |
! “"\-. I'. 'Il |
3

Figure 2.4 Intermolecular charge carrier hopping [55].
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2.2.4 Multiple Trapping and Release Model (MTR)

In this model, researchers believed that there existed delocalized levels in the energy gap.
These levels are as well as traps of charge carriers, and form a narrow band with high
concentration of trap levels. When the charge carriers transport to the delocalized levels, they
would be influenced by capture and thermal release. There are two assumptions in MTR
model. First, the carriers would be trapped with the probability near 100% in the levels.
Second, the release of trap carriers is a process of thermally activated. In this hypothesis, the
carriers would contribute to the transportation and the drift mobility is given as following:
U, = pyeexp(—E, /kT'), where ois the intrinsic mobility of delocalized levels, a is the ratio
between the density of states at the bottom of the band and the concentration of traps, and E;

is the energy level of the defects.

2.3The Operation of Organic Thin-Film Transistors

2.3.1 Energy Level Principle and Carrier Distribution

The cause of the induced charging from gate bias can be clarified in the simplified
energy level diagrams, and it is shown in Figure 2.5. The locations of the HOMO and LUMO
of the organic semiconductor relative to the Fermi level of the source and drain contacts at
zero gate bias is shown in Figure 2.5a. If a small source and drain bias was applied, there
would be no conduction due to no mobile charges in the organic semiconductor. Figure 2.5b
and 2.5d show the energy level when applying a positive gate voltage with Vp = 0 and Vp > 0,
respectively. When a positive gate bias is applied, it induces a vertical electric field at the
semiconductor/insulator interface. This induced electric field makes the HOMO and LUMO
levels in the active layer shift to lower levels. If the gate field is large enough, the LUMO

would become resonant with the Fermi levels of the metal contacts, so the electrons can flow
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Figure 2.5 (a) The energy level diagram of an OTFT at Vg = 0 and Vp = 0. (b-¢) the

mechanism of OTFT operation for the case of electron (b) accumulation and (d) transport;

from the contacts into the LUMO as shown in Figure 2.5b. From the former operation, there
are mobile electrons which start to accumulate at the semiconductor/insulator interface then
forming a channel between the source and drain electrodes. When applying a drain voltage, it
results in electron flow between drain and source as shown in Figure 2.5d. We can explain the
situation with negative gate bias by the similar reason as shown in Figure 2.5¢ and 2.5e. It
causes the HOMO and LUMO levels shift to higher levels with applying negative gate bias.

The HOMO would become resonant with the Fermi levels of the metal contacts, and then the
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holes could accumulate to the semiconductor/insulator interface. In Figure 2.5e, the mobile
holes would flow between source and drain as applying a negative drain voltage.

All the former discussions are based on an ideal situation. In fact, the deep traps need to
be filled firstly at interfacial states, and then induce extra mobile charges. The additional
mobile charge carriers would apply the current in the channel of OTFTs. On the other hand,
the Vi have to be biased higher than the threshold voltage (V). Therefore we can say that Vg
- V1 is the real driving voltage to start to accumulate mobile charge carriers.

Figure 2.6 illustrates the basic operating modes of a TFT. When Vp ~ 0, the channel
charge density is uniform for a given Vg as shown in Figure 2.6a. The current is nearly linear
with Vp in this part. When Vp, is nonzero but similar or less than Vg, there is a linear gradient
of charge concentration as shown in Figure 2.6b. For a positive Vp, the density of induced
charge carriers along the channel (x-direction) is proportional to the voltage difference:

q(x) = Oy =V =¥ (%)) (Clem?®) (2-1)
where C (nF/cm?) is the capacitance of the-insulator per unit area. To the terminal of drain, the
charge density will be lower, and to-the terminal of source, the charge density will be higher.
When Vp = Vg — Vi, the channel gets pinched-off. There is a depletion part (without free
carriers) forming near the drain electrode, and only a space-charge-limited saturation current
can flow across this region. If we apply higher Vp, it pushes the pinch point slightly toward
source as shown in Figure 2.6c. The channel length in common situation is much longer than

the width of this depletion part, the higher Vp would apply no additional drain current.
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Figure 2.6 (a) Carrier concentration diagram of TFT in the linear regime. (b) Pinch-off occurs

when Vp ~ Vg — V1. (¢) Carrier concentration diagram of TFT in the saturation regime [5].
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2.3.2 The Methods of Extracting Parameters

There are two kinds of electrical characteristic curves. The first plot is Ip-Vp output
characteristics by holding Vg constant and sweeping Vp as shown in Fig 2.7a. We can
separate this curve into linear and saturation modes. The TFT is operated in linear mode when
the Vp is smaller than Vg — Vr, and can be considered to be a resistance. When the applying
Vb is higher than Vg — V1, the TFT is operated in saturation mode. In this mode, the drain
current (Ip) is controlled by V.

The second plot is Ip-V transfer characteristics by holding Vp constant and sweeping
Vi as shown in Fig 2.7b. We can extract many important parameters by this transfer curves
such as field-effect mobility, threshold voltage, and on-off ratio. Now we introduce a formula
from Ohm’s law:

tI_V?/ =0 VTD (2-2)
where ¢ is the conductivity, "W is the channel width, L-is the channel length, and t is the

thickness of charged layer in the channel. The equation 2-2 can be rewritten as :
w
I, = 7 (n, et) vy (2-3)

where the nj,g 1s the number density of induced charges in the cannel, and p is the carrier
mobility. According to equation 2-1, assuming the average value of induced charges is

C(Vg — Vr— Vp/2) by a linear gradient in the charge concentration, we obtain:

w 1
I, :fCu[(VG -V v, _EVnz] (2-4)

Equation 2-4 is the typical linear regime equation, and it can describe the charge
transport in Figure 2.6b.
When Vp > Vg — Vrq, the TFT is operated in saturation mode and the equation 2-4 will
become:
w
ID = chusat(VG - VT)z (2-5)
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where L 1S the carrier mobility in saturated regime, and thepi, is usually higher.
From the above-mentioned discussions, the mobility pg can be extracted by

differentiating the square root of Ip in saturation mode as:

ol | [we
ol _ 7€, (2:6)
ov, \2L

The slope can be obtained by the In” — Vg plot in Figure 2.7b. We can also define the

V1 by the intersected point of the line on the Ip"* — Vg plot.

Saturation
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Figure 2.7 (a) Ip —Vp curves for a n-OTFT for various Vg. (b)Ip — Vg curves for various Vp,

and the Ip"° — Vg curve is shown on the right-handed axis [5].
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2.3.3 Contact resistance

There are two origins of the TFT series resistance: contact resistance and channel
resistance. In recent years, researchers have pointed out that the performances of OTFTs are
limited by the contact resistance at metal electrode/organic interface significantly [35-37, 57,
58]. The contact resistance has been found to be comparable with channel resistance. It
implies us that the contact resistance plays an important role in determining the electrical
characteristics.

We can calculate the contact resistance by the transfer line method:

Vg =const.
Rtutal :(aVD ] :Rch +Rp :Rch +(Rb +Rc) :;4_]?17 (2-7)
oI, WuCW, —v,)

Vp—0
where the R, is the parasitic resistance, R 1s the contact resistance, Ry, is the bulk resistance,
and R, i1s the channel resistance. -We can. extract the R. when the channel length is

approaching to zero by equation 2-7 as shown in Figure 2.8 [57].

2.0x10°
€ 1.6x10° T 12
54 . -
(=]
[
£ 1.2x10°4 G |
éj J
= 8.0x10°
E . \Y 60V
5 a G~
4.0x10 o VmdSV
0 0' ! A V=30V
40 0 40 80 120 160
Channel Length (um)

Figure 2.8 The illustration of transfer line method.
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Chapter 3
Experimental and Analysis Methods

3.1 Substrate Preparation

3.1.1 Preface

The top-contact structure was chosen to fabricate the n-type OTFTs in this study due to
its relatively better performance. The top-contact TFT is shown in Figure 2.1a. ITO (Indium
Tin Oxide) is a kind of conducting material which also has high transparency. Because of that,
ITO is always coated on glass substrate to form a conducting thin film. In this study, we
choose ITO/glass and Si/Si0O; substrates. With the use of ITO/glass substrate, we usually need
to define the ITO pattern by optical lithography. It is attributed to that the polymer insulator
often provides a higher leakage current than SiO, insulators due to its uniformity and
compactness. The cleanness is also a ‘important:issue in fabricating OTFT devices. If the
substrate is not clean, the uniformity of polymer layer will be low. We will introduce the

cleaning process in the following section.

3.1.2 ITO Patterning Process

The process for ITO pattern is shown in Figure 3.1. First, we spin-coated a layer of
photoresist (PR) on a cleaned ITO/glass substrate, and then we put shadow a mask that we
designed for ITO pattern on the ITO/glass substrate followed by UV exposure for 100 seconds.
Second, the exposure parts of PR would become soft and removed in development process.
After development, HCI was used to remove the ITO which is with no PR. Finally, the hard

PR is removed with acetone.
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Figure 3.1 The process of ITO patterning.
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3.1.3 Cleaning of I'TO/Glass Substrate

After etching of ITO, the glass substrates have to be completely cleaned. We washed the
substrates with detergent first and rinsed by deionized water in the first place. The detergent
can take the large particles and oil sludge away. The second step was soaking the substrates in
acetone into an ultrasonic cleaner for 40 minutes. Organic pollutants would be swept away in
this step. After rinsing by DI water in 5 minutes, we put the substrate in isopropyl alcohol
(IPA) with ultrasonic microvibrations for 30 minutes. The residual acetone and water
molecules would be taken away by IPA. Finally, we dried the substrates by nitrogen shower,
and then these substrates are placed into an oven in which the temperature was set to 120°C

for at least 24 hours to remove the water.

3.1.4 Cleaning of SiO,/Si Substrate

We also use heavily doped n-type silicon wafers, with thermal SiO;, to fabricate the
devices. The top SiO, layer” was 200 nm-thick, and the sheet resistance was about
0.001~0.003 ohm-cm. The capacitance per unit area in the SiO, layer was 14.2 nF/cm’.

First, we put the substrates into a Teflon container, and rinsed them with DI water for 5
minutes. Then we dipped the container into a 3:1 mixture of concentrated sulfuric acid
(H2S04) and hydrogen peroxide (H>O;) at 80°C for 20 minutes. After this acid bath, we rinsed
the substrates with DI water again for 5 minutes. Finally, we dried the substrates with

nitrogen flow, and put them into a hot oven to remove the residual water.
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3.2 The Materials

[6,6]-phenyl Cg;-butyric acid methyl ester (PCBM) [Figure 3.2(a)] was used as the active
layer of the TFTs. We dissolved PCBM molecules in chloroform (CF) [Figure 3.2(b)]. The
polymer poly(ethylene glycol) (PEG) [Figure 3.2(c)] has blended into the PCBM layer. The
dielectric polymer film was made of poly(4-vinylphenol) (PVP) [Figure 3.2(d)] and
poly(melamine-co-formaldehyde) methylated (PMCFM) [Figure 3.2(e)]; they were dissolved
in propylene glycol monomethyl ether acetate (PGMEA) [Figure 3.2(f)].

The energy level diagram of the materials used in this study is displayed in Figure 3.3.
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Figure 3.2 The structure of organic materials used in this experiments.
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Figure 3. 3 The energy level diagram of the materials used in this study.
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3.3 Device Fabrication Process of OTFTs

3.3.1 Spin-Coating Polymer Dielectric Film

The OTFT was fabricated on a ITO/glass substrate (<10 €)/sq sheet resistance), where
ITO was used as gate electrode. Before spin-casting of the polymer insulator, we put the
substrates into an UV-Ozone machine for 30 minutes. The ozone molecules would burn the
organic contaminant on substrates, and then be taken away by cleaning air flow.

The cleaned ITO substrates were then covered with a layer of 760-nm-thick polymer
dielectric insulator, which was prepared by spin-coating of a solution of PVP (11wt%) and
PMCFM (4wt%) (cross-linking agent) in PGMEA. The other OTFT was prepared on SiO;
substrate then covered with a layer of 50-nm-thick PVP interlayer.

The PVP films were firstly baked at 120°C for § minutes and then 200°C for 30minutes.
The resulting capacitances per unit area of the insulator on ITO and the interlayer on SiO,

were 5.4 and 10.0 nF/cm’, respectively.

3.3.2 Spin-Coating of PCBM/PEG Blends as the Active Layer

and Evaporation of Metal Electrodes

The PCBM/PEG blended film was spin-coated on the PVP coated substrate inside a
N,-filled glove box. The spin rate was set to 1000 r.p.m. for 30 seconds.

Before the deposition of S/D, the device was pre-annealed at 80°C for 15 min. Finally, Al
was thermally evaporated onto the active layer under a pressure less then 5x107 torr through
a shadow mask to form S/D contacts. The thickness of Al S/D was 100 nm. The channel

length and width were 100nm and 2000 ¢ m, respectively.
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Figure 3.4 The flow chart of the device fabrication process ( ITO/glass substrates).
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Figure 3.5 The flow chart of the device fabrication process ( Si/SiO, substrates).
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3.4 Measurements and Analysis of OTFTs

3.4.1 Electrical Characteristics

In this work, we measured the electrical properties of the devices by Keithley 4200 IV
measurement system at room temperature. For PCBM devices, we apply a positive gate
voltage to accumulate electrons in the channel near the semiconductor/insulator interface. In
the Ip-Vp measurement, we swept the gate bias from 0 to 60V, and the gate voltage step was
15V from Vg=0 V to Vg= 60 V. Additionally, in the Ip-V measurement, we swept the drain

voltage from -20 V to 60 V, and the drain voltage step was from 15V to 60V.

3.4.2 Capacitance Analysis

We measured the capacitances of SiO; and PVP_cross-linked polymer by HP 4284A

using metal-insulator-metal (MIM) structure.

3.4.3 Surface Morphology Measurement

The atomic force microscope (AFM) has been invented in 1985, which could measure
the surface morphology of low conductivity materials. The principle of AFM is the interaction
of van der Waals force, which is different with scanning electron microscope (SEM) by
electron tunneling effect. We assume there are two atoms: one is on the tip of the cantilever,
the other is on the surface of sample. The interaction force between the two atoms depends on
their distance as show in Figure 3.6. In this study, we used Digital Instruments Dimension
3100 AFM to get the surface morphology of the active layer. Figure 3.7 shows how can AFM

work to obtain surface properties.

28



4 Repulsive

component ) )
atom | ¢« :
‘/ Intermittent-co , + Expulsive
L atom . v force
Contact ntact

i . I Attractive

on-contac atom ‘ force

Figure 3.6 The interaction force between two atoms.

Photodetector

Laser Beam

Cantilever

Line Scan

— Tip Atoms

4 Force

\_ Surface Atoms

Figure 3. 7 The operation method of AFM.
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3.4.4 X-ray Photoelectron Spectroscopy Measurement

X-ray photoelectron spectroscopy (XPS) is a quantitative spectroscopic technique that
measures the elemental composition, chemical state and electron state of the elements that
exist in materials. The basic components of XPS system is shown in Figure 3.8. XPS spectra
are obtained by irradiating a material with a beam of X-rays while measuring the kinetic
energy and number of electrons that escape from the top thin-film (1 to 10 nm) of the material
being analyzed simultaneously. XPS requires ultra high vacuum (UHV) conditions. XPS
detects all elements with an atomic number (Z) of 3 (lithium) and above. It cannot detect
hydrogen (Z = 1) or helium (Z = 2). XPS is routinely used to analyze inorganic compounds,
metal alloys, semiconductors, polymers, catalysts, glasses, make-up, teeth, bones, and many
others.

From XPS measurement, we can know if there is any chemical interaction between PEG
and Al S/D electrodes. In 2006, Guo ef al. reported-that the performances of polymer
light-emitting diodes could be improved by the formation of a PEGDE (PEG dimethyl
ether)/Al complex at the cathode interface [58].-In Figure 3.9, the Cls XPS spectrum of the
HY-PPV/AI has a main peak at a binding energy 284.6 eV. The peak is associated with
hydrocarbon atoms. When an additional PEGDE modify layer (2.5 nm) was inserted on the
surface of the HY-PPV layer with Al, the Cls peak at 288.6 eV grew. PEGDE is a polymer
with the same sequent carbon-oxide functional group like PEG, (-CH,CH,0-),, so a chemical
reaction between the lone-pair electrons and Al in the oxygen atoms of the PEGDE chains
was expected. The Cls diagram at 288.6 eV is related to the formation of the organic oxide/Al
complex. Due the former results, we expect that PEG would react with Al and we can get the

information from the XPS measurement.
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Figure 3.8 Basic components of monochromatic XPS system.
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Figure 3.9 XPS Cls spectra of pristine HY-PPV (), HY-PPV / Al (), and HY-PPV /
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Chapter 4

Results and Discussion

4.1 Characteristics of Device Electrical Properties

4.1.1 The Effect of Molecular Weight of PEG

We measured these devices prepared with various molecular weight of PEG in a
N»-filled glove box, where the concentrations of O, and H,O were less than 1 ppm. Figure 4.1
illustrates the Ip-Vp electrical properties of these devices. Figure 4.1(a) shows the
characteristic of pristine 1wt% PCBM device. From 4.1(b)-(f) represent the devices prepared
whose molecular weight (M.W.)" was with “PEG. 400, 1000, 3000, 8000, and 20000,
respectively. All the weight ratio of PEG:PCBM is1:20: The device with pristine PCBM has
the lowest drain current in the saturation regime, and the device prepared with PEG 20000,
meaning the M.W. was 20000 had a three-times higher drain current than that of pristine
PCBM TFT. We can find that when the-larger-molecular weight of PEG blending, we could
get higher drain current.

The Ip-Vg characteristics are shown as Figure 4.2. The data shown in Figure 4.2 were
measured at Vp = 60V and Vg was swept from -20 to 60 V. Furthermore, the electron mobility
was calculated from slopes of square root of drain current versus gate voltage in the saturation
regime [Figure 4.2(b)]; the important electrical characteristic parameters were summarized in
Table 4.1. The device prepared with PEG 20000 had higher on-off current ratio (4.1x10%), and
exhibited a showed lower threshold voltage (-2.61V). The mobility (0.0440 cm?/Vs) also
became three times larger then that of pristine device (0.0141 cm?/Vs). The value of electron
mobility is comparable with that of the device made with a Cs,COs buffer layer on Al

electrodes (0.0445 cm?/Vs) [37].
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Figure 4.1 The Ip-Vp output curves of (a) pure PCBM device, and device prepared with PEG

(b) 400, (c) 1000, (d) 3000, (e) 8000, and (f) 20000, respectively.
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Figure 4.2 The (a) Ip-Vs and (b) IDI/ 2-VG transfer curves at Vp =60V with distinct molecular

weight of PEG blending.

Table 4.1 The parameters of the OTFTs with distinct PEG molecular weight (MW) blending

measured in nitrogen filled glove box.

MW of PEG Mobility \'% On-off
(g/mol) (cm?/Vs) (V) ratio
Pure PCBM 0.0141 17.02 0.6x10*

200 0.0145 4.78 1.2x10*
400 0.0215 0.84 1.4x10*
600 0.0245 -0.56 1.1x10*
1000 0.0264 -0.74 1.2x10*
3000 0.0285 -0.20 1.1x10*
8000 0.0376 -0.90 2.0x10*
20000 0.0440 -2.61 4.1x10*
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4.1.2 The Effect of PEG Concentration

In this section, the effect of PEG concentration is investigated. Figure 4.3 illustrates the
Ip-Vp electrical performances of different devices. Figure 4.3(a) shows the characteristic of
pure-PCBM device. Figure 4.3(b) to 4.3(f) represent the output curves of the devices prepared
with 1%, 5%, 8%, 11% and 16% PEG (M.W.=20000), respectively. From the figures, we can
find that the saturation drain current increased with increasing PEG concentration. However,
while the weight ratio of PEG excess 5 wt%, the value of saturation drain current became
lower as shown from Figure 4.3(d) to 4.3(f).

The Ip-Vg transfer characteristics are shown in Figure 4.4. All the devices were
measured at Vp = 60 V and Vg bias was swept from -20 V to 60 V. The threshold voltage
extracted from square root of drain:current versus Vg shifts negatively due to the higher ratio
of PEG blending. The device with-5% -PEG 20000 blending shows the best electrical
performance. The other important electrical characteristic parameters were shown in Table

4.2.
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Figure 4.3 The Ip-Vp output curves of (a) pure PCBM OTFTs, and with (b) 1%, (c) 5%, (d)

8%, (e) 11%, and (f) 16% PEG 20000 blending, respectively.
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concentration of PEG 20000 blending.

Table 4.2 The parameters of the OTFTs with different ratio PEG 20000 blending measured in

nitrogen filled glove box.

Weight ratio of Mobility Vt On-off
PEG (Wt%) (cm?/Vs) V) ratio
Pure PCBM 0.0141 17.02 0.6x10"

1 0.0241 6.13 1.3x10*
5 0.0440 -2.61 4.1x10*
8 0.0211 -3.54 1.2x10"
11 0.0098 -14.19 0.8x10*
16 0.0014 -14.21 1.5x10"
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4.1.3 The Electrical Characteristics Measured in the Atmosphere

We try to measure these devices in ambient environment in which the relative humidity

was about 60%. Figure 4.5 illustrate the Ip-Vp electrical output performances prepared

without [Figure 4.5(a)] and with [Figure 4.5(b)] PEG 1500. The device with PEG1500 (5%)

blending had much higher saturation drain current.
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Figure 4.5 The Ip-Vp output curves of the OTFTs (a) without and (b) with PEG 1500 (5%)

blending in the ambient environment.

Table 4.3 The comparison of transfer characteristics of the OTFTs measured in inert and

ambient environment.

Mobility Vr On-off
(cm?/Vs) (V) ratio
Pure (inert) 1.41x107 17.02 0.6x10*
Pure (ambient) 3.19x107 23.35 0.05x10*
PEG (inert) 2.64x107 -0.74 1.2x10*
PEG (ambient) 2.04x10 18.58 0.2x10*
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Figure 4.6 shows the Ip-Vg transfer output performance and it suggests that the
pure-PCBM OTFT showed a poor and unstable electrical characteristic in the ambient
environment. On the other hand, the device with PEG shows a relatively higher drain current
although it was still prepared lower than that of the device measured in an inert environment.
Table 4.3 summarizes the transfer performances of these devices in the ambient atmosphere.
For the device prepared without PEG, the threshold voltage shifted from 17.02 to 23.35 V and
the mobility decreased from 1.4x107 to 3.2x10° cm’/Vs. After the addition of PEG, the
threshold voltage shifted from -0.74 to 18.58 V and the mobility decreased from 2.6x107 to
2.0x107 cm?’/Vs. The mobility of the pristine PCBM device encountered three order decay;
but the mobility of PEG 1500 device decayed by just one order of magnitude. Even though
the performance measured in the ambient environment was still decayed, PEG blending in

active layer might be a good method to protect the channel.
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Figure 4.6 The (a) Ip-V¢ and (b) Ip"* Vg transfer curves at Vp =30 V and 60 V of the OTFTs

with and without PEG blending in ambient environment.
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4.1.4 The Effect of PEG on the Devices Fabricated on PVP/SiO,

Substrate

We measured the devices prepared with PCBM/PEG 400 composition fabricated on

PVP/Si0O, substrates. Figure 4.7 illustrates the Ip-Vp electrical performances measured in

inert environment. The device with pristine-PCBM has lower drain current in the saturation

regime. The device with PEG blending has two times higher drain current than that of

pristine-PCBM OTFT. The data shown in Figure 4.8 were measured at Vp = 60 V, and Vg

bias swept from -20 to 60 V. The device prepared with PEG 400 had higher on-off current

ratio (9.0x10%), and then showed large threshold voltage shift (from 31 V to 5 V). The other

important extracted parameters were summarized in Table 4.4.
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Figure 4.7 The Ip-Vp output curves of the OTFTs prepared (a) without, and (b) with PEG 400

on PVP/Si0, substrates.
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Figure 4.8 The (a) Ip-Vg and (b) Ip'*-V transfer curves-at Vp = 60 V of the OTFTs with and

without PEG blending on PVP/SiO; substrates.

Table 4.4 The parameters of the OTETs prepared with and without PEG blending on

PVP/Si0, substrates.

PVP/SiO, Mobility Vr On-off
substrate (cm?/Vs) (V) ratio
Pure 0.0059 31.08 3.4x10°
PEG (5%) 0.0060 5.32 9.0x10°

We further measured these devices seven times after first test. Interestingly, the electrical
performances of pure PCBM OTFT decayed strongly and fast. After the addition of PEG 400,
the device became more robust. The Voy shifts of the devices with and without PEG blend
were 16 and 8 Volts, respectively, and the loss of saturation drain current at Vpg = 60V with

and without PEG blended were 19 and 69 %, respectively. PEG molecular perhaps play a role
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to improve the stability. The detailed data are shown in Table 4.5 (pure PCBM) and 4.6 (PEG

blended).

Table 4.5 The continuous measurement parameters of the pristine PCBM OTFT on PVP/Si0,

substrates in N,-filled glove box.

Measurement Mobility Vr Von Teat. On-off
(times) (cm?/Vs) (V) (V) (A) ratio

1% 0.0038 28.49 26 0.26x10° 1.6x10°

31 0.0045 35.40 34 0.20x10° 1.0x10°

5t 0.0057 40.24 40 0.17x10°° 1.0x10°

7t 0.0026 40.50 42 0.08x10° 0.8x10°

Table 4.6 The continuous measurement parameters of the PEG (5%) /PCBM OTFT on

PVP/SiO; substrates in N,-filled glove box.

Measurement Mobility Vr Von Teat. On-off
(times) (cm?/Vs) (V) (V) (A) ratio

1% 0.0079 10.73 10 0.67x10° 3.4x10°

31 0.0079 12.58 14 0.64x10° 4.8x10°

5t 0.0094 16.66 16 0.58x10° 3.8x10°

7t 0.0101 18.87 18 0.54x10° 3.3x10°
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4.2 Morphological Analysis of the Active Films

The height-mode images of the PCBM films prepared with different molecular weight of
PEG were displayed in Figure 4.9. Figure 4.9(a) showed the image of pristine-PCBM film
deposit on a PVP film. Figure 4.9(b)-(f) represent the images of the films prepared with PEG
400, 1000, 3000, 8000, and 20000, respectively. All the blending ratio of PEG:PCBM was
1:20. The data scale is 7 nm. The film containing no PEG exhibits a smooth surface
morphology. After blending 5% PEG into the film, "holes-like" images was present on the
surface of the film. When increasing the PEG molecular weight, much more holes emerged.
The 5% PEG 20000 blending sample covered a biggest area. Because the concentration of the
PEG is 5%, we would not expect the PEG phase to cover the whole surface. Therefore, we
suspect that the distribution of PEG molecules was. uneven and that phase separation in a
direction normal to the substrate occurred in the thin films.

Although the PEG molecular did not cover the entire area, the chemical reactions
between the Al atoms and PEG molecules of the partially regimes were sufficient to decrease
the charge injection barrier. In summary, we have found that the positive relationship between

the hole numbers and electron mobility as shown in Table 4.7.

Table 4.7 The relationship between hill numbers and mobility with distinct molecular weight

(M.W.) of PEG.

M.W.
Pure 400 1000 3000 8000 20000
(g/mol)

Hole

35 50 80 130 170
(numbers)

Mobility

) 0.0141 0.0245 0.0264 0.0285 0.0376 0.0440
(cm?/Vs)
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Figure 4.9 The height-mode images measured by AFM :(a)pristine PCBM, (b) to (f) PEG 400

(5%), PEG 1000 (5%), PEG 3000 (5%), PEG 8000 (5%), and PEG 20000 (5%), respectively.
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4.3 Analysis of Device Resistances
The linear regime was used to extract the device resistances by transfer line method
(Figure 4.10) [47]. At the linear regime, the drain bias ranged from 0 to 4 Volts for getting

linear current-voltage property, and the gate bias were 30 and 60 Volts, respectively.
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Figure 4.10 Total resistance as a function of channel resistance at various gate voltages. (a)

pristine-PCBM; (b) with PEG 20000 (5%).

Table 4.8 Resistance analysis of PEG molecular weight.

PEG Contact Bulk Parasitic Channel
Resistance Resistance Resistance Resistance
(g/mol)
MQ) MQ) MQ) (MQ/um)
Pure 22.38 3.40 25.8 0.18
400 6.22 2.77 8.99 0.08
1000 5.76 3.09 8.85 0.09
3000 5.20 2.25 7.45 0.07
8000 3.18 2.88 6.05 0.08
20000 1.66 3.31 4.98 0.09
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From Figure 4.10, the parasitic resistance can be extracted by the y-axis intercept. We
can separate the parasitic resistance into two parts: contact and bulk resistance. The contact
resistance decreased significantly after the addition of PEG (5%) into active layer (22.4 to 1.7
MQ). However, the bulk resistances are almost no difference in all devices (~3 MQ). From
the slope, we can extract the channel resistance. The channel resistance at V=60V also
decreased after the addition of PEG (5%) into active layer (0.18 to 0.09 MCQ/um). The device

resistances of different PEG blended are summarized in Table 4.8.

Table 4.9 Resistance analysis of PEG blending ratio.

Contact Bulk Parasitic Channel
PEG 20000 . . ) .

%) Resistance Resistance Resistance Resistance
° MQ) (MQ) (MQ) (MQ/pm)

Pure 22.38 3.40 25.78 0.18

1 3.97 3.87 7.84 0.08

5 1.66 3.31 4.97 0.09

8 5.81 3.70 9.51 0.09

11 12.63 3.72 16.35 0.19

16 42.61 31.10 73.71 0.96

A low ratio of PEG present in active film (1 to 11%) can efficiently decrease the contact
resistance. When 16% PEG blended into active layer, the bulk resistance increased abruptly
(3.4 to 31.1 MQ) and the channel resistance also increased (0.18 to 0.96 MQ). The effect is
attributed to the fact that too much PEG molecules would decrease the conductivity of active
film. The device resistances of different PEG ratio are summarized in Table 4.9.

The decrease of the potential drop across the organic-metal interface probably change the

distribution of the electric field in the vertical direction, which my influence the values of V.
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In principle, the higher the contact resistance, the larger the Vr will be. Therefore, the
decrease of contact resistance not only increased the mobility of the device, but also improved
the threshold voltage. The positive relationship is shown in Table 4.1 and 4.2.

From the analysis of contact resistance, we believe that there are chemical reactions
between PEG molecules and Al atoms, and these reactions may modify the contact between

the metal electrodes and the active layer.
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4.4 The Analysis of XPS Measurements

From Figure 4.12, we can see a main peak at a binding energy 284.5 eV. The lines with
square and circular solid dots represent PCBM thin-film prepared without and with PEG
20000 (5%), respectively. The Cls spectra from 288 to 284 eV of pure PCBM/AI film is
narrower than the polymer film with PEG blending due to the increasing C-O bonds.
Another peak around 289.5 eV is observed in the PCBM:PEG/AI sample. The extra peak is
associated with the formation of the organic oxide/Al complex [58]. We can conjecture that
there are some chemical reactions between PEG and Al atoms and the interaction can

decrease the charge injection barrier and also increase the injection current.
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Figure 4.11 The Cls XPS spectra of PCBM/AI with and without PEG
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Chapter 5
Conclusion and Future Work

5.1 Conclusion

We have demonstrated that the mobility, threshold voltage, and on-off ratio can be
improved by blending PEG into the semiconducting layer for n-channel OTFTs. We do not
need another fabrication steps to modify or protect the PCBM. This enhancement was due to
the injection of electron at the interface between the active layer of n-channel OTFTs and the
Al S/D metal. Furthermore, the air-stability can also be improved.

We obtained the morphology information from AFM measurements. According to the
relationship between the PEG molecular. weight and hill numbers in the images, we infer that
the phase separation in the PCBM / PEG systems occurred. We found a positive relationship
between the numbers of holes and the device mobility.

The PEG molecules blended in the semiconducting layer probably underwent a chemical
reaction with Al atoms. The interaction can be proved by the XPS Cls spectra. Because of
that, it formed a better organic-metal contact. As a result, the contact resistance is decreased

significantly after the PEG modified.

5.2 Future Work

We have demonstrated that the performance of PCBM OTFTs can be improved after the
blending of PEG. With similar idea, we will further investigate the possible application of
blending PEG into another n-channel semiconducting material, such as Cgp. Solution-process
Ceo OTFT showed the good performance, but is also difficult to fabricate. Maybe the problem

could be solved in the future with this method.
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