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Functional Group Modification on
Dielectric Interface of Pentacene-Based
OTFTs for Ammonia Sensing Application

R B 15
I ERFE 4T BL

PERR 4 L= F N3



P

B GHY P PR e ARG T & HOTFTS) § e
%j&wﬂi o?l]’#g@_%ﬁf%ﬂf_’(SAM)rﬁ—a X ’ér_ |L‘a RaPAR S| RS _:_é-ikﬁtf_
s Rhpmc oA AR d N AR Az e FARRNE LA

i S ¥ s R R RS & e SRR URRE: 3 SR S P

'f

R ¥2 pentacene & i & 2 kT i ﬁ- B4 o 8 enOTFTs & § 1545 £
RRAEHTFHE RS, AP PLHay s RS 2 R F AR

FE ) R GERCT PR AT Fe om0 S iE £ 9 IR 02 AR 8 pentacene i SR FE

féﬁi

e mg AR FE MR e T e L F S TR A
FAIFIE AR F B %2 T d 3 SAMsf#E ¥ Rpentacene i E R+ %
B, i&n 2280TFTs & F MR 5k o P S B S B E K TR R

B, e TR ARG T R A4 R BT (Er o A AR

3
=
R
4

-
W
b
:2.
‘2—2

ERHAHEE - § B B ,ﬁ_%ﬁﬁ FaokiBag vhean= 2T o AR

%?—E 1 E }g‘f{ﬁi&‘%}{ Ejh;f}:.l %’T’.— é"ig T%E/E‘f’?ll'bk—ﬁ';i o



Functional Group Modification on Dielectric Interface of
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Abstract

IN this thesis, we modify the functional groups to obtain diversity of organic
thin-film transistors (OTFTs).“gas sensing ‘ability. = By using self-assembled
monolayer (SAMs) treatment,“the silicon oxide surface (SiO2) was modified by
3-amino-propyltriethoxysilane (APTES) and n-octadecyltrimethoxysilane (ODMS).
Both ODMS and APTES (with amine groups) were hydrophobic, which served a low
surface-energy surface for pentacene film growth. Therefore, the interface properties
between pentacene film and SiO2 will be significantly changed. The OTFTs with
interface modifications was then used as gas sensors. During gas sensing, in our
previous reports, the gated-four-probes method was also used to analyze the changes
of contact resistance and pentacene-film resistance. It was shown that with interface
modifications, pentacene film resistance variation will become a key factor in gas

sensing. However, the contact resistance was dominated factor that influenced gas

II



sensing. The contrary results can be explained by the different SAMs will result in

different pentacene structure or thin-film carrier density, which influenced the OTFTs

interaction to gases. Additionally, multiple parameters such as mobility, threshold

voltage, and sub threshold swing were also used to analyze gas sensing interactions.

Base on this result, we prove how to increase sensing ability of a specific material

with functional groups modification on silicon oxide interface. In Cwei-Chou and

Yuanren Lo’s instruction, we cooperate together and finish this research.
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Chapter 1
Introduction
1.1 Introduction of Organic Thin Film Transistors (OTFTs)

“Plastic transistors” open the future of flexible displays, smart cards, radio
frequency (RF) identification tags, as well as light-emitting diodes (LED) and lasers
[1]. Rapid progress in this field has been achieved by improving the material
properties and the process techniques.

As for the application of electronics, the organic active layer has attended a
mobility of lem?*/Vs and a switching speed of 10° Hz, which is comparable to
amorphous hydrogenated silicon (a-Si:H)[2].-Since the late 1940s, there has been a lot
of research on the developmént of' organic semiconductor [3]. These organic
semiconductors are small molecules and polymers, which have alternative single or
double-bond in common. This is because of the large m-conjugation length along the
long axis of the molecules and closed m-stacking are the key factors of high carrier
mobility [3].

Similar to inorganic semiconductors, organic ones can function as p-type or
n-type. However, most reported high-mobility organic semiconductors are p-type
material. Among the p-type material, pentacene (C;4Hz2), a rod-like aromatic

molecule composed of five benzene rings, shows the highest mobility (>1cm2/v-sec),



owning to highly ordered films with proper dielectric properties and growth
conditions[4].
1.2 Organic semiconducting materials and the transport mechanism

Organic materials such as polythiophene, a- sexithiophene (a-6T) have been
investigated for use in field effect transistors (FETs) [5]. Polycrystalline molecular
solids such as a-sexithiophene (a-6T) or amorphous/semi-crystalline polymers such
as polythiophene or acenes such as pentacene, teracene show the highest mobility [6].
Figure 1.2 shows the evolution of organic materials and the improvement in their
mobility over the years [7]. Pentacene based FETs show the high mobility and have
been extensively studied. Pentacene is made up of five benzene rings as shown in Fig.
1.3 .Pentacene has a sublimation’temperature of 300°C. Well ordered pentacene films
can be deposited at low temperatures making it suitable for deposition on plastic
substrates.

Organic conjugated materials used in OTFTs can be generally divided into two
groups. Among the semiconductors, one group is the polymers and the other is the
oligomers. The polymers are formed by a repeating chain of hydrogen and carbon in
various configurations with other elements, but they have relatively poor mobilities
(4X10%cm?2/Vs [8]). The oligomers are held together by weak Van der Waal forces

and thermal-evaporated with good ordering. Devices fabricated with oligomers have



higher mobilities (1.5 cm2/Vs [9]). The organic materials can function either as p-type
or n-type. In p-type semiconductors, the majority carriers are holes; while in n-type
the majority carriers are electrons. Among, p-type semiconductors are the most
widely studied organic semiconductors. Recently, many molecular semiconductors,
such as pentacene, thiophene oligomers, and regioregular poly(3-alkyl-thiophene) are
proposed. The pentacene (CxHj4) is a promising candidate for future electronic
devices and an interesting model system, due to its superior field effect mobility and
environmental stability [10].

Pentacene is one of the popular materials in OTFTs. Its mobility has reached
the fundamental limit (>3cm?/Vis)i[11, 12] whichis obtained with a single crystaline
at room temperature. The mobility of pentaceneis comparable to that of amorphous
silicon which is widely developed and used in active matrix liquid crystal displays
(AMLCD) and the other electronic applications.

Pentacene is an aromatic compound with five condensed benzene rings and therefore,
the chemical formula is C;H;4 with molecular weight 278.3.  The volume of the unit
cell is about 705A [11]. The permittivity is 4 [12], and the electron affinity is about
2.49eV. Silinish et al. determined the adiabatic energy gap (EZ&‘) by using the
threshold function of intrinsic photoconductivity in pentacene[13]. The second

transition is from the excited state to the ionic state, which is called the optical energy



gap (EJ™). According to Fig. 1.4, the adiabatic energy gap as 2.47eV and the
optical energy gap as 2.83eV are recorded [14]. Pentacene is used as an active layer.
Its purity leads to longer diffusion length for the charge transporting with less
interaction with the lattice. Furthermore, the impurities in the material tend to
chemically combine with the organic semiconductor material which leads to
irregularities in the band gap [15]. Therefore, the thermal evaporation is carried out
under high or ultra high vacuum conditions to avoid the impurities and increase the
quality of the material. It is well known that the deposition temperature, deposition
pressure, and deposition rate are .the three eritical parameters to the organic film
quality. Lower deposition rate-and appropriate deposition temperature is expected to
result in better ordering of thé: erganic molecules, thin-film phase formation of
pentacene film, and the better performance [16]. In OTFTs, the roughness has a
influence on the morphology, whereas the films on the smooth thermal oxide are in
generally highly ordered. The surface chemistry also is a typical issue to organic
devices. Changing surface wettability as a hydrophobic surface by surface treatment
leads to mobilities increasing [17].

Carrier transportation in the organic semiconductors have been investigated on
the theory and modeling in the past years [18]. Recently, two principal types of

theoretical model are used to describe the transport in organic semiconductors: “The



band-transport model” and “The hopping models”. However, band transport may
not suit for some disordered organic semiconductors, in which carrier transport is
govern by the hopping between localized states. Hopping is assisted by phonons and
the mobility increases with temperature. Typically, the mobility is very low, usually
much lower than lcm?/V-sec. The boundary between “band transport” and
“hopping” is divided by materials mobilities (~1ecm?/V-sec) at room-temperature (RT)
[19]. Many kinds of polycrystalline organic semiconductors, such as several
members of the acene series including pentacene, rubrene, have RT mobility over the
boundary [20]. Sometimes, temperature-independent mobility was found in some
polycrystalline pentacene devices [21]. Thus, this observation argued that the
simply thermal activated hopping. process governed the whole carrier transport
behaviors in high quality polycrystalline pentacene film; despite that the temperature
independent mobility has been observed in exceptional cases [21].

Finally, the exact nature of the charge carrier transport in organic molecular
crystals is still not well-understood, which has been the focus in many theoretical
studies [22].

In the past 20 years, a great deal of progress has been made in improving the
field-effect mobilities of OFETs [23].1t has also been demonstrated that the properties

of charge transport in conjugated molecules are intrinsically correlated with their



crystalline structure, where the m delocalized carriers are responsible for the
intra-molecular conduction. However, the nature of van der Waals bonding between
discrete molecules is thought to be the limitation of the carrier transport, and the
transport is usually described by “localized model. Thus, the charged carrier transport
must be described by different models than those in covalently bonded
semiconductors.

Recently, two principal types of theoretical model are used to describe the
transport in organic semiconductors: “The band-transport model” and “The hopping
models”. However, band transport may not'.suit for some disordered organic
semiconductors, in which carriet ttansport is-govern by the hopping between localized
states. Hopping is assisted by phonons and the mobility increases with temperature.
Typically, the mobility is very low, usually much lower than lem®/V-sec. The
boundary between “band transport” and “hopping” is divided by materials mobilities
(~lcm®/V-sec) at room-temperature (RT) [24]. Many kinds of polycrystalline
organic semiconductors, such as several members of the acene series including
pentacene, rubrene, have RT mobility over the boundary [25]. Sometimes,
temperature-independent mobility was found in some polycrystalline pentacene
devices [26]. Thus, this observation argued that the simply thermal activated

hopping process governed the whole carrier transport behaviors in high quality



polycrystalline pentacene film; despite that the temperature independent mobility has
been observed in exceptional cases [27].

The wunderstanding of carrier transport in single-crystal of organic
semiconductors will help us to describe the transport mechanism in polycrystalline
organic semiconductors. The coherent band-like transport of delocalized carriers
becomes the prevalent transport-mechanism in the single crystals of organic
semiconductors, such as pentacene, tetracene, under the low-temperature
environments. A very high hole mobility values has been measured by
time-of-flight experiments. Thus,the temperature dependence of the carrier mobility
was found below 100K and following with-a power law of poc T™, n~1,, in single
crystals of organic semiconduetors,” consistent ‘with the band-transport model.
However, between 100K and 300K, the carrier mobility show a constant value, that
has been described as the superposition of two independent carrier transport
mechanisms. The first mechanism was small molecular polaron (MP). According
to this model, the carriers were treated as the heavy; polaron-type; quasi-particles. It
is formed by the interaction of the carriers with intra-molecular vibrations of the local
lattice environment, and move coherently via tunneling. In this model, the mobility
follows the power law },LMpzaT'n. The other involves a small lattice polaron (LP),

which moves by thermally activated hopping and exhibits a typical exponential



dependence of mobility on temperature: Hp=bexp[-Ea/kT]. The superposition of

these two mechanisms could get a good consistence with experimentally measurement

of temperature-dependence mobility from room temperature to Kelvin degrees (K).

Finally, the exact nature of the charge carrier transport in organic molecular

crystals is still not well-understood, which has been the focus in many theoretical

studies.

1.3 Surface treatment

Several researchers had verified the hydrophobic surface was more suitable for

organic film deposition [28]. Since the hydrophobic polymer dielectric has lower or

similar surface energy to organic: films. The similar concept was also realized by

self-assembled monolayer (SAM) on inorganic dielectrics. If the inorganic

dielectrics with lower surface-energy, that may provide better performance and

resulted in lower interface traps in OTFTs [29]. The surface properties such as

frictional or abrasion, permeability, insulating properties, wettability and chemical

reactivity are strongly dependent on a molecular aggregation state of the surface [30,

31]. Therefore, the control of a molecular aggregation state on the film is important to

construct a highly functionalized surface. One of the most effective ways of studying

surface properties is contact angle measurement. The contact angle is the angle



between the tangent to the drop’s profile and the tangent to the surface at the
intersection of the vapor, the liquid, and the solid. The contact angle is an index of the
wettability of the solid surface. A low contact angle between solid surface water-drop
indicates that the surface is hydrophilic and has a high surface energy. On the contrary,
a high contact angle means that the surface is hydrophobic and has a low surface
energy. The surface free energy was traditionally quantified by contact angle

measurements [32, 33].

In this study, we fabricated the electrical properties of the OTFTs using
pentacene fabricated by thermal:evaporation:in high vacuum with the two kinds of
dielectric surface treatment material - (octadecyltrimethoxysilane, ODMS) and

(3-Aminopropyltriethoxysilane, ~ APTES) (see Fig. 1.5).

1.4 OTFTs for gas-sensing

For the next generation of sensor applications on medical diagnostics, food
monitoring, and chemical or biological warfare etc.; portable, low cost, and low
power-consumption will be important demands. As for these demands, the OTFT
should be an important candidate due to its flexibility and its simple fabrication
process. Therefore, the studies of organic thin-film transistors (OTFTs) to physical,

chemical [34], and biological sensors [35] will become an important object.

Recently, OTFTs are proposed to act as gas sensors. When OTFTs exposed to



gaseous species, five parameters: the turn-on current (1, ), the turn-off current (1 ),

the threshold-voltage (V,, ), the field-effect mobility ( 44 ) and the subthreshold-swing

(S.S.), are used to estimate the gaseous interaction in OTFTs. By this way, a

“multi-dimensional” gas sensor can be realized as a single OTFT.

1-5 Motivation

How to promote the sensing qualitative ability of OTFTs sensor is always an
important topic. We propose modifying dielectric surface by different functional
groups of SAM can change characteristics of gas sensing.

SAM was more hydrophobic and the surface free energy was similar to that of
the pentacene film .Besides, we change the functional groups of SAM to change
ammonia sensor ability. If we can obtain‘different gas sensing characteristics modified
by different functional groups, we can attain the sensing qualitative ability.

1-6 Thesis Organization

In Chapter 1, we describe the introduction of OTFTs, Surface treatment and
motivation of the thesis. In Chapter 2, we introduce sensing mechanisms, and
immobilization of Bio-molecules. In Chapter 3, the fabrication and the structure of
OTFTs, and parameter extraction are presented. In Chapter 4, Self-Assembly
Monolayer (SAM) and surface energy, electrical properties of SAM-treated OTFTs,
and effects of ammonia (NH3) on Gated four-probe OTFTs are investigated. Finally,

we describe the conclusion and future work in Chapter 5.
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Chapter 2
OTFTs for gas sensing

2-1 Brief Review

Organic thin-film transistors (OTFTs) offer a great deal of promise for
applications in chemical and biological sensing. For a broad range of sensing
applications (e.g.,medical diagnostics, food monitoring, detection of chemical,
biological warfare agents, etc.), there is a demand for small, portable, and inexpensive
sensors. OTFTs have many advantages over other types of sensors that may allow
them to meet this need. Organic semiconductors can be deposited using
low-temperature processes on a-variety of substrates,-including mechanically flexible
ones. As a result, low-cost fabrication techniques-can be used to produce OTFTs.
Miniaturization of these devices is straightforward, so portability, small sample
volumes, and arrays with many elements are achievable. In addition, they provide a
response (current change) that is easy to measure with simple instrumentation. With
these advantages, it is feasible that single-use, disposable sensors could be realized
using OTFTs.
OTFTs can be roughly classified into two primary categories: organic field-effect
transistors (OFETs) and organic electrochemical transistors (OECTs) (including

ISOFETs) OECTs exhibit much lower operating voltages than OFETs, but due to the

14



movement of ions involved in OECTs, their switching times are considerably slower
(on the scale of seconds or longer) than those for OFETs (on the scale of milliseconds
or shorter).In this paper,[34]they show the chemical and biological sensors based on

OTFTs.(see Table I)

2-2 Sensing Mechanisms
2-2-1 Morphology effect

Grain boundaries (GBs) play a critical role in OFET sensing. The grain size of
the corresponding film was varied by changing the substrate temperature during
deposition. According to the images from transmission electron microscope (TEM)
from different substrate temperatures, Torsi et-al. indicate that the response is strong
for the low-temperature film one, which has more grain boundaries. However, the
response is weak for the high-temperature one, which has fewer grain boundaries and
a more compact structure. That implies for alcohols, the response of the sensor

depends on interaction at grain boundaries. [36]
2-2-2 Contact effect on nano-length devices

The modeling for the mechanism of the sensing response will be published
elsewhere. [37]Here, the reference briefly proposes the concept of the sensing
mechanism of polycrystalline organic thin-film dependent on the channel length

relative to grain sizes. In the organic semiconductor layer, both grains and grain

15



boundaries could be affected by the analyte molecules. Due to their dipole nature, the

analyte molecules airborne on grain boundaries will trap the mobile charge carriers

from the channel. [38] [39] Meanwhile the analyte (1-pentanol) interacting with the

semiconductor (pentacene) grains will result in excess holes through chemical

processes that are not completely understood. We propose that the overall sensing

response is the result of a combination of these two competing effects. For a longer

channel relative to grain sizes, there are enough grain boundaries inside the channel so

that the former effect is dominant and the overall sensing response is the current

decreasing (mobility reduced by theitrapping effect at grain boundaries). For a shorter

channel relative to grain sizes, the latter effect dominates due to very few number of

grain boundaries inside channel; which 1eads to the current increasing by excess

charges from the interaction between grains and the analyte.The result is shown in Fig.

2.1

2-2-3 Sensing Selectivity

To realize selective gas detection, sensor arrays are often constructed, i.e.

several sensors showing different patterns of gas sensitivity are selected and

simultaneously operated. Signal evaluation algorithms ranging from partial least

squares methods to neural networks with fuzzy preprocessing are used to identify the

16



type of gases presented and to calculate their concentrations. A simple technique to

obtain an array using one sensor is to modulate the operating temperature to different

define levels.

In the research of Crone et al. [40], they adopt eleven different organic thin

films to make OTFT and observe the reaction of these OTFTs to sixteen different

gases. The result is shown in Fig. 2.2 and it also reveals that OTFTs apply to

electronic nose. Then, in 2005 year Liao et al. submitted that concept of application of

OTFTs on electronic nose. [41] They proposed three different active materials

including P3HT, pentacene, and P30T to make OTFTs and show the sensing gas

selectively for these OTFTs.

2-3 Immobilizations of Bio-molecules

Self-assembled monolayer (SAM) technology provides a powerful tool for

generating monolayers of biological molecules on various substrates. The formation

of such monolayers offers great versatility in terms of the sophisticated

bio-recognition, which might provide a method for the in vitro development of

biosurfaces that are able to mimic naturally occurring molecular recognition process

[42]. SAMs also permit reliable control over the packing density and the environment

of an immobilized recognition center or multiple centers on a substrate surface [43].

17



In the paper, they demonstrate a novel DNA hybridization detection method

with organic thin film transistors.[44] DNA molecules are immobilized directly on the

surface of organic semiconductors, producing an unambiguous doping-induced

threshold voltage shift upon hybridization. With these shifts, single-stranded DNA

(ssDNA) and double-stranded DNA (dsDNA) are differentiated successfully.

In our research, we try to immobilize BSA on the SAM treated surface, and

observe that BSA bond with APTES .Then, we make OTFTs treated by SAM to sense

gas and try to increase the sensing selectivity of OTFTs for ammonia. Finally, we

expect to immobilize DNA on the SAM treated surface and detect Biological

member.
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Table I Summary of reviewed OFET sensors

Active layer

Recognition element

Analytes

OTFTs

Phthalocyanines

Naphthalene tetracarboxylic

derivatives

Pentacene

Oligothiophenes

Polythiophenes

Poly(phenylene ethynylene)

ISOFETsS
Pentacene

Poly(3-hexylthiophene)

OECTs
Polypyrrole

Poly(3-hexylthiophene)

Polyaniline

Polyaniline composites
Modified polyaniline
Polycarbazole

PEDOT

PEDOT/PSS

Alkyl or alkoxy side chains

Enantioselective pendant

groups

Proton-sensitive dielectric

layer, glucose oxidase

Disphorase, penicillinase
membrane

Platinum particles

Moisture-sensitive solid-state
electrolyte, crown ether,
glucose oxidase,
horseradish peroxidase,
urease, lipase

Glucose oxidase

Horseradish peroxidase

IgG antibodies, DNA

Glucose oxidase

Oxygen, iodine, bromine, NO,, ozone, alcohols,
ketones, thiols, nitriles, esters, ring
compounds, lactic acid, pyruvic acid

Nitrogen, oxygen, water vapor, alcohols,
ketones, thiols, nitriles, esters, ring
compounds

Water vapor, 1-pentanol, aqueous analytes

Alcohols, ketones, thiols, nitriles, esters, ring
compounds, lactic acid, glugose

Ammonia, water vapor, chloroform, alcohols,
ketones, thiols, nitriles, esters, ring
compounds, alkanes

Volatile chiral molecules

H+

H', glucose

NADH, penicilline, H"

H+, II'C162>, 02, H2
H', Ru(NH;)¢>"*", Fe(CN)s ", water vapor,
S0,, K", glucose, hydrogen peroxide,urea,

triglycerides

Glucose, NADH
Hydrogen peroxide
Cu(Il) ions

IgG antibodies, DNA

Water vapor, glucose
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o that measured just before the analyte was
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(same W/L of 10), measured at Vg =V4=Vige=—2.5 V (two side guards were kept at

the same potential as the drain), d distance from syringe nozzle to devised=2 mm, v

analytic fluxd =45 ml/min.
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Chapter 3
EXPERIMENT METHODS

3-1 Device Structures and Fabrication

3-1-1 Gated four-probes OTFTs for resistance measurement

Gated four-probe OTFTs electrical measurements were carried out using a
Keithley 4200-SCS semiconductor parameter analyzer. In the four-terminal
measurements (Fig.3.1 (a)) the voltage drops V, and V, between the source contact
and the two voltage-probing electrodes were measured separately, with two
Kelvin-probes SMUs set current less,then110.'* Amps and measure the voltage. As
shown in Fig. 3.1(b) (an idealized depiction of the change in potential through the

device when biased in the linear region of device operation), the potential drop

between the voltage probes is assumed to be linear for [\/DS ‘< ’VGS -V; | (where V;

is the threshold voltage, V is the gate-source voltage, and Vg is the drain-source

voltage), the field-effect mobility is given by

L al
H=— P

X i X L X
W Ci VDS 8VGS

(1)
where C, is the gate insulator capacitance per unit area about 3.45x10™ F/em’.
Knowing the channel potential at two points, V, andV,, a linear extrapolation of

the potential profile to each contact was performed. The potential drops at the source

and drain, AV, AV, and AV, were calculated according to the following

Film »
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equations:

_ v, =V,) _
AVS—{VZ (Lz—Ll)( Lz):| Vs )
AVDsz{vﬁ(V V) } ©)
(L-L)
V=Vo) |
Vpum—(l_ L) (4)

WhereV,,V, and V, are the voltages at the source, drain, and potential probes,
respectively. L, ,L, and L are the distances from the drain electrode to the first
potential probe, the second potential probe, and the source electrode, respectively.
Where AV, 1s the actual voltage drop across the film.

With the knowledge of the'total current flowing through the device and the
potential drops across the film and contacts, the resistance of the source contact, drain
contact, and the film can be calculated using Ohm’s Law, when devices operation in

linear region.

R :AV%D -
Ry ="Vor 6)
. - AV%D -
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3-1-2 Preparation of Substrates

In this study, the OTFT devices we used are top-contact structures. A p-type,
single crystal silicon wafer (100) was used as the substrate and the gate electrode.
After RCA cleaning, a 1000A thermally-grown SiO, layer was deposited by furnace.
After the SiO, deposition, we try to remove the SiO, layer from the wafer of
unpolished-side. The etching-solution we used is buffered oxide etching (B.O.E.)
solution (40% NH4F and 1 part 49% HF). Hence, the wafer of unpolished-side
without SiO; layer can serve as a gate-electrode. Finally, the substrate was cleaned
in ultrasonic tank by the sequence of; de+ionic water (5 minutes), acetone (1 minutes),

and de-ionic water (5 minutes).

3-1-3 Surface Treatment

After substrate cleaning, we dip the octadecyltrimethoxysilane (ODMS) and
3-Aminopropyltriethoxysilane (APTES) individually unto the substrate. Consequently,
we try to remove the residual solvent. The substrates are then baked in the oven at

120°C about 15 minutes.

3-1-4 Growth of Thin Film and Electrodes
Pentacene, which was obtained form Aldrich Chemical Company without any
purification, was used as an active layer. The deposition is started at a pressure lower

than 3x10°torr. The deposition rate is controlled at 0.5A/s. The temperature we use in

24



depositing pentacene films is 70 °C. All the deposition parameters are monitored by a
quartz crystal microbalance (QCM) during the deposition process. In the end, a
1000A Au layer was used as the source and drain pad, which is deposited at a rate of 1
A/sec under 3x10° torr. The channel width (W) and length (L) defined by
shadow-mask was 800um and 1200um, respectively. Finally, the device is shown in

Fig. 3.2.

3-2 Measurement Methods and Parameter Extraction
In this section, the methods ofiextraction the mobility, the threshold voltage, the
subthreshod swing, the maximum interface trap’ density, and the is characterized,

respectively.

3-2-1 Mobility
Generally, the linear mobility (forVy <V; -V, ) can be extracted from the

transconductance maximum ¢,, in the linear region:

ol WC,,
= =—92% /N 2.5
or |:8VG j|VD =cons tant L o ( )

The saturation mobility (forV, >V, -V, ) can also be extracted from the slope

of the curve in the squared drain-current versus the gate-voltage diagram:
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\/— ,UCox (VG VTH) (2.6)

3-2-2 Threshold voltage
We extract the threshold voltage from equation (2.6), the intersection point of

the squared drain-current versus gate-voltage.

3-2-3 Subthreshod swing
Subthreshold swing is also important characteristics for device application. It is
a factor to estimate how rapidly theidevice switches from the off state to the on state

in the region of exponential current increase. It is defined by:

A

6(log |D) Y

Moverover, the subthreshold swing also represents the interface quality and the

S =

p ~Constant ) When VG<VT for p'type

defect density [2], the maximum interface state trap-density can be extracted by :

S -log(e) 1].&

s =g kT /q q

A high-performance TFTs will show a lower subthreshold swing.

3-2-4 On/Off current ratio
Devices with high on/off current ratio represent large turn-on current and small

off current. It determines the gray-level switching of the displays. High on/off
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current ratio means there are enough turn-on current to drive the pixel and sufficiently

low off current to keep in low power consumption.

3-3 Gas-Sensing system

As shown in Fig. 3.3, the gas-sensing system consists of three major parts: a
gaseous analyte controller, a gas-proof chamber, and a semiconductor parameter
analyzer. In Fig. 3.4(a), (b), and (c), we show the mass flow controller, the power
supply, and pressure gauge, respectively. The gaseous analyte was introduced into
the gas-proof chamber via the mass flow controllers (MFC; 5850E, Brooks
Instrument). The pressure insidé the gas-proof thamber is monitored by vacuum
gauge (PC-615). The total volume of the gas-proof.chamber is about 40 liter. Fig.
3.5 is the top-view image of gas-Sensing system.* The system is equipped with five
Kelvin-probes and positioners. The probes were connected to the semiconductor
analyzer (Keithley 4200-SCS&2636) via tri-axial cables. The bottom pipe and the
upper pipe serve as the gas-inlet and gas-exhaust, respectively. After mounting a
metal cap with transparent window, the gas-proof chamber can be pumped down to
less than 1 torr. Consequently, we introduce the pure nitrogen gas into the gas-proof
chamber. Thus, all the gaseous-sensing experiments can be processed in a
low-humidity and low-oxygen ambiance. All the experiments were also be operated

at a pressure about 760 torr.
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Figure 3.1. (a) Top view of a field-effect device. (b) Schematic voltage drop along the

channel for an OTFT biased in the linear region of device operation. The potential

drop between the voltage-probing electrodes is assumed to be linear for the evaluation

of the mobility from the four-terminal measurement.
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Figure 3.4 analyte control system.

(a) There is a four channel Mass Flow Controller (MFC)
Readout Power Supply, and a vacuum gauge.
(b) There is a Mass Flow Controller
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Chapter 4

Experiments Results and Discussion

4-1 SAM with APTES/ODMS
4-1-1 Percentage Control

Before identifying quality of SAM including ODMS and APTES, we try to mix
ODMS and APTES. First, we must find the solvent including ethanol to dissolve
ODMS and APTES. We observe that ethanol can dissolve both ODMS and APTES,
but the sample must be overnight after dipping. Then, we change percentage of
ODMS mixed APTES and the percentage are 100%ODMS, 90%0ODMS/10%APTES,
50%0DMS/50%APTES, and 100%APTES, respectively.And, the percentage is

volume ratio for ODMS and APTES.
4-1-2 Molecule Immobilization

The quality of ODMS and APTES immobilization can be approved by SEM,
AFM, anti-body, and protein immobilization. The amine groups (-NH,) of APTES can
covalent bonding with anti-body, and anti-body is big molecular which has 10nm Au
atom on the end so we can use SEM to check the growth condition of APTES. The
result was shown in the inset of Fig. 4.2(a).In Fig. 4.2(a), we observe that Au atoms
exist and the size of Au atom is about 10nm. But, the quantity of Au atom is too less
so this method using SEM to check existence of BSA isn’t better.

Then, we use AFM to check the existence of BSA in Fig. 4.2(b). In Fig. 4.2(b),

we deduced that protein truly draws in by APTES and not by ODMS. Besides, protein
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on APTES is uniform and there is no protein on ODMS because there is no functional
group on ODMS to covalent bond with BSA.We also deduced APTES truly grow on
Si0; because of AFM of BSA covalent bonded with APTES.Finally, we conclude that
the method of AFM of BSA can be observed more easily than the method of SEM of

BSA.

4-2 Material ans electrical analysis on SAM-OTFTs
4-2-1 AFM analysis of SAM quality

By ODMS, ODMS mixed with APTES and APTES-dipped SiO,, we try to
initiate surface characteristics of SAM ilniFig. 4.2(b), we show the atomic force
microscope (AFM) images of ‘'ODMS and'APTES treated SiO, dielectric. In the
Table III, as we can observe,-we ptoposed ODMS, ODMS mixed with APTES,
APTES and the surface roughness of ODMS, ODMS mixed with APTES including
ODMS/APTES=90%/10% and 50%/50%, APTES-dipped SiO, are about 0.234nm,
0.356nm, 0.369nm, and 0.221nm, respectively. APTES and ODMS have different
numbers of carbon chain so the length of carbon chains between ODMS and APTES
are different. We deduced the roughness of ODMS mixed APTES is bigger because
the length of carbon chains between ODMS and APTES are different, and ODMS and
APTES can’t match well to induce to broken bonds. Then we choose ODMS and

APTES as our SAM in after research because ODMS mixed APTES-dipped SiO; is
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too rough. Additionally, we also understand that the ODMS and APTES will not affect
the surface roughness of SiO, significantly, so pentacene can grow on ODMS and
APTES treated SiO; well. The AFM image of pentacene on SAM-dipped SiO; layer is
also show in Fig. 4.2(c).It seems that the grain of pentacene on ODMS treated SiO is
bigger than that on APTES treated SiO, because of surface energy difference between

ODMS and APTES treated SiO,.

4-2-2 Electrical Characteristics of OTFTs with distinct SAM-dielectrics

Before ammonia is introduced into chamber, we compare electrical
characteristics of ODMS and APTES-OTFETs including threshold voltage, mobility,
and Subthreshold swing. After the, source (Au), drain (Au), and voltage-probing
electrodes are deposited on pentacene film; we measured the transfer characteristics of
the gated-4-probes OTFT. The drain-current is plotted as a function of gate-voltage
in Fig. 4.3.When gate bias changes from 5V to -50V and drain bias is -3V, the devices
shows an on/off current ratio about 4 order for APTES-OTFTs and about 6 order for
ODMS-OTFTs but the Ion~10"A for ODMS and APTES-OTFTs are the same.

It also shows threshold voltage difference for ODMS and APTES-OTFT from -11.75
V to -43.6 V. The Vth difference may be attributing to -NH, on APTES because of the
negative charge of-NH, to trap the main carrier-hole. Mobility for ODMS and

APTES-OTFTs are 0.33 and 0.038 cm?/Vs, respectively. The difference of mobility
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between ODMS and APTES-OTFTs may be —-NH, on APTES to trap hole carriers.
Subthreshold swing for ODMS and APTES-OTFTs arel.34 and 1.73 V/decade,
respectively. The Electrical Characteristics results show in the Table IV. We
deduced —NH; on APTES will trap hole and induced that the threshold voltage will
shift more negatively, on current, and mobility will get smaller, but it doesn’t affect
Subthreshold swing a lot.
4-3 Effects of ammonia (NHs) on Gated four-probe OTFTs
4-3-1 1d-Vg curve variation

Before the measurement, the,gas-sensing chamber is pumped-down to less than
1 torr and vented to 760 torr-by: the high-purity nitrogen (N,) gas. Initially, we
measured the gated-4-probe OTET in the nitrogen ambiance. Before ammonia (NHs)
is introduced into the chamber, we expected that ODMS and APTES-OTFTs are
different in the change of threshold voltage shift and change of mobility because there
is -NH; on APTES and will be expected not to react with NHj First, we analysis the
id-Vg curve of ODMS and APTES-OTFT in 5mins,10mins and 20mins in the 0.5ppm
ammonia, and change gate bias from 5V to -45V and drain bias is fixed in -3V.We
expect to observe that mobility and threshold voltage will saturate. The electrical
characteristics of ODMS and APTES-OTFT are shown in Fig. 4.4(a) and 4.4(b).

When the NHj3 is introduced into the chamber, the drain-current (1) will reduced
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from 5mins to 20mins. Interestingly, the threshold voltage will also shift more

negatively, and field-effect mobility will decrease .But, we observe that the threshold

voltage and mobility will saturate in 10mins in Fig. 4.5(a) and 4.5(b).So we decide to

choose 10mins as our main parameter in our next experiment.

Then, we change the quantity of ammonia (NH3) from 0.5ppm to 1.5ppm. And,

we also change gate bias from OV to -50V and drain bias is fixed in -3V. Then we

measured the drain-current plotted as a function of gate-voltage every 10mins as the

quantity of NH3 is 0.5ppm, 1ppm, 1.5ppm. In Fig. 4.6(a) and 4.6(b), when the NH3 is

introduced into the chamber, the drain-current (1) will reduced with the increase of

the NH; concentration in Fig. 4,6(c). The decrease of on current is because of

mobility or threshold voltage change by 2.6.In 4.3.3, we will analysis mobility and

threshold voltage change with the increase of the NH3 concentration .Interestingly, the

threshold voltage will also shift more negatively, and field-effect mobility will

decrease with the increase of the NH; concentration. The on/off current ratio and the

subthreshold swing will not be changed significantly with the increase of the NHj

concentration.

4-3-2 Contact resistance variation

To further study the effects of NH;3 gas on OTFT devices, we try to estimate the
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contact resistance and pentacene resistance by the gated-4-probe OTFT, respectively.
From potential-probes on channel, the voltage-drops at the source electrode (AV,),

drain electrode ( AV, ), and within the pentacene film (AVy,, ) can be estimated by:

V, -V)

AVS:[VI_m'LI]_VS
_\/ _ (V2—V1)_ —
AV, =V [Vz+(L2—L1) (L-L)]
R
(LZ_LI)

V, and V, is the voltage measured from the first potential probe (near the source
electrode) and second potential probe (near‘the drdin electrode), respectively. L,

and L, is the distance from the fitst potential probe to source electrode and the
second potential probe to drain electrode. L 1is the channel length. V, and V; is
the drain voltage and source voltage, respectively. The total contact resistance (R, )

and film resistance (R, ) can also be estimate by:

film

RCOI’I'[ = AVS rAVD
D
AVfilm
Rim = |
D
As shown in Fig. 4.7, the R, and Ry, is plotted as a function of gate-voltage
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minus threshold-voltage (V; —V,, ), respectively. TheR_, and Ry, get smaller with

cont film

more minus Vg, —V,, and get smaller as the quantity of NH3; get much more for

ODMS-OTFTs but get bigger for APTES-OTFTs. The Fig. 4.8(a) and 4.8(b) shows

the percentage (%) of R, and Ry versus injected NHjs, respectively. It is clear

cont film

that the percentage (%) of Ry, 1is as high as about 90% during the NH; gaseous

film
experiment for ODMS and APTES-OTFTs. Thus, the OTFT characteristics should

be mainly dominated by the pentacene film properties rather than the contact

properties.

4-3-3 Threshold voltage and mobility variation

Since the pentacene film “properties will .dominate the OTFT characteristics

during the NHj3 gaseous experiment, we try to observe the intrinsic variation of

field-effect mobility. In gated-4-probes measurement, the contact-corrected

field-effect mobility ( 4 ) can be extracted by

__1 0o
lueﬁ Ctotal aVG
oo L

V,-V, W

where C, ., is the total capacitance of OTFT, o is the conductivity, V, and

total

V, is the voltage measured from the first potential probe (near the source electrode)

and second potential probe (near the drain electrode), L' is the distance between two
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potential probes, and W is the channel width.

The threshold voltage shift (AV,, ), intrinsic field-effect mobility, and the
subthreshold swing (S.S.) is also plotted as a function of NH; concentration in Fig.
4.9 and Fig. 4.10, Fig.4.11, respectively. In Fig. 4.9, the threshold voltage will shift
toward more negatively from -11.75V to -19.94V for ODMS-OTFTs and from -43.6V
to -50.34V for APTES-OTFTs with the increase of NH; concentration. But for
ODMS-OTFTs, the change of threshold voltage (Vi %) is bigger than that of
APTES-OTFTs. The reason might be —NH, on APTES don’t react with NH;
dramatically and repel NHj3 so thereis less NHs to.trap carrier that Vi, % is smaller for
APTES-OTFTs than ODMS-OTETs. In Fig: 4:10; the field-effect mobility will
decrease from 0.33 cm?/Vs to 0:314 om’/Vs with the increase of NH; concentration
for ODMS-OTETs and from 0.038 ¢cm?/Vs t00.029 ¢cm?®/Vs for APTES-OTFTs. But
for ODMS-OTFTs, the change of field-effect mobility (n %) is smaller than that of
APTES-OTFTs. However, the subthreshold swing is kept at an averaged value around
1.2840.05V/decade and 1.76+0.09V/decade for ODMS and APTES-OTFTs,
respectively, and seems not to be affected by the NH; dramatically, even when the
NH; concentration is approached to a concentration of 1.5ppm.Finally, we deduced
that the difference of the change of threshold voltage (Vi %), field-effect mobility (n

%) between ODMS and APTES-OTFTs may be because of -NH, on APTES but no
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functional group on ODMS.

In Fig. 4.12, we observe that when the NH; molecular is introduced, the

molecular will be adsorbed by the pentacene film. The polycrystalline pentacene with

a lot of GBs will serve additional sites to interact with NH3; molecular. Hence, the

absorbed NH; molecular on the GBs will increase the barrier height and acts as

trapping sites (Quap). In our experiment, an increased (negatively shift) threshold

voltage implies the concentration of mobile holes in the pentacene film will be

reduced. But for APTES-OTFTs, there are functional groups (-NH») to repel NH;

molecular and Q. is less so the quantity of threshold voltage shift is smaller in Fig.

4.9.We also observe that the quantity of the change-of intrinsic field-effect mobility

for APTES-OTFTs is bigger than. ODMS-OTETs in Fig. 4.10.Because the grain

boundaries of pentacene on APTES are more than those on ODMS, more GBs will

absorb more NH3 molecular to affect carrier conduction. And, we deduced the change

of maximum on current by comparing the change of mobility and threshold voltage in

Fig. 4.6(c).By 2.6, we understand that the change of maximum on current (Aloy) is

smaller for APTES-OTFTs because the change of mobility is bigger and the change of

threshold voltage is smaller. Finally, we understand that the quantity of GBs affects

the change of mobility, the quantity of Qu.p affects the threshold voltage shift, and the

change of mobility and the threshold voltage shift influence Al
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Table Il The surface roughness of ODMS, ODMS mixed with APTES,
APTES-dipped Si0O,

ODMS ODMS/APT |ODMS/APT |APTES
ES=90%/10 |ES=50%/50
% %
Rms(nm) 10,234 0.356 0.369 0.221

Table 111 The comparison of ODMS and APTES -OTFTs electrical properties

Treated u(em’/Vs)  Vih(V)  Subthreshold on/off ratio
swing(V/decade)
ODMS-OTFTs 0.33 -11.75 1.34 >10°
APTES-OTFTs 0.038 -43.6 1.73 >10*
ODMS APTES

Fig. 4.1 The contact angle of the de-ionized water on ODMS-treated SiO; surface,

and on APTES-treated SiO, surface, respectively.
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Fig. 4.2(a) The amine groups of APTES can covalent bonding with anti-body.

S,

-

ODMS-BSA “ ' APTES-BSA

Fig. 4.2(b) The amine groups of APTES can covalent bonding with bovine serum
albumin (BSA).And BSA is shown in the AFM.
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ODMS APTES

Fig. 4.2(c) atomic force mlcroscope (AFM) tmages of SAM-dipped SiO; dielectric
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Fig. 4.2(d) pentacene AFM image on SAM-dipped SiO, layer for ODMS and APTES
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Fig. 4.12 The sensing mechanism during NHj in the chamber
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Chapter 5
Conclusion and Future Work
5-1 Conclusion

In this thesis, we investigated that the influence of SAM on the surface energy.
And propose the method to form the covalent bonding between APTES and BSA.
Then, we discuss the comparison of electrical characteristics between ODMS and
APTES-OTFTs. Finally, research the interaction of different SAM-treated OTFTs to
NHj; gas via the gated-4-probes OTFTs in a gas-sensing system.

First of all, we study the surface characteristics of SiO, which are modified by
ODMS and APTES. The ODMS and APTES transformed the SiO, surface from
hydrophilic to hydrophobic, and  ODMS and -AAPTES do not affect the surface
roughness significantly but the surface of ODMS mixed with APTES is rough
obviously. Because of the above reasons, we choose ODMS and APTES as our main
SAM in our experiments. We also propose the manner which can cause BSA and
anti-body to form covalent bonding with APTES. According to AFM analysis of BSA
and SEM analysis of anti-body with APTES or ODMS, we see the surface of BSA
with APTES is uniform and the Au atoms on anti-body can be seen, but BSA with
ODMS is not easy to be detected by AFM. Therefore, we deduce that -NH, on

APTES will bond to BSA, but there are no functional groups on ODMS which can
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bond to BSA.

Further, we compare ODMS with APTES-OTFTs electrical characteristics. The

threshold voltage of APTES-OTFTs with functional group (-NH,) is obviously higher

than ODMS-OTFTs and the field-effect mobility of APTES-OTFTs is smaller than

ODMS-OTFTs because of -NH, on APTES which can trap hole carriers to induce the

low current and low mobility during on state.

Besides, in our observation, when ammonia (NH3) gas interacted with the OTFT,

the threshold voltage is also shifted negatively to a larger value for both ODMS and

APTES-OTFTs, and the field-effectimobility getrlower with more NH; .However, the

subthreshold swing was almost-unchanged. We also propose that the percentage (%)

of R, and Ry, versus injected NH73and the percentage (%) of Ry, is as high

as about 90% during the NH; gaseous experiment for ODMS and APTES-OTFTs.

Thus, we deduce the OTFT characteristics should be mainly dominated by the

pentacene film properties rather than the contact properties.

We have proved that the functional groups,-NH,, on APTES affect electrical

characteristics of OTFTs and electrical characteristics of OTFTs in ammonia. Through

this thesis, we compare the sensitivity of ODMS and APTES-OTFTs in gas sensor.

Finally, we hope to research more functional groups like -COOH,-SH to enhance the

diversity of OTFTs sensing gas in the future.

55



References

[1] Frank-J. Meyer zu Heringdorf, M. C. Reuter and R. M. Tromp, “Growth

dynamics of pentacene thin films,” Nature 412, pp.517 (2001).

[2] Y. Y. Lin, D. J. Gundlach, S. F. Nelson, and T. N. Jackson, ‘“Pentacene organic

thin-film transistors-molecular ordering and mobility”, IEEE Electron Device

Lett. vol. 18, pp. 87, (1997).

[3] C. D. Dimitrakopoulos, and Patrick R. L. Malenfant, “Organic thin film transistors

for large area electronics,” Adv. Mater. 14(2), pp.109 (2002).

[4] D. Knipp, R. A. Street, A. Volkel, and J. Ho, “Pentacene thin film transistors on

inorganic dielectrics: Morphology, -Structural properties, and electronic

transport,” J. Appl. Phys. 93(1), pp.347 (2003):

[5]. L. Torsi, A. Dodabalapur, L. J. Rothberg, A. W. P. Fung, H.E. Katz,

“Performance Limits of Organic Transistors”, Science, 1996, P 1462.

[6]. H. E. Katz, C. Kloc, V. Sundar, J. Zaumseil, A. L. Briseno, Z. Bao, “Field-Effect

Transistors made from Macroscopic Single Crystals of Teracene and Related

Semiconductors on Polymer Dielectrics”, Journal of Material Research, Vol. 19,

No. 7, Jul 2004, P 1995 - 1998.

[7]. C. D. Dimitrakopoulos, D. J. Mascaro, “Organic Thin-Film Transistors: A Review

of Recent Advances”, IBM Journal of Research and Development, Vol. 45, No. 1,

56



Jan 2001, P 11 - 27.

[8] Z. Bao, A. Dodabalapur, A. J. Lovinger, ”Soluble and processable regioregular

poly(3-hexylthiophene) for thin film field-effect transistor applications with high

mobility” Appl. Phys. Lett. Vol. 69, pp.4108, (1996)

[9] Y.Y. Lin, D. J. Gundlach, S. Nelson, T. N. Jackson, “Stacked pentacene layer

organic thin-film transistors with improved characteristics”, IEEE Electron

Device Lett, Vol. 18, pp.606, (1997).

[10] Yanming Sun, Yunqi Liu, and Daoben Zhu, “Advances in organic field-effect

transistors”, J. Mater. Chem., vol. 15, pp. 53:.(2005).

[11] G. M. Wang, J. Swensen, D. Moses, and A. J. Heeger, “Increased mobility from

regioregular poly (3-hexylthiophene) ficld-effect transistors”, J. Appl. Phys, Vol

93, pp 6137, (2003)

[12] L. Sebastian, G. Weiser, and H. Bassler, “Charge transfer transitions in solid

tetracene and pentacene studied by electroabsorption”, Chemical Physics, Vol 61,

pp 125-135, (1981)

[13] C.W. Chu, S.H. Li, C.W. Chen, V. Shrotriya, Y. Yang, “High-performance organic

thin-film transistors with metal oxide/metal bilayer electrode” , Applied Physics

Letters, Vol. 87, pp.193508, (2005)

[14] E. A. Silinsh, and V.Capek, “Organic Molecular Crystals: Their Electronic States

57



“ New York, (1980)

[15] Y. S. Yang, S. H. Kim, J. Lee, H.Y. Chu, L. Do, “Deep-level defect characteristics

in pentacene organic thin films”, Applied Physics Letters, Vol. 80, pp. 1595-1597,

(2002)

[16] H. Yanagisawa, T. Tamaki, M. Nakamura, K. Kudo, “Structural and electrical

characterization of pentacene films on SiO2 grown by molecular beam” Thin

Solid Films, Vol. 464-465, pp.398, (2004)

[17] D. Knipp, R. A. Street, A. Vo~ lkel, J. Ho. “Pentacene thin film transistors on

inorganic dielectrics: Morphology, structural properties, and electronic transport”

Journal of Applied Physics; Vol. 93, pp.247, (2003)

[18] R. A. Street, D. Knipp, and A.“R. V&lkel; “Hole transport in polycrystalline

pentacene transistors”, Appl. Phys. Lett., vol. 80, pp. 1658, (2002).

[19] G. Horowitz, “Organic field-effect transistors”, Adv. Mater., vol. 10, pp. 365,

(1998).

[20] Y.-Y. Lin, D. J. Gundlach, S. F. Nelson, and T. N. Jackson, “Stacked pentacene

layer organic thin-film transistors with improved characteristics”, IEEE Electron

Device Lett, vol. 18, pp 606, (2000).

[21] S. F. Nelson, Y.-Y. Lin, D. J. Gundlach, and T. N. Jackson,

“Temperature-independent transport in high-mobility pentacene transistors”,

58



Appl. Phys. Lett., vol. 72, pp. 1854, (1998).

[22] O. Ostroverkhova, D. G. Cooke, S. Shcherbyna, R. F. Egerton, F. A. Hegmann, R.

R. Tykwinski, and J. E. Anthony, “Bandlike transport in pentacene and

functionalized pentacene thin films revealed by subpicosecond transient

[23] R. A. Street, D. Knipp, and A. R. Volkel, “Hole transport in polycrystalline

pentacene transistors”, Appl. Phys. Lett., vol. 80, pp. 1658, (2002).

[24] G. Horowitz, “Organic field-effect transistors”, Adv. Mater., vol. 10, pp. 365,

(1998).

[25] Y.-Y. Lin, D. J. Gundlach, S..,F.'Nelson, and T. N. Jackson, “Stacked pentacene

layer organic thin-film transistors with improved characteristics”, IEEE Electron

Device Lett, vol. 18, pp 606,(2000).

[26] Y.-Y. Lin, D. J. Gundlach, S. F. Nelson, and T. N. Jackson, “Stacked pentacene

layer organic thin-film transistors with improved characteristics”, IEEE Electron

Device Lett, vol. 18, pp 606, (2000).

[27] S. F. Nelson, Y.-Y. Lin, D. J. Gundlach, and T. N. Jackson,

“Temperature-independent transport in high-mobility pentacene transistors”, Appl.

Phys. Lett., vol. 72, pp. 1854, (1998).

[28] G. Nunes Jr., S. G. Zane, and J. S. Meth, “Styrenic polymers as gate dielectrics

for pentacene field-effect transistors”, J. Appl. Phys., vol. 98, pp. 104503,

59



(2005).

[29] M. McDowell, I. G. Hill, J. E. McDermott, S. L. Bernasek, and J. Schwartz,

“Improved organic thin-film transistor performance using novel self-assembled

monolayers”, Appl. Phys. Lett., vol. 88, pp. 073505, (2006).

[30]. R.H. Tredgold, Order in Thin Organic Films, Cambridge University Press, 1994.

[31] A. Ulman, An Introduction to Ultrathin Organic Films: From Langmuir-Blodgett

to Self-Assembly, Academic press, New York, 1991.

[32]. R.F. Gould (Ed.), Contact Angle, Wettability and Adhesion, Proceeding of the

144th Meeting of the American Chemical* Society, Vol. 43, Washington, DC,

1964.

[33]. R.J. Good, Contact angle wetting‘and adhesion: a critical review, in: K.L. Mimal

(Ed.), Contact angle, Wettability and Adhesion, USP, The Netherlands, 1993, pp.

3-36.

[34] Jeffrey T. Mabeck A George G. Malliaras, “Chemical and biological

sensors based on organic thin-film transistors”, Anal Bioanal Chem (2006)

384: 343 - 353

[35]Qintao Zhang *, Vivek Subramanian, “DNA hybridization detection with organic

thin film transistors: Toward fast and disposable DNA microarray chips”

, Biosensors and Bioelectronics 22 (2007) 31823187

60



[36] Torsi et al., J. Phys. Chem. B (2002) Correlation between Oligothiophene Thin

Film Transistor Morphology and Vapor Responses

[37] Liang Wang, Daniel Fine, and Ananth Dodabalapur, Nanoscale chemical sensor

based on organic thin-film transistors, APPLIED PHYSICS LETTERS

VOLUME 85, NUMBER 26 27 DECEMBER 2004

[38] B. Crone, A. Dodabalapur, A. Gelperin, L. Torsi, H. E. Katz, A. J.

Lovinger, and Z. Bao, Electronic sensing of vapors with organic transistors

, APPLIED PHYSICS LETTERS VOLUME 78, NUMBER 15 9 APRIL 2001

[39]F.Liao,et al. “Organic TFIs as 'gas. sensors for electronic nose

applications”,Sensors and Actuators B ,Vol.107,pp849-855,(2005)

[40] B. Crone, A. Dodabalapur, A. Gelperin,- L. Torsi, H. E. Katz, A. J.

Lovinger, and Z. Bao, Electronic sensing of vapors with organic transistors

, APPLIED PHYSICS LETTERS VOLUME 78, NUMBER 15 9 APRIL 2001

[41]F.Liao,et al. “Organic TFTs as gas sensors for electronic nose

applications”,Sensors and Actuators B ,Vol.107,pp849-855,(2005)

[42] Ferretti, S., Paynter, S., Russel, D.A., Sapsford, K.E., Richardson, D.J., 2000.

Self-assembled monolayers; a versatile tool for the formulation of bio-surfaces.

Trends Anal. Chem. 19, 530 540.

[43] Horng-Long Cheng, Yu-Shen Mai, Wei-Yang Chou, and Li-Ren Chang,

61



“Influence of molecular structure and microstructure on device performance of

polycrystalline pentacene thin-film transistors”, Appl. Phys. Lett., vol. 90, pp.

171926, (2007).

[44] Qintao Zhang *, Vivek Subramanian, DNA hybridization detection with

organic thin film transistors: Toward fast and disposable DNA microarray chips,

Biosensors and Bioelectronics 22 (2007) 3182—-3187

62



=
=3

SR
A4 g pd AR LA Lo

Bak i REHRE~TEF- LI 575

P Bk (2002. 09~2006. 06)

3

7
A2l ~FXT 177421 (2006.09~2008. 06)

eﬂ

EC
TRABA BEETTLWFHERZAY
Functional Group Modification on Dielectric Interface of

Pentacene-Based OTFTs for Ammonia Sensing Application

63



