Chapter 1

Introduction

1.1 Background and overview of OTFTs

In 2000, the Nobel Prize in chemistry was awarded for the development of
conducting polymers. After Shirakawa began the research on the conducting
property of polymers in late 1970s [1], the first demonstration of organic thin-film
transistors (OTFTs) based on polyacetylene was reported in 1983 [2], but the mobility
was quite low, on the order of 10°¢i?/Vs. The.conductivity of the polymer can be
altered from insulator to conductor through the method of doping. Consequently, the
possibility of fabricating OTFTs ‘with small conjugated molecules was shown in 1989
[3] with sex thiophene rings linked at alpha positions, showed mobility on the order of
10"ecm?/Vs, which has reached the display-requirement and is comparable to the
amorphous-Si TFTs. The comparisons between amorphous-Si TFTs, poly-Si TFTs
and OTFTs are listed in Tablel.1 [4].

Nowadays, a large number of conjugated molecules and polymers have been
used to be the active layers of OTFTs. The most significant difference between
distinguishing those devices fabrication is the deposition method.  Organic

semiconductors are potentially solvable in organic solvent and are compatible to



deposit at low-temperature on plastic substrates. By the low-cost fabrication

techniques such as spin-coating and inkjet-printing, OTFTs may be used in the

applications of flexibility, large-area coverage without complex process system and

saving more energy on green earth.

Since organic semiconductors can be processed at low temperatures and

compatible with plastic substrates. Such applications include active-matrix liquid

crystal displays (AMLCDs), active-matrix organic light-emitting diodes (AMOLEDs),

and electronic paper displays. Additionally, organic sensors, organic solar cells,

low-end smart cards, radio-frequency identification (RFID) tags, and other electronics

integrated with organic circuits have been proposed.

The bonding between organic semiconduetoers is by van der Waals forces

between the hydrogen atoms, which are dangling on the ends of the benzene rings.

It is much weaker than that of the covalent force in inorganic materials, which is the

reason for small mobility. In Fig. 1.1[5], we can compare the increase of mobility in

the past years for different organic semiconductors. If we want to overcome the

materials limitation, there are several points we have to overcome. First, the

injection from the contact electrodes to organic film must be optimized. Second,

deposition conditions should be optimized to get the best molecular ordering. And

third, the synthesis-technology will provide more opportunities for choosing new



organic semiconductor.

As shown in Fig. 1.2 [6], the current topics on OTFTs are still focused on p-type

semiconductors, the development of n-type semiconductors is expected and under

investigation. The reliability and reproducibility are also important issues. There is

still room for further improvement, and the choices of materials for the electrodes [7],

the insulator [8], the passivations [9], and the substrates [10] are also important factor.

1.1-1 Introduction to organic materials and pentacene

Organic conjugated materials usediin OTEFTs can be generally divided into two

groups. All exhibit contiguous sequences:of double bonds separated by one single

bond. The m-orbital in the conjugated systemis linked with the neighboring 7 orbital,

and spreads in the whole molecule. The m electrons are delocalized across the

molecule, which makes semi-conductive or conductive characteristics in the

conjugated system. Unlike the case in inorganic semiconductors, the -carrier

transport is band-like transport which is determined by the Bloch wave states. The

carriers are hopping between the localized states in the disordered organic

semiconductors. The localized wave functions in organic semiconductors lead to

small inter-molecular interactions ; typically the van der Waals or weak n-m overlap

orbits-ping. That is the main cause of the low mobility in organic materials. But it



can be improved by modifying the materials and device architectures.

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%cm2/Vs [11]). 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 [12]).

Pentacene is one of the popular materials in OTFTs. Its mobility has reached
the fundamental limit (>3cm?/Vs) [13, 14] which.is obtained with a single crystaline
at room temperature. The mobility of pentacene is 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 Cy,H ;4 with molecular weight 278.3.  The volume
of the unit cell is about 705A [13]. The permittivity is 4 [14], and the electron
affinity is about 2.49¢V. Silinish et al. determined the adiabatic energy gap (E/’) by
using the threshold function of intrinsic photoconductivity in pentacene [7]. The
second transition is from the excited state to the ionic state, which is called the optical

energy gap (EZ"). According to Fig. 1.3, the adiabatic energy gap as 2.47eV and



the optical energy gap as 2.83eV is recorded [15].

1.1-2 Pentacene deposition and Contact issues

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 [16]. 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 critical, parameters to the organic film quality. Lower

deposition rate and appropriate deposition temperature is expected to result in better

ordering of the organic molecules, thin-film phase formation of pentacene film, and

the better performance [17].

Then OTFTs are mainly bottom gate structure, the dielectrics is important. 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 [18].

Contact configurations are divided into top-contact and bottom contact as



electrode formation after pentacene deposition or before it. The injection barrier of

the OTFT device is determined by the affinity of the source and drain electrodes.

Materials with large work function are preferred to form an Ohmic-contact. Metal

with low work function is a schottky-like contact with organic film.

In the bottom-contact, the pentacene grain size on Au is dramatically reduced

comparing to pentacene on oxide. Close to the Au edge and the SiO2 side is a

transition region where the grain size is altered. In Fig. 1.4, it is the morphology of

the pentacene film in the OTFT channel region close to the electrode edge that causes

the performance degradation of the.,bottom contact OTFTs [19].

In top contact, pentacene-motphologyis not affected by the top metal. The

disadvantage in bottom contact iS:not existed. ~ The metal film formation of gold on a

pentacene layer show signs of metal penetration coupled with formation of metal

clusters in XPS and UPS studies [20,21], leading to a substantial reduction of the

dipole barrier from 1.0 to 0.3eV. However, we note that the top contact architecture

presents a major drawback: patterning the device through conventional

micro-lithography is no longer achievable.



1.2 Operation of OTFTs

In the past few years, the major OTFTs structure of an organic transistor is
top-contact or bottom-contact. They are well-developed structures in thin-film
transistors; therefore they seem to be the most standard structure of the organic
transistor. However, there are several subjects for using these devices structures.
For example, top contact OTFT gives high performance efficiency due to the good
affinity between organic layer and electrodes. Though the process via shadow mask
is easy to prepare, top-contact devices via lithography should damage the organic film.
On the other hand, for the OTFT with'bottom contact, it is easier to prepare the source
and drain electrodes in smaller scales ‘than' the top-contact. = However, its
performance seems to be poor-owing to the non-optimized contact between the
organic film and the electrodes. It has been shown that the top-contact devices yield
mobilities that are typically larger by a factor of two compared to bottom contact
devices [22-24]. It is likely that there is still another structure for the OTFTs [7-11].

In top contact and bottom-contact OTFTs, both the general operation concept
(e.g. p-type pentacene OTFTs) comes from inorganic transistors. The MOSFET is
traditionally operated in inversion mode. However, the operation of OTFTs is
generally in accumulation mode. The typical I-V characteristics can be used to

calculate the important parameters such as mobility, threshold voltage, and on/off



current ratio.

Pentacene is a p-type semiconductor. At first, a negative bias is applied to the
gate, the voltage drops over the insulator region and semiconductor one, which gives
rise to bend the band in the semiconductor. The additional positive charges provided
from the source and drain electrodes will accumulate in this region. The insulator
serves as a capacitance which stores charges and can be represented as C,, . It is
assumed that a little voltage drop across the semiconductor is negligible. In this
situation, the applied drain-bias can force the current from the source to drain. The
conduction is determined by mobility x, which.represents how the electrical field
drives the accumulated charggs.; = Therefore; the increased in gate voltage oV,
accounts for the increased charges 'C;, 0V, and the total charges induced over the
channel are WL.C oV s where W and L correspond to the channel width and length.

The increased drain current &/, is then represented as

w
ol zf/uCOXVDé—VG (1.1)

In general, we can divide the operation of OTFTs into two regions, linear and

saturation regions. The drain current in the linear region is determined from the

following equation

w V
I,= f ox Ve =V _TD)VD (1.2)

Since the drain voltage is quite small, sometimes equation (1.2) can be simplified as



w
I, ZTCOXIU(VG VWV (1.3)

For -V, >-(V,-V,,), I, tends to saturate due to the pinch-off of the

accumulation layer. The current equation is modified as

w
I, =ZCOX/J(VG _VTH)2 (1.4)

The energy band diagrams for p-type and n-type OTFT are shown in Fig. 1.5. [25]



1.3 Motivation

For the practical applications, the output current is still the main issue for the

OTFTs. Among the mentioned issues, if we want to enhance the OTFT performance.

Reducing the transistor channel-length may be effective [26]. With the high

resolution lithography systems, such as G-Line, I-Line photolithography system, or

the e-beam direct writer system, the organic devices with nano-scale channel length

are realized fulfilled [27]-[29]. In these processes, OTFTs will require the high-cost

instrument and are hard to utilize in large-area fabrication.

In this study, a simple and low-cost way to teduce the channel length is proposed.

We demonstrated two structures, without the:complex process flow or high-resolution

lithography system. For OTFTS; the sub-micron channel length and the asymmetric

electrodes are achieved by using only the shadow mask and simple aligner. The first

structure is Vertical OTFT (VOTFT). In the conventional OTFTs, the channel

length is in the order of about several um. Since the organic film is in the order of

nano meter, we re-configured the electrodes vertically and capped the electrodes

(source and drain) on both sides of organic film. The vertical-electrodes could guide

the current perpendicularly and the channel length will be determined by the organic

film thickness. = The channel length could be significantly reduced without

high-resolution lithography system. The second is TBC (Top-Bottom Contact)

10



OTFTs. TBC-OTFTs can be regarded as a kind of VOTFT but the source and drain

electrodes are not overlapped. The top and bottom electrodes were all deposited

through the shadow masks; further lowered the fabrication cost.

11



1.4 Organization of this thesis

In Chapter 1, we described the background, development, brief overview and
motivation of this study. In Chapter 2, the devices fabrication, measurement and
parameter extraction of OTFTs are presented. In Chapter 3, different structures are

investigated and discussed. Finally, we will provide a conclusion in Chapter 4.
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Chapter 2
Experiment Methods

2.1 Device structures and fabrication
2.1-1 Vertical OTFT
Step 1. Substrate and gate electrode
4-inch n-type heavily-doped single crystal silicon wafer (100) is used as the

substrate and the gate electrode.

Step2. Gate oxide formation
After the initial RCA ‘cleaning, the 1000A thermally grown SiO2 layer is

deposited in furnace.

Step3. Source definition

Bi-layer metals (Pd/Ti) were deposited as source electrode by the E-gun
deposition system ( ULVAC EBX-10C ). The deposition pressure was at 3x10torr
with the deposition rate of 0.5~1A/sec. The thicknesses of the Pd and Ti layers were
1000A and 10A, respectively. Pd from a better injection with active layer and Ti is a

adhesion layer to Pd on oxide.

13



After the formation of the Pd/Ti layers, the source electrode is defined by
photolithography. The photoresist FH-6400 is spin-coated with 1000rpm for 10
seconds followed by 4000rpm for 40 seconds and then soft-baked at 90°C for 1
minute. The exposure energy and exposure time are 300W and 50seconds. And then,
the device is developed by FHD-5. After rinsed with water, hard bake of 3 minutes at
120°C is used to expel the solvent inside the photoresist. After pattern definition, the
Pd/Ti layers are etched by aqua regia (HNO5:HCI:H,0=1:3:4 at temperature >70°C).

Finally, photoresist is stripped by acetone.

Step4. Pentacene film deposition'through shadow mask

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 3x10torr. The deposition rate is controlled at 0.5A/s. The temperature we
use in depositing pentacene films is 70 °C. We use shadow mask to define the active

region of each device.

Step5. Drain formation (Au deposition for Top Contact)
We use shadow mask to define top contact of each device. The top electrodes are
Au. As illustrated in Fig. 2.2, we deposited the Au (500A) via the thermal evaporator

as the drain electrode pad. The deposition pressure was at 3x10°torr with the

14



deposition rate of 0.5~1A/sec. Several individual drain electrodes were formed on the
pentacene film. Some of the drain electrodes are vertically overlapped with the
window-like source electrodes, they are clarified to be electrode A as shown in Fig.
2.3. Some of the drain electrodes (ex. electrode B in Fig. 2.1) are not overlapped with
the source electrode.

The top view image that captured from the microscope CCD was showed in
figure 2.2. The configuration of electrode pad and the active region could be clearly

observed.
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2.1-2 Top-Bottom Contact OTFT
Step 1. Substrate and gate electrode
4-inch n-type heavily-doped single crystal silicon wafer (100) is used as the

substrate and the gate electrode.

Step2. Gate oxide formation

After the initial RCA cleaning, the 1000A thermally grown SiO2 layer is

deposited in furnace.

Step3. Au deposition for Bottom Contact

The bottom electrode is At. The step forms the Bottom-Contact in OTFT and the
one-side (bottom-side) contact i Top-Bottom Contact OTFT. Au provide a better
injection by ULVAC thermal coater at deposition pressure 3x10° torr. The thicknesses
of the Au layer are 500~1500A. We use shadow mask to define bottom contact of

each device.

Step4. Pentacene film deposition through shadow mask
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 3x10torr. The deposition rate is controlled at 0.5A/s. The temperature we use in

16



depositing pentacene films is 70 °C. We use shadow mask to define the active region

of each device.

Step5. Au, Al deposition for Top Contact

The step forms the Top-Contact in OTFT and the one-side (top-side) contact in
Top-Bottom Contact OTFT. The top electrodes are Au or Al. Au or Al is deposited on
the active layer by ULVAC thermal coater at deposition pressure 3x10°torr. The
thicknesses of the metal layer are 500A. We use shadow mask to define top contact of

each device.
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2.2 Measurement Methods and Parameters extraction

We measured all the device characteristics in the darks at room temperature. In
this TBC series of experiments, we compare devices with channel length in different
structures. The channel width is 600um and length is 25~800um in TBC OTFT, TC
OTFT and BC OTFT. We provide the drain voltage from 0 to -30V and change the
gate voltage from 0 to -30V, step by -6V. The Ip-Vp curves show the turn-on operation
of the device. In transfer characteristics (Ip-Vg), the gate bias ranged from 20 to
-40V, and the drain voltage (-3V to -30V) are provided for the device with 1000A film.
From the transfer characteristics data;iwerean extract the mobility and threshold
voltage from the square-root of drain curtent and transconductance.

In the Vertical OTFT, when the draifibias'is applied on electrode A, the output
characteristics are defined as Group-A ‘characteristics. When the drain bias is
applied on electrode B, the output characteristics are defined as Group-B
characteristics.

In this parameters extraction section, we introduce the methods for the extraction

of mobility, threshold voltage, and on/off current ratio.
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2.2-1 Mobility

Generally, mobility can be extracted from the transconductance g, in the linear

region:

ol , WCpy
_ =—2 ¥
gm {GVG j|VDconSZ‘(mt L /Ll 0

(2.1)
Mobility can also be extracted from the slope of the curve of the square-root of

drain current versus gate voltage in the saturation region, i.e. =V, >—-(V,=V,,):

w
JI, = 51 HCox Vg =Vin) (2.2)

2.2-2 Threshold voltage

Threshold voltage is related “'to the operation voltage and the power
consumptions of an OTFT. Many researches on OTFTs are suffered from the large
threshold voltage. Threshold voltage is influenced by the ratio of the mobile and
trapped carriers at the interface between the organic semiconductor layer and insulator.
There are also researches on lowering the threshold voltage by adjusting the insulator
layer [30]. In our experiments, we extract the threshold voltage from equation (2.2),
the intersection point of the square-root of drain current versus gate voltage when the

device is in saturation mode operation.
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2.2-3 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 LCD displays. High

on/off current ratio means there are enough turn-on current to drive the pixel and

sufficiently low off current when the device is turned off.

2.2-4 Contact resistance

There are several issues affecting the performance of OTFTs. The air-stability of

the organic film is bad, the quality of the organic film is not well-controlled, and the

injection is limited by barrier between the Souree/drain contact and the channel.

Hence, the contact resistance is important and serious in OTFTs [31,32].

In the operation of OTFT devices, the gate bias is provided to open the channel

for carriers, and the drain bias is used to direct and guide the carrier transportation.

The path from the source to the drain can be represented as a circuit with loaded

resistances.

The choice of the contact materials is related to the injection efficiency. If the

work function of the electrode is not close to the HOMO or LUMO level, there will

be a potential barrier formed at the interface. High work function metals such as Au,
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Pt, and Pd are preferred to provide better injection efficiency, and the contact will be

Ohmic-like.

In the linear operation region of OTFTs for small drain voltage and large gate

voltage, the ratio of the drain voltage and drain current represents the total resistance

Ron. From equation (1.3), we can obtain

aID),1_£ 1 1

R, =R, +R.=
o “ ‘ (aVD W uCox Ve =V

+R, (2.3)
The total resistance in transport path can be divided into channel resistance Ry
and contact resistance Rc. The contact resistance is independent of the channel
length. Therefore, as we take theirelationship tbetween the total resistance and the
channel length as shown in Fig. 216, the contact resistance can be extracted from the
Ron versus L curve when the length equals zero. ~The drain voltage from -1 to -5V
and the gate bias with Vg1, Vg, Vas, and Vs are provided. When the gate bias is

larger, the barrier between the contact and the semiconductor layer is lowered and the

injection of carriers gets better.
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Chapter 3

Experiments Results and Discussion

3.1 Vertical OTFTs (VOTFTSs)

To enhance organic transistor performance, the most popular method is the
reduction of the transistor channel length[7]. With the high-resolution lithography
systems, such as G-Line, I-Line system, or the e-beam direct writer system, the
organic devices with nano-scale channel length can be realized[8]-[10]. However,
organic electronics will be used in.large area and. low-cost applications in the future.
Proposed new-OTFT architecture'should be ‘conformed to the goal of the practical
application and the mass production.

Vertical OTFT is a short channel OTFTs, which is fabricated by a simple process.
Without complex architecture, but by stacking the metal and the organic thin films, it
is relatively easy to achieve through low-resolute shadow-mask and photolithography
process. In VOTFTs, channel length was determined by the organic film thickness
and reducible from hundreds of micro meter (~100um) to nano meter (~100nm).
VOTFTs intend increasing more current and gaining better electronic characteristics
in the short channel device. Firstly, the output characteristics of the Group-A

VOTEFT (as defined in experiment) are shown in Fig. 3.1. It is obviously that the
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unsaturated drain-current was observed. This is similar to previous reports on the

short channel organic [33] or a-Si TFT [34]. In Fig. 3.2, the transfer characteristics

were plotted in semi-logarithm scale. With the increasing of drain bias, the larger

the on/off current ratio is achieved.

In contrary, the Group-B devices were exhibited different properties. In Fig. 3.3,

a well saturated drain-current could be obtained under high drain-bias. The behavior

was similar to the traditional long-channel organic transistors. Compared Group-A,

the transfer characteristics had higher turn-on current and higher on/off current ratio

in low-voltage operation.

To further study the difference of output charactetistics between the Group-A and

Group-B devices, we consider the transport-mechanism in these VOTFTs. It had

been well accepted and verified that the transports in OTFTs strongly affected by 2

distinct mechanisms. One is the carrier injection through the barrier, which is

built-up at the metal/organic interface. The other one is the multiple trapping and

re-exiciting mechanisms when the carrier transport inside the organic film. For

Group-B devices, the electrode pads were separated and the distance between source

and drain electrode was about 200um. Thus, when carriers traveled in the pentacene

film, the transporting-path was followed the lateral distance from the source to the

drain electrodes. Since the distance (channel length) and the output characteristics
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(saturated drain current) were similar to conventional OTFTs. According to Zyung’s
[35] and Leufgen’s [36] studies, the saturation drain current may originate from
pentacene with gate control but not dominated by contact properties in organic

devices...

On the other hand, as for Group-A devices, the vertically configured metal pad
were overlapped. The carriers injected from source to drain electrode inside the
pentacene layer should travel through a very short distance (<100nm). Whereas the
transporting-path in the pentacene film was relatively short and the electric field
between the source/drain was .vary large. < Devices characteristic was no more
dominated by the organic film and the other effect should be reconsidered in Group-A
devices. Thus, the contact properties. wer€. introduced to describe the output
characteristics. It is suggested that when the thin pentacene film was bias under high
electric field, the field-assisted transporting may influence the carrier transport [37,
38].

A tunneling mechanism: “Approximated Fowler-Nordheim transport” was
proposed in short-channel pentacene-OTFTs [33]. The transport described the

injection between the metal/organic film were explained by the following equation:

it
. F
I,ocF-e

Where F=|Vp/L|, Vp is the drain bias, L is the channel length and F) is a
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barrier-related constant. If the Fowler-Nordheim transport is the dominant

mechanism, a linear-relationship can be found in the /n(lp/Vp) v.s. 1/|Vp| plot under

high electric field. In Fig. 3.5(a) and 3.5(b), we show the /n(Ip/Vp) v.s. 1/|Vp| plot

for Group-A devices and Group-B devices, respectively. As it is observed, a good

linear relationship can be fitted well with Group-A devices. For Group-B devices,

no obvious dependence can be found. This comparison clearly demonstrates that the

Group-A devices and Group-B devices exhibit different carrier transport mechanism.

This could give an reasonable explain for their different behavior in the output

characteristics.

Since the vertical devices -with ultra-short channel length (Group A devices)

exhibited Forwler-Nordheim-liké:transport.” For-improving the device performance,

increasing the gate control ability could be a practical way [14].

Therefore, we tried to modify the source/electrode pad to improve the gate

control-force. Based on MOSFET theory, the gate controlling ability could adjust

hole density in the interface between the insulator and the active region. Thus, if we

could increase the transport-channel and the gate controlling ability, the VOTFTs

performance could be enhanced. Therefore, the non-overlap region of re-configured

source/drain pad should be increased. The meshed-like source electrode was then

designed and illustrated in Fig. 2.3.  The output characteristics of this new device are
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shown in Fig. 3.6. It is found that the devices could be operated under lower drain or
gate voltage. From the transfer characteristics depicted in Fig. 3.7, the obvious
improvement can be found by comparing to those in Fig. 3.2. The on/off current
ratio was significantly increased from ~10% to ~10* orders and the drain and gate
voltages were both reduced from more than 20V to less than 10V. The results
showed the meshed-like electrode was an effective way to improve the controlling

ability for VOTFTs.
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3.2 Top-bottom Contact OTFT (TBC OTFT)

The other architectures are the Top-Bottom-Contact OTFTs. The
Top-Bottom-Contact OTFTs are viewed as modified VOTFTs but the source/drain
electrodes are not overlapped. As shown in Fig. 3.8 (a)-(b), two kinds of
Top-Bottom-Contact OTFTs are demonstrated. In Fig.3.8 (a), the bottom electrode
is served as the source-electrode and the top electrode is served as drain-electrode. In
Fig.3.8 (b), the bottom electrode is served as the drain-electrode and the top electrode
is served as source-electrode. These configurations are named as named as TBC
bottom-source and TBC top-source OTFTs, respectively.

Respectively, Fig. 3.9 (a) and (b) are the output and transfer characteristics of
TBC-bottom-source. According to, the-Ip vs. Vp curves, the TBC-bottom-source
showed the conventional long-channel/OTETS characteristics. The output current is
tended to saturate under high drain voltage. In the previous result [39], the
Top-contact OTFTs show better performance than the Bottom-contact OTFTs. To
further characterize the TBC-bottom-source performance. Fig. 3.11 presents the
field effect mobility of three distinct OTFT configurations (TBC-bottom-source,
Top-contact, and Bottom-contact). The field effect mobility was plotted as the
function of channel length. Evidently, the field effect mobility of
TBC-bottom-source OTFTs is higher than the bottom-contact OTFTs, but lower than

the Top-contact OTFTs. Generally, the contact resistance is a dominated factor that
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influences the extracted mobility and the performance of OTFTs. Thus, to study a
novel OTFT configuration, constructing the resistance model is necessary.
Since the current path through an OTFT was composed with series of resistances.

The total resistance R, can be presented as:

oV L
total = — = Rs + Rchannel = R

+
aID ’ Wlucax (VG - I/l‘h )

Where Vps the drain voltage, Ip is the drain current, Rs is the parasitic resistance,

Rchannel is the channel resistance, L is channel length, W is the channel width, ¢ is

the field mobility C,, is the capacitance per unit area, V' is the gate-voltage, Vry is the

threshold voltage. As presents in the equation, the channel resistance is a function of

channel length and gate-voltage. 'Thereby, we can obtain the parasitic resistance and

the channel resistance by plotting the total resistanee as a function of channel length.

Then, the parasitic resistance is extracted from the intercept and the channel resistance

is calculated from the slope of the straight line.

The conventional method applied a simple model to analyze the transistor

resistances. But in the real case of the OTFT, the parasitic resistance and the channel

resistance should be separated into several detail parts. The contact between the

metal/organic films is not a perfect Ohmic-contact; it usually shows the rectified

properties. The contact can not penetrate into the organic film overall; its finite

thickness between the current path and the metal contact will contribute an additional
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resistance. Usually, the organic film quality degrades seriously near or on the metal
contact. The degradation will also introduce an uncertain resistance.

Here, we proposed a new assumption. The series of resistance in the current path
may be defined as four parts. The first is the contact resistance between the metal
pad and the organic film, the magnitude is independent of channel length and gate
voltage. The second is the film resistance; it is a function of device channel length
and the gate voltage. The third resistance is defined as vertical resistance, which is
connected between the channel resistance and the contact resistance in Top-contact
OTFTs. Finally is the Schottky resistance. = The resistance describes the injection
limitation on the source pad of the'Bottom-contact OTFTs. It is neither a function of
channel length and the gate voltage: The Schottky resistance also presents the
additional resistance originating from the organic film that degrades near or on the
metal contact. The assumption is illustrated in Fig. 3.12 (a).

To verify the model, the new constructed resistance was extracted from
conventional architecture: Top-contact OTFT and Bottom-contact OTFT. All the

resistances in the Top-contact OTFTs are described as:

R,u=2-R,+2-R,+R,

total

Where the R, is the contact resistance between the organic/metal interfaces, the R, is

the vertical resistance, and the Ry is the film resistance. In Top-Contact OTFTs, the
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total resistances were plotted as a function of channel length. As shown in Fig 3.13,

under several gate-voltages biasing (Vg=-18V, -24V, -30V), all the straight line will

intersect at the same point (corresponding to the x-axis at —delta /). The

corresponding magnitude of the y-axis (R 1s the sum of the two contact resistances

in the Top-contact OTFTs. The vertical resistance is extracted from the condition of

“zero” channel length. Each vertical resistance (under different gate-voltage); is

defined as the intersect value of each strain line and the total resistance minus the two

contact resistances. Finally, the film resistance is defined as the total resistance

minus the two contact resistances,and the tworvertical resistances. The extracted

resistances plotted as the function of gate-voltages are also shown in Fig 3.14.

In Bottom-contact OTFTs, the resistances are extracted by the identical method.

The total resistance is defined as:

R,,.=2"R,+R +R,

total
The R, is the contact resistance between the metal/organic interfaces. But at the
injection contact (source electrode), which is not set as a Ohmic-contact. An
additional resistance, Schottky resistance; like the additional injection limitation, is
only connected with the source electrode. Similarly, the film resistance is defined as

the total resistance minus the two contact resistances and the Schottky resistances.

The illustration of the modeling assumption and the extracted resistance was plotted
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as a function of the gate-voltage in Fig. 3.15 and Fig. 3.16. In the Fig. 3.17, two film
resistances from the Top-contact OTFTs and the Bottom-contact OTFTs are presented
as the function of gate-voltage. The two OTFTs were all fabricated from the same
run. Thus, the film (pentacene) resistances should be identical. In Fig. 3.17, the
film resistances are approached under different gate-voltage biasing. The result is
agreed with the assumption.

To examine the transport of the TBC bottom-source OTFTs, the model is illustrated
in Fig. 3.18 (a). In TBC bottom-source, similar to the Bottom-contact OTFTs, the
carrier injected from the source electrode should be suffered an injection barrier. On
the other side, the contact is identical to the Top-contact OTFT. The architecture
should be viewed as the hybrid-OTET, which :is-combined with the modeling of
Top-contact OTFTs and Bottom-contact OTFTs. Thus, the total resistance may be

described as:

R,,=R,+R, + Rﬁ +R,+R,

total
The total resistance from the modeling and the experiment are plotted in Fig. 3.19 (a);
as the function of gate-voltage. Evidently, the modeling prediction is good agreed
with the experimental result.

In the TBC-top-source OTFTs, the injection electrode (source) is identical to the

Top-contact OTFTs. The injected carriers will not suffer the Schottky-like barrier.
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The total resistance may be also described as:

R, =R,+ Rﬁ +R,+R,

total
The total resistance from the modeling and the experiment are plotted in Fig 3.18 (b)

and 3.19 (b); as the function of gate-voltage. Evidently, the modeling prediction is

also good agreed with the experimental result.
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Chapter 4

Conclusion

In this investigation, the novel vertical organic thin film transistors (VOTFTs)
and the Top-bottom-contact OTFTs (TBC OTFTs) were proposed. With the metal
shadow-mask and the simple photolithography, the short channel (channel length less
than 100nm) OTFTs with vertical structure was fabricated. As well as the common
short channel transistors, the unsaturated drain current (under high drain-voltage) was
observed in the proposed VOTFTs. It is found that the Fowler-Nordheim tunneling
dominated the carrier transport in VOTFTs, resulting in the unsaturated drain-current.
To further improve the VOTFTs performance; the modified meshed-source pad was
proposed. The control of the gate bids was enhanced and the drain voltage can be
significantly reduced. The modified VOTFTs can be operated at low drain-voltage
and low gate-voltage (about -5V) and the on/off current ratio was also increased from
10% orders to 10* orders. The Top-bottom-contact OTFTs was also fabricated by the
metal shadow-mask. It is found that the TBC OTFTs performance is between he
Top-contact and the Bottom-contact OTFTs. To investigate the transport model of
the proposed TBC OTFTs, the series resistance analysis is introduced. The total
resistance of the TBC OTFTs was composed of the contact resistances, the vertical

resistance, the film resistance, and the barrier limitation of Schottky resistance from
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the Top-contact and the Bottom-contact OTFTs. Comparing the modeling result to

the experimental evidence, a good agreement is observed under different gat-voltage.
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