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Chapter 1

General Introduction

1.1 Background

Today, humans are living surrounded by a lot of electronic equipment such as personal
computers and mobile phones. Electronics technology is an essential technology for human life.
In particular, a transistor is the core device.

A metal-oxide-semiconductor field-effect transistor (MOSFET) using Si and SiO2 was first
reported by Kahng and Atalla in 1960 [1]. MOSFET is a device play a role of an electrical
switch. Today, MOSFET is used for more than one million in one electronic device, and is an
indispensable device in human life. Also, development of thin-film transistors (TFTs) using a
hydrogenated amorphous silicon (a-Si:H) is important. TFT is different from FET in that the
substrate and gate electrode are independent and the conducting channel is formed in the
accumulation region. a-Si:H TFTs play an important role in applications where FETs are not
suitable. The successes of transistors to date are achieved by improvements in these Si
semiconductor.

Organic TFTs using organic materials have been attracted attention in recent years. Organic
materials have advantages such as flexible, light-weight, and solubility. Thus, organic layer can
be formed on an inexpensive substrate such as plastic and paper. In addition, organic layer can
be deposited not only by vacuum process but also by printing process using organic solution.
Therefore, by using organic materials, flexible, light-weight, large-area, low-cost, and thin

devices can be fabricated. Organic TFTs are expected to realize a new type of electronic device



that is difficult for Si-based transistors.

1.2 Brief history of organic TFTs

Organic TFTs have been studied since the 1980’s. Tsumura et al. reported the first organic
TFT in 1986 [2]. The first organic TFT with polythiophene as an organic semiconductor showed
a characteristic of a p-channel transistor and a field-effect mobility of about 10 cm?/(V s).
Guillaud et al. reported n-channel organic TFTs using bisphthalocyanine derivatives in 1990
[3]. Since these reports, many researchers have investigated organic TFTs.

Many of the improvements in performance of organic TFTs have been focused on the
improvements in a field-effect mobility. Figure 1 shows the evolution of field-effect mobility
in organic TFTs depending on fabrication processes [4]. The mobility is 10 cm?/(V s) in the
first report of 1986, and over 10 cm?/(V s) in 2015. The mobility has improved 10° times in the
last 30 years. The mobility of organic TFTs exceeds that of a-Si (about 0.5 cm?/(V s)) transistors.
Therefore, the organic TFTs are considered to have practical performance in terms of the
mobility.

Improvements in the organic semiconductor materials, device structures, and fabrication
techniques contribute to the improvements of the mobility. In particular, the variety of
fabrication techniques available for organic TFTs is a major advantage over Si MOSFETs.
Organic TFTs are fabricated by thermal evaporation or solution process. The optimized process
has contributed to not only improve device performance shown in Fig. 1.1 but also reduce

deposition cost and time.
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Figure 1.1: Evolution of field-effect mobility in organic TFTs depending on

fabrication processes. [4]

1.3 Structure of organic TFTs

Figure 1.2 shows commonly used structures of organic TFTs. An organic TFT is made of
four parts. They are a gate electrode, a gate dielectric, an organic semiconductor layer, and
source/drain electrodes. The source and drain electrodes are in direct contact with the organic
semiconductor layer. The gate electrode is isolated from the organic semiconductor by the gate
dielectric. The current through the organic semiconductor is controlled by applying voltage to
gate and drain electrode and connecting source electrode to ground. The structure of an organic
TFT is called bottom-contact (shown in Fig. 1.2(a)) or top-contact (shown in Fig. 1.2(b))
structure depending on the positions of source/drain electrodes and organic semiconductor.
Each of these structures has advantages. In the bottom-contact structure, source/drain electrodes
are deposited on the gate dielectric. Because the micro-patterning techniques such as
photolithography can be used, organic TFTs with micro channel-length can be fabricated easily.

Reducing channel-length is important for TFTs to operate at high frequency. However, it is



difficult to fabricate the top-contact structure by using these micro-patterning techniques. This
is because the organic semiconductor molecules are easily destroyed by high temperature, light
irradiation, or an organic solvent. On the other hand, contact resistance at interface between the
organic semiconductor and source/drain electrodes has been reported to be lower in top-contact
structure than bottom-contact structure [5-7]. Therefore, the top-contact organic TFT tends to
have good characteristics than bottom-contact one. Some groups have reported various other

structures such as top-gate [8], floating-gate [9], and double-gate structures [10].

(a) (b)
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Figure 1.2: Illustration of bottom-gate (a) bottom-contact and (b) top-contact

structures of organic TFTs.

1.4 Semiconductor properties of organic molecules

Carrier density and carrier mobility of organic semiconductor using for an organic TFT are
much smaller than those of Si semiconductor. Thus, organic semiconductors are materials with
characteristics closer to dielectrics than semiconductors [11]. This indicates that organic
semiconductors are intrinsic semiconductors.

The operating mode of the semiconductor is classified into n-type or p-type depending on
whether the conduction carrier is electron or hole. The operating mode of a Si semiconductor

is determined by controlling the carrier density by doping donors or acceptors. On the other



hands, for organic semiconductors, because the carrier density in the organic semiconductor is
low, it is difficult to control the carrier density by doping. Also, the organic molecules may be
destroyed by doping. Thus, the carriers inside an organic semiconductor are dominated by the
carriers injected from an electrode that is in direct contact with the organic semiconductor. In
other words, the carriers accumulate in the organic semiconductor only when they are injected
from the electrode. The injection barrier between an electrode and organic semiconductor
affects carrier transport.

The operating mode of the organic TFTs depends on the positions of the work function of
electrode and the frontier orbitals (highest occupied molecular orbitals, HOMO, and lowest
unoccupied molecular orbitals, LUMO) of organic semiconductor. As an example, the case of
pentacene and gold is explained. They are materials typically used for organic TFTs. Figure 1.3
shows the energy schemes of pentacene and gold. Data for pentacene and gold was taken from
Ref. 12 and 13. The work function of gold and the HOMO level of pentacene are almost in the
same position. This indicates that holes are easily injected because the injection barrier height
for holes is low. On the other hand, the difference between the work function of gold and the
LUMO level of pentacene is about 2 eV. This difference is much higher than the thermal energy
at room temperature (0.026 eV). It is difficult to inject electrons in pentacene from Au.
Therefore, when using pentacene as a semiconductor and gold as a contact metal, pentacene

shows the conduction characteristic of a p-type semiconductor [12].
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Figure 1.3: Energy schemes of pentacene and gold.

1.5 Charge transport for organic TFTs

The interfaces between the organic semiconductor and the source/drain electrodes and
between the organic semiconductor and the gate dielectric have an important role for the
performance of organic TFTs.

Carriers injected from the drain electrode flow through the organic semiconductor to the
source electrode. Carrier transport is limited by contact resistance at the interface between the
organic semiconductor and the source/drain electrodes. The contact resistance strongly affects
the characteristics of the organic TFT. In particularly, a large contact resistance is a problem
when the channel length between the source and drain electrodes is short. The injection barrier
between the organic semiconductor and the source/drain electrodes in Fig. 1.3 is the main cause
of the contact resistance. Thus, the characteristic is improved by matching the work function of

the contact metal with the HOMO or LUMO level of the organic semiconductor. Modification



of the metal surface with a monolayer is one method to change the work function of the metal
[13-15]. For example, by modifying the Au surface with pentafluorobenzenthiol (PFBT), work
function of Au shifts from 4.8 eV to 5.5 eV [13]. Also, TFT characteristics are improved [16].
A channel region for carrier transport is formed within the organic semiconductor near the
interface between the organic semiconductor and the gate dielectric [17]. In addition, the quality
of organic semiconductor crystals depends on the flatness and energy of the gate dielectric
surface. The organic semiconductor crystals change when treated with UV ozone or a self-
assembled monolayer (SAM) [18-20]. Therefore, the interface properties also affect the

characteristics of the organic TFT [19,20].

1.6 Materials for organic TFTs

1.6.1 Organic semiconductor materials

Many organic semiconductor materials used in organic TFTs have been reported because of
the ease of designing new organic molecules. Figure 1.4 shows typical organic semiconductor
materials used in organic TFTs. Organic semiconductor materials are classified as small
molecules or polymers.

Small molecular materials have the advantage of showing better transistor characteristics
than polymer materials. Pentacene is the material most used for p-channel organic TFTs [12].
As other materials, dinaphtho[2,3-5:2",3’-f]thieno[3,2-b]thiophene (DNTT) [21,22] and copper
phthalocyanine (CuPc) [23] are famous materials as p-channel organic TFTs. On the other hand,
fullerene Ceo [24] and Ceo derivatives [25] are generally used for n-channel organic TFTs.
Because many small molecular materials are difficult to dissolve in organic solvent, they were
generally deposited by thermal vapor deposition. On the other hand, solubility in organic
solvents can be obtained by introducing side chains into the small molecular material such as

alkyl DNTT [26,27] and 6,13-bis(triisopropyl-silyethynyl) pentacene [28,29]. In small



molecular materials with side chains, organic semiconductor layer can be formed by using
solution processes such as inkjet and spin coat.

Polymer materials have the advantage of being easy to form an organic semiconductor film
by using solution process. Solution process is available for small molecular materials. However,
the stability of the characteristics of organic TFTs with small molecule semiconductor formed
by solution process is low. In polymer materials, a uniform semiconductor film can be easily
form by using solution process and TFTs operate stably. For polymer materials, poly(3-
hexythiophene) (P3HT) [30,31] and poly(9,9-dioctylfluorene-co-bithiophene) (F8T2) [31,32]

is widely used for organic TFTs.
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Figure 1.4: Typical organic semiconductor materials for organic TFTs.



1.6.2 Gate dielectric materials

Gate dielectrics are as important as organic semiconductors. The gate dielectrics are required
to have various properties such as high withstand voltage, high gate capacitance, flatness of
surface, low surface energy, and mechanical flexibility. The dielectric materials are selected
according to the application. As the gate dielectric materials for organic TFTs, inorganic
materials or organic polymer materials are used.

SiOz2 is the most used materials for gate dielectric of organic TFTs. SiO2 is easy to form a
film and has excellent electrical and mechanical stability. However, the characteristics of
organic TFTs are limited by the trapping sites and surface energy on the SiO: surface. In
particular, surface energy strongly affects the quality of the organic semiconductor crystals
formed on the gate dielectric. Their influence has been partially improved by covering the SiO2
surface with a SAM. For SAM materials, silane molecules, such as hexamethyldisilazane [33]
and alkyl trichlorosilane [34,35], and phosphonic acid molecules [36] are used.

Organic polymer dielectrics are used to take advantage of its mechanical flexibility. Because
the surface of organic polymer dielectrics is covered with organic molecules, they lead to good
crystallinity of an organic semiconductor. For organic polymer dielectric materials, parylene
[37,38] and CYTOP [39] are widely used. The flexible organic TFTs with organic polymer
dielectric show performance close to that of the organic TFTs with Si02 dielectric.

In many reports, organic TFTs operate at a high voltage of several tens of volts. Driving
organic TFTs at low voltage is important to reduce power consumption of devices. In order to
operate organic TFTs at low voltage, the gate dielectrics need to have a high gate capacitance.
The gate capacitance Cox is given as &/d, where d is the thickness and ¢ is the dielectric constant
of the gate dielectric. High dielectric constant or thin dielectric layer is needed to obtain a high
gate capacitance. Thinning the gate dielectric layer may cause dielectric breakdown. Thus, use

of dielectric materials with high dielectric constant (high-k) is effective for organic TFTs to
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operate at low voltage. For high-k dielectric materials, A1203, TiO2 or HfO2 is used [40]. By

using these materials, low voltage operation of organic TFTs is achieved.

1.7 Purpose of this thesis

Organic TFTs have various issues for practical applications. Control of the threshold voltage
and accurate evaluation of the mobility for their applications are important issues. For a Si
semiconductor, the threshold voltage can be controlled by changing the doping concentration.
However, it is difficult to dope donor or acceptor in an organic semiconductor. Hence, control
method of the threshold voltage in organic TFTs is not established. On the other hand, the
mobility of organic TFTs is generally evaluated by using the current—voltage characteristics.
However, this method evaluates the mobility including the contact resistance. Methods for
controlling the threshold voltage and evaluating the intrinsic mobility of organic TFTs are
required. In this thesis, influence of oxygen plasma treatment on the threshold voltage in organic
TFTs is investigated. Furthermore, the charge at the surface of gate dielectric induced by oxygen
plasma is evaluated quantitatively. In addition, the intrinsic mobility without including the

contact resistance is evaluated by using a MOS capacitor structure.

1.8 Outline of this thesis

This thesis is structured in six chapters. Chapters 1 and 2 are the introductory part in this
thesis. In chapter 1 “General Introduction”, brief introduction of organic TFTs were mentioned
as research background. The TFTs, organic semiconductors and materials were briefly
described. Then, purpose and outline of this thesis were described.

In chapter 2 ‘“Analytical Methods of Organic Transistor Characteristics”, the typical

analytical model for organic TFTs is summarized. Calculation methods for parameters, such as
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field-effect mobility, threshold voltage, and contact resistance, in organic TFTs are presented.

Chapters 3 through 5 are the main part in this thesis. The main part is divided into two parts.
One is about influence of oxygen plasma treatment on the threshold voltage in organic TFTs
and the other is about evaluation of the intrinsic mobility of organic TFTs. The former is
described in chapters 3 and 4, and the latter is described in chapter 5.

In chapter 3 “Operational Stability in Pentacene Thin-Film Transistors with Threshold
Voltages Tuned by Oxygen Plasma Treatment”, organic TFTs having a gate dielectric treated
with oxygen plasma have been investigated for control of the threshold voltage. The
relationship between threshold voltage and oxygen plasma treatment is discussed. In addition,
the influence of gate bias stress on threshold voltage is described.

In chapter 4 “Energy Distribution of Interface States Generated by Oxygen Plasma
Treatment”, the characteristics of organic MOS capacitors have been investigated for evaluation
of energy distribution of interface states. The relationship between oxygen plasma treatment
and the MOS capacitor characteristics is described. The energy distribution of the interface
states induced by oxygen plasma treatment is discussed.

In chapter 5 “Evaluation of Organic Metal-Oxide-Semiconductor Capacitors Based on a
Distributed Constant Circuit”, the capacitance characteristics of organic MOS capacitors with
a uncovered semiconductor area have been investigated for evaluation of the intrinsic mobility.
The mobility of a MOS capacitor with an uncovered area is described assuming that the
uncovered area is represented by a distributed constant circuit. In addition, the mobilities were
compared with those calculated from the current—voltage characteristics of TFTs.

In chapter 6 “Conclusions”, the results in this thesis are summarized.

12
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Chapter 2
Analytical Methods of Organic Transistor

Characteristics

2.1 Introduction

In this chapter, equations for the evaluation and analysis of organic thin-film transistors
(TFTs) characteristics are summarized. Firstly, the current—voltage characteristics and their
equations generally used for evaluating organic TFTs are presented. Then, the evaluation
method of the field-effect mobility, the threshold voltage, and the contact resistance is presented.

Finally, relationship between threshold voltage and charge density is described.

2.2 Characteristics of organic TFTs

2.2.1 Current—voltage characteristics

The characteristics of organic TFTs are almost similar to those of Si transistors. Figures 2.1(a)
and 2.1(b) show reported examples of drain current (/p) versus drain voltage (¥p) and drain
current versus gate voltage (V) characteristics of a pentacene TFT, respectively [1]. The drain
current decreases with the gate voltage and saturates below a certain drain voltage. Their
characteristics show typical p-channel MOSFET (field-effect transistor) characteristics.
Therefore, standard analysis model for Si MOSFETs can be applied to organic TFTs. The
following three approximations are assumed as correct [2]:

1. The channel length is much larger than the thickness of the gate dielectric and the carrier

accumulation layer.

16



2. The field-effect mobility does not depend on electric field.
3. Only carriers accumulate when the gate voltage is applied.
The organic TFTs operate in saturation, linear, and cutoff regime. The drain current /p flowing

from the drain to the source for a p-cannel organic TFT is given by

I, = - % L2 Con %(VG V) for [Vp| > |V — Vrl, (2.1a)
w 1,

Iy =t Cox | (Vs =Vau)Vo =5 V5 | for [Vo| < |V~ Vi, (2.1b)

I, =0 for Vg > V1H, (2.1¢)

where W and L are the channel width and length, urk is the field-effect mobility, Cox is the gate
capacitance per unit area, V't is the threshold voltage, VG and Vb are the source-gate and the
source-drain voltages.

When |Vp| << |VG — V'ta|, the drain current is approximated as

w
I, = - Cox T(VG Vi )VD : (22)
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Figure 2.1: (a) Drain current versus drain voltage characteristics at various gate voltages

and (b) drain current versus gate voltage characteristics of a pentacene TFT. [1]

2.2.2 Field-effect mobility and threshold voltage

In TFTs, the field-effect mobility and the threshold voltage are very important parameters.
The field-effect mobility indicates the ease of carrier transport in semiconductor when an
electric field is applied. The threshold voltage indicates the gate voltage at which drain current
begins to flow. The field-effect mobility (usat) and the threshold voltage values experimentally
estimated in the saturation regime are calculated by fitting a line to a measured |/n|"?- VG curve

with Eq. (2.1a). The experimental field-effect mobility (win) in the liner regime is calculated

18



from a measured |Ip|-VG curve using Eq. (2.1b).

2.2.3 Contact resistance and sheet resistance

The contact resistance Rc between the organic semiconductor and the source/drain electrodes
is estimated by using various methods such as transfer line method [3-5], gated four probe
method [6], and Kelvin probe force microscopy [7]. The transfer line method is the most used
method for experimentally evaluating the contact resistance. The contact resistance is estimated
by the following procedure. First, the Ip- Vb characteristics of organic TFTs with several channel
lengths are measured. Next, the on-resistance Ron, which is defined as |0V / 0Ip| in the linear
regime, is plotted for the channel length. Figure 2.2(a) shows an example of measured the on-
resistance as a function of the channel length and the gate voltage [8]. The on-resistance

increases linearly with the channel length. The on-resistance is assumed to be

L
+R
WCox ‘VG _VTH‘ ‘

Rn =Ry +R. = (2.3)

Where Rch 1s the channel resistance, i is the mobility in the intrinsic transistor without contact
resistance. The Rc and Rch are estimated from the intercept and slope of figure 2.2(a). Figure

2.2(b) shows an example of the calculated Rc and Rch [8]. The sheet resistance Rrrr is given by

w 1
Rypr =Ry, —= .
L 1 Cox |VG - VTH|

(2.4)
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Figure 2.2: (a) Channel width normalized on-resistance as a function of channel length
and gate voltage V. (b) Channel width normalized contact resistance and channel

resistance as a function of VG. [8]

2.2.4 Relationship between threshold voltage and charge density

Many organic TFTs operate in the accumulation mode. Therefore, the threshold voltage of
organic TFTs equals the flat band voltage. Thus, the threshold voltage of organic TFTs can be
given by

O, —D 1 Q,-D, d
M s _M S_;Q’ (2.5)

e Cox e

where e is the electron elementary charge, ®m and ®@s are the work functions of the gate
electrode and the organic semiconductor, respectively, d is the thickness and ¢ is the dielectric

constant of the gate dielectric, respectively, O is the charge density [9]. O is written as

dXx
0=0,+ ngox(x)dx, (2.6)
where Qs is the surface charge density at the interface between the gate dielectric and the
semiconductor and pox is the charge density per unit volume in the gate dielectric. The

interfaces of the gate dielectric for the gate metal and the semiconductor are defined as x = 0
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and d, respectively.
In this thesis, Qs is assumed to be mainly induced by oxygen plasma treatment. The surface

charge density Qs is expressed as
Os =41, (2.7)

where gp is the surface charge density induced by oxygen plasma treatment and ¢ is the oxygen
plasma treatment time. Although ¢p depends on the conditions of plasma treatment, gp is a
constant under certain conditions of plasma treatment except treatment time. Substituting Eqgs.

(2.6) and (2.7) into Eq. (2.5), the threshold voltage is written as

Vg = 2= Ps L0 4 g0)- (2.8)
e &
where
d
0 :Jo %pox (x)dx, (2.9)

As aresult, the threshold voltage changes linearly as a function of d and #, under the assumption

that gp is a constant.
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Chapter 3
Operational Stability in Pentacene Thin-Film
Transistors with Threshold Voltages Tuned by

Oxygen Plasma Treatment

3.1 Introduction

Organic thin-film transistors (TFTs) have been applied to logic circuits [1-4] and addressing
devices for active-matrix displays [5-9]. Threshold voltage control for organic TFTs is essential
for realizing a circuit design for such applications of organic TFTs. Also, accurate control of
the threshold voltage contributes to stable [10], high-speed [11], and low-power [12] operations
of circuits.

Some approaches have been attempted to control the threshold voltage in organic TFTs. In
one approach, a change in parasitic resistance between a contact electrode and a channel layer
is applied [13,14]. In another approach, a self-assembled monolayer (SAM) is prepared on the
surface of the gate dielectric [15-17]. However, these approaches affect other characteristics of
the TFTs such as field-effect mobility and subthreshold swing. Threshold voltages are also
controlled using a double-gate structure [18,19]. Although this approach enables a continuous
change in the threshold voltage, it requires the fabrication of an additional electrode in the
double-gate structure.

Oxygen plasma [17] and UV ozone treatments [15,20,21] have been used to obtain a
hydrophilic surface for formation of a SAM on a gate dielectric. Since the threshold voltage in

organic TFTs depends on fixed charges on the surface of and inside the gate dielectric, oxygen
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plasma and UV ozone treatments to the surface of the gate dielectric may possibly affect the
threshold voltage. In fact, the effects of oxygen plasma [22-24] and UV ozone [25,26]
treatments on threshold voltages have been reported. Thus, oxygen plasma or UV ozone
treatment has potentials in the accurate control of the threshold voltage in organic TFTs suitable
for practical use [27].

The stability of the characteristics of organic TFTs under operation is also an important issue
for their practical applications. Thus, some groups have intensively investigated the change in
the threshold voltage in organic TFTs as a function of bias stress time and bias voltage [28-34].
Since the stability of the threshold voltage in organic TFTs is strongly related to condition of
the gate dielectric, investigation of the stability in organic TFTs with controlled threshold
voltage is demanded.

In this chapter, we report the characteristics of pentacene-based TFTs with a SiO: gate
dielectric treated with oxygen plasma. In particular, the dependence of the threshold voltage in
the TFTs on treatment time is examined. The threshold voltage after gate bias stress is also

shown to evaluate the stability of the threshold voltage change induced by plasma treatment.

3.2 Experimental methods

A cross section of the pentacene TFT examined in this chapter in shown in Fig. 3.1(a). The
pentacene TFT was fabricated on a highly doped n-type Si substrate with thermally grown SiO2
serving as the gate dielectric. Silicon substrates with various SiO: thickness were used to
examine the characteristics of pentacene TFTs on the basis of Eq. (2.5). The SiO2 thickness, d,
are 35, 90, 300, and 500 nm, which provide unit area capacitances of 92.0, 36.9, 11.3, and 6.61
nF/cm?, respectively. The SiO: surface was treated using an oxygen plasma equipment
(SAKIGAKE-Semiconductor YHS-GNS), an illustration of which is shown in Fig. 3.1(b). The

oxygen flow rate was fixed at 100 mL/min. The AC power for plasma generation, pac, which
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is controllable in the range of less than or equal to 50 W, was adjusted by monitoring the
emission intensity of the plasma. The AC power was set at 5.8 W as a standard power in this
chapter. Although the power 0f 5.8 W seems to be slightly low, this power is sufficient to affect
the characteristics of TFTs. This is because the vacuum chamber and the electrode of the
equipment are not large, as shown in Fig. 3.1(b). The treatment time #, was set in the range
between 5 and 900 s. After the oxygen plasma treatment, the substrate was immediately exposed
to hexamethyldisilazane (HMDS) vapor to obtain a hydrophobic surface. A 45-nm-thick
pentacene layer was then deposited on the SiO2 dielectric at room temperature through a shadow
mask. The deposition rate was 1.2 nm/min. Finally, a 45-nm-thick Au layer was deposited
through another shadow mask to define the drain and source electrodes. The channel width was
1 mm, and the channel length (L) was 80 or 100 um. Since pentacene TFTs with L = 100 pm
were mainly investigated, the channel length of TFTs not specified in this manuscript is 100
um. The current—voltage characteristics of pentacene TFTs were measured in a dry-nitrogen

glovebox at room temperature using a semiconductor parameter analyzer.
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Figure 3.1: (a) Cross section of fabricated pentacene-based TFT and the fabrication

process. (b) Illustration of oxygen plasma equipment used for surface treatment of SiO2

gate dielectric.

3.3 Results and discussion

Figure 3.2(a) shows the drain current (/p) versus gate voltage (V) characteristics at a drain

voltage (¥p) of =20 V of pentacene TFTs with 90-nm-thick SiO:z layers treated with oxygen

plasma. The plasma treatment times, #,, were 5, 10, 30, 60, and 120 s. The transfer curves in

Fig. 3.2(a) shift to positive gate voltages with increase in plasma treatment time. The slopes of

|Ip|"?>~VG curves, the subthreshold swing, and the off current are almost the same for all TFTs.

The results indicate that the oxygen plasma treatment with the treatment time affects only the

threshold voltages. The threshold voltage, V'th, and the field-effect mobility in the saturation
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regime, usat, of pentacene TFTs with different SiO2 thickness are shown as a function of #, in
Figs. 3.2(b) and 3.2(c), respectively. The V't and usat values were estimated by fitting a line to
the |Ip|">~VG curves in the saturation regime. For the measurement of pentacene TFTs with d =
35, 90, 300, and 500 nm in the saturation regime, the drain voltages were set at —10, —20, —60,
and —100 V, respectively. The threshold voltage is in the range from —15 to 36 V. The Vru for
each Si0: thickness increases linearly with #,. This is consistent with Eq. (2.8). The slopes of
V' versus #p for d =35, 90, 300, and 500 nm are 0.027, 0.061, 0.27, and 0.45 V/s, respectively.
The slope increases with SiO2 thickness. The dependence of the slope on SiO2 thickness is also
consistent with Eq. (2.8). On the other hand, it seems that usat is independent of treatment time,
as seen from Fig. 3.2(c). usa is in the range of 0.57 to 0.85 cm?/(V s) and the average is 0.73
cm?/(V s). The results shown in Figs. 3.2(b) and 3.2(c) suggest that the threshold voltage can

be controlled without large change in mobility.

27



—_
S
w

(a)

< 10-5

—_a

= 107

c

o

5 10°

o

& 10"

[m] »

10-13 1 1 \ 0.0
20 15 10 -5 0 5 10
Gate voltage V_ (V)
© (c)

S 40 T T T T T v 1.2 r | : : : :
\./130_‘ 35 nm -'- | ,UT 10- ]
> 1 3o0m SN 2 .

nm ® . . S
% 20 B ' 500 nm . '---.-__.' - iEJ/ 08 _“ ‘ ; ,-
S 10F _};_..- i 05| v ]

o ...u==:::::::t: S o .
s Ofpuge? 2 Zoaf ¢ mm ]
B 40 AL | = .l ¢ wm
- ', § ' v 500 nm
= 20 I . 1 L L I L L I L 1 1

0 20 40 60 80 100 120
Treatment time £, (s)

0.0
0 20 40 60 80 100 120

Treatment timet,, (s)

Figure 3.2: (a) Transfer characteristics of pentacene TFTs with 90-nm-thick SiO2 with
oxygen plasma treatment times between 5 and 120 s. (b) Threshold voltage and (c)
mobilities in the saturation regime of TFTs with 35-, 90-, 300-, and 500-nm thick SiO2

as a function of treatment time.

To estimate the surface charge density Qs, the threshold voltage is plotted as a function of
Si02 thickness in Fig. 3.3(a). The slope of the fitting line for treatment time in Fig. 3.3(a)
corresponds to the surface charge for treatment time. Figure 3.3(b) shows the surface charge
density estimated from Fig. 3.3(a). On the basis of Egs. (2.6), (2.7), and (2.9), the intrinsic
surface charge density Qo and the surface charge density induced by plasma treatment, gp, are
estimated to be 113 nC/cm? and —3.1 nC/(cm? s), respectively. The Qo value of 113 nC/cm?
corresponds to the charge site density of about 7 x 10'! cm™. Although the reason for the

intrinsic surface charge is under investigation, sites not terminated with HMDS and/or dopants
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in the highly doped silicon may be related to the positive surface charge. On the other hand, the
negative value of gp indicates that oxygen plasma treatment generates electron trapping sites on
and/or near the SiO2 surface. In addition, the result of threshold voltage shift suggests that

electrons captured at the trapping sites work as negative fixed charges even after the surface is

treated with HMDS.
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Figure 3.3: (a) Threshold voltages of pentacene TFTs with gate dielectrics plasma-
treated for 5, 10, 30, 60, and 120 s as a function of SiOz thickness. (b) Surface charge

density estimation from the threshold voltage in (a) as a function of treatment time.

The effect of long plasma treatment on the transistor characteristics was examined to
investigate the limitation of the threshold voltage changes. Figure 3.4(a) shows the |Ip|-VG and
|Ip|"?>~VG characteristics of TFTs with 90-nm-thick SiO: layers treated with oxygen plasma for
tp between 5 and 900 s. The transfer curves in forward and reverse sweeps are shown with solid
and dashed lines, respectively. For the treatment times of 5, 60, and 180 s, the transfer curve in
reverse sweep almost traces the curve in forward sweep. On the other hand, the long plasma
treatments for #, = 300 and 900 s lead to hysteresis I the transfer curves. This indicates that long
plasma treatments lead to an increase in shallow trap density. Figures 3.4(b) and 3.4(c)

respectively show the threshold voltage and mobility in the saturation regime of TFTs with d =

29



90 and 300 nm. The values were estimated from the transfer curves in forward sweep. The
dashed line in Fig. 3.4(b) for each d is the same as the fitted line in Fig. 3.2(b). The difference
between the dashed line and the plot increases with #. This indicates that the surface charge
density induced by plasma treatment does not increase linearly with treatment time. This means
that gp is not constant with respective to #, and decreases with an increase in . On the other
hand, the mobilities for long treatment times between 180 and 900 s are lower than those for #,
between 5 and 120 s. As a result, plasma treatment for #, longer than 120 s leads to decreases in

mobility and hysteresis in transfer curves.

(a)

ol B
S 9
6] w

—
Q
4

Drain current |/_|
=)
©

—

e
R
2

—

<
N
)

L ! 0.0
-10 0 10 20 30 40
Gate voltage VG (V)

)
(=)

(b)gmo . : : : (C)A 1.2 . . . .
(7]
>E 80F A 300 nm A - > 1.0 A 300 nm ]
g 60 ] 5 084 .
S A0F A e . 506F & ¢ T
. S
o 20 A4 : > 04f 4
< y e .o =
2 0 f . 8 02r .
= -20 1 1 1 ] 0.0 1 1 1 1
0O 200 400 600 800 1000 0O 200 400 600 800 1000
Treatment time t_ (s) Treatment timet. (s)

Figure 3.4: (a) Transfer characteristics of pentacene TFTs with 90-nm-thick SiO2 with
oxygen plasma treatment times between 5 and 900 s. (b) Threshold voltage and (c)
mobilities in the saturation regime of TFTs with 90- and 300-nm-thick SiO2 as functions

of treatment time.
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The dependence of AC power on the transfer characteristics was also investigated. Figures
3.5(a) and 3.5(b) show the transfer characteristics and mobility in the saturation regime of
pentacene TFTs with 90-nm-thick SiO: layers treated with oxygen plasma for 60 s. The AC
power pac was set in the range between 3.8 and 38 W. The increase in pac leads to positive shift
in the threshold voltage. However, a high AC power causes hysteresis in the transfer curves as

well as long treatment time.
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Figure 3.5: (a) Transfer characteristics of pentacene TFTs with 90-nm-thick SiO2 treated
with oxygen plasma at AC power from 3.8 to 38 W. (b) Threshold voltages of TFTs
with 90-nm-thick SiO2 as a function of AC power.

To evaluate the stability of threshold voltage change, the effect of gate bias stress on the
transfer characteristics was investigated. The voltage of gate bias, Vg, was set in the range of
—50 to 50 V, and the drain voltage was fixed at 0 V. The stress time #s was in the range from 0
to 5000 s. Figures 3.6(a) and 3.6(b) show the threshold voltage and mobility in the saturation
regime of the TFTs with L = 80 um for different #, after applying bias at Vg = —20 V as a
function of #, respectively. The Vtu for each TFT decreases with increase in #. The threshold
voltage shifts during stress are 1.6 V for t, =10, 1.7 V for , = 120 s, and 2.3 V for #, = 300 s.

The threshold voltage does not depend strongly on #. This indicates that a relative threshold
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voltage among different #, is maintained during gate bias stress. This suggests that the negative
bias stress does not affect the negative charge induced by plasma treatment. Although the
threshold voltage shift between 1.6 and 2.3 V induced by gate bias stress is slightly larger than
that of a pentacene TFT with a polymer gate dielectric [32], the shift is not as large as those

other organic TFTs [28,30,35,36], amorphous Si TFTs [37-39] and oxide TFTs [40-42].
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Figure 3.6: (a) Threshold voltages and (b) mobilities in the saturation regime of three
TFTs with 90-nm-thick SiOz plasma treated for 10, 120, and 300 s as a function of bias

stress time. The gate bias and drain voltage are —20 and 0 V, respectively.

Figure 3.7(a) shows the transfer characteristics of a TFT with a 90-nm-thick SiO2 dielectric
treated with pac = 3.8 W and #, = 60 s measured after applying bias at Vs = 0, —10, ..., =50
V, and 10, ..., 50 V for s = 60 s. The measurement for positive bias was conducted about one
day after the negative bias examination. The threshold voltage and the mobility in the saturation
regime estimated from the transfer characteristics are shown in Fig. 3.7(b) and 3.7(c),
respectively. The threshold voltage changes in accordance with the bias stress, although the
mobility is almost independent of the bias stress. The negative bias stress induces negative shift
in the threshold voltage, which decreases non linearly with decrease in Vgs. Although the bias

stress at VB less than —20 V induces a threshold voltage shift greater than 1V, the threshold
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voltage shift under a agate bias stress in the range of 0 to —20 V is as small as 0.4 V. The small
shift in the threshold voltage contributes to stable operation. In contrast, the positive bias stress
induces positive shift in the threshold voltage, which increases linearly with increase in Ves. In
addition, the Vtu value at Vs = 0 for positive bias stress is close to that at Vs = 0 for the
negative bias. Since the transfer characteristics for the positive bias stress were measured about
one day after the measurement of the negative bias stress, the recovery of the V'ta implies that
storage under no operation extinguishes the effect of the bias stress. This means that the
threshold voltage shift induced by the bias stress is a temporary effect. Since the Vtu value at
Ve = 0 for the positive bias stress is close to that at Vgs = 0 for negative bias, the V't value
obtained after oxygen plasma treatment is more stable. In fact, it is confirmed that relative
threshold voltage among different #, is maintained for more than one month at least. This is
probably because the oxygen plasma treatment generates electron trapping sites at deep levels

in the SiO2 gate dielectric.
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Figure 3.7: (a) Transfer characteristics of a pentacene TFT with L = 80 pm and 90-nm-
thick SiO2 plasma-treated at a AC power of 3.8 W for #, = 60 s after bias stresses of Vs
= 0 (black line), —10 to —50, and 10 to 50 V were applied to the TFT for £ = 60 s. (b)
Threshold voltages and (c) mobilities in the saturation regime of the TFT estimated

from the drain current versus gate voltage characteristics in ().

Point defects in SiO2 have been experimentally and theoretically studied in the fields of
electronics and optics [43-46]. Many types of point defects have been reported, including
=Si-Si=, =Si—H, =Si—-0-0-Si=, =Si—0-0¢, =Si—0e, and =Si—O-H. Here, “=" and “=" denote,
respectively, three and two network Si—O bonds, and “*” represents an unpaired electron.
Perfect SiO2 has a bandgap energy of about 9 eV [43] and the point defect generates an energy
level within the bandgap. Pacchioni and Ierano have examined defect energy levels in SiO2 [44].

Since oxygen plasma treatment was used for surface treatment in this study, we focus on O-
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related defects. Figure 3.8 shows a schematic illustration of the defect energy levels for
=Si—-0-0-Si=, =Si—0-0e, =Si—-0e, and =Si—O-H. The energy level of the highest occupied
molecular orbital (HOMO) of pentacene [47] is also shown. The =Si—O—-0¢ and =Si—O- defects
having an unpaired electron would act as electron traps, whereas the =Si—-O-H and
=Si—0-0-Si= defects would not [45]. It is possible that oxygen atoms incorporated into SiO2
form =Si—O—-0-Si=, =Si—0-0¢, and =Si—O¢ defects [46]. In oxygen plasma treatment, oxygen
ions accelerate to the surface of a substrate. Thus, oxygen plasma treatment would generate
=Si—0-0¢, and =Si—O- defects that act as electron traps. This is a conceivable reason why the

oxygen plasma treatment induces threshold voltage change.
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Figure 3.8: Schematic illustration of energy levels for various defects in SiO2 and the
HOMO level of pentacene.

35



3.4 Summary

We investigated the effect of oxygen plasma treatment of the SiO2 gate dielectric on the
characteristics of pentacene TFTs. The plasma treatment for less than 120 s enables the control
of the threshold voltage without a large change in the mobility. The threshold voltage shift,
which is proportional to the treatment time, can be explained by supposing that the plasma
treatment induces negative charges on and/or near to the gate dielectric surface. Also, we
investigated the effect of gate bias stress on the TFT characteristics. The gate bias stress did not
extinguish the threshold voltage change induced by plasma treatment. The threshold voltage
shift in the TFT induced by gate bias stress was as small as about 2 V. The information on the
threshold voltage shift and stability obtained in this study is useful for the application of organic

TFTs to integrated circuits.
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Chapter 4
Energy Distribution of Interface States

Generated by Oxygen Plasma Treatment

4.1 Introduction

Organic thin-film transistors (TFTs) have attracted considerable attention because of their
potential applications to large-area, mechanically flexible, light-weight, and cost-effective
devices [1-3]. In addition to the advantage, field-effect mobilities in organic TFTs have reached
to about 10 cm?/(V s) [5-8], Which is close to those of oxide TFTs practically used in flat panel
displays. For practical application, threshold voltage control in organic TFTs is an important
issue as well as improvement of the performance. Some groups have been attempting threshold
voltage control in organic TFTs using various methods such as using self-assembled
monolayers (SAM) on a gate dielectric [9-12], utilizing new polymer gate dielectrics [13,14],
doping into organic layers [15-17], choosing gate metals [18,19], adjusting parasitic resistance
[20,21], and using multi gate structures [22].

Another approach of threshold voltage control utilized oxygen plasma treatment to the
surface of gate dielectrics [23-25]. Oxygen plasma treatment has been used to obtain a
hydrophilic surface for formation of a SAM on a gate dielectric [26,27]. Thus, the threshold
voltage control by oxygen plasma treatment does not require an additional process if the organic
TFT requires a SAM layer. In addition, the threshold voltage gradually changes with plasma
treatment time. The continuous change is suitable for application to integrated circuits of

organic TFTs. In actual, we applied pentacene TFTs with the controlled threshold voltage to
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logic circuits [28,29]. Since the threshold voltage shifts to positive gate voltage with plasma
treatment time, the threshold voltage change in probably attributed to electrons captured at
interface states generated by oxygen plasma treatment. Although a concern is that the change
is temporary, we described that gate bias stress does not negate the threshold voltage change
provided by oxygen plasma treatment in chapter 3. This implies that the interface states work
as deep traps for electrons. On the other hand, the presence of shallow traps has been unclear.

For Si metal-oxide-semiconductor (MOS) field-effect transistors (FET), electron states at the
interface between semiconductors and gate dielectric have been examined using some methods
including electron spin resonance spectroscopy [30], current—voltage measurements [31], and
capacitance—voltage (C—)) measurements [32,33]. Among the method, C—} measurement has
an advantage that the measurement is performed without light irradiation and elevated
temperature. Since organic TFTs are generally sensitive to light and temperature change, C—V
measurement is suitable for evaluation of organic TFTs and MOS capacitors. In actual, interface
traps in organic MOS capacitors have been investigated by C—} measurement [34-36].

In this chapter, we report C—V characteristics of pentacene MOS capacitors with a Si02 gate
dielectric treated with oxygen plasma to examine the energy distribution of interface states
generated by the treatment. First, we show current—voltage characteristics of pentacene TFTs
to compare the characteristics of those of the MOS capacitors. Then, C—V characteristics of the
MOS capacitors are shown. The energy distribution of the interface states is calculated from

the C—V characteristics.

4.2 Analytical methods

4.2.1 Characteristics of MOS capacitors
Figure 4.1 shows schematic band diagram of a SiO2/pentacene MOS capacitor examined in

this study, we attempt to estimate the interface state density by C—J measurement. The total
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capacitance per unit area of MOS capacitor (Cc) is expressed as

Lot "
C’G C’OX C’S ,

where Cs is the capacitance per unit area of the pentacene layer. The capacitances Ca and Cs
are functions of the gate voltage (V) and are represented as Ca(Vi) and Cs(VG). The interface
state density in experimentally classified into three groups denoted as Dr, Dm, and Du. The Dy,
Dwm, and Du are expected to be roughly distributed in ascending order shown in Fig. 4.1. Because
the fixed charge in the gate dielectric is expect to be positive, it is represented by a plus sign.

Flat band voltage (VrB) of a MOS capacitor without inversion mode is equal to threshold

voltage (Vtn) of a transistor as described in chapter 2, and is written as

:CDM_CDS_ Q

b
e Cox

Ves (4.2)

where e is the electron elementary charge, ®m and ®s are the work functions of the gate
electrode and the organic semiconductor, respectively. When a Vrp value is experimentally
obtained, Q is calculated from Eq. (4.2) as well as the charge density Q in Eq. (2.5). Also, the
V’rB value is used in an equation for surface potential shown below. An issue is how to determine

VrB experimentally. In this study, the Vs value is experimentally determined as
CS(VFB):zomin[CS(VG )] (4.3)

Although this definition is not standard, Eq. (4.3) for a MOS capacitor provides a Vrs value
close to a V'tn value obtained from the current characteristics of a TFT prepared under the same
condition as that of the MOS capacitor. Physically, Eq. (4.3) means that one twentieth thickness
of a pentacene layer acts as insulator. In this study, the average thickness of a pentacene is about

22.5 nm as explained later. Thus, the one twentieth thickness is about 1.1 nm.
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4.2.2 Interface states of MOS capacitors

The interface state density Dit in an evaluated MOS capacitor is generally obtained as a
function of the surface potential at the interface between the semiconductor and the gate
dielectric. The surface potential ¥s is expressed as [37,38]

P (V) =V ~Vew I : [ﬂ}’/ (4.4)

Cox

as a function of VG and is constructed by using Vs and Cc(V:). The calculation of Dit requires
the C—V characteristic of a MOS capacitor, which ideally has no interface state, as a reference.
Here, the surface potential and the total capacitance of the reference MOS capacitor are denoted
as Pref(VG) and Cref(VG), respectively. Using these notations, the interface state density (Dit) can

be calculated from

1 AQ, —AQ.,
D (#.(V.))= lim — e
R A A RA T 4
where
AQ, = j Ly (4.62)
AQ, = IVG oL (nav (4.6b)

The V6" and AVG" are defined as the following equations:
Ve (V6") =5 (75). (4.7a)

¥

ref (VG AV, ') =7 (VG +AV, ') . (4.7b)
The AQc and AQrr are charges stored in the evaluated and reference MOS capacitors,

respectively, when the surface potential changes from Ps(Vc) to Ps(Vot+AVa).

Equation (4.5) is mathematically equivalent to

c.d\v.-V.'
Dit(WS): eozx ( Z’TG)

(4.8)
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known as Terman method [38-40]. A calculated Dit value generally contains numerical errors.
Thus, a value calculated from Eq. (4.5) may be slightly different from that calculated fro Eq.
(4.8). In this study, we use Eq. (4.5) for calculation of Dit. This is because the increases in

accumulated charges AQc, AQref can be seen in the calculation process.

/

Interface state

Fixed charge l
= (Pox) \ . E. (LUMO)
U“:J’ ++ DH[ =
++ [ . ............. E,
D
++ E, (HOMO)
Gate D,
metal
(Cr)
Gate Semiconductor
dielectric (Pentacene)
(SiOy)

Cox|| Cs||
11 11

Figure 4.1: Schematic band diagram of Cr/SiO2/pentacene structure.

4.3 Experimental methods

Figures 4.2(a) and 4.2(b) show cross sections of a pentacene TFT and a MOS capacitor,
respectively. TFTs and MOS capacitors were fabricated on glass substrates, Corning (R)
EAGLE XG. Each layer for the TFT and capacitor was deposited through a metal mask. First,
a 20-nm-thick Cr layer was deposited as a gate electrode. Then, a SiO:2 layer was deposited as
a gate dielectric by rf sputtering. The SiO2 layer has a thickness of about 120 nm and a

capacitance per unit area (Cox) of about 27 nF/cm?. The Cox values determined from C-V
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measurement are shown in Table 4.1. The substrates were cleaned with acetone, isopropanol,
and UV ozone. Then, the SiO2 surfaces were exposed to oxygen plasma for a time (#) of 10 to
30 s under a condition of an Oz flow rate of 100 mL/min and an AC power for plasma generation
of 9.2 W. After oxygen plasma treatment, or UV ozone treatment as a reference without oxygen
plasma treatment, the substrates were immediately exposed to hexamethyldisilazane (HMDS)
vapor for 30 min at 120 °C. The TFT without oxygen plasma treatment is represented as #, = 0
s afterhere. A 45-nm-thick pentacene layer was deposited at a rate of 0.2 A/s on the substrate of
room temperature. Finally, a 45-nm-thick Au layer was thermally deposited as the top electrode
of MOS capacitors and as the drain/source electrodes of TFTs. For TFTs, the channel width (W)
1s 400 um and the channel length (L) is 120 um. For MOS capacitors, the MOS capacitor area
of Au/pentacene/SiO2/Cr structure is 2.7 x 107 cm? The MOS capacitor has an area of
Au/SiO2/Cr structure, which is 0.3 x 10 cm?. Capacitance values excluding the capacitance of
the Au/SiO2/Cr area are shown as then capacitance of a MOS capacitor.

All characteristics were examined in a dry-nitrogen filled glovebox at room temperature. The
current—voltage characteristics of TFTs were measured by using a semiconductor parameter
analyzer, Agilent Technologies, B1500A. The capacitance characteristics of MOS capacitors
were measured by using a source/measurement unit, Keysight Technologies, B2912A. A 100-
mVrms AC voltage of a frequency of 200 Hz superimposed on a DC voltage (V) was applied
to the Cr electrode with respect to the Au electrode as seen in Fig. 4.2(b).

For MOS capacitors, the C—V measurement was perfomed in the range of V' = V1 to V2 where
Vi=-10V, V2=10, 15, 18, and 23 V for #, = 0, 10, 20, and 30 s, respectively. To change the
number of charges trapped in the interface states at a certain Vg, we adopted two time-profiles
of applied VG shown in Figs. 4.3(a) and 4.3(b). One is a quasi-pulse wave and the other is a
normal sweep. The holding voltage in the quasi-pulse wave, which was set at —10 V, contributes

to suppression of unintended charge transfer under a certain V.
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Figure 4.2: Cross sections of a pentacene (a) TFT and (b) MOS capacitor.
Microphotographs of a fabricated (c) TFT and (d) MOS capacitor.
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Figure 4.3: Measuring methods of capacitance—voltage characteristics of MOS
capacitors in this study. Two time-profiles of applied gate voltage: (a) a quasi-pulse

wave and (b) a normal sweep.
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4.4 Results and discussion

4.4.1 Transistor characteristics

Figure 4.4(a) shows the drain current (/p) versus gate voltage (VG) characteristics of
pentacene TFTs in the saturation regime at a drain voltage (Vp) of —20 V. The Ip—Vs
characteristics were obtained by the forward sweep from a positive VG to —20 V, and the reverse
sweep from —20 V to the positive V. The plasma treatment time #p is 0, 10, 20, and 30 s. The
In—VG curves shift to positive gate voltages with increase in f,. For |Ip| > 10'° A, the Ip—VG
curves do not exhibit large hysteresis in the forward of positive to negative Vs and reverse of
negative and positive VG sweeps. For |Ip| < 1071° A, a small hysteresis appears in the sweep.
This hysteresis may relate to shallow traps shown as Dm and/or Du in Fig. 4.1.

The field-effect mobilities in the saturation regime (usat), V'tH, and sub-threshold swing (.5)
are summarized in Table 4.1. The usat and Vrh are calculated by fitting a line to |/p|"">~VG plots.
The Cox value shown in Table 4.2 is used for the calculation of usat, being obtained from C—V
measurement. usa is in the range of 0.78 to 0.86 cm?/(V s), and does not largely depend on #.
In Fig. 4.4(b), V1H is plotted with respect to #p. By assuming values of ®m and ®s, O in Eq. (2.5)
can be calculated as a function of 7. We used ®m = 4.8 eV and ®s = 4.5 eV for the calculation.
Although Cr was used for the gate metal, the surface of Cr is easily oxidized in general. Thus,
we adopted the work function reported for Cr203 as ®@m [41]. The ®@s value corresponds to the
Fermi energy of pentacene [42].

Figure 4.4(c) shows the charge density Orrr calculated from Eq. (2.5). From the fitting curve,
Qo and gp are estimated to be 118.8 nC/cm? and —5.24 nC/(cm? s). By assuming that positive
charges are uniformly distributed in SiO2, po is calculated as 2.0 x 10 C/cm® which corresponds
to positive charges of 1.2 x 10'7 /cm®. The negative gp value suggests that oxygen plasma
treatment generates interface states serving as electron traps. The surface charge density Os et

(= gp tp) is shown in Table 4.1.
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Figure 4.4: (a) Drain current versus gate voltage characteristics measured drain voltage
Vb =-20V for pentacene TFTs with SiO2 gate dielectric treated by oxygen plasma for
tp=0, 10, 20, and 30 s. (b) Threshold voltage estimated from the transfer characteristics
of pentacene TFTs. (c) Charge density QOrrr calculated from the threshold voltage in

(b).

Table 4.1: Electrical properties of pentacene TFTs with SiO2 treated by oxygen plasma
for t, =0, 10, 20, and 30 s: mobility in the saturation regime usat, threshold voltage VrH,
sub-threshold swing S, and surface charge density Qs trr (= gp tp).

tp (S) Usat (cm?/(V s)) Vru (V) S (V/decade) Os.1rr (nF/cm?)
0 0.85 —4.11 0.61 -
10 0.86 -1.90 0.70 -59.0
20 0.83 —0.99 0.72 —85.8
30 0.78 2.25 1.00 —-168
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4.3.2 MOS capacitor characteristics

Figures 4.5(a)—4.5(d) show the capacitance measured by quasi-pulse wave shown in Fig.
4.3(a), Ca puise, versus Vg characteristics of pentacene MOS capacitors for #, = 0, 10, 20, and 30
s. Properties extracted from the Cq puise characteristics are summarized in Table 4.2. For #, = 10,
20, and 30 s, the C—V characteristics do not exhibit hysteresis in the forward and reverse
measurement. This suggests that electrons trapped at the interface states by applying Ve > —10
V leave from the states when applying Vg = —10 V for a holding time of about 60 s. On the
other hand, the C—V characteristic for #, = 0 s exhibits a small hysteresis. The Cg puise in the
reverse measurement is slightly lower than that in the forward measurement. This may be due
to presence of hole traps at the interface without oxygen plasma treatment.

The maximum and minimum values of Cg depend on the SiO: thickness. Although the SiO2
layers were deposited under the same condition, unintentional difference in conditions leads to
the difference in the SiOz thickness. For comparison of the C—V characteristics, we calculated
a normalized capacitance Ch defined as

_ Go(Ve)-Min[ G (V)]
" Max| G, (V) |-Min| G, (V)]

Figure 4.5(e) shows Chnpuise versus VG of pentacene MOS capacitors for 7, = 0, 10, 20, and 30 s.

(4.9)

The C—V curves shift to positive gate voltage with an increase in .

The Ves values were calculated based on Eq. (4.3). Figure 4.5(f) shows the Cs values
calculated by substituting Cc puise values into Eq. (4.1). The Cs decreases with an increase in Vg,
and approaches 1.55, 1.58, 1.53, and 1.53 x 10”7 F/cm? for £, = 0, 10, 20, and 30 s, respectively.
The Ves value, which equals Vg that satisfies Cs = 3.1 x 10" F/cm?, are estimated to be —3.57,
—-0.77,0.64, and 3.61 V for #, = 0, 10, 20, and 30 s, respectively. For each #,, this value is close
to the Vtu value shown in Table 4.1. The Vrs as well as Vtn can be used for estimation of Q,

0, and gp. Qo and ¢gp are estimated to be 98.7 nC/cm” and —5.92 cm”/(cm” s), which are not far
d d i d to be 98.7 nC/cm? and —5.92 cm?/(cm? hich f:
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from those estimated from Vtu. Electrons that cause QOs (= ¢p p) probably capture at interface
states. We classify the interface state density into Dr. This is because Os does not cause
hysteresis in the transfer characteristics of pentacene TFTs. This indicates that DL work as deep
traps. Thus, Dr corresponds to low energy levels as shown in Fig. 4.1. In other words, Os is

expressed as
O =eIDLdE. (4.10)

The surface charge density Osmos for Di is shown in Table 4.2.

An increase in VG leads to depletion of holes in the pentacene layer. Consequently, the
minimum Cs corresponds to the capacitance of pentacene as insulator. By assuming the
thickness of pentacene, relative dielectric constant can be calculated from the minimum Cs. The
thickness of 45 nm shown in Sect. 4.3 is the thickness at the top of the pentacene. A pentacene
generally has a dendritic structure. Thus, the average thickness is roughly assumed to be a half
of 45 nm. Under this assumption, the relative dielectric constant is estimated to be 3.9. This

value is almost the same as that reported by other group [43].

Table 4.2: Properties of pentacene MOS capacitors with SiOz treated by oxygen plasma
for #, = 0, 10, 20, and 30 s: gate dielectric capacitance per unit area Cox, minimum
capacitance of pentacene layer Min[Cs], flat band voltage Vrs, and surface charge

density Osmos.

to (s) Cox (nF/cm?) ~ Min[Cs] (nF/cm?) Ve (V) Osmos (nF/cm?)
0 26.5 155 -3.57 -
10 27.2 158 —0.77 -69.6
20 25.6 153 —0.64 -107
30 25.0 153 3.61 —181
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Figure 4.5: Capacitance versus gate voltage characterist
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ics measured by applying a

quasi-pulse wave for plasma treatment time #, = (a) 0 s, (b) 10 s, (c) 20 s, and (d) 30 s.

(e) Normalized capacitance versus gate voltage characteristics measured by applying a

quasi-pulse wave for £, = 0, 10, 20, 30 s. (f) Semiconductor capacitance calculated by

substituting capacitance values, shown in (a)—(d), into Eq.
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4.3.3 Interface state density

For calculation of Dit(¥s), Ca,sweep measured in the forward shown in Fig. 4.3(b) were used.
Calculation of Di(Ps) from Eq. (4.5) requires Cref(VG) and Pref(VG). First, Di(¥s) calculated
from Ca puise(VG). For the calculation, Ca puise(VG) for #p = 0 s 1s used as Cref(VG). The Dit( ¥s) 1s
assigned as Dwm. Next,

Since a MOS capacitor of #, = 0 s has no interface state generated by oxygen plasma treatment,
we chose Co(VG) of tp = 0 s as Cref( V). However, Co(VG) of t, = 10, 20, and 30 s involves the
change in VrB induced by the influence of Dr. To eliminate this influence, we shifted Ca(VG) of
tp = 0 s by the difference in Vs and used it as Cref(VG). In addition, the maximum and minimum
of Cref(VG) were adjusted to the maximum and minimum of Ca(VG) of # = 10, 20, or 30 s,
respectively. Figures 5.6(a)-5.6(c) show Ca(VG) and Cref(VG) curves for £, = 10, 20, and 30 s.
The Ca(Ve) of tp > 0 s is larger than Ca(VG) of £, = 0 s. The difference in Ca(VG) is probably
attributed to electrons trapped at interface states corresponding to Dwm.

Quasi-static voltage of the normal sweep leads to electrons trapped at higher interface states.
Figure 4.7 shows Cc(VG) measured by applying a quasi-pulse wave voltage and a normal sweep
voltage. For #, = 10, 20, and 30 s, the difference in Cc(VG) for pulse and sweep increase at Va
> 10 V. Here, we adopt Capuise(VG) as Cref(VG). The Capuise(VG) involves the influence of Dw.
Thus, the difference corresponds to electrons trapped at Dn.

Figure 4.8 shows Dwm and Du calculated from Ca(VG) and Cref(VG) explained above. Indeed,
Dw is distributed near ¥s = ¥rB as shown in Fig. 5.1. The Dw are distributed in the range of ¥s
— Y8 =0.0—-0.6 eV. The Dm has the maximum at about 0.1 eV. The interface density increased
with plasma treatment time. The difference in Dwm for # = 10 s and for # = 20 s is small. For
pentacene TFTs, the Orrr value for #, = 20 s is far from the fitting line as seen in Fig. 4.4(c).
This suggests that the interface state density for #, = 20 s is less than density expected from #, =

20 s. Probably, the small difference in Dwm is due to unintentional low density for #, = 20 s. On
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the other hand, the maximum of the interface density for # = 30 s is approximately 4.5 x 10!2
/(cm? eV), which is three times as high as 1.5 x 10'? /(cm? eV) for #, = 10 s. The Dw is roughly
proportional to z.

On the other hand, Du obtained by a normal sweep is distributed at high energy as compared
with Dm obtained by a quasi-pulse wave. The Dn is broadly distributed in the range of ¥s — ¥rB
=0.3 — 1.3 eV, and is in the order from 10'* to 10! /(cm? eV). For ¥s — ¥ = 0.6 — 1.0 eV, the
Dn is about 5 x 10'° 1 x 10", and 2 x 10" /(cm? eV) on average for # = 10, 20, and 30 s,
respectively.

Probably, the interface states for Dm and Du do not largely influence on the characteristics of
TFTs when TFTs operates at Vo < 0 V. Conversely, positive VG may temporarily lead to
threshold voltage shift by electrons trapped at the interface states. The finding in this study is
useful for operational stability in organic TFTs. The interface states at high energy level such
as Dm and Du may be used for applications that intentionally require temporary characteristic

changes.

(nFlcm?)

d22

c

-10 -5 0 5 10 15 -10 -5 0 5 10 15 10 -5 0 5 10 15 20 25
Gate Voltage VG V) Gate Voltage VG V) Gate Voltage VG V)

Figure 4.6: Capacitance versus gate voltage characteristics measured by applying a
quasi-pulse wave for plasma treatment time #, = O s as a reference characteristic and #,
=(a) 10 s, (b) 20 s, or (3) 30 s, respectively. The maximum and minimum values and
flat band voltage value of a reference characteristic (# = 0 s) are adjusted to those of

characteristics for #, = 10, 20, or 30 s.
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4.4 Summary

We measured C—V characteristics of pentacene MOS capacitors with a SiO2 dielectric treated
by oxygen plasma to extract the energy distribution of the interface states. For the pentacene
MOS capacitors, the Ve determined by the definition in this study were close to those of
threshold voltages estimated from transfer curves of pentacene TFTs. The Ves values increased
with an increase in plasma treatment time. First, the C—V characteristics of MOS capacitors not
treated by oxygen plasma was used as a reference for extraction of energy distribution. The
interface states extracted from the C—J characteristics measured by applying a quasi-pulse wave
voltage were distributed in the range of ¥s — ¥rs = 0.0 — 0.6 eV. The interface density increased
from 1.5 to 4.5 x 10'? /(cm? eV) with plasma treatment time. Next, the C—V characteristics for
a quasi-pulse wave voltage was used as a reference. The interface states extracted from the C—V
characteristics measured by applying a normal sweep voltage were broadly distributed in the
range of ¥s — P = 0.3 — 1.3 eV. The interface density is in the range of 1 x 10" to 2 x 10!
/(cm? eV). The information of the energy distribution contributes to development of inorganic

FET with oxide gate dielectric as well organic TFTs.
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Chapter 5
Evaluation of Carrier Mobility by Using Organic
Metal-Oxide-Semiconductor Capacitors Based

on a Distributed Constant Circuit

5.1 Introduction

Organic semiconductor devices, including thin film transistors (TFTs) [1,2], light-emitting
diodes [3,4], photovoltaics [5,6], and chemical sensors [7,8], have attracted attention because
of their potential application to flexible, large-area, light-weight, and low-cost electronic
devices. In addition to these features, the field-effect mobilities in organic TFTs significantly
improving with finding of novel materials [9] have reached over 10 cm?/(V s). With the
improvement of organic device performance, the carrier transport in organic devices is required
to be investigated in more detail [11,12].

For organic TFTs, the field-effect mobility and threshold voltage calculated from the current-
voltage characteristics are used as standard evaluation for them [13]. The contact resistance
between the contact electrode and the organic semiconductor in organic TFTs is often calculated
based on a transfer line method [14-16]. In this method, the contact resistance is also calculated
from the current-voltage characteristics obtained by DC measurement. On the other hand,
impedance spectroscopy based on AC measurement is an evaluation methods for organic TFTs
when focusing on the metal-oxide-semiconductor (MOS) or metal-insulator-semiconductor
(MIS) structure [17,18]. Actually, the capacitance-voltage characteristics measured at a certain

frequency have been used for investigation of the interface states [19,20], the flat-band voltage
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[21-23], the injection barrier [24], and the stability [25]. The investigation is based on theory
for Si-based MOS capacitors [26]. However, an organic MOS capacitor often has an area
uncovered with the contact electrode to the organic semiconductor. In order to eliminate the
influence, it is necessary to remove the organic layer uncovered with the contact electrode [18].

Some groups have examined organic TFTs [27,28] and organic MOS capacitors [29-33]
considering organic semiconductor areas uncovered with the contact electrode. Hamadani et al.
and Girolamo et al. investigated the characteristics of organic TFTs using equivalent circuits
consisting of distributed elements for the uncovered area [27,28]. On the other hand, Jung et al.
and Hayashi et al. reproduced the characteristics of organic MOS capacitors with uncovered
organic areas using a distributed constant circuit [29] and a diffusion equation [30], respectively.
In order to reproduce the measured results, it is necessary to consider both the effect of the
uncovered area and that of the MOS capacitors covered by the electrode. The lengths of the
uncovered areas were up to about 95 um for Ref. 29 and 235 pum for Ref. 30. On the other hand,
Ucurum and Goebel investigated the capacitance-voltage characteristics of pentacene MOS
capacitors having uncovered areas up to 4 mm in length [31]. They analyzed the characteristics
separating into three components for metal/insulator/metal, covered MIS, and uncovered MIS
structures. Although the method of the analysis is effective, it is seems that the hysteresis in the
capacitance-voltage characteristics caused difficulty in quantitative analysis. If a MOS
capacitor having an uncovered MOS area sufficiently larger than a covered area is examined, it
is possible to eliminate the influence of the covered MOS area and intensively analyze the
carrier transport in organic layers uncovered with an electrode.

In this chapter, we report the capacitance characteristics of pentacene MOS capacitors with
a large uncovered area in detail. The measured capacitance is systematically examined by
assuming that the uncovered area is represented by a distributed constant circuit. The sheet

resistance derived from the measured capacitance is used for calculation of the carrier mobility
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in the pentacene layer. The carrier mobilities are compared with those calculated from the

current-voltage characteristics of pentacene TFTs fabricated on the same substrates.

5.2 Analytical method

5.2.1 Characteristics of MOS capacitors with a large uncovered pentacene area
Figure 5.1(a) shows illustration of a pentacene MOS capacitor examined in this study. The
pentacene layer has an area uncovered with the top electrode. For measurement of the
capacitance, an AC voltage of frequency f superimposed on a gate voltage V is applied to the
Cr gate electrode as seen Fig. 5.1(a). The length and the width of the uncovered area are denoted
by Ldis and Wiis, respectively. The total capacitance of the MOS capacitor C can be represented

as

C=C+Cyos +C;., (5.1)
where Co, Cmos, and Cais are the capacitances of Au/SiO2/Cr, Au/pentacene/SiO2/Cr, and
pentacene/S102/Cr structures shown in Fig. 5.1(b), respectively. When the capacitance per unit
area of SiO2 is denoted Cox, Co = Cox So where So is the area of the Au/SiO2/Cr structure. The
capacitance of the Au/pentacene/S102/Cr structure Cwmos is given by

Cson when carriers are accumulated in the pentacene
MOS — , (5.2)

1/ (1/ Coon 1/ C, ) when no carrier presents in the pentacene
where Csio2 = Cox SM0S, Csemi = €semi SMOS/dsemi, SMos 18 the area of the Au/pentacene/SiO2/Cr
structure, esemi 1S the dielectric constant, and dsemi 1s the thickness of the pentacene. Assuming
that the pentacene/SiO2/Cr structure is represented by a distributed constant circuit shown in
Fig. 5.1(c), the capacitance component Cdis in the admittance ¥ (Y = G + jB = G + j2nCluis),

which is composed of conductance G and susceptance B, is given by

1 sinha +sina
Cdis = COXWdisLdis - > (5'3)
a cosha +cosa
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where

a= \/47[fCOXRshLd152 ) (5.4)

is a dimensionless quantity, Rsh is the sheet resistance in the pentacene layer, and f is the
frequency for capacitance measurement [32,33]. Equation (5.3) can be derived by assuming
that the line inductance and parallel resistance in a distributed constant circuit with open

termination are equal to zero. When a function g(«) is defined as

g(a):L sinh o +sina ’ (5.5)
a cosha +cosa

the function has the following properties:

lim g(a)=1, (5.6a)

a—>+0

lim g(a)=0. (5.6b)

a—>+x0

Therefore, the dependence of Cais on Rsh exhibits that

Cys = CoxWy Ly for R, < (1/ chXLdij), (5.7b)
G =0 for R, > (1/fCOXLdi52), (5.7b)

When pentacene is a p-type material, the decreases in VG leads to the accumulation of holes in
a semiconductor layer, the decrease in Rsh, and the asymptotic to (Co + Csioz + Cox Wais Ldis) of
C. On the other hand, the increase in VG leads to the depletion of hole, the increase in Rsh, and
the asymptotic to {Co + 1/(1/Csioz + 1/Csemi)} of C. Since Rsh can be estimated from an
experimental C value.

For the Au/pentacene/SiO2/Cr structure in Fig. 5.1(b), the bulk resistance for the pentacene
and the contact resistance at the interface of Au and pentacene are not considered in this thesis.
This is because we focus on the characteristics of Cais for the pentacene/SiO2/Cr structure.
Although C defined in Eq. (5.1) does not contain effect of the resistances mentioned above,

capacitances measured in this study are actually reproduced by the C defined in Eq. (5.1) as
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seen in Sect. 5.4.

5.2.2 Mobility and threshold voltage in uncovered pentacene area
When VG is applied to the Cr gate electrode, the sheet resistance Rsh induced by hole carriers

accumulated in the pentacene layer can be expressed as

1
Ry =——7, (5.8)
H1Cox |VG -7
on the basis of the assumption that

_ (5.9a)

sh 05
cenp=es =%, 5.9b
o =enpu=e 5 7 5 y7i ( )
Os = Cox |VG _Vo|- (5.9¢)

Here, u is the carrier mobility for the hole, o is the conductivity, # is the density of the hole, 0
is the thickness of the accumulation layer, s is the area density of the charge, Qs is the surface
charge density, and Vo is the maximum value in voltages at which holes accumulate. Vo
corresponds to threshold voltage of the MOS transistor. The notation for the voltage Vo is used
to distinguish it from the threshold voltage estimated from experimental results of transistors.
The Rsh value estimated from an experimental C depends on Ve. The u and Vo values can be
calculated by fitting a curve to the relation between Rsh and V. Equation (5.8) relates to Eq.
(2.2). Actually, Eq. (5.8) is derived from Eq. (2.2) by dividing V'p by Ib. Since the structure in
Fig. 5.1(a) corresponds to a transistor having no drain electrode, the measurement for the

structure satisfies the condition that |V'p| is small.
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5.3 Experimental methods

Pentacene MOS capacitors and pentacene TFTs were fabricated on glass substrates, Corning
(R) EAGLE SG. The cross sections are shown in Figs. 5.1(a) and 5.2(a), respectively. Figure
5.1(d) shows microphotograph of a fabricated pentacene MOS capacitor. The fabrication
process is almost the same as that of study in chapter 4 except for oxygen plasma treatment.
Each layer for the capacitor and the TFT was prepared by use of a metal mask common to the
capacitor and the TFT. After cleaning the glass substrate, a 20 nm thick Cr layer for the gate
electrode was deposited on the glass substrate by thermal evaporation. Then, a 120 nm thick
Si02 gate dielectric was deposited by rf sputtering under a condition that a flat surface is
obtained [34]. The SiO: dielectric had a capacitance per unit area (Cox) of 26.5 nF/cm?, which
was determined by measurement of the capacitance at 1 kHz. The SiO2 surface was treated with
UV ozone for 15 min, and was immediately exposed to hexamithyldisilazane (HMDS) vapor
at 120 °C for about 30 min. A 45 nm thick pentacene was deposited on the SiO2 surface at room
temperature. The deposition rate was 0.02 nm/s. Finally, a 45 nm thick Au layer was deposited
as the drain/source electrodes for TFTs and as the top electrode for MOS capacitors. For MOS
capacitors, the width (Wais) and length (Ldis) of an uncovered pentacene layer are 200 um and
in the range of 500 to 2500 pum, respectively. For TFTs, the channel width (W) and length (L)
were 400 um and in the range of 55 to 215 pm, respectively.

All the measurements were performed in a dry-nitrogen filled glovebox at room temperature.
The capacitance characteristics of MOS capacitors were measured with a source/measurement
unit, Keysight Technologies, B2912A. An AC voltage of 100 mVrms superimposed on a DC
voltage was applied to the Cr gate electrode. The current characteristics of TFTs were measured

with a semiconductor parameter analyzer, Agilent Technologies, B1500A.
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Figure 5.1: (a) Cross section of a pentacene MOS capacitor with an uncovered area
examined in this study. (b) Structures separated into three parts of Au/SiO2/Cr,
Au/pentacene/Si02/Cr, and pentacene/SiO2/ Cr. (¢) Distributed constant circuit adopted
as an equivalent circuit for the pentacene/SiO2/Cr structure uncovered with Au. (d)

Microphotograph of a fabricated pentacene MOS capacitor.
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5.4 Results and discussion

5.4.1 Transistor characteristics

Pentacene TFTs were fabricated on the same substrate for MOS capacitors in order to
compare the characteristics of TFTs with those of MOS capacitors. The schematic illustration
of the TFT is shown in Fig. 5.2(a). Figure 5.2(b) shows the drain current (/p) versus gate voltage
(V) characteristics of a pentacene TFT with L = 115 um measured at drain voltage V'p = —20
V. The transfer curve showed characteristics of a typical p-channel organic TFT, and exhibited
no large hysteresis in the forward and reverse sweep. For the TFT in Fig. 5.2(b), the field-effect
mobility (usat) and the threshold voltage (¥tr) in the saturation regime were estimated to 0.86
cm?/(V s) and —4.51 V, respectively. The transfer characteristics in the saturation and linear
regime o pentacene TFTs with different channel lengths are respectively shown in Figs. 5.3 and
5.4, respectively. The field-effect mobility (uin) in the linear regime, usat, and Vru values
calculated from transfer characteristics are summarized in Table 5.1. The wuin and usat values did
not largely depend on L. Although tuin was slight lower than usat, the difference between zuin and
Usat was not large. The averages of piin, usat and Vru for TFTs with L = 55-215 pm were 0.79
cm?/(V s), 0.84 cm?/(V s), and —4.3 V, respectively. The mobilities are in the range of typical
values for pentacene TFTs with top contact structure [13,35].

Figure 5.2(c) shows width-normalized on resistance (Ron) versus L calculated fot the TFT of
Fig. 5.2(b). The plots for each VG is almost on a line. From Egs. (2.3) and (2.4), the slope and
the intercept of the line fitting to data of Ron W versus L are equal to the sheet resistance Rrrr
and the contact resistance (Rc W), respectively. The Rc W values decreased with an increase of
|VG — V1n|, and 3.24 kQ cm for V6 — Vtu=—-4 V and 214 Q cm for VG — V= —-20 V. The Ron
W values of the TFT with L = 55 um are equal to 52.06 kQ cm for V6 — Vtn =—4 V and 13.12
kQ cm for Ve — Vru=-20 V. The Rc W value is less than 10% of the Ron W value even if Vi —

V't =—4 V. The low contact resistance supports no large channel-length dependence of win and
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usat. The output characteristics of pentacene TFTs with different channel lengths are shown in
Fig. 5.5. It seems that the contact resistance did not largely influence on the output
characteristics.

Figure 5.2(d) shows Rrrr obtained as a function of (Vo—V1h). A curve fitting to the plots is

obtained as

1
- . 5.10
Faer (0.63cm*/V s)x Cox [V = (Vi +0.10V)| (10

The threshold voltage requires a small calibration of 0.10 V. On the other hand, the mobility
(u1) in the intrinsic transistor without contact resistance is estimated to be 0.63 cm?/(V s).
Although Rtrr does not include the influence of contact resistance, the mobility estimated from
Fig. 5.2(d) is lower than uiin and usat calculated from transfer curves. The slope of the |[Ip|'*~Vg
curve in the saturation regime slightly increases with a decrease of VG as seen in Fig. 5.3. Also,
the |Ip|—VG curve in the linear regime slightly differs from the linearly increase as seen in Fig.
5.4. The nonlinearity may lead to over-estimation in the mobility estimated from Rrrr is close

to the intrinsic mobility in the pentacene layer.

Table 5.1: Electrical properties of pentacene TFTs with different channel lengths:
mobility in the linear regime wuin, mobility in the saturation regime usat, and threshold

voltage Vrh.

L (um) win (cm?/(V s)) Usat (cm?/(V 8)) Vu (V)
55 0.81 0.86 —4.2
75 0.76 0.80 —4.3
95 0.77 0.82 —4.5
115 0.79 0.84 4.7
215 0.80 0.83 -3.5
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Figure 5.2: (a) Cross section of a pentacene TFT. (b) Transfer characteristics measured
at 'p=-20V for a pentacene TFT with L =115 pm. (¢) Width-normalized on-resistance
Ron W calculated for pentacene TFTs with L =55, 75, ..., 215 um. (d) Sheet resistance
Rrrr for pentacene TFTs calculated from the width-normalized on-resistance shown in
(c); the dashed line is a line fitting to measured Rrrr represented by filled diamonds
using Eq. (2.4).
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Figure 5.3: The transfer characteristics in the saturation regime at a drain voltage of —20
V of pentacene TFTs. The channel lengths are (a) 55 um, (b) 75 pm, (c) 95 pum, (d) 115

pum, and (e) 215 um. The solid and dotted lines are data taken from positive-to —negative

(forward) and negative-to-positive (reverse) gate voltage sweeps, respectively. The

black dotted line is a line fitting to the |Ip|">~VG curve, being for estimation of usat and

VTH.
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5.4.2 MOS capacitor characteristics

Figure 5.6(a) shows the capacitance—voltage (C—V) characteristics measured for a pentacene
MOS capacitor of Ldis = 500 um. The C—V characteristics had no large hysteresis in the forward
and reverse sweep. For frequency f= 1 and 10 Hz, the capacitance approaches 44.1 pF with a
decrease of VG. The value is close to (Co + Csio2 + Cox Wais Ldis) = 42.4 pF. Thus, the approach
is consistent with Egs. (5.1), (5.2) and (5.7a). The capacitance of 44.1 pF indicates the
accumulation of holes to the whole pentacene area of the pentacene/SiO2/Cr structure. On the
other hand, the capacitance at VG > 5 V is about 15.7 pF for f=1 to 1k Hz. The value is close
to {Co + 1/(1/Csio2 + 1/Csemi)} = 15.1 pF. Thus, the capacitance at V' > 5 V is consistent with
Egs. (5.1), (5.2) and (5.7b). Note that it is difficult to know the accumulation of holes in the
pentacene of the Au/pentacene/Si02/Cr structure from the C—V characteristics. This is because
the difference between 1/(1/Csioz + 1/Csemi) = 4.5 pF and Csio2 = 5.3 pF is small. For f=1 Hz,
the C value dramatically decreases between VG = —2 and 0 V. The gate voltage around -1 V

corresponds to the threshold voltage Vo in Eq. (5.9¢) for a MOS capacitor.
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Figure 5.6: (a) C—V characteristics of a pentacene MOS capacitor with Ldgis = 500 pm

measured at f= 1, 10, 100, 1k Hz. (b) C versus (VG — Vo) characteristics of pentacene
MOS capacitors with different Ldis measured at 1 Hz.

Figure 5.6(b) shows the capacitance characteristics measured for pentacene MOS capacitors
of Ldgis = 500—2500 um at /= 1 Hz. Since the MOS capacitors have different Vo, the horizontal
axis is represented by (Ve — Vo). Here, the Vo value roughly estimated from the C-V
characteristics was used for Fig. 5.6(b). For all Ldis, the capacitance decreases down to 15.7 pF
with an increase of (VG — Vo). Since the MOS capacitors have the same So and Smos values,
where So is the area of the Au/SiO2/Cr structure, the approach to 15.7 pF is reasonable. On the
other hand, the capacitance at (V' — Vo) = —5 V depends on Ldis. The value of (C — 15.7 pF) is
almost proportional to Ldis. This indicates that holes accumulate to the whole pentacene area at
(VG — Vo) = -5 V even for a long Ldis of 2500 pm.

Figure 5.7 shows the frequency dependence of Cuis at (VG — Vo) of about —10 V for Ldis =
500-2500 um, where Cuis is the capacitance of pentacene/SiO2/Cr structure. For each Ldis, the
Cdis value at f= 1 Hz almost (C — 15.7 pF) for the C value at (VG — Vo) = =5 V shown in Fig.

5.6(b). The Ciis value gradually decreases with an increase of /. The dotted lines in Fig. 5.7 were
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obtained by fitting to the plots of Cdis with Eq. (5.3). For each Ldis, the plots are almost on the
dotted line. This indicates that the frequency dependence of Ciis is reproduced by Eq. (5.3),
which is derived from the equivalent circuit shown in Fig. 5.1(c). In other words, Ciis at a certain
VG 1s determined by Rsh independent of f- Thus, Rsh at a certain VG can be calculated from the
Cuis at the VG of the C—V characteristics using the inverse function of g(a) defined in Eq. (5.5).
Note that the calculation of Rsh does not require the measurement of the frequency dependence
of Cdis. In addition, the plots of Cais measured are almost on the line fitting to them by use of
Eq. (5.3) without the influence of the contact resistance. This suggests that the influence of the
contact resistance on Cdis in negligible in the range of 1 Hz—1 kHz. The low contact resistance
described in Sect. 5.4.1 also supports the suggestion. On the other hand, if a MOS capacitor
with low channel resistance and/or large contact resistance is evaluated, the influence of the
contact resistance should be considered [27]. In addition, the method is limited to a frequency
range in which the presence of trap sites does not affect the admittance of evaluated MOS
capacitor. If a MOS capacitor is evaluated at a frequency that trap sites affect the admittance, it

is necessary to incorporate the component for the trap site into the admittance [36].
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5.4.3 Sheet resistance and mobility

The sheet resistance of pentacene MOS capacitors were calculated on the basis of method
described in Sect. 5.4.2. Figure 5.8(a) shows the VG dependence of Rsh for Ldis = 500 pm. Since
the C—V characteristics at f = 100 Hz exhibits gradual change to VG as seen in Fig. 5.6(a), the
characteristic was used for the calculation of Rsh. The carrier mobility for the hole («) and Vo
values were estimated by fitting a curve to the plots of Rsh with Eq. (5.8). The plots are
approximately on the dotted line obtained by the fitting. The agreement supports the validity of
derivation process for Eq. (5.8).

Figure 5.8(b) shows mobilities usat, uiin, and ui for pentacene TFTs, and i for pentacene MOS
capacitors. The u values were calculated from the V6 dependence of Rsh, and were in the range
of 0.48 to 0.64 cm?/(V s). The average of u was 0.55 cm?/(V s). As shown in Sect. 5.4.1, the
values of usat and the value of ur were 0.84 and 0.63 cm?/(V s), respectively. On the other hand,

the average of Vtu for Eq. (2.1a), the value of Vru for Eq. (2.4), and the average of Vo for Eq.
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(5.8) were —4.3, —4.2, -3.7 V, respectively. The ascending order for V'ta and Vo corresponds to
the order of usat, w1, and . The difference among Vn and Vo may relate to difference among
Usat, i1, and p. Another possibility of the reason is the difference in lateral DC voltage in the
channel layer. Drain current for calculation of the mobility in a TFT is measured under a
condition that a DC voltage is applied to the drain electrode. On the other hand, capacitance for
calculation of the mobility in a MOS capacitor is measured under a condition that no lateral DC
voltage is applied to the channel layer. Thus, u represents the intrinsic carrier mobility in the

channel material under no static electric field.
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Figure 5.8: (a) Sheet resistance Rsh for pentacene MOS capacitors calculated from C-V
characteristics; the dashed line is a line fitting to measured Rsh data (filled circle) using
Eq. (5.8). (b) Mobility in the saturation regime (usat; filled diamond) and in the linear
regime (uwin; filled triangle) for individual pentacene TFTs; intrinsic mobility g for
pentacene TFTs (dashed line); carrier mobility u for pentacene MOS capacitors (filled

circle).
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5.5 Summary

We investigated the capacitance characteristics of pentacene MOS capacitors with pentacene
area uncovered with the top electrode. The frequency dependence of the capacitance was
reproduced using an equation including a capacitance component based on a distributed
constant circuit for the uncovered pentacene area. The sheet resistance for the uncovered
pentacene area was calculated as a function of gate voltage from the measured capacitance. The
mobility of a MOS capacitor with a different length of an uncovered pentacene area was
estimated by fitting a curve to the gate voltage dependence of the sheet resistance. The mobility,
which was in the range of 0.48-0.64 cm?/(V s), has no large dependence on the length. The
mobility is considered as an intrinsic mobility evaluated under a condition of no static lateral

electric field.
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Chapter 6

Conclusions

Organic thn-film transistors (TFTs) have attracted attention because of their potential
application to flexible, large-area, and low-cost electronic devices. In this thesis, threshold
voltage and carrier mobility in organic TFTs were investigated. The threshold voltage control
by oxygen plasma treatment was examined. In addition, the stability of threshold voltage on
gate bias stress and the interface states introduced by oxygen plasma treatment were analyzed.
Also, the carrier mobility without the influence of contact region was examined by using
characteristics of metal-oxide-semiconductor (MOS) capacitors having a large uncovered
semiconductor layer with top electrode.

The conclusion of each chapters is described as follows.

In chapter 3, the effect of oxygen plasma treatment of the SiO. gate dielectric on the
characteristics of pentacene TFTs was investigated. The short-time plasma treatment enables
the control of the threshold voltage without a large change in the mobility. In addition, the gate
bias stress did not extinguish the threshold voltage change induced by oxygen plasma treatment.
Oxygen plasma treatment is considered to be effective for threshold voltage control.

In chapter 4, the characteristics of pentacene MOS capacitors were investigated for
evaluation of the interface states induced by oxygen plasma. The interface states between Si0O2
gate dielectric and pentacene were calculated from capacitance characteristics measured by two
time-profiles of applied gate voltage. The interface state density distributed near the Fermi level
of pentacene increased from 1.5 to 4.5 x 10'? /(cm? eV) with oxygen plasma treatment time.

And, the interface state density distributed above the Fermi level of pentacene was in the range
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of 1 x 10" to 2 x 10" /(cm? eV). The energy distribution of the interface states can be estimated
from the characteristics of MOS capacitor measured by two time-profiles or applied gate
voltage.

In chapter 5, the capacitance characteristics and mobility of pentacene MOS capacitors with
pentacene area uncovered with the top electrode were investigated. The capacitance
characteristics were analyzed by using an equation including a capacitance component based
on a distributer constant circuit for the uncovered pentacene area. The mobility of a MOS
capacitor with an uncovered pentacene area was calculated from analysis of them. The mobility,
which was in the range of 0.48—0.64 cm?/(V s), was slightly less than calculated mobility from
TFTs. The mobility of a MOS capacitor with an uncovered pentacene area is considered as an

intrinsic mobility evaluated under a condition of no static lateral electric field.
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