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Chapter 1

Introduction

1.1 Background

Since the invention in 1940’s by Bardeen and Brattain [1], transistors have occupied an es-
sential role in electronic devices. Based on transistors, transistors with MOS (metal-oxide
semiconductor) structure and semiconductor lasers, and photovoltaic cells are developed.
Today, those devices are essential components in electronic deices from home electrical
appliances such as televisions and refrigerators to highly-computerized society. In addi-
tion, smart grid, a model of energy-saving society, practical realization of which has been
accelerated after the Great East Japan Earthquake in March, 2011, largely depends on
those devices.

One of the transistor technologies that improved the performances of data servers,
information instrument, and even rice cookers is integration. By the advance of semi-
conductor fabrication and material technologies, the size of a transistor is decreased by
the Moore’s law. By the scaling-down, the performances of highly-integrated circuits, or
VLSI (very-large-scale integration), were dramatically increased.

However, transistor fabrication faces the limitation of the integration. The high in-
tegration made the quantum effect non-negligible and the benefits of scaling become
ineffective. Also, new technology always needs new facilities and the equipment invest-
ment may not be recouped. Now, the improvement of the performance is researched by
the means of new structures, such as Fin-FET [2], and new materials with high electron
mobility, such as Ge and compound semiconductors.

Recently, beside transistors based on inorganic materials as described above, transis-
tors based on organic materials have attracted much attention because of their properties
to realize a new class of devices.

One of the typical properties of organic devices is flexibility. The fabrication process
of organic transistors is done under low temperature, the maximum of 100°C , while the
fabrication process of inorganic transistors needs the maximum temperature of 1200°C
to form SiO9 on Si substrate. This low temperature enables the fabrication on flexible

plastic substrate such as polyimide and Polyethylene naphthalate (PEN). Thanks to the
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flexibility of the substrate and the organic material itself, the devices become mechan-
ically flexible. Other specific property of organic devices is fabrication process, known
as solution process, in which material depositions are done with solution. Besides the
conventional vacuum evaporation method, many forms of solution process, such as dip-
ping, spin-coating, and printing, are widely used in fabrication of organic electronics. In
combination with large-scale printing method, process advantages enable industrial mass-
production process, typically known as roll-to-roll, which decreases fabrication time, steps,
and cost drastically.

Though the operation frequency of organic transistors is quite lower than inorganic
transistors, due to the low mobility of 1-10 cm?/V-s, by making the most of the character-
istics of organic devices, fabrication by solution process and flexibility, the new phase of
electronics becomes possible. Thanks to the advance in fabrication process and materials,
the electric properties of organic transistors reached up to amorphous silicon transis-
tors [3], large-scale and complex organic circuits such as flexible displays [4, 5], radio
frequency identification (RFID) tags [6], processors[7], and shift registers[8] are already
demonstrated.

In Someya and Sekitani Laboratory, large-scale or flexible organic devices such as
artificial electronic skin [9, 10], sheet scanner [11], braille sheet [12], large-area sensor
arrays [13, 14|, and stretchable display [15] are fabricated.

As in inorganic transistor fabrication, device parameter countability is essential in the
fabrication of highly complex circuits for the reliable operation. Especially, large static
noise margin (SNM) is indispensable for the successful suppression of inadvertent switch-
ing events in the unavoidable presence of electronic noise in practical use [16]. For large
SNM, precise and deterministic control of the threshold voltage of transistors is required.
However, because of the intrinsic properties of organic materials, such as instability of
molecules, uncontrollably of trap density in crystal, process steps, and smaller mobility,
it is a challenge to control the device properties, especially to control each transistor on
a substrate.

By establishing a robust and simple method to control device characteristics, the
possibility of organic electronics is expanded and highly complex circuits in large-scale

and on flexible substrates to fully exploit the advantages of organic electronics is realized.

1.2 Motivation and Purpose of This Research

The purpose in this study is to demonstrate the possibility and to establish the process
of spatial control of transistors by one of the soft-lithography methods, stamping. In
this study, the method to control the threshold voltage is focused on using self-assembled
monolayers (SAMs). Other methods and discussion on comparison of the methods are
described in Section 2.4.

So far, the threshold voltage shift by using fluoro-terminated SAM is observed [17]
and control is demonstrated [18]. The problem of using SAM is that this process is whole-
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substrate process, which means that all transistors on a substrate have uniform threshold
voltage. To overcome this problem and to form more than two species of SAMs on a
substrate in different region simultaneously, stamping method is applied. The spatial
formation of SAMs is demonstrated by Zschieschang et al. [19]

In this study, the control of threshold voltage using SAMs and the partial formation
was combined to demonstrate spatial control of the threshold voltages. To ensure the
equivalence of the stamping and conventional dipping, electrical properties and uniform-
ness of the SAMs and transistors by stamping were compared with SAMs and transistors
by dipping. Also, the robustness of the formation process was proved and the process
steps were optimized to increase productivity. Furthermore, the structure of stamped
SAMs was closely investigated, which was not revealed before. The stamped SAMs were

then applied to load-inverter circuit to control the turn-on voltage.

1.3 Overview of Thesis

The overall structure of this study takes the form of seven chapters, including this in-
troductory chapter. Chapter two explains the principles and electric property control of
organic transistors. Related studies on the threshold voltage control is introduced and
discussed. The third chapter is focused on the fabrication of organic transistors and cir-
cuits. The stamping process, which is the main topic, is explained in detail. The fourth
chapter presents the characterization methods of transistors and thin films of organic
compounds. Chapter five explains the experimental procedure, results, and discussion of
stamping process optimization. Chapter six presents the experimental procedure, results,
and discussion of threshold voltage control and application of the method to circuit using
two different species of SAMs. Finally, the conclusion gives a brief summary and areas

for further research.



Chapter 2

Organic Transistors

2.1 Operation Principles [20]

2.1.1 Structure

A general structure of an organic transistor is shown in Fig. 2.1(a). Transistors with or-
ganic semiconductors are often fabricated in the structure of thin film transistor (TFT).
A TFT is a metal/insulator /semiconductor (MIS) structured field-effect transistor (MIS-
FET). The device structure and the operation principle is similar to those of metal/oxide/silicon
field-effect transistors (MOSFETSs) and silicon on insulator (SOI). There are two types for

(a) (b)

Source/Drain Source/Drain

Ch | Gate
anne . .
Gate dielectric —  —————— Gate dielectric

Channel
substrate — NN Substrate
Figure 2.1: Cross-section view of transistor structure. (a) A TFT with bottom-gate and
top-contact. (b) A MOSFET.

the structure of TFTs, top-gate top-contact, bottom-gate top-contact, top-gate bottom-
contact, and bottom-gate bottom-contact. The types are differentiated by the geometries
of gate electrode and source/drain electrodes. Typical inorganic MOSFETSs are classified
as top-gate top-contact. In the fabrication process of top-contact geometry, source/drain
electrodes are formed after the semiconductor layer is formed on gate dielectric, while in
the fabrication process of bottom-contact geometry source/drain electrodes are formed
before the formation of organic semiconductor layer. The advantages of the top-contact
geometry is that the formation of semiconductor layer on uniform material is enabled
therefore the uniformity of the semiconductor is better than in bottom-contact geometry
and carrier injection barrier height is decreased. In general, transistors with top-contact
geometry are expected to have larger mobility than transistors with bottom-gate geom-

etry. However, the fabrication method of the source/drain electrodes is limited because
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the semiconductor layer is damaged by methods such as lithography and solution process.

In this work, top-contact bottom-gate geometry is adopted.
2.1.2 Field Effect
(a) (b)
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Figure 2.2: Schematics of the operation principles of TFTs. (a) Off state. (b) On state.

Schematic images of the operation principle of is shown in Fig. 2.2. Suppose gate volt-
age Vag is applied, difference in potential of the drain electrode and the source electrode
Vbs is 0, and the source electrode is grounded. The gate electrode and the channel region
form a parallel plate type capacitor, therefore charges are induced at the interface of the
channel region and the insulator. The amount of total charge at the channel is explained

as

¢ = —aiVas (2.1a)
€

; = = 2.1b
c y (2.1b)

where g, is the charge density per unit area in the channel region, ¢; is the capacitance
of the gate insulator per unit area, €; is the permittance of the gate insulator, d is the
thickness of the gate insulator, Vgg = V@ — Vg is the gate—source voltage. Note that in
p-type transistor, the source electrode is grounded and negative bias voltage is applied to
the gate electrode, i.e.Vgg < 0. Therefore, the induced charge g, in the channel region is
positive.

The charge density consists of two parts, free charge (carrier) ¢. and trap state in the

semiconductor layer q;. q. is explained as

G = Ga—q = (—ciVas) — qNy = —ci(Vas — Vin) (2.2a)

N, = & (2.2b)

—-q

-1

Vin = (C) N, (2.2¢)
—-q

where ¢; is the amount of charge trapped in the deep trap level, N, is the number of

carriers trapped, and ¢; is the capacitance of the gate insulator.

2.1.3 Current—Voltage Characteristics

As a semiconductor, p-type organic materials are often used than n-type semiconductors

because of the high mobility and stability. The operation principles of p-type transistors



CHAPTER 2. ORGANIC TRANSISTORS 6

are described below.

At Vps =0

When drain—source voltage Vpg = 0 is applied under Vg > Vip, carriers in the channel
region drifts at the speed v(< 0), which is in proportion to the electric field in the channel
E(< 0). The drain current Ipg is explained as

w
Ins = Wqev = WaepE = _Mfci(VGS — Vin)Vbs = —k(Vas — Vin) Vbs (2.3)

where W is the channel width, L is the channel length, p is the proportionality factor
between F and v and called mobility. Ipg is rewritten in simple form with proportionally

factor k,

K= ,u%ci (2.4)

Linear Region

When higher Vg is applied, the distribution of V.(y) occurs in the channel between the
edges of the source and the drain. Factor the distribution of ¢. and the continuity of Ipg,

Ips are described as

1
Ips = —k {(VGS — Vin) Vs — QVDSQ} (2.5)

The operation region that the -V characteristics is explained by Eq. 2.5 is called linear
region. Under small Vpg, Vpg is neglected and Eq. 2.5 becomes the same expression as
Eq. 2.3.

Saturation Region

With Vps < Vas — Vin, considering the continuity of Ipg and the the distribution of Vg,

Ipg is explained as

1 K
Ins = — (Vas = Vin)* ~ —= (Vas — Vin)® (2.6)

The operation region that Ipg is explained as Eq. 2.6 is called saturation region.

I-V Characteristics

Typical I-V characteristics, or current—voltage characteristics, are shown in Fig. 2.3. The
relation of Ipg and Vg is called gate characteristic or transfer characteristic. The relation

of Ipg and Vpg is called drain characteristic or output characteristic.
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Figure 2.3: I-V characteristics of a p-type organic transistor. (a) Gate characteristic

(solid line), leak current Igg (dotted line) under Vpg = —2 V. (b) Drain characteristic.

2.2 Organic Semiconductor

Organic semiconductors are the key element in organic transistors. In inorganic materials,
semiconducting properties i.e.conduction band and valence band are formed by the exis-
tence of wave functions, bonding orbitals orbit splittings in single crystals. High mobilities
like more than 1000 cm?/V-s is achieved due to flawless, high-quality single crystals. On
the other hand, in organic materials, the quality of single crystals are rather low. More
defects exist in a singe crystal than inorganic materials. Therefore, wavefunctions like
that of inorganic semiconductors hardly exist. Rather, highest occupied molecular or-
bital (HOMO) and lowest unoccupied molecular orbital (LUMO) act like conduction and
valence bands.

The grain size, or the size of a single crystal, is small, normally a few nanometers,
compared to the channel length, a few ten nanometers [21]. At the grain boundary, the
bands are fractured and form barrier-like structure beside trap states. The conduction
between molecules is called hopping conduction and is considered to cause lower mobility
comparing to conduction in a molecule.

To achieve high mobility, highly m-extended aromatic compounds are essential to en-
able strong intermolecular overlap and enhance the carrier transport in the solid state.
Among aromatic compounds, higher oligoacenes such as naphthacene and pentacene,
shown in Fig 2.4, are reported to have high mobility of 0.7 cm?/V-s [22] and 0.12 cm?/V s [23].
Beside the expanded m-framework, those oligoacenes are advantageous because a strong
tendency to take herringbone packing which is suitable to construct two-dimensional elec-
tronic structure on the substrate when fabricated in thin-film-based devices. However, it
is known that pentacene-based devices have poor properties in respect of stability and
durability compared to inorganic devices.

Figure 2.4 shows frontier orbitals of oligoacenes. In the series of oligoacenes, the
HOMO level becomes higher and the HOMO-LUMO gap becomes narrower as the num-
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Figure 2.4: Calculated frontier orbitals of oligoacenes [24].

ber of benzene rings increases as seen in Fig. 2.4. From experimental and theoretical
studies of electronic structures of organic molecules, the device stability originated from
the relatively low-lying HOMO levels and the large HOMO-LUMO energy gaps of the
heteroarenes High-lying HOMO level makes the molecule susceptible to air-oxidation in
ambient conditions and narrow HOMO-LUMO gap will cause readily photo-induced ex-
citation that may lead subsequent chemical reactions [24].

Based on above, Yamamoto et al. synthesized organic semiconductor dinaphtho|2,3-
b:2’,3’- f]thieno[3,2-b|thiophene(DNTT) [25]. HOMO-LUMO gap is 3.0 eV and HOMO
level is 5.44 eV. The crystal structure of DNTT is shown in Fig. 2.6. The molecules
are packed in herringbone packing and result in the two-dimensional molecular network.
Thanks to the large expansion of 7 electron cloud, DNTT-based transistors achieve large
mobility of 2.1-2.9 cm?/V-s on Octadecyltrichrolosilane-treated Si/SiOo substrate. Typi-

cal mobility values of typical organic and inorganic semiconductors are shown in Table 2.1.

(@ (b) LA

Figure 2.5: (a) Chemical structure and (b) calculated frontier orbitals of dinaphtho|[2,3-
b:2’,3’- f]thieno[3,2-b]thiophene(DNTT) [25].

Pentacene-based TFTs achieved higher performance than amorphous silicon TFTs

by Klauk et al. in 2007 [3]. However, there still exists many problems such as energy
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Figure 2.6: (a) Crystal structure b-axis projection and (b) herringbone packing in the
layered structure of DNTT [25].

Table 2.1: Typical mobility value of organic and inorganic semiconductors.

Material Mobility (cm?/Vs)
Si 1900  (electron)
Ge 3800 (electron)
Pentacene [22] 0.7  (hole)
DNTT [25] 1-3  (hole)

consumption, stability and durability. Now many efforts are done in search for more

better organic semiconductors.

2.3 Self-Assembled Monolayers

SAMs are ordered molecular assemblies formed by the adsorption of an active surfactant
on a solid surface and are commonly used to modify the surface of gate dielectrics in
transistors in the field of electronics. A molecule that forms monolayer by self-assembly
has three parts: an anchor group, a spacer group, and a terminal functional group.

The anchor group (head group) is responsible for the adsorption of the molecule by
forming chemical bonds to the adsorbent surface. The terminal functional group (tail
group) determines the properties of SAM surface. The group between the anchor and
terminal groups (spacer group) normally consists of a long alkyl chain with 10 to 18
methylene group (~CHy—). The spacer group determines the intermolecular interactions
and promotes the ordering and orientation of the molecules within the monolayer. It might
also influence the film formation, growth process, and subsequently electric properties.

SAM molecules are generally grouped according to the head group: the thiol group
(-=SH) is applicable to especially gold surfaces, whereas phosphonic [-PO(OH)s], sulfonic
[-SO2(OH)], silanol [-Si(OR)3], and silyl (-SiR3) groups are more suitable for adsorption
on oxide materials such as Al/AlOg, Ti/TiO2 and so on [26].

SAMs are formed by simple process; conventionally by dipping the surface-activated
substrate to the solution of the molecules (Fig. 2.7). When the substrate is dipped,
the head group of the SAM molecules are adsorbed to the surface of the substrate, in
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most cases very hydrophobic. With the intermolecular force, the molecules assemble
spontaneously and form a two-dimensional layer. The tail group of the molecule is often

hydrophobic, therefore the formation of additional layer is unlikely to occur.

immersion time

solution of closely-packed,
surface-active substrate seconds to hours ordered SAM
material

group-specific

interactions
air-monolayer (H-bo nding,
interface group dipolar)

intermolecular
ko interactions
groups

chemisorption
surface-active atthe surface

head-group S

_,_.—'-"‘"’rf

Figure 2.7: Schematics of the SAM formation. Substrates are simply immersed into a
solution of the surface-active material. The driving force for the spontaneous formation
of the 2D assembly includes chemical bond formation of molecules with the surface and

intermolecular interactions.

In electric devices, the surface modification by SAMs has many advantages. First,
SAM is tightly packed and reduces leak current. Second, SAM is very thin, the thickness
is approximately equivalent to the length of the molecule, 1-2 pm. Therefore, a thick
insulator layer to reduce leak current and improve on/off ratio is not necessary and the
threshold voltage itself is greatly reduced. Third, the SAM improves the surface smooth-
ness of the layer underneath and, particularly in bottom-gate geometry, high mobility is
realized.

Klauk et al. demonstrated the insulating ability of SAMs and high mobility of
pentacene-based p-type OTFTs which are operated at lower driving voltage and realize
higher performance than amorphous silicon TFTs [27]. As shown in Fig. 2.8, phosphonic
acid-based SAM shows the smallest leakage current density among without SAM (AlO,
only) and silane-based SAM. In this work, the combination of phosphonic acid-based

SAMs and aluminium oxide is adopted as the gate insulator.

2.4 Methods for Threshold Voltage Control

2.4.1 In-Process Control

Control of the threshold voltage is one of the methods to enhance device properties and to

reduce energy consumption. Though the characteristics of OTFTs are far different from
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Figure 2.8: (a) Chemical structure of n-octadecylphosphonic acid. (b) Chemical struc-
ture of n-octadecyltrichlorosilane. (c) Leakage current density as a function of applied
voltage. [27].

inorganic TFTs, many researches are done to increase the device controllability until
present.

Doping

Theoretically, the threshold voltage of an organic transistor Vipis defined as Eq. 2.2c.
Since the organic semiconductors in OTFTs have more defects than inorganic semicon-
ductors, the number of traps are larger than inorganic semiconductors, even in single
crystal OTFTs, including traps at the interface of insulator and semiconductor. For
polycrystalline or amorphous crystals, the continuity of HOMO and LUMO levels are
fractured at the grain boundaries, producing more trap states. Trap density in organic
crystals is governed by many uncontrollable factors, therefore it is very difficult to control
threshold voltage by doping, as is widely used in inorganic transistors.

Still, doping is one of approaches to control the threshold voltage of organic transistors.
Abe et al. deposited an organic acceptor layer of tetrafluoro-tetracyanoquinodimethane
(F4TCNQ), which provides mobile holes, on pentacene channel layer to realize doping [28].
The result by doping is shown in Fig. 2.9. Under the source—drain voltage of -1.0 V and
the gate voltage of 50 V, the threshold voltage shifted 50 V according to the proportion
of doped area to total channel area d/I.

However, in general, dopant molecules are known to unstable in the air. Also, when the
dopants are deposited on channel layer, the dopant molecules diffuse into channel layer.
The diffused molecules reduces the contact resistance but reduces mobility. Therefore it

is not appropriate to apply doping as a V;pcontrol method,
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Figure 2.9: (a) Transfer curves of top-gate OTFTs with various doping geometries. The
inset is semilogarithmic plot of transfer curves. (b) Shift of threshold voltage Vi, (closed
circle), turn-on voltage Vg, (closed triangle), and off-current I,g (closed square), plotted

as a function of d/I, the proportion of doped area to total channel area [28].

Gate Dielectric Thickness Control

Other approach is to control the thickness of the gate insulator. Since the capacitance of
the gate dielectric ¢; is defined as Eq. (2.1b), the threshold voltage control is achieved by
controlling either the permittance of the insulator ¢; or the thickness d. The threshold
voltage control by the thickness of the gate insulator d is demonstrated with the gate
insulator materials of cross-linked organic insulating polymers and self-assembled mono-
layers (SAMs). Besides the simple and precise control, those methods realize smooth
surface of the channel-insulator interface, which decreases the trap state at the interface
and consequently increase the overall mobility.

Kawaguchi et al. formed cross-linked poly(cyanoethylacrylate) (PCA) and the cross-
linking agent blocked polyisocyanate as the gate dielectrics by spin coating on Al/AlO,
insulator and fabricated copper phthalocyanine (CuPc)-based OTFTs [29]. By changing
the concentration of solvent and spin rate and time of spin coating, the thickness of the
gate dielectric with continuous value of thickness 60-600 nm was obtained. The result is
shown in Fig. 2.10.

Fukuda et al. formed SAMs of phosphonic acids with various alkyl chain lengths
on AlO, gate insulator [21]. According to the alkyl chain length, the threshold voltage
shifted, however, this methods strongly depends on the material. Therefore, continuous
control of the threshold voltage is difficult.

Surface Modification of Gate Dielectric

Surface modification is a very effective method to control the threshold voltage in organic
transistors. By modifying the surface of the gate insulator with electron-donating or

withdrawing materials, the threshold voltage shifts drastically.
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Figure 2.10: (a) Transfer curves of OTFTs with the various insulator thicknesses. The
capacitance value of each hybrid insulator thickness is 146 nF/cm? (black), 69 nF /cm?
(red), and 13 nF/cm? (blue) respectively. (b) Threshold voltage as a function of the

capacitance of gate dielectrics in the forward sweep [29].

On Si/SiOq substrate, SAMs of hexamethyldisilazane (HDMS) [30], organosilane [31],
and octadecyltrichrolosilane [32] were demonstrated to shift threshold voltages. On
Al/AlO, gate insulator, fluoroalkyl phosphonic acid has a function to draw electrons, and
shifts the threshold voltage to positive direction. Kraft et al. fabricated pentacene-based
p-type transistors and F15CuPc-based n-type transistors on Al/AlO, gate dielectrics mod-
ified with dodecylphosphonic acid (HC12-PA) and 1H,1H,2H, 2 H-perfluorododecylphosphonic
acid (FC12-PA) [17]. Under low driving voltage of 2-3 V, FC12-PA SAM shifted the
threshold voltages to 1.0-1.2 V in positive direction.

(@, (b - (<=)106 (tll)(r1
A e Pentacene F,.CuPc
Foo10° 10
H A e = g FC,.-PA SAM 4| HC.-PA SAM
H F L FZ 10 107{ (46 TFTs)
He, Fa = € 10° 10°
H F «F g 10° 10"
Ho A~ F 3 0 0
n E F e10™ 10"
H\ F\ . ig 10" 10™
H. 12 SAM .12 |
; HC F 1077 (49 TFTs) 10
5 CH. 40! VR 10™
= —P 2 -1 0 14 0 3
o= | "OHO= | C Gate-source voltage (V) Gate-source voltage (V)

Figure 2.11: (a) Chemical structure of dodecylphosphonic acid (HC12-PA). (b) Chemical
structure of 1H, 1H, 2H, 2 H-perfluorododecylphosphonic acid (FC12-PA). Transfer curves
of (c¢) pentacene-based p-type OTFTs and (d) F16CuPc-based n-type OTFTs. In both
OTFTs, the surface of Al/AlO, gate insulator was modified with either HC12-PA (blue)
or FC12-PA (blue) and the threshold voltage was shifted to 1.0-1.2 V to positive direction
by fluorinated SAMs under low driving voltage of 2-3 V [17].

To determine the value of the threshold voltage continuously, Zschieschang et al.
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mixed alkyl-phosphonic acid SAMs and fluorinated SAMs [33, 18]. The shift of the
threshold voltage and the switching voltage is linear to the atomic concentration of fluorine
in SAMs (Fig. 2.12).

(a) (b)

—_—
(2)
N

H3G FS 82’ y
(CFas §§ ok =t
(CH2)14 (CHo)g 3
< < complementary 2 g’?—
04P\0H ép\OH inverter é é,
be o by ‘a2
0
0 10 20 30 40

Fluorine atomic
concentration (%)

Figure 2.12: (a) Chemical structure of octadecyl-phosphonic acid. (b) Chemical struc-
ture of pentadeclfluoro-octadecylphosphonic acid. (¢) Threshold voltages of OTFTs and
switching voltages of CMOS inverters as a function of the concentration of fluorine atomic

concentration in the SAM gate dielectric. [18].

2.4.2 Post-Process Control

Especially in large-scale fabrication such as active transistor matrix and memory matrix,
the variation in fabricated TFTs is critical problem, since the variation decrease the whole
device performance. After fabrication, by measuring each TF'T, variation in the TFT
characteristics is revealed. It is highly favorable for devices that the threshold voltages

are tunable after fabrication.

Double-Gate Structure

Double-gate structure is demonstrated by Iba et al. [34, 35] In double-gate structure,
additional top-gate electrode and insulator is formed on a transistor with bottom-gate,
top-contact geometry (Fig. 2.13 (a)). By applying bias to the top-gate electrode, the
potential of the channel is controlled and the threshold voltage is shifted (Fig. 2.13 (b)).

This method enables the control of the threshold voltage almost linearly (Fig. 2.13 (c)),
however, the fabrication process needs additional process steps of the formation of pary-
lene and top-gate electrodes. Moreover, large driving voltage and gate—source voltage of

-40 V is necessary, which leads to large energy consumption.

Floating Gate Structure

The control of the threshold voltage with lower driving voltage is demonstrated with

floating-gate structure [36]. The structure is shown in Fig. 2.14 (a). In the gate insulator,
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Figure 2.13: (a) Schematic of a double-gate structure. (b) Transfer characteristics of
p-type organic transistor with double-gate structure. (c) Mobility and threshold voltage

change in p-type organic transistors with double-gate structure [35].

Table 2.2: Summary of methods to control threshold voltages.

Precise Mobility Vas, Vps  Spatial
Method Process Stability
Control (em?/Vss) (V) Control
Doping [28] Vacuum Hard Unstable 1 50 Easy
Dielectric
. Solution Stable Easy 1.7 x 1073 5 No
thickness [29]
Surface
modification Solution Stable Easy 1 3 No
17, 18, 33]

floating gate is embedded. When the dielectric is sufficiently thin, electric charge penetrate
through the dielectric and is brought onto the floating by quantum tunneling or thermal
emission by applying a large program voltage between the control gate and the source
contact. Charging the floating gate shifts the threshold voltage (Fig. 2.14 (b), (c)). Also,
the floating gate is isolated and the charge remains on the floating gate without applying
any voltage.

The methods above are summarized in Table. 2.2 in the aspects of process simpleness,
control preciseness, device mobility, stability, energy consumption ¢.e.driving voltage and
threshold voltage, and spatial controllability.

For certain applications it is highly desirable to have TFTs with different threshold
voltages in specific locations on the same substrate. SAMs are generally formed by dipping
the entire substrate into a solution of the molecules, so that all TFTs on the substrate

end up having the same threshold voltage [21, 31, 32, 18]. As for spin coating method,
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Figure 2.14: (a) Schematic cross-section and circuit diagram of the floating-gate comple-
mentary inverter. (b) Transfer characteristics of pentacene TFTs with various program
voltages ranging from -1 to -6 V. (c¢) Threshold voltage of the p-channel TFTs as a function

of the program voltage applied prior to the measurement [36].

polymer gate dielectrics with uniform thickness is formed. Lithography is one of the
methods to form different thickness of polymer layers on one substrate, however, the

number of process steps is increased by lithography.



Chapter 3

Device Fabrication

3.1 Device Structure

The schematic view and an optical microscopic image of the fabricated transistor are
shown in Fig. 3.1(a) and (b). Transistors in this work have top-contact bottom-gate
geometry. The schematic overall view is shown in Fig. 3.1(c). One sample have 20
transistors (Al/AlO,/SAM/DNTT/Au) and 5 capacitors (Al/AlO,/SAM/Au, without
semiconductor).

Schematics of the fabrication process is shown in Fig. 3.1(d). The Al gate electrodes
with a thickness of 30 nm were evaporated through a shadow mask onto a Si substrate
with a 500 nm thick oxidized surface. The surface of the electrode was oxidized by plasma
(200 W, 30 s) to form a thin, dense AlO, layer. The gate dielectrics of SAM, tetrade-
cylphosphonic acid (HC14-PA), pentadecylfluoro-octadecylphosphonic acid (FC18-PA),
or perfluorooctyl phosphonic acid (FC8-PA), were then formed onto Al/AlO, stack by
either stamping or dipping, then rinsed with pure 2-propanol [21]. The last step in both
the stamping and dipping process was to bake the substrate in an oven at 100 °C for
10 min. A 30 nm thick layer of organic semiconductor dinaphtho(2,3-b:2’,3’- f|thieno][3,2-
bjthiophene (DNTT) [25] was evaporated at room temperature. Finally, the source and
drain electrodes with a channel length of 40 nm were evaporated.

The chemical structures of SAMs and DNTT is shown in Fig. 3.2.

3.2 Spatial Formation of SAMs

3.2.1 Soft lithography

As described in Section 2.4, for certain applications spatial control of the threshold volt-
ages is necessary. Conventionally, SAM is formed by dipping (Fig. 2.7), however, this
methods forms uniform layer overall the substrate, therefore the all TFTs on the sub-
strate have the same threshold voltage. To solve this problem, soft lithography technique
is adopted in this work.

Soft lithography is one of micro- or nano-scale patterning technique using printing,

17
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Figure 3.1: (a) A schematic view and (b) an optical microscopic image of the fabricated
transistor with top-contact, bottom-gate geometry. (¢) A completed device with 20 tran-

sistors and 5 capacitors. (d) Schematics of the fabrication process of the transistor.

molding, and embossing, named for its use of soft, elastomeric elements (polydimethyl-
siloxane (PDMS) is commonly used), and now it is widely applied for bioelectronics and
microelectronics.

Compared to conventional photolithography, soft lithography has many advantages:
First, soft lithography is an inexpensive process, which is performed outside of the clean
room. Second, soft lithography does not need photomasks for patterning. This feature
greatly reduces the time and cost. Third, soft lithography provides large variety of ma-
terials and surface chemistry and mechanical structure, such as curved or non-planer
substrates [37].

Soft lithography was first used to transfer self-assembled monolayers to form resist
layer on gold, supported by silicon substrate, for selective etching [38, 19] (Fig. 3.3),
then applied for surface patterning for biosensors [39], which process is described as
microcontact printing. Subsequently methods called replica molding, solvent assisted
micro-molding were developed, and today soft lithography techniques are used for two-

dimensional and three-dimensional structure transfer [40] and direct patterning of mam-
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Figure 3.2: Chemical structures of SAMs and organic semiconductor used in this work.
(a) Tetradecylphosphonic acid (HC14-PA); (b) Pentadecylfluoro-octadecylphosphonic
acid (FC18-PA); (c) Perfluorooctyl phosphonic acid (FC8-PA); (d) Dinaphtho[2,3-b:2",3’-
f]thieno[3,2-b]thiophene (DNTT).

malian cell on tissue [41].
In principle, microcontact printing method can accomplish the area-selective formation
of SAMs, besides providing a wide patterning range of surface modification materials.

However, to our knowledge, this possibility has not been exploited so far.

l«— Al

evaporate Al;

0, plasma substrate

gl
o K SAM
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stamp SAM < le— Al
onto Al substrate
— SAM
Y substrate
wet etch Al N S SAM
(with SAM as [ |
etch mask) | substrate

Figure 3.3: Process flow of the etching, masked with microcontact-printed phosphonic

acid self-assembled monolayer [19].
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3.2.2 SAM Formation Process

SAMs were formed by either stamping or conventional dipping. The schematics of the
processes are shown in Fig 3.4.

In the stamping process, SAMs were transferred to the substrate from a polydimethyl-
siloxane (PDMS) elastomer [19, 42]. PDMS stamps were prepared by using Sylgard®184
Silicone Elastomer Kit.

First, polymer base and the curing agent were mixed in a ratio of 10 parts base to
one part curing agent by weight. During mixing the liquid, a gradual increase in viscosity
occurs and the air is trapped in the liquid as bubbles. The bubbles reduces the flatness
of the surface of PDMS stamp. To release the air bubbles, mixed liquid was put into
a vacuum desiccator and left under low pressure for about 30 minutes. After all air is
released, the liquid was poured in the mold on Si/SiO2 substrate and baked in an oven
for 1 hour at 60 °C. Stamps were then peeled off from the Si/SiO2 substrate and rinsed
in pure 2-propanol and dried in an oven at 60 °C.

To transfer the SAM molecules, PDMS stamp was first dipped into 2-propanol solution
of 1 mmol/leither HC14-PA, FC18-PA, or FC8-PA solution for 5 min and then placed
onto the Si/Al/AlO, surface for 10 min to allow a molecular monolayer to self-assemble.
In the dipping process, the substrate was immersed in a 2-propanol solution of HC14-PA,
FC18-PA, or FC8-PA solution for more than 13 hours.
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Figure 3.4: Process flow of SAM formation by (a) stamping and (b) conventional dipping.



Chapter 4

Characterization Methods

4.1 Electric Properties

For thin film transistors, the threshold voltage and the mobility are most important
properties to evaluate the quality.

For inorganic transistors, the threshold voltage is defined as the voltage which induces
the inversion layer onto the interface of the channel layer and the gate insulator. As
for organic transistors, there are many definitions of the threshold voltage, since the
function mechanism of organic transistors is fundamentally different from the inorganic
transistors. Generally, Vipis defined by conforming equations such as Eq. 2.2¢ to current—
voltage characteristics. There are many definitions for mobility as well, such as intrinsic
mobility, Hall mobility, field-effect mobility, effective mobility.

In actual devices, the equation of current-voltage characteristics in the saturated region
of inorganic transistors Eq. 2.6 well explains the carrier transportation phenomena in
organic transistors. In this work, the threshold the voltage and field-effect mobility are
calculated by fitting transfer curves to Eq. 2.6 in the saturation region by least-square

method as shown in Fig. 4.1.

4.2 Contact Angle

The determination of solid-vapor (ys,) and solid-liquid (vs;) interfacial tensions is im-
portant in a wide range of problems in pure applied science. Contact angle measurement
is a commonly used method to determine surface tensions. In this work, contact angle
measurement is applied to confirm the formation of SAMs on AlQO,, layer. The formation
of SAMs is easily interpreted from the contact angle, since the surface of the AlO, is
very hydrophilic while the surface of the SAMs, or the assembled tail groups of the SAM
molecules, is very hydrophobic, as described in Section 2.3.

The relation between the solid surface tensions and contact angles has been recognized
by Young[43]. The contact angle of a liquid drop on a solid surface is defined by mechanical

equilibrium on the drop under the action of three interfacial tensions 4.2: solid—vapor,

22
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Figure 4.1: Calculation of the threshold voltage and the field-effect mobility in the satu-
ration region. By the slope of the line (red) to the transfer curve (black), the mobility u
is calculated. X-intercept is the threshold voltage Viy.

Ysv, solid-liquid, 7y, and liquid—vapor, 7y;,,. This equilibrium relation is known as Young’s

equation:
Vv €08 Oy = You — Vsl (4.1)

where 6y is the Young contact angle.

Figure 4.2: Schematic of a sessile-drop contact angle system [44].

In this work, water droplets with the volume of about 1 uf were dropped on sample

surfaces. 6/2 method was applied to extract the contact angle § 4.3.

4.3 Near-Edge X-ray Absorption Fine Structure (NEXAFS)

The near-edge X-ray absorption fine structure or, for short, NEXAFS is one of the optical
measurement techniques for elucidating especially low-Zmolecule structures bonded in
thin films, developed since the 1980s. In the measurement, the incident X-ray energy is

scanned in the region close to core absorption edge and absorption intensity is measured.
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Figure 4.3: Coordinate system of sessile drop and the 6/2 method [45].

NEXAFS selects a specific atomic species through its K-edge and probes its bonds
to intra-molecular and, to lesser degree, extra-molecular (i.e. surface atoms) neighbors.
Among the capabilities are: the ability to detect the presence of specific bonds in molecules
(e.g., C-C, C=C, C=C, and C-H bonds in hydrocarbons), the determination of the lengths
of these intra-molecular bonds and the derivation of the precise orientation of molecules

and functional groups on surfaces or in solids.

4.3.1 Electron Excitation and Intensity Measurement[46]

Schematic of photon-absorption and relaxation processes are shown in Figure 4.4(a). By
the incident photon, an electron at the core level excites to an unoccupied states. Then
recombination occurs at the core hole, radiative or non-radiative. Radiative type produces
fluorescent x-ray, while non-radiative type produces an Auger electron. This primary
Auger electron is highly surface sensitive and is measured in NEXAFS measurement.

The most common methods to record the intensity of the excitation, i.e. NEXAFS
spectra are transmission and electron yield measurements. While total transmission mea-
surement requires very thin foils of samples, the electron yield measurement, often called
total electron yield (TEY) detection, can be used for conventional samples. The ab-
sorbed x-ray intensity is not measured directly in TEY measurements, but rather the
photoelectrons created by the absorbed X-rays.

The primary Auger electron produced by incident X-ray is the direct measurement of
X-ray absorption process and is used in Auger electorn yield (AEY) measurements. As
the primary Auger electrons leave the sample, they create scattered secondary electrons
(Fig. 4.4(b)). which dominate the TEY intensity. The TEY cascade involves several
scattering events and originates from an average depth, the electron sampling depth L.
Electrons created deeper in the sample lose too much energy to overcome the workfunction
of the sample and therefore do not contribute to TEY. The sampling depth L in TEY
measurements is typically a few nanometers, while it is often less than 1 nm for AEY

measurements. In partial electron yield (PEY) detection, electrons of kinetic energy
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larger than a threshold energy Ep are detected.

(a)
Auger electron g
Be
g8 { .................................
-1 | - et o Il IIIIIIIIT
2 ® f ® ®
® @ ® ® L O.
9 l 7Y ® ® 9 .\ Fluorescent
X-ray
(&)
%‘5 8 ) oo o—o *——eo
P
8§8°
X-ray
L L O @ O ® L S
Photo-absorption Excited State Relaxation
(b) hv he
]
¥

27, X0 .l; [ELIIZ] -~ Adsorbate
"""V Atoms A

E
Depth

R . Substrate

r Atoms B

Photon

Penetration

Depth

sin 8/u~ 500 A

Figure 4.4: (a) Schematic of the photon-absorption and relaxation processes in a NEXAFS
measurement. The incident photon excites an electron from a core level to an unoccupied,
anti-bonding level. This excited state is unstable and the electron relaxes to eject either a
fluorescent photon or an Auger electron [47]. (b) Photoabsorption and electron production
in a single consisting of substrate atoms B and an absorbate layer A. Only electrons
created within a depth L from the surface contributes to the measured electron yield
signal. Electrons originating from layer A constitute the NEXAFS signal; those from

layer B give rise to unwanted background [46].

4.3.2 The Angular Dependence of Resonance Intensities [46]

The intensity of the X-ray absorption, or resonance, i.e. the electron transition is de-
termined by the angle of the polarized X-ray incident. The dependence of resonance is

explained by X-ray absorption rate, or cross section oyas

Liy o< ox (4.2)
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where ois
4m’h? e? 1 2
ox = — 52— [(fle-p[i)]" Qs (E) (4.3)
where e in the braket is the electron field of the polarized incident, p is linear momentum
operator of electron, Qy is the energy density of the final state. The dipole matrix element
p is used to determine the orientation of the molecule, since the NEXAFS spectrum
depends on the polarized incident, and expressed in other form as
im(Ef — E;) ih

p=mv =1ihV = 5 r:Ef—E,-

A% (4.4)

where V' is the potential energy of electron-nuclear attraction and electron-electron repul-
sion. From Equations 4.3 and 4.4 the dependence of the resonance intensity is obtained

and Eq. 4.2 is rewritten as
Ly o< |(fle-pli)* ocle- (f|r]d)|? (4.5)

. e-(f|r]|i) is defined as the transition dipole moment (TDM) associated with a transition
between the initial and the final states.
In NEXAFS measurement, an electron excites from initial state K-shell 1s to final

states 7* and o*, therefore the initial and the final states are rewritten as Eq. 4.6.

|f) = al2s) +b|2ps) + c|2py) + d|2p2)
= aRos(r) + Rop(r)(bsinf cos ¢ + csinfsin ¢ + dcos ) (4.6a)
i) = Ris(r) (4.6b)

TDM is explained by representing r in polar coordinates r = r(sin 6 cos ¢pe,+cos 0 cos e, +

cosfe,),
4
(f|r|i) = Rg(bex + cey + de) (4.7)

where R is radial dipole matrix element
R= /Rls(r)Rgpr?’dr (4.8)

. Equation 4.7 shows that the vector matrix element is oriented to the same direction as
the p-component of the excited final state orbital. Therefore, the polarization dependency
of the matrix element is explained by ¢, the difference of electric field e and the largest

amplitude of the final state orbital O, Eq. 4.5 is explained as
Lis ocle- (f|r]|d)|° « |e- O o cos?§ (4.9)

For the discussion of the angular dependence of NEXAFS resonances of molecules,
it is convenient to classify the molecules into groups according to the bonds, shown in

Fig. 4.5. The classification consists of diatomic molecules containing single, double, and
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Figure 4.5: Schematic illustration of orientation of ¢* and 7* orbitals in four important

groups of molecules [46].

triple bonds and a benzene ring. The orientation of ¢* and 7* orbitals of the molecules
are illustrated in the figure.

In this study, the angular dependence of resonance intensity in the phosphonic acid
molecules with alkyl chain was measured. The alkyl chains consists of single bonds, in
which the the o* orbital is represented by the vector parallel to the bond.

For the polarized synchrotron light in NEXAFS measurement, the electric field vector
e has two components, a component parallel to the orbit plane of the storage ring, El,
and a component perpendicular, E+. The degree of linear polarization or the polarization

factor P is expressed by

El?
_ e o
|El|” + |E+|
. Using the polarization factor P, Eq. 4.5 can be written as
2 N 2
IifocPKf‘eH -pw +(1—P)‘<f‘e -pw (4.11)

where el and el are unit vector of the in-plane and perpendicular electric field com-

ponents, respectively. The total intensity can be rewritten with the contribution of the
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resonance intensity associated with El components, I'l, and the resonance intensity as-

sociated with E+ components, I+, as
I |PIl+(1-P)I+ (4.12)
. The intensity I and I+ can be derived from the coordinate system in Fig. 4.6.

Z.n

1 ,’/ a o
E// 16 /,/

T* or o*
vector

e

Figure 4.6: Coordinate system defining the geometry of a ¢* or 7#* vector orbital on the
surface [46].

As shown in Fig. 4.6, the TDM, O is characterized by a polar angle o and an azimuthal
angle ¢. The X-rays are incident in the (z, z) plane with an angle 6 respect to the surface
plane. Two electric field El and EL are contained in X-rays. E<L lies in the surface
plane, along the y-axis. For a 1s initial state and a 7 or ¢* vector final state orbital, the
matrix element points in the direction of the TDM, O and the intensity can be derived to
be Eq. 4.9. From Eq. 4.9, the angular dependence of the resonance intensity associated

with the El and E+ component as

I = A(cos? 6 cos? o + sin? 0 sin? a cos? ¢ + 2 sin av cos avsin 0 cos 0 cos ¢) (4.13a)

It = A(sin?asin® ¢) (4.13b)

4.3.3 Dichroic Ratio [48]

Measurement of the molecule orientation function by NEXAFS intensities has an advan-
tage that it is simply defined and without knowledge of the actual distribution function.
In practice, however, only uniaxial orientation functions is deter mind. Since in some
cases the surface of a sample is not a uniaxial system, it is more appropriate to use a
dichroic ratio to describe the preferential alignment. The alignment in the z — y surface
plane is described by the dichroic ratio R,.

-1 L — 1,

Ryy = = = cos® ¢ — sin” ¢ (4.14)
Va1 GrL)ePD)
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where I, and I, are the measured intensity in the x and y geometries at an incidence
angle of 90°, using X-rays with a degree P of linear polarization. R,, is sensitive only to
the in-plane orientation of final state orbital O, and thus it provides a useful criterion for
the degree of alignment. The R, value can theoretically vary from 1 to -1. More positive
values indicate the molecular orientation normal to the substrate. R;, = 0 represents a

net balance of different orientations, in other words completely random arrangements.

4.3.4 Instrument [46]

Figure 4.7 shows a typical experimental arrangement for electron yield NEXAFS measure-
ment. The X-ray beam from the monochrometer is first collimated by as set of movable
bladesand then falls onto a metal grid with a transmission around 80%. The signal from
this grid, amplified by a channeltron or spiraltron electron multiplier, serves as a dynamic
reference monitor of the X-ray intensity. The grid can be coated in situ by evaporation of
a suitable metal which does not have any absorption edges in the energy region of interest.
For NEXAFS measurement, a tunable, monochromatic light source with smooth charac-
teristics in the energy region of interest, high energy density and resolution is essential.

Therefore synchrotron radiation sources are suited.

Cylindrical Mirror
Analyzer (CMA)

Collimators
Metal Grid

Phosphor

Electron Muitiplier Screen

Evaporator

Partial Yield
Detector

Figure 4.7: Experimental arrangement for electron yield NEXAFS measurement. The
elliptically polarized X-ray beam from the monochrometer, with the major electric field
vector component Ell in the horizontal plane, is collimated and then transverses as in
situ coatable metal grid which, in conjunction with an electron multiplier, serves as a
dynamic reference monitor. Electrons from the sample are detected either by an electron
energy analyzer such as the shown cylindrical mirror analyzer (CMA) or a partial electron

detector. A phosphor coated screen in the beam path serves for alignment purposes. [46]



Chapter 5

Optimization of Stamping Process

5.1 Procedure of Experiments

In this chapter, the effects of parameters in the stamping process to the transistor param-
eters were investigated Concentration of the SAMs in isopropanol solution, the stamping
duration, the rinse treatment, and the anneal treatment were changed. Beside stamped
SAMs, SAMs by dipping were prepared. To form SAMs by dipping, the samples were
immersed into the isopropanol solution of SAM for more than 13 hours to confirm dense

monolayer.

5.1.1 Electric Characteristics Measurement

Organic TFTs with the geometry shown in Fig. 3.1 were prepared in the method described
in Chap. 3. Beside transistors with SAMs prepared by stamping with various parameters,

transistors with SAMs prepared by dipping and without SAM were fabricated.

SAM Solution Concentration & Rinsing Effect

To investigate the effect of SAM solution concentration, sample 14P, 14Q, 14R, 14S, 14T,
14U, 14V, 15H, 151, and 15J were fabricated.

In sample 14P, 14Q, 14R, 14S, 14T, and 14U SAMs were prepared by stamping, while
in 14V, 15H, and 151 SAMs were prepared by dipping, and 15J had no SAM. In the
fabrication of sample 14P, 14S, and 14V, the concentration of the isopropanol solution
of HC14-PA was 1.0 mmol/¢; in 14Q, 14T, and 15H, 2.5 mmol/¢; in 14R, 14U, and 151,
5.0 mmol/¢. Sample 14P, 14Q, and 14R were treated by rinsing after SAM transfer. The

summary of SAM formation processes are shown in Table. 5.1.

Stamping Duration & Rinsing Effect

Effects of stamping duration, the duration of that a stamp is placed on a substrate, were
investigated with sample 13A, 13B, 13C, 13D, 13E, 13F, 15A, 15B, 15C, 15D, and 15E.

30
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Table 5.1: Summary of SAM formation conditions of the samples for anneal effect inves-

tigation.
Concentration ) .
Sample SAM Process Duration Rinse Anneal
(mmol/?)

14P HC14-PA Stamping 1.0 10 min Yes Yes
14Q HC14-PA Stamping 2.5 10 min Yes Yes
14R HC14-PA Stamping 5.0 10 min Yes Yes
14S HC14-PA Stamping 1.0 10 min No Yes
14T HC14-PA Stamping 2.5 10 min No Yes
14U HC14-PA Stamping 5.0 10 min No Yes
14V HC14-PA  Dipping 1.0 - Yes Yes
15H  HC14-PA  Dipping 2.5 - Yes Yes
151 HC14-PA  Dipping 5.0 — Yes Yes
15J No SAM

In the fabrication of sample 13A, reference sample, no SAM was formed; in 15A, the
stamping duration was 10 s; in 13C, 30 s; in 13B and 15B, 1 min; in 13D and 15C, 5 min;
in 13E and 15D, 10 min. After the formation of SAMs, sample 15A, 15B, 15C, 15D, and
15E were rinsed, while 13A, 13B, 13C, 13D, and 13E were not rinsed. The summary of

SAM formation processes are shown in Table. 5.2.

Table 5.2: Summary of SAM formation conditions of the samples for stamping duration

investigation, without rinse and with rinse.

Concentration
Sample SAM Process Duration Rinse Anneal
(mmol/?)

13A No SAM

13B HC14-PA Stamping 1.0 1 min No Yes
13C HC14-PA Stamping 1.0 30 s No Yes
13D HC14-PA Stamping 1.0 5 min No Yes
13E HC14-PA Stamping 1.0 10 min No Yes
13F HC14-PA  Dipping 1.0 - Yes Yes
15A  HCI14-PA Stamping 1.0 10 s Yes Yes
15B HC14-PA Stamping 1.0 1 min Yes Yes
15C HC14-PA  Stamping 1.0 5 min Yes Yes
15D HC14-PA Stamping 1.0 10 min Yes Yes
15E HC14-PA  Dipping 1.0 - Yes Yes

Annealing Effect

To investigate the effect of annealing, sample 14A, 14B, 14C, 14D were fabricated.
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In sample 14A and 14B, HC14-PA SAMs were formed by stamping, while in sample
14C and 14D SAMs were formed by dipping. Sample 14A and 14C were annealed at
100°C for 10 minutes. All samples were rinsed with pure isopropanol before annealing.

The SAM formation methods and treatments are summarized in Table. 5.3.

Table 5.3: Summary of SAM formation conditions of the samples for SAM concentration

effect investigation.

Concentration ' '
Sample SAM Process Duration Rinse Anneal
(mmol/?)

14A HC14-PA Stamping 1.0 10 min Yes Yes
14B HC14-PA Stamping 1.0 10 min Yes No
14C HC14-PA  Dipping 1.0 - Yes Yes
14D HC14-PA  Dipping 1.0 — Yes No
14E No SAM

Distribution

To investigate the uniformness in the devices characteristics prepared by stamping, 20 x 25
transistors were fabricated either by stamping or dipping. In sample 17, HC14-PA SAM
was formed by dipping. In sample 18, HC14-PA SAM was formed by stamping, then
rinsed and annealed. An optical image of the stamping process on the device is shown
in Fig. 5.1(a) and completed device is shown in Fig. 5.1(b). The formation process is

summarized in Table. 5.4. Among the transistors, 130 transistors were measured.

Table 5.4: Summary of preparation conditions of the samples for distribution measure-

ment,
Concentration ) .
Sample SAM Process Duration Rinse Anneal
(mmol/?)
17 HC14-PA  Dipping 1.0 - Yes Yes
18 HC14-PA Stamping 1.0 10 min Yes Yes

5.1.2 SAM Analysis
Contact Angle

Contact angles of 1 p¢ water droplets on Al/AlO,/SAM structures were measured to
determine the existence of SAMs on AlO, substrates.

On Si/SiOy substrate, 40-nm-thick Al layer was deposited. The surface was oxidised
with plasma. SAMs were transferred by either dipping or stamping on sample. On sample
12B, HC14-PA was formed by dipping; on 12C, HC14-PA was stamped then rinsed; on
12D, HC14-PA was stamped; on 12E, FC8-PA was formed by dipping; on 12F, FC8-PA
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(a)

(b) |

500 um

1cm

Figure 5.1: Optical images of fabrication and completed 20 x 25 transistors; (a) stamping

process, (b) completed device, and (c) single transistor, with W/L = 1000/50.
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was stamped by stamping then rinsed; on 12G, FC8-PA was stamped. The preparation

methods are summarized in Table. 5.5.

Table 5.5: Summary of SAM formation conditions of the samples for TEM observation.

Concentration

Sample SAM Process Duration Rinse Anneal
(mmol/?)

12A No SAM

12B HC14-PA  Dipping 1.0 - Yes Yes
12C HC14-PA Stamping 1.0 10 min Yes Yes
12D HC14-PA Stamping 1.0 10 min No Yes
12E FC8-PA  Dipping 1.0 - Yes Yes
12F FC8-PA  Stamping 1.0 10 min Yes Yes
12G FC8-PA  Stamping 1.0 10 min No Yes

TEM Observation

The cross-sections of Al/AlO,/SAM/Au capacitor structures of sample 7R, 7S, and 7U
and Al/AlO,/Au reference sample 7P were imaged by transmission electron microscopy
(HF-9000UHE TEM, 300 kV, Hitachi High-Tech Manufacturing & Service Corporation).
On sample 7P, no SAM was formed; on 7R, HC14-PA SAM was formed by stamping then
annealed; on 7S, HC14-PA SAM was formed by stamping then rinsed and annealed; on
7U, HC14-PA SAM was formed by dipping. After the formation of dielectrics, Au top
electrodes were deposited on all samples. The SAM formation methods and treatments

are summarized in Table. 5.6.

Table 5.6: Summary of SAM formation conditions of the samples for TEM observation.

Concentration ) .
Sample SAM Process Duration Rinse Anneal
(mmol/?)
7P No SAM
R HC14-PA Stamping 1.0 10 min No Yes
7S HC14-PA Stamping 1.0 10 min Yes Yes
U HC14-PA  Dipping 1.0 - Yes Yes

NEXAFS Measurement

Samples for NEXAFS measurement and organic TFTs for process optimization were
prepared. For the samples for the NEXAFS measurement, sample 13NA, 13NB, 13NC,
13ND, and 13NE with the geometry of Al/AlO,/HC14-PA were prepared.

In sample 13NA, HC14-PA was stamped on plasma-activated AlO, for 10 minutes,

then rinsed with pure isopropanol and annealed at 100°C for 10 minutes; in sample
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13NB, HC14-PA was stamped for 10 minutes, then rinsed; in sample 13NC, HC14-PA
was stamped for 10 minutes on AlO,, without rinsing and annealing; in sample 13ND,
HC14-PA was stamped for 1 minute, then rinsed and annealed; in sample 13NE, HC14-
PA SAM was formed by dipping, then rinsed and annealed. The preparation conditions

are summarized in Table. 5.7.

Table 5.7: Summary of preparation conditions of the samples for NEXAFS measurement.

Concentration ' '
Sample SAM Process Duration Rinse Anneal
(mmol/?)
13NA HC14-PA Stamping 1.0 10 min Yes Yes
13NB  HC14-PA  Stamping 1.0 10 min Yes No
13NC HC14-PA Stamping 1.0 10 min No No
13ND HC14-PA Stamping 1.0 1 min Yes Yes
13NE  HC14-PA  Dipping 1.0 - Yes Yes

5.2 Results

5.2.1 Electric Characteristics Measurement
SAM Concentration & Rinse Effect

The capacitances in SAM capacitors prepared with SAM solutions of different concentra-
tions are shown in Fig. 5.2(a) and Thicknesses calculated from the capacitance assuming
the permittance of HC14-PA SAM as 2.5 [49] are shown in Fig. 5.2(b). The capacitances
of all the devices with SAMs were in the range expected from previous reports: close to
800 nF/cm? [50]. Clear trends that the capacitance decrease as the solution concentration
increases in stamped samples and the capacitance increase as the solution concentration
increases in dipped samples are observed. Comparing the rinsed and non-rinsed samples,
the rinsed samples always showed larger capacitance and smaller thickness. All samples
with SAM showed smaller capacitance value.

Threshold voltages, mobilities, and on/off ratios of transistors in the SAM concen-
tration and rinse effect investigation are shown in Fig. 5.3. As for the mobility, the
similar trends as the capacitance are observed in the Fig. 5.3(a): The mobility increases
as the SAM concentration increases in dipped samples, while the mobility decreases as
the SAM concentration decreases in stamped samples. The threshold voltages in both
stamped and rinsed samples and dipped samples prepared with the solution thicker than
2.5 mmol/¢were almost equivalent. As for the on/off ratio, higher concentration solution

resulted in larger value.
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Figure 5.2: (a) Capacitance of SAM capacitors and (b) thickness of SAMs calculated from
the capacitance in the SAM concentration effect investigation as functions of solution

concentration. The plotted points are colored according to the SAM formation process.
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Figure 5.3: Transistor parameters in the solution concentration effect investigation; (a)
mobility, (b) threshold voltage, and (c) on/off ratio as functions of solution concentration.

The plotted points are colored according to the SAM formation process.
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Stamping Duration & Rinse Effect

The capacitances in SAM capacitors prepared with SAM solutions with different con-
centrations are shown in Fig. 5.4(a) and thicknesses calculated from the capacitance are
shown in Fig. 5.4(b). With low concentration of the solution less than 1 mmol/¢, the
difference in the capacitance was small, about 35 nF/cm? by 1 min stamping, while the
difference increased to 125 nF /cm? by longer stamping. Also, comparing the 5 min stamp-
ing and 10 min stamping, the capacitance by 10 min stamping was slightly smaller in both
of rinsed and non-rinsed samples. The stamped samples always had smaller capacitance
than dipped sample.

Threshold voltages, mobilities, and on/off ratios of transistors in the SAM concentra-
tion and rinse effect investigation are shown in Fig. 5.5. The DNTT semiconductor layers
in rinsed samples and non-rinsed samples were not deposited at the same time, and the
DNTT quality widely varies depending on the deposition condition. Therefore it is not
appropriate to compare the parameter values in rinsed samples and non-rinsed samples,
However, in both of rinsed samples and non-rinsed samples, it is observed that the small-
est mobility was obtained by shortest stamping duration, 30 s for non-rinsed samples
and 15 s for rinsed samples, as shown in Fig. 5.5(a). By 1 min stamping, the mobility
increased drastically. As for the threshold voltage, no clear trends were observed. On/off
ratio in the rinsed samples by 1 min stamping was relatively small value, which might
be due to the error in the operation during the fabrication, since other samples showed
rather uniform values. Excluding this point, the on/off ratio in the shortest stamping

duration was smallest in both of rinsed and non-rinsed samples.
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Figure 5.4: (a) Capacitance of SAM capacitors and (b) thickness of SAMs calculated from

the capacitance in the stamping duration effect investigation as functions of stamping

duration. The plotted points are colored according to the SAM formation process.
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Annealing Effect

The capacitances in SAM capacitors prepared with and without annealing are shown
in Fig. 5.6(a) and thicknesses calculated from the capacitance are shown in Fig. 5.6(b).
Sample 14A showed smallest capacitance and largest SAM thickness, while other samples
with SAM showed almost equivalent values.

Threshold voltages, mobilities, and on/off ratios are shown in Fig. 5.7. By annealing,
the overall parameter decreased in the stamped samples, while in the dipped samples
the overall parameters increased. The differences in threshold voltage and on/off ratio in

either formation process, either treatment were almost negligible.
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Figure 5.6: (a) Capacitance of SAM capacitors and (b) thickness of SAMs calculated from

the capacitance in the annealing effect investigation.
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Distribution

Among the 130 transistors measured in both sample 17 and 18, 115 transistors and 117
transistors had no obvious damage nor disconnection and showed transistor character-
istics, respectively. Then yield was calculated under a rule that a transistor which has
leakage current larger than 107 A at Vpg = -3 V is defined as a “failed device”. Un-
der the rule, the yield of stamped SAM (sample 18) and dipped SAM (sample 17) was
117/128 and 115/117, respectively. According to the geometry, distributions of leakage
current, threshold voltage, mobility, and on/off ratio were mapped. The result is shown
in Fig. 5.8.

Here, on/off ratio can be a criterion for yield calculation, however, small on/off ratio
around 10%-10% was observed in many transistors as shown in Fig. 5.8(g) and (h). This
may be caused by the loose contact of the metal shadow mask to the substrate during the
deposition of source and drain electrodes. Also, on/off ratio can be affected by the local
condition of the semiconductor. On the other hand, the quality of gate dielectric is most
dominant factor to affect leakage current. Therefore, to evaluate the distribution of only
SAM layer, leakage current was adopted as a criterion.

From the mappings in Fig. 5.8, it can be seen that the stamped sample had somewhat
larger distribution than dipped sample, especially the abrupt change of mobility at the
middle of the sample.

The histograms of mobility, threshold voltage, and on/off ratio is shown in Fig. 5.9.
The average value and standard deviation is summarized in Table. 5.8. As can be seen in

Fig. 5.8, larger distribution in stamped device was observed.

Table 5.8: Statistics of transistor characteristics in sample 17 and 18.

Sample  Process  Mobility (cm?/V-s) Threshold Voltage (V) On/off Ratio

17 Dipping 1.37 £ 0.50 -1.01 & 0.13 9.82 x10%
18  Stamping 1.80 + 0.88 1.21 £ 0.32 9.07 x10°
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Figure 5.8: Characteristics of transistor in 20 x 25 sample. Failed devices are colored in

Leak Current (A)

Vth (V)

Mobility (cm2/Vs)

On/off Ratio

white. (a) Leakage current distribution of sample 18 at Vgg= -3 V, (b) that of sample
17, (c) threshold voltage distribution of sample 18, (d) that of sample 17, (e) mobility
distribution of sample 18, (f) that of sample 17, (g) on/off ratio distribution of sample
18, (h) that of sample 17.
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5.2.2 SAM Characterization
Contact Angle

The results of contact angle measurements are shown in Fig. 5.10 and contact angle
measurements are shown in Fig. 5.11. The contact angles of water droplets on SAMs,
either dipped or stamped, were 99-105° and significantly larger than the contact angle of
water droplet on AlO,, 71°.

Since the surface of AlQO,is very hydrophobic and the surface of phosphonic acids
assembled on AlQ, is very hydrophioic, the large contact angles of SAMs formed on AlO,

indicates the existence of the molecules on AlO, by dipping or stamping.

120
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o
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Figure 5.10: Contact angles of SAMs formed on plasma-activated AlO, layer by each
method.

TEM Observation

The capacitance of the sample 7P, 7R, 7S, 7U are shown in Fig. 5.12(a). The capacitance
decrease by forming SAMs is clearly observed. By treating the formed SAM by rinsing,
the slight increase in the capacitance and the decrease in the thickness is observed as in
Fig. 5.12(b), which is consistent with the results above. Compared with treatments, the
dipped SAMs had largest capacitance.

High-resolution cross-sectional images of TEM observation of the samples are shown in
Fig. 5.13. The thin SAM layer is clearly resolved in the transmission electron micrograph,
i.e. the formation of SAM layer is confirmed in stamped samples and dipped sample. The
thickness of the SAMs are 1 nm or less than 1 nm, which are coincident with the thickness
calculated from the capacitance measurement in Fig. 5.12(b). From the thickness and
Fig. 5.13, it can be concluded that by either stamping or dipping, only one monolayer is

formed.
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Figure 5.11: Water contact angles measured on SAMs. (a) 12A, (b) 12B, (¢) 12E, (d)

12D, (e) 12G, (f) 12C, (g) 12F.
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Figure 5.12: (a) Capacitance of SAM capacitors and (b) thickness of SAMs calculated

from the capacitance in the SAM capacitors with different treatments.

NEXAFS Measurement

The SAMs formed by stamping and conventional dipping were analyzed by NEXAFS
measurement to specify the structure of the monolayers. The results are shown in Fig. 5.14
and Fig. 5.15.

NEXAFS PEY spectra or HC-14PA SAMs prepared by different methods for different
incident angles are shown in Fig. 5.15(a-e). The intensity peaks were at 293 eV corre-
sponding to C-C ¢* resonance with § = 75° and at 288.5 eV corresponding to C-H*
resonance with # = 35°. In all samples, the clear shift of the peaks from 293 eV to
288.5 eV can be seen as the incident angle 6 increases. This shift of the peak indicates
that the molecules are aligned almost normal to the AlO, surface, since the TDM O of
C—C bond is parallel to the direction of C—C bond itself and the absorb intensity is ex-
plained by Equation 4.9. From these results, it can be concluded that the SAM molecules
self-assembled normal to the AlO, with head groups down to the substrate, as like dipped
SAMs, by stamping.

Figure 5.15(a) shows the dichroic ratio of each sample at the incident angle of 55°. The
difference in each treatment is small, though sample 13NB and 13ND show smaller dichroic
ratios, while sample 13NA, 13NC, 13NE show larger dichroic ratios. From the result, it
can be concluded that the SAMs were transferred uniaxially to some degree, not randomly.
This conclusion is quite consistent with the result of contact angle measurement.

Figure 5.15(b) shows the tilt angles of each sample. Tilt angle determines the thickness
of the SAM and the molecule density. Therefore smaller tilt angle indicates larger molecule
density. From the result, it can be concluded that annealing and longer stamping have
an effect to increase the tilt angle.

Figure 5.15(c) shows the PEY spectra of the intensity at the incident degree 6 = 55°
and (d) shows the intensity of absorption at post edge 318 eV. The absorption intensity
directly indicates the coverage of the substrate surface. In this measurement, non-rinsed

sample 13NC shows the largest intensity, which is explained as the excess molecules were
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Figure 5.13: Cross-sectional TEM images of Al/AlO,/SAM/Au capacitor structures and
Al/AlO,/Au reference sample, imaged using H-9000UHE TEM under V.. of 300 kV,
by Hitachi High-Tech Manufacturing & Service Corporation. The SAM in each sample
was formed and treated in different methods. (a) Sample 7R; the SAM was formed by
stamping, then annealed at 100°C for 10 min. (b) Sample 7S; the SAM was formed by
stamping, then rinsed with pure isopropanol and annealed at 100°C for 10 min. (c¢) Sample
7U; the SAM was formed by dipping, then rinsed with pure isopropanol and annealed at
100°C for 10 min. (d) Sample 7P; reference sample, without SAM.
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washed away by rinsing. Sample 13NA and 13NC, in which SAMs were formed by 10-min
stamping, showed almost equivalent value to sample 13NE, in which SAM was formed
by dipping. Sample 13ND, in which SAM was formed by 1 min stamping, showed the

smallest intensity, indicating the smallest coverage.
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Figure 5.14: NEXAFS PEY spectra for HC14-PA prepared by different methods for

different incident angles. (a) Sample 13NA; (b) sample 13NB; (¢) sample 13NC; (d)
sample 13ND; (d) sample 13NE.
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post edge 318 eV.
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5.3 Discussion

The main interest in the SAM analysis is the alignment of the molecules in SAMs formed
by stamping. In the dipping process, the SAM molecules have enough free space in the
solution. By the chemical reaction and the intermolecular force, the molecules assemble
spontaneously and in order, with the head group to the substrate. However, in the
stamping process, the direction and the orientation of the molecules on the stamp were not
known. Also due to the less freedom between the stamp and the substrate, the final state
of the molecules after transferred onto the substrate was questioned and not investigated
before. Therefore it was critical problem whether the “self-assembled monolayer” was
formed by stamping like by dipping.

In this work, the formation and the fine structures of SAMs formed by stamping were
investigated by various measurements. First, by contact angle measurement, the SAM
transfer was confirmed. The large contact angles on SAM layer indicates hydrophilic
head groups contacted to the substrate and hydrophobic groups appeared to the surface.
Next, the cross-section of the SAM capacitor was observed by TEM in Fig. 5.13. The
thickness calculated from the capacitance and the thickness observed from the TEM
image, about 1 nm, were coincident. Also, from the cross-section images, the formation
of single layer was confirmed. Finally, by NEXAFS measurement, details of the SAM
structure were investigated in Fig. 5.14 and 5.15. Most importantly, the alignment of the
SAM molecules were confirmed to be aligned as like the SAMs formed by dipping, with
head groups connected to the AlO, surface.

With the results above, it can be said that the SAM molecules transferred onto the
PDMS stamp is not strongly bonded to the PDMS stamp surface. Therefore, when the
PDMS stamp is placed onto the activated AlO, surface, the strong bond of the chemical
resonance between the AlO, and phosphonic acid group surpasses the weak bond between
the SAM molecules and the PDMS surface, and the SAM molecules aligns as like the self-
assemble in the liquid.

The second interest is the excess or deficiency of the molecules. In the top-contact,
bottom-gate geometry which is applied in this work, the smooth interface between the gate
dielectrics and semiconductor is considered to be critical to obtain higher mobility. The
excess of the molecule decreases the interface quality, while the deficiency of the molecules
causes the pinholes in the gate dielectrics and high off- and leakage current. The quality of
SAM can be described by both the capacitance and the transistor parameters. Especially
the value of the capacitance can be a good material assessment, since the transistor
parameters depends on the evaporation of the semiconductor and contact electrodes as
well as the gate dielectrics. In the dipping process, the amount of the molecules adsorbed
on the AlO, surface is spontaneously optimized since the molecules have freedom in
liquid and therefore the dipping process is considered to be robust. In the stamping
process, however, the process parameters such as the solution concentration, stamping

duration, rinse, and anneal directly affect the amount of the molecules adsorbed on the
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AlO, substrate.

The effect of the solution concentration was small for the stamping process but larger
for the dipping process. In the stamping process, the capacitance decreased as the con-
centration increased and opposite effect was observed in the dipping process as observed
in Fig. 5.2(a). Assuming that all SAM had same permittance, the result indicates that
by higher solution concentration, the more molecules were adsorbed to the substrate by
stamping, This is because the amount of the molecules that reacts with the AlO, sub-
strate simply depends on the solution concentration. Also, it can be thought that there
was always the excess of the molecules by stamping rather than deficiency. In the stamped
samples, the mobility decreased as the concentration increased (Fig. 5.3(a)). Assuming
that the genuine difference between the samples with different solution concentration is
only the surface of the gate dielectrics, the decrease in the mobility can be caused by the
excess molecules. Moreover, the on/off ratio of the stamped samples were always larger
than the sample without SAM (Fig. 5.3)(c), which indicates that the SAM layers had low
density of pinholes to reduce off-current.

The stamping duration had large effect to the capacitance and transistor parameters.
As for the stamping duration, the trends of the changes of the capacitance in Fig. 5.4 and
mobility in Fig. 5.5 show that the threshold duration of the adsorption is around 1 min,
which is consistent with the previous study [51]. By stamping shorter than 1 min, the
values change drastically while the values are mostly saturated by the longer stamping.
Though SAM can be formed in a few tens of seconds [52], to obtain adequately dense
and smooth layer, stamping more than 1 min is required. To confirm high quality SAMs,
longer stamping is effective. However, 5 min stamping is long enough in the aspects of
capacitance, mobility, threshold voltage, and on/off ratio.

Rinsing had effects to increase the capacitance significantly and to decrease the dis-
tribution of the capacitance, however, rinsing decreases the mobility and on/off ratio. As
explained above, the excess molecules are removed by rinsing. In Fig. 5.4(a) and (b), this
removal effect is clearly observed in the stamping longer than 1 min.

Annealing has little effect to the value of the capacitance, however, the improvement
in the mobility was observed.

In large-size fabrication, the average values of transistor characteristics were better in
stamped device. However, more uniform characteristics was obtained in dipped device.

In the stamping process, non-uniformity is inevitable. The characteristics in each
single device strongly depends on the gate dielectrics. During the stamping process,
parameters such as the concentration gradient on the stamp, pressure applied on the
stamp, and so on, can always cause non-uniformity in SAM. In addition, the distribution
increases as the fabrication size increases. In small devices, such as 20-transistor device
shown in Fig. 3.1(c), distribution in the transistor characteristics is largely suppressed
due to the size; for example, in Fig. 5.3, the distribution in the characteristics in stamped
devices were almost equivalent to that of dipped devices. On the other hand, as it can be

seen in Fig. 5.9, large distribution in stamped device was clearly observed. However, please
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note that the order of distribution value is equivalent in stamped and dipped samples. It

can be said that stamping can be applied to circuits which requires preciseness of dipping.



Chapter 6

Control of Threshold Voltage

6.1 Procedure of Experiments

6.1.1 Single Transistor
Stamping Without Rinse

Two species of SAMs, HC14-PA and FC18-PA, were formed on one substrate in different
region of one sample labeled as 7D and TE. To prevent the cross contaminate of HC14-PA
and FC18-PA, samples were not rinsed. As reference samples, sample 7A, 7B and 7C
were prepared with dipped HC14-PA, FC18-PA, and without SAM, respectively. SAM

formation conditions are summarized in Table. 6.1.

Table 6.1: Summary of SAM formation conditions of the samples for TEM observation.

Concentration i )
Sample SAM Process Duration Rinse Anneal
(mmol//)
TA HC14-PA Dipping 1.0 - Yes Yes
7B HC14-PA Dipping 1.0 - Yes Yes
7C No SAM
7D, 7TE HC14-PA, FC18-PA Stamping 1.0 10 min No Yes

Stamping With An Extra Rinse Process

The effect of rinse was investigated when two species of SAMs were formed on separate
regions in one substrate. was investigated. On sample 7P and 7Q, SAM of HC14-PA
and FC8-PA, was stamped, respectively. On sample 7R and 7T, HC14-PA and FC8-PA
were stamped in different regions on the same one sample then rinsed. On sample 7S,
HC14-PA and FC8-PA were stamped in different regions. On sample 7U, no SAM was

formed.

o4
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Table 6.2: Summary of SAM formation conditions of the samples for TEM observation.

Concentration ) )
Sample SAM Process Duration Rinse Anneal
(mmol/?)
9P HC14-PA Stamping 1.0 10 min Yes Yes
9Q FC8-PA Stamping 1.0 10 min Yes Yes
9R, 9T HCI14-PA, FC18-PA Stamping 1.0 10 min Yes Yes
9S HC14-PA, FC18-PA  Stamping 1.0 10 min No Yes
9U No SAM

6.1.2 Load Inverter

Two single transistors were connected to form an load inverter as shown in Fig. 6.1. The
input-output characteristics and the gain were measured. In both the load transistor
Mipaq and the drive transistor Mgrive, the threshold voltages were controlled by stamping
different SAMs.

Figure 6.1: Schematics diagram of a load inverter.

6.2 Results

SAM Capacitor

Figure 6.2 shows the capacitance frequency response. It can be seen that the capacitances
of all the devices with SAMs were in the range expected from previous reports: close to 800
nF/cm? for HC14-PA [50] and (600 & 100) nF/cm? for FC18-PA [19]. Note that dipped
samples always exhibit larger capacitance than stamped samples. Assuming that the
dielectric constant of SAMs is 2.5 [53], the thickness of the SAM layers was evaluated from
the capacitance as 0.9 and 1.2 nm for dipped and stamped HC14-PA layers, respectively,
as compared to 1.4 and 2.7 nm for dipped and stamped FC18-PA layers, respectively,

which were very close to the SAM molecule length of 2.3 nm.
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Figure 6.2: (a) Capacitance as a function of frequency under a bias voltage of 1 V, (b)

Dissipation factor as a function of frequency under a bias voltage of 1 V.

Leakage Current

Figure 6.3 shows the leakage current density measured on Al/AlO,/SAM/Au capacitors
(without semiconductor) based on SAMs of either HC14-PA or FC18-PA prepared by
both stamping and dipping, plus a control device without SAM. The top surface size for
the Au electrodes was 700 x 100um?. In Fig. 6.3, it can be seen that all the capacitors
with SAMs, either dipped or stamped, exhibited a current density that was two or three
orders of magnitude smaller than that without SAM, confirming the important role of
SAM in suppressing gate leakage. The difference in current density demonstrates that a
pinhole-free thin layer was formed during the stamping process. Also note that leakage
currents of the stamped SAM devices were smaller than that of dipped SAM samples,

which have previously shown the ability to integrate at the circuit level [3].
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Figure 6.3: Leakage current density as a function of bias voltage measured on five different

SAM capacitors. Each measurement was repeated on ten junction to evaluate uniformity.
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DNTT Surface Analysis

From the morphology of the SAM layer, the uniformity and the degree of assemble is
directly observed, however, the SAM surface analysis is difficult due to static electrical
charge. On the other hand, the surface analysis of the semiconductor layer is relatively
easy and the quality of organic semiconductors is very sensitive to the surface morphology
of the underneath layer [21]. The smooth surface enables better crystal growth i.e. the
crystal growth in larger size. Therefore, the size of the organic semiconductor crystal
represents the quality of SAM layers underneath.

Figure 6.4 shows the AFM image of DNTT layer deposited on each SAM layers on
AlO,. Each sample size was 2.5x 2.5 ym?, and the grain sizes are summarized in Table 6.3.
The surface morphology of DNTT grains on dipped SAM is different from that on stamped
SAM, which can be ascribed to the difference of the surface smoothness of SAM layers
even though the average thickness was one or two monolayers for both HC14-PA and
FC18-PA samples. It is important to remember that the leakage current of stamped
samples was smaller than that of dipped samples, as shown in Fig 6.3. Although this
is an indirect measurement, it still provides evidence that the possible existence of sub-

monolayer coverage can be excluded.

Table 6.3: Summary of DNTT grain size (nm?) deposited on each SAM species or AlO,.
Formation HC14-PA SAM FC18-PA SAM

Dip 37 195 83 127
Stamp 33 803 31123
W/o SAM 24 414
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Figure 6.4: AFM images of 2.5 x 2.5 um? squares of DNTT layers deposited on stamped
or dipped SAMs or on AlQ,. For each sample, average grain size was calculated. (a) On
AlO,, for reference, (b) on dipped HC14-PA SAM, (c) on dipped FC18-PA SAM, (d) on
stamped HC14-PA SAM, (e) on stamped FC18-PA SAM.

6.2.1 Electric Characterization
Stamp Without Rinse

The representative transfer and output curves for transistors without SAMs and those
with dipped or stamped HC14-PA SAMs are shown in Fig. 6.5(a, b) and those with dipped
or stamped FC18-PA SAMs are shown in Fig. 6.5(c, d). The mobilities and the threshold
voltages were extracted from the transfer curves along with the field-effect mobilities and
on/off ratio. The mobility and the threshold voltage in each transistor on sample 7D and
7E are plotted according to the device geometry in Fig. 6.6. The shift of the threshold
voltage in each region is clearly observed. The parameters are summarized in Fig. 6.7.

Regardless of the process and/or species of SAM, all samples with SAMs exhibited
higher mobility than those without SAM, as expected [21]. The HC14-PA samples had a
higher mobility than the FC18-PA samples, which is also in line with previous reports [32,
17, 18].

Furthermore, all the samples with SAMs exhibited higher on/off ratios than those

samples without SAMs, as a result of smaller gate leakage currents. Most importantly,
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the select of SAM molecule has a pronounced effect on the threshold voltage of the TFTs,
regardless whether the SAMs were prepared by stamping or dipping, as it can be clearly
seen in Fig. 2(a). The difference in threshold voltage between TFTs with HC14-PA and
TFTs with FC18-PA was 0.83 V, which is about 42% of the supply voltage (2 V). Sys-
tematic changes of the threshold voltages were clearly observed, although the distribution

of stamped samples was slightly larger than that of dipped samples.
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Figure 6.5: (a, b) Transfer and output characteristics of DNTT transistors with SAM
of dipped HC14-PA, stamped HC14-PA, without SAMs, and (c, d) with SAM of dipped
FC18-PA, stamped FC18-PA. In (a) and (c), Ipg is drawn with solid lines and Igg is drawn
with dotted lines. curves: Ipg, dotted curves: Igs). the measurements were performed

with a drain—source voltage Vpg = 0-2 V.
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Figure 6.6: Threshold voltages and mobilities of transistors in sample 7D and 7E. (a)
Threshold voltages in sample 7D. (b) Mobilities in sample 7E. (c) Threshold voltages in
sample 7D. (d) Mobilities in sample 7E. SAM in each transistor is colored according to
the species.
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Figure 6.7: Summary of parameters in samples with dipped or stamped HC14-PA or
FC18-PA, or without SAM; (a) mobility, (b) threshold voltage, (c) on/off ratio. The
plotted points are colored according to the SAM species.
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Stamp With An Extra Rinse Process

The representative transfer and output curves for transistors without SAMs and those
with dipped or stamped HC14-PA SAMs are shown in Fig. 6.8(a, b) and those with
dipped or stamped FC8-PA SAMs are shown in Fig. 6.8(c, d). From the transfer and
output characteristics, no large difference by caused rinse is observed.

Mobility and threshold voltage are plotted according to the geometry in Fig. 6.9.
Comparing HC14-PA-stamped region and FC8-PA-stamped region, neither the shift in
the threshold voltage nor the increase in the mobility were observed.

The parameters in each sample are summarized in Fig. 6.10. The averaged values also
show no significant change caused by rinse, but the distribution of value was decreased

by rinse process.
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Figure 6.8: (a, b) Transfer and output characteristics of DNTT transistors with stamped
HC14-PA and without SAM. (c, d) Transfer and output characteristics of DNTT transis-
tors with stamped FC8-PA. In (a) and (c), Ipg is drawn with solid lines and Igg is drawn
with dotted lines. curves: Ipg, dotted curves: Igg). the measurements were performed

with a drain-source voltage Vpg = 0-2 V.
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Figure 6.9: Threshold voltages and mobilities of transistors in sample 9S (without rinse)
and 9T (with rinse). (a) Threshold voltages in sample 9S. (b) Threshold voltages in sample
9T. (c) Mobilities in sample 9S. (d) Mobilities in sample 9T. SAM in each transistor is

colored according to the species.
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Load Inverter

The input/output characteristics of the stamped load inverters are shown in Fig. 6.11
and those of dipped load inverters are shown in Fig. 6.12. In those figures, it can be seen
that the threshold voltage of load inverter affects the switching voltage. When the load
inverter was consisted of HC14-PA SAM, the switching voltage shifted to the negative
direction. On the other hand, when the drive transistor was consisted of FC18-PA SAM,
the switching voltage shifted to the positive direction. When the drive transistor consisted
of HC14-PA SAM, the input/output characteristics always showed sharp drop around the
switching voltage.

The switching voltage and gain extracted from the input/output characteristics are
shown in Fig. 6.13.
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Figure 6.11: Input/output characteristics (solid line) and the gain (dotted line) of load
inverters. All SAMs were formed by stamping. (a) Drive transistors have HC14-PA
SAMs, while load inverters have HC14-PA SAMs (yellow) and FC18-PA SAMs (green),
respectively. (b) Drive transistors have FC18-PA SAMs, while load inverters have HC14-
PA SAMs (yellow) and FC18-PA SAMs (green), respectively.
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Figure 6.12: Input/output characteristics (solid line) and gain (dotted line) of load invert-
ers. All SAMs were formed by dipping. (a) Drive transistors have HC14-PA SAMs, while
load inverters have HC14-PA SAMs (yellow) and FC18-PA SAMs (green), respectively.
(b) Drive transistors have FC18-PA SAMs, while load inverters have HC14-PA SAMs
(yellow) and FC18-PA SAMs (green), respectively.
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6.3 Discussion

In this chapter, first the spatial formation of SAMs were performed. The equivalences
of stamping process to dipping process was already proved in Chapter 5. Utilizing this
stamping process, two species of SAMs were successfully transferred to a substrate simul-
taneously. The transistor characteristics were equivalent to those of the transistors by
single-species stamping, and almost equivalent to those of dipped devices.

In the fabrication process, rinse has a role to remove the excess of SAM molecule and
obtain uniform devices. Especially in the fabrication of large-sized devices, the uniform-
ness is one of the critical keys. However, by stamping, there was a possibility that SAM
molecules might contaminate. From the experiment, it was confirmed that the contami-
nation by rinse did not occur by the threshold voltage and mobility in Fig. 6.9. Also, the
difference in those values by rinse was not observed as shown in Fig. 5.5. The possibility
of the contamination is considered by the coverage of the surface by stamping. When
the substrate is rinsed, if the substrate has a region that is still activated and without
SAM, the surface of the region cam be bond with the excess SAM molecule. However,
from Chapter 5, it was confirmed that stamping of SAM formed dense monolayer without
large SAM-free spaces. Therefore, by the nature of SAM molecules, only single monolayer
was formed and excess molecules were removed by rinse without contamination.

Second, the spatial control of the threshold voltage by stamping was utilized in load
inverter. The consistent of the switching voltage by SAM species was observed. By
shifting the threshold voltage of load transistor to the positive direction, the switching
voltage was also shifted to the positive direction, This phenomena can be ascribed to the
conductance of the load transistor. When the load inverter consisted of FC8-PA-based
transistor, due to the larger conductance in FC18-PA-based transistor, larger current
flowed through the load and drive transistors. Therefore the voltage drop at the drive
transistor became larger. The sharp drop in the load inverters with HC14-PA-based drive
transistor is because of the smaller subthreshold swing of HC14-PA based transistors, as
clearly shown in Fig. 6.5(a), (c) and Fig. 6.8(a), (c). Around Vgs= —1 V, HC14-PA-based
transistors had more decrease in the Ipg, therefore the sharp drop in output voltage and

large gain were obtained.



Chapter 7

Conclusions and Future Work

7.1 Conclusions

In this work, structures and electric properties of SAMs transferred by microcontact
printing (stamping) were closely observed and effects of parameters in the formation

process were investigated.

e By contact angle measurement, the surface state of AlO, was changed from hy-
drophobic to hydrophilic after stamping SAMs. Rinse had little effect to the surface

state.

e By TEM observation of the cross-section of SAM capacitors, the existence of SAM
on AlO, was confirmed. The thickness of SAM layer was around 1 nm, which was
consistent with the calculated value from the capacitance. In the cross-sectional

picture, the SAM layer was smooth and no multilayer was observed.

e By NEXAFS measurement, the orientation, absorption intensity, and tilt angles of
SAMs were measured. The NEXAFS PEY spectra of stamped SAMs were similar
to the dipped SAMs and indicated that the spontaneous assemble of the molecules
occurred on the stamped substrate, therefore stamping was proved to form self-
assembled monolayers as like dipping. From absorption intensity and tilt angle of
molecules, it was proved that the coverage was decreased by rinse then recovered

by anneal.

e During the stamping, the effect of process parameters to the electric characteristics
of SAMs and transistors were investigated. The concentration of the solution of
SAMs had little effect to the formed SAMs. On the other hand, the stamping dura-
tion determined the transfer of SAM molecules. Critical duration was around 1 min,
which was consistent with previous study of SAM formation by dipping [51]. As for
the transistor characteristics, lower concentration, longer stamping duration, and
annealing could achieve higher mobility and on/off ratio. Rinse decreased mobility,

however, it also decreased parameter distribution.

69
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e In large-size fabrication, the distribution of the stamped device became inevitably
larger than that of the dipped device, though the distributions of stamped and
dipped devices were equivalent in small-size fabrication. However, the order of

distribution in dipped sample and stamped sample was always equivalent.

Furthermore, a new method to control the threshold voltage of organic TFTs utilizing
the stamping process was proposed and experimented. The critical problem in this method
was the rinse, whether the SAMs are contaminated or not by rinse. In the experiments,
the contamination was not observed and the effect of rinse to transistor characteristics

was proved to be almost negligible.

e Formation of more than one species of SAM on a substrate was demonstrated by uti-
lizing stamping. According to the geometry, the difference of the threshold voltage

and mobility was clearly observed.

e Rinse was proved not to cause contamination, when a substrate with more than one
species of SAM was rinsed. The difference in the transistor characteristics between
rinsed sample with single species of SAM and rinsed sample with two species of

SAMs was negligibly small.

e Load inverters consisting of transistors with different threshold voltages were fab-
ricated and input/output characteristics were measured. The largest difference in

the switching voltage was 1.89 V under the driving voltage of -3 V.

Through this work, stamping of SAMs is analyzed and established, then utilized in
the spatial control of the threshold voltage in organic transistors. Spatial control of the
threshold voltage using solution process was not reported before. Stamping fulfills the
requirements for the threshold voltage control; controllability, preciseness, stability, low-
operation voltage, reproducibility, and process simpleness. By stamping to enable spatial
control of the devices, the possibility of organic transistors and circuits would be expanded

largely.

7.2 Future Work

Stamping can be applied for more complicated circuits that require precise and determin-
istic control of device characteristics. In addition to the ability to control the threshold
voltage, stamping has other advantages. One of them is that in stamping process, very
little volume of solution is required though stamping is classified as a solution process,
therefore this method enables the fabrication of organic transistors on fusible substrates.

One of the characteristics of organic transistors is low process temperature. Because
of the low temperature, fabrication of the transistors on unconventional substrates such
as plastic films and paper [54] is enabled beside conventional silicon and glass substrates.
Making the most of this characteristics, nowadays the application of organic electronics

to medical use such as in vivo biosensors is prospected.
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For in vivo measurement, there are many requirements such as sensitivity and low
voltage operation. As for the sensitivity, the best method is to fabricate the sensors on
the living body, or otherwise on biocompatible substrates that fuse in living body. How-
ever, those substrates are often fusible to the solvents. As for the low voltage operation,
the combination of AlO, and phosphonic acid SAM gate dielectrics is regarded to be
appropriate. However, in the conventional method, the formation of phosphonic acid
SAM requires the solution of SAM, which can do damage to the substrate. On the other
hand, stamping requires very small volume of the solution, therefore the damage to the
substrate can be minimized.

Above is one of the examples, though, there is a vast space to fully exploit the ad-
vantages and characteristics of organic electronics. The author strongly hopes that the

stamping method contributes to the future development of organic electronics.
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