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Abstract

The study of pentacene based organic thin film transistors (OTFTs) has been a
major area of research on organic semiconducting materials and devices. OTFTs have
many advantages such as low process temperature, low cost and simple process
fabrication, structure flexibility. However, the high operating-voltage remains a
limitation on organic transistors. To lowering the operating-voltage, a high-k materials,
aluminum nitride (AIN), has been proposed as a low operating-voltage
gate-dielectrics in pentacene based OTFTs. This work was studied with my senior
classmate, Cheng-Wei Chou. In this thesis, the AIN dielectric application and aging
effect in pentacene based OTFTs are reported.

To prevent cross-talk between transistors in close proximity and to achieve a low

off-current in OTFTs array, it is necessary to pattern the organic semiconductor layer.



A pentacene patterning method on the AIN dielectric surface that can be combined
with conventional lithography to pattern pentacene film was reported. The AIN
surface was patterned using a conventional photo lithography process and then treated
with oxygen (O,) plasma on uncovered AIN to modify surface polarity. The surface
energy of O, plasma treated region was increased drastically. Following pentacene
deposition, the sample was dipped in water to remove pentacene from the O, plasma
treated area. The polar surface energy was attributed to the increase of Al-O bonds on
the surface based on XPS measurements. The enhancement of the polar surface
energy explains the water-removable pentacene patterning mechanism.

Likewise, the lowered AIN surface energy over time when the AIN film stored
aged in a non-vacuum environment was observed. To confirm the AIN aging effect,
the relationship between the aged AIN film and the pentacene based OTFTs were
demonstrated in this thesis. The lowered surface energy over the aging time was due
to the carbon absorption on the AIN surface. Pentacene based OTFTs fabricated on the
aged AIN surface showed a higher performance in electrical characteristics. The
mobility was enhanced from 0.05 cm?/Vs to 0.67 cm?/Vs with the limited aging time
(14 days). This improved mobility was due to the carbon accumulation on the AIN
surface, lowers the surface energy and increased the pentacene coverage in the first

few layers.
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Chapter 1
Introduction

1-1 Introduction of Organic Thin Film Transistors (OTFTSs)

The last two decades have seen growing importance placed on research in
organic thin-film transistors (OTFTs) based on conjugated polymers, oligomers, or
other molecules. At the end of 1970s, the conducting property of polymer was
discovered by Shirakawa et. Al [1]. This discovering helped them be awarded the
Nobel Prize in chemistry in 2000. After this great discovery, the first field effect
transistor fabricated utilizing polythiophene was demonstrated in 1986 [2], but the
mobility is quite low, on the order of 10° cm?/Vs. The conductivity of the polymer
can be altered from insulator to conductor through the method of doping. The
possibility of fabricating OTFTs with small conjugated molecules was shown in 1989
[3] with sex thiophene rings linked at alpha positions, showed mobility on the order of
105 cm®/Vs, which is higher than the display-requirement and is comparable to the
amorphous-Si TFTs .

Compared with inorganic devices, the OTFTs devices have many advantage
features, such as large-area coverage, low-temperature processing, structural

flexibility and low cost. Nowadays, the performance of OTFTs had been improved to



be compete with hydrogenated amorphous silicon (a-si:H) TFTs and even better. The
organic transistors which have the field effect mobility of 5 cm?/V's have already been

reported[4]. Since organic semiconductors can be processed at low temperatures and
compatible with plastic substrates. Such applications include active-matrix liquid
crystal displays (AMLCDs), active-matrix organic light-emitting diodes (AMOLEDs),
and electronic paper displays. Additionally, organic sensors, organic solar cells,
low-end smart cards, radio-frequency identification (RFID) tags, and other electronics
integrated with organic circuits have been proposed.

The bonding between organic semiconductors is by Van der Waals forces
between the hydrogen atoms, which are dangling on the ends of the benzene rings. It
is much weaker than that of the covalent force in inorganic materials, which is the
reason for small mobility. There are several points to overcome the materials
limitation. First, the injection from the contact electrodes to organic film must be
optimized. Second, deposition condition should be optimized to get the best molecular
ordering. And third, the synthesis-technology will provide more opportunities for
choosing new organic semiconductor.

The current topics on OTFTs are still focused on p-type semiconductors, the
development of n-type semiconductors is expected and under investigation. The

reliability and reproducibility are also important issues. There is still room for further



improvement and the choices of materials for the electrodes [5], the insulator [6], the

passivations [7], and the substrates [8] are also important factor.

1-2 Organic semiconducting materials

Organic conjugated materials used in OTFTs can be generally divided into two
groups. Among the semiconductors, one group is the polymers and the other is the
oligomers. The polymers are formed by a repeating chain of hydrogen and carbon in
various configurations with other elements, but they have relatively poor mobility
(4x10% cm?/Vs [9]). The oligomers are held tighter by weak Van der Waal forces and
thermal-evaporated with good ordering. Devices fabricated with oligomers have
higher mobility (1.5 cm*/Vs) [10].

Organic materials such as polythiophene, a-sexithiophene (a-6T) have been
investigated for use in field effect transistors (FETs) [11].As the chemical formula
shown in fig. 1.1 [13], polycrystalline molecular solid, amorphous/semi-crystalline
polymers or acenes all show a high mobility in organic based devices[12]. Figure 1.2
shows the evolution of organic materials and the improvement in their mobility over
these years [14]. The pentacene (C,2Hi4) is a promising candidate for future electronic
devices and an interesting model system, due to its superior field effect mobility and

environmental stability [15]. The mobility in pentacene based devices has reached the



fundamental limit (>3 cm?/Vs) [16] which is obtained with a single crystalline at
room temperature.

As shown in fig. 1.1(a), pentacene (Cy;Hj4) is an aromatic compound with five
condensed benzene rings. Its purity leads to longer diffusion length for the charge
transporting with less interaction with the lattice. Furthermore, the impurities in the
material tend to chemically combine with the organic semiconductor material which
leads to irregularities in the band gap [17]. Therefore, the thermal evaporation is
carried out under high or ultra high vacuum conditions to avoid the impurities and
increase the quality of the material. It is well known that the deposition temperature,
deposition pressure, and deposition rate are three critical parameters to the organic
film quality. Low deposition rate and appropriate deposition temperature is expected
to result in better ordering of the organic molecules, thin-film phase formation of
pentacene film, and the better performance [18]. The roughness has an influence on
the morphology whereas the films on the smooth thermal oxide are in generally
highly ordered. The surface chemistry also is a typical issue. Changing surface
polarity as a hydrophobic surface by surface treatment leads to mobility increasing

[19].



1-3 High-K Dielectric material

Organic transistors remain a limitation on their high operating-voltage. To
lowering the operating-voltage, using a thinner gate-dielectric [20] or using a high-k
gate-dielectric to enhance the capacitance [21] are well known methods. Among the
high-k materials, the group III nitrides, aluminum nitride (AIN), has been proposed as
a low operating-voltage gate-dielectrics in pentacene based OTFTs. [22] The AIN film
is known to have high chemical and physical stability, as well as high dielectric
permittivity [23]. For pentacene based OTFTs applications, the AIN dielectric can be
fabricated at low temperature (~150°C) using RF-sputtering system and has similar

surface energy to the pentacene to let the pentacene film growth well [22].

1-4 Organic material patterning

To reduce drain leakage current and lower crosstalk among devices, pentacene
active layers were highly demanded to be patterned. For the applications in organic
displays, several pentacene patterning methods were suggested such as, traditional
photo resist patterning [24], using water-based photo resist [25] [26], shadow mask
patterning [27], and alternative patterning [28] [29]. However, there are still some
problems in these patterning methods. In traditional photo resist, the organic film

would be destroyed in the solvent based photo resist processes. As shown in fig. 1.3,



using water-based photo resist (PVA) could reduce the damage of organic film, but the
temperature of PVA baking may cause the device degradation. The shadow mask
patterning method was widely used in the various processes, but the resolution is
limited and it is difficult to apply the method over a large area. Figure 1.4 show the
alternative patterning method process, this method didn’t use any solvent, but the
pentacene growth and higher off current still need to explore further. Therefore, some
patterning methods were published by the modulation of the surface energy.
Pentacene grown on the different surface energy would have the different morphology
and characteristics. Two of the pentacene patterning by modifying the surface energy

was introduced as below:

1.4-1 Pentacene patterning by O, plasma [30]

02 plasma and SAM-OTS was used to modify the surface energy by Jin Jang
et.al. As illustrated in fig. 1.5, the pentacene film would selective grow on the OTS
treatment region. The morphology of the pentacene film would be different when the

pentacene film grown on different surface energy region.

1.4-2 Using UV light to pattern SAM [31]

The self-assembled monolayer (SAM) was self-aligned to the gate electrode



initially formed on the quartz-glass substrate and patterned by the UV light exposure

as shown in fig 1.6. The surface polarity of SAM increased drastically when the

SAM-treated dielectric surface was exposed by UV light. Different pentacene

ordering and electrical characteristic would be observed when the pentacene was

grown on the different surface energy region. However, the pentacene was not

lifted-off in this method and the drain leakage might be occurred.

1-5 Motivation

In order to fabricate a high performance OTFT, there are still some technologies

have to be improved, such as active region patterning, high operation voltage and the

influence of aging effect on dielectrice surface.

In this thesis, we reported a pentacene patterning method that can be combined

with conventional lithography process to pattern pentacene film. The high-k material,

AIN film, was used as the gate dielectric. The dielectric surface was patterned using a

conventional photo lithography process and then treated with oxygen (O,) plasma on

uncovered AIN to modify surface polarity. The O, plasma treated AIN surface was

also analyzed using x-ray photoelectron spectroscopy (XPS) before pentacene

deposition. The surface chemistry of the AIN film and the intrusion energy of water

were introduced to explain the water-removable pentacene patterning mechanism.



Otherwise, the relationship between the aging effect on the AIN surface and the

OTFTs performance was also demonstrated in this thesis. This surface energy varied

over the aging time was observed. The carrier transport in OTFTs was improved when

the gate dielectric provided a low surface free energy that matched the organic film.

The pentacene growth on the surface with low surface energy was proposed to have a

high device performance. The detail relationship between the aged AIN surface and

the device performance was demonstrated in this thesis.
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Fig. 1.1 Molecular structure of (a) a-sexithiophene (a-6T)
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Chapter 2
Device structures, fabrication and
parameters extraction

2-1 Device structures and fabrication

In this section, the device structure and the process flow of the pentacene based
OTFTs on the AIN dielectric were demonstrated. Pentacene patterning methods that
was combined with conventional lithography on AIN surface was reported in section
2-1.1. In section 2-1.2, the pentacene based OTFTs was fabricated to observe the
relationship between the aging effect on AIN dielectric and the OTFTs performance.

The detail fabrication processes are listed as following:

2.1-1 Pentacene patterning on AIN surface
1. Substrate and gate electrode
As shown in fig. 2.1, a 4-inch n-type heavily-doped single crystal silicon wafer
with (100) orientation is used as substrate and gate electrode for fabricating a
top-contact pentacene based OTFTs. Then, standard RCA clean was used to remove
the insoluble organic, ionic and heavy metal atomic contaminants on the silicon

substrate surface.

12



2. AIN dielectric deposition

After standard RCA cleaning, the 1000 A aluminum nitride films were deposited
by a radio frequency (RF) system [22] [32]. Before the AIN film deposition, the n"-Si
wafer was rinsed in de-ionized water (D.I. water), and was then immersed in acetone
with ultrasonic to remove the particles and impurities. To remove native oxide on the
n'-Si wafer, the wafer was dipped in the dilute HF solution (HF:H,O=1:100). Finally,
the cleaned wafer was transferred to the RF-sputtering system chamber immediately.
Before admitting gas in, the RF-sputtering system was pumped down to a base
pressure less than 2x10° Torr. A mixed argon and nitrogen was monitored by mass
flow controllers (MFC) at Ar/N; ratio 2/9. The AIN film was deposited at a total
pressure of 2.5 mtorr at a substrate temperature around 150°C, and RF power was

30W. All relevant experimental details have been published elsewhere [22] [32].

3. Oy plasma treatment
To pattern the pentacene film on the AIN surface, the surface polarity was partial
modified using O, plasma. Before the O, plasma treatment, the AIN film surface was
partially capped and defined using conventional photolithography technology in Step
IT in fig. 2.1. The FH-6400 photo resist was spin-coating on the AIN surface with

fixed pre-spin speed 1000 rpm for 10 seconds, and followed by casting-spin speed

13



4500 rpm for 30 seconds. After 3 minutes soft-baked at 90°C, the conventional

lithography process with exposure energy 300W and exposure time 30 seconds was

used to define the plasma treatment region. And then, the wafer was sent for

developing, where the exposed photo resist is removed with FHD-5 developer. Finally,

after rinsed with D.I. water, 3 minutes hard-baked at 120°C is used to expel the

solvent inside the photo resist and ensure that unexposed photo resist adheres to the

wafer.

In Step III , the sample was transferred to a plasma enhanced chemical vapor

deposition (PECVD) system. AIN film surface polarity in the remaining unwanted

area was modified using O, plasma in the PECVD for 10 minutes. The O, plasma

parameters were RF-power 100W, process pressure 650 mTorr, chamber temperature

100 °C, and oxygen gas flow rate 900 standard cubic centimeters per minute (sccm).

The polarity of the region treated with O, plasma was changed from hydrophobic to

hydrophilic.

4. Pentacene film deposition

After the AIN film surface was defined and modified, pentacene film was

deposited on the entire surface in Step IV. The pentacene material obtained from

Aldrich without any purification was directly placed in the thermal coater for thermal

14



deposition. It is well known that the deposition pressure, deposition rate, and
deposition temperature are the critical parameters to the quality of the organic film
[33]. The substrate was heated to 70 °C during the deposition at a base pressure of
3x10° Torr. The thickness of the pentacene film was 1000 A and the deposition rate
was 0.5 A/sec, monitored by the quartz crystal oscillator. Slower deposition rate is
expected to result in smoother and better ordering of the organic molecules. The

pentacene was deposited directly without shadow mask.

5. Pentacene patterning
As shown in StepV, to partially lift-off and pattern pentacene film, the sample
was dipped in D.I. water. And then, the pentacene film on O, plasma treated region
was removed. Finally, pentacene patterning on the defined AIN surface was

completed.

6. Source/Drain electrode deposition
The injection barrier of the OTFT device is determined by the materials of the
source and drain electrodes. Materials with large work function are preferred to form
Ohmic contact [5]. The Au with work function ~5.1eV does help to provide a better

injection. Then, we deposited Au as the source/drain electrodes on the pentacene film.

15



The thickness of the Au electrode pad is 1000 A.

2.1-2 The AIN aging effect on pentacene based OTFTs

The AIN deposition parameters were the same as mentioned in the second part of
section 2.1-1. To observe the relationship between the AIN aging effect and pentacene
growth mechanism, the AIN samples were stored in a dry box for several days before
pentacene film deposited. The humidity in dry box was controlled to lower than 35%
under room temperature. The dry box was obtained from Ace Dragon Corporation’s
Dr. Storage Series (model AD315). Then, the pentacene film was deposited on the
AIN surface and was defined through a shadow mask. The device channel width and

length were defined as 1000 um and 400 um.

2.2 Methods of Device parameters extraction
In this section, the methods of extraction the mobility, the threshold voltage, the
on/off current ratio, the subthreshold swing, the surface free energy is characterized,

respectively.

2.2-1 Mobility
Generally, mobility can be extracted from the transconductance maximum g, in

the linear region:

16



oI, wC,,
= | —— = Y4 V
gm {aVG j|V o L ﬂ D (21)

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

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

w
\/Z = ZIUCOX (VG - VTH) (2.2)

2.2-2 Threshold voltage
Threshold voltage is related to the operation voltage and the power consumptions
of an OTFT. We extract the threshold voltage from equation (2.2), the intersection
point of the square-root of drain current versus gate voltage when the device is in the

saturation mode operation.

2.2-3 lon/lof Ccurrent ratio

Devices with high 1,,/I,; ratio represent large turn-on current and small off
current. It determines the gray-level switching of the displays. High on/off current
ratio means there are enough turn-on current to drive the pixel and sufficiently low off

current to keep in low power consumption.

17



2.2-4 Subthreshod swing

Subthreshold swing is also important characteristics for device application. It is a
measure of how rapidly the device switches from the off state to the on state in the
region of exponential current increase. Moreover, the subthreshold swing also

represents the interface quality and the defect density [34].

oV,
ﬁ(log 1) )

If we want to have good performance TFTs, we need to lower subthreshold

Vp=const.  when Vg < V7 for p-type. (2.3)

swing of transistors.

2.2-5 Surface free energy

The contact angle measurements were used to study migration of hydrophobic
and hydrophilic functional groups. The water Contact angle was sensitive to film
surface chemical composition [35]. The contact angle was obtained by the KRUSS
Contact Angle System for universal surface testing (model GH-100). Three standard
liquids (D.I. water, diiodo-methane and ethylene glycol) were applied to measure the
contact angles and thus extract the material surface energy. Then, surface energy was
calculated using Fowkes and Young approximation, as in the following equation; [36]

[37]

1/2

(I+cos @)y, =2(r5yi)"* +2(rEy )" (24)
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where 6 was the measured contact angle; y, was the tested liquid surface
energy and is the sum of its dispersion y; and polar part y/ ; y¢ and y? are
the dispersion and polar components, respectively, of solid surface free energy. The
contact angles of three standard liquids (D.I. water, diiodo-Methane and ethylen
glycol) were measured to obtain values of yZand y?. They;and y/ values of
these standard liquids were used to calculate the ¢ and y’ values of the dielectric
surface. Also, the total surface free energy of solid y, was estimated by using

ye =yl +y¢ (2.5)

All relevant surface energy details have been analyzed elsewhere [38].

2.3 Surface chemical composition

Surface composition and chemical bonding states were investigated using XPS
(ESCA PHI1600). X-ray radiation was provided by a monochromated Mg anode Ka
line at 1253.6 eV. The base pressure of the instrument was 5x10” torr. The C 1s at
284.5 eV was used as a reference for all detected peak positions. To separate chemical
bonding states in the ESCA spectra, the spectral line shape was simulated using a

suitable combination of Gaussian and Lorentzian functions.
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Fig. 2.1 Schematic showing the proposed pentacene patterning process.
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Chapter 3
Result and Discussion

3.1 Pentacene Patterning

3.1-1 Surface energy control

The surface polarity of AIN film was hydrophobic .With 10 minutes O, plasma
treatment, the contact angle and surface free energy variation of the AIN film was
shown in Table 1. The contact angle of AIN film varied from 81.7° to 3.3° and the
surface free energy varied from 53 mJ/m” to 161.2 mJ/m”. It implied the AIN film
transferred from hydrophobic to hydrophilic surface. The surface free energy of AIN
film was increased drastically after O, plasma treatment. Oxygen (O,) and
oxygen-containing plasmas are well known to produce a variety of oxygen functional
groups and to modify surface energy [39]. This high/low surface difference controlled

by O, plasma treatment was an important factor for further pentacene patterning.

3.1-2 Surface Chemistry of the AIN film

To understand the surface chemistry of AIN film treated with O, plasma, the AIN
surfaces were characterized using XPS. As shown in fig. 3.1~3.3, XPS spectra of N 1s,
Al 2p, and O 1s core levels from the AIN surface treated with/without O, plasma. The

N 1s core level from the as-deposited AIN surface was approximately 398.3 eV in the
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binding energy scale as shown in fig. 3.1(a). A small peak at approximately 402.8 eV

next to the N 1s peak was the azide (N3 ) peak [40]. The existence of azide in AIN

resulted from the incomplete dissociation of nitrogen in low power plasma operation

conditions. Both N s and azide peaks were also observed for the O, plasma treated

AIN surface as shown in fig. 3.1(b). The N 1s intensity remains unchanged. However,

the azide peak became weaker. This may be due to the reduction of the azide group by

gaining electrons from the plasma to the electron-deficient nitrogen. Figure 3.2(a)

shows the Al 2p core level from the as-deposited AIN surface. The as-deposited AIN

surface was partially oxidized since the O 1s signal also appears in the XPS spectrum

as shown in fig. 3.3(a). The partially oxidized AIN surface was expected since the

as-deposited AIN surface was exposed to air before the pentacene deposition. The

curve-fit data in fig. 3.2(a) indicate that the Al 2p signal consists of an Al-O peak at

74.3 eV and a pure Al-N peak at 73.8 eV. [41] The ratio of Al-O to Al-N increased

when the as-deposited AIN surface was treated with O, plasma for 10 minutes, as

shown in the curve-fit spectra of Al-N and Al-O in fig. 3.2(b). This was attributed to

the oxidation of AIN film near the surface in the O, plasma bombardment process. O,

plasma oxidation is further confirmed by the increase of Ols signal, according to the

relative peak area of O 1s in figs. 3.3(a) and 3.3(b). The increase of the ratio of Al-O

to Al-N made the AIN surface more polar since the polarity of Al-O was higher than
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that of AI-N. The AIN surface thus became hydrophilic and increased possible
reactions with water. This may have played an important role in the lift-off step using

water dipping in pentacene patterning.

3.1-3 Pentacene Morphology

After O, plasma treatment, a pentacene film was evaporated on the AIN surface.
Pentacene surface morphology is presented in figs. 3.4(a) and 3.4(b). The Pentacene
film on the O, plasma treated surface showed large and dendrite-like grains. On the
other hand, small grains were observed in pentacene film grown on the untreated AIN
surface.

Pentacene growth can be affected by factors such as surface roughness and
surface energy. The effect of surface roughness on pentacene growth has been
previously reported [42] [43] [44] [45] [46] [47]. After O, plasma treatment, surface
roughness was altered from 0.253 nm to 0.262 nm as shown in figs. 3.4(c) and 3.4(d).
The change of AIN surface roughness was very small after the O, plasma treatment.
Pentacene growth was considered not affected by surface roughness in our study.
Sang Yoon Yang et. al. proposed that pentacene grain morphology was affected by
surface energy [48]. As shown in figs. 3.4 (c)~(d) insets, the water contact angle

decreased from 81.7° to 3.3° after O, plasma treatment. The relative surface energy
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was derived from the water contact angles using equations (2.4)-(2.5), and listed in
Table 1. The polar and dispersive components of the surface energy were also derived
and listed in Table I. The surface energy increases after O, plasma treatment. Note
that large grains of pentacene growth on a surface with large surface energy were
observed. The increase of pentacene grain size on the plasma treated AIN surface is

thus attributed to increase in surface energy.

3.1-4 Pentacene Patterning Analysis
To identify the pentacene patterning mechanism, adhesion energy was used to
characterize the adhesive strength of pentacene to different surfaces. The adhesion

energy between materials, given by the following equations, has been presented

elsewhere [38] [49] [50]:

Bpe =2(7077 +\7er?) (3.1)
where Ep.fre denotes the adhesion energy between pentacene and the substrate before
dipping in water; 7 ,’je and VZe are the polar and the dispersion components of the
pentacene surface energy, and »/ and Vsd are the polar and the disperse
components of the substrate surface energy. The calculated adhesion energy is
summarized in Table II. The adhesion energy Ejs between the pentacene film and

the O, plasma treated AIN surface is larger than the untreated surface. The increase in

24



adhesion energy is not consistent with water-removable characteristics. Generally,
higher adhesion is achieved when an organic film is deposited on a higher polar
substrate. [S1] The Al 2p XPS spectra presented in figs. 3.2(a) and 3.2(b) and the O 1s
spectra in figs. 3.3(a) and 3.3(b) can be used to explain higher adhesion energy. The
higher polar surface was obtained according to the enhanced Al-O bonding signal
after O, plasma treatment. These results were consistent with the higher polar
component of surface energy after O, plasma treatment as listed in Table I.

Intrusion energy £E; was calculated to confirm the water-removable
characteristics. Intrusion energy is caused by the interaction of water, pentacene and
the AIN surface. The adhesion energy is affected by the intrusion energy E; according
to the equation:

E o = Eppore — E; (3.2)
where E .- denotes the adhesion energy after dipping in water. The intrusion energy

E| is calculated using the following equation:

E =2 \yoyr eriyt +fyeyn + iyt~ 2]} (3.3)
where 72 and Vgo are the polar and disperse components of the surface energy
of the dipping solution (D.I. water). Table II lists the calculated intrusion energy E;
and the adhesion energy after dipping in water, i. €. Eus E; increases significantly

after the O, plasma treatment. Consequently E,4. decreases to less than zero after the
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O, plasma treatment. Specifically, the E.g. of the untreated region is 51.5 mJ/m* and
that of the treated region is -38.5 mJ/m’. This fact explains the experimental results in
fig. 3.5(b). The pentacene on the untreated area was almost unaffected because Egje,
was large; the pentacene film on the area that had been treated by O, plasma was
removed by dipping in water because E 4. became negative. Also, the large difference
between the E,4. of the untreated area and that of the treated area completely explain
pentacene patterning capacity.

Higher polar surfaces can more easily react with polar solutions, which have
been reported in previous studies [52] [53] [54]. The interface of the pentacene film
and a higher polar AIN surface reacts more easily with D.I. water during water
dipping. This result was consistent with the higher intrusion energy (140 mJ/m®) on
the O, plasma treated surface when the interface was dipped in D.I. water. The high
intrusion energy associated with high polar surface energy of the O, plasma treated

AIN surface explained the water-removable pentacene patterning mechanism.

3.1-5 Device Characteristic
The electronic characteristics were demonstrated to confirm that the patterning
scheme was feasible for the OTFTs or not. All electrical characteristics were

measured using Agilent 4156 and Agilent 4284 analyzers. Figure 3.6 (a) and (b)
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compares the transfer characteristics (Ip-V) and output characteristics (Ip-Vp) of
OTFT under the proposed patterning methods. Table III lists the typical parameters
such as mobility, threshold voltage, 1,, /1,5 current ratio, subthreshold swing and the
extracted interface state density ( Ny ). The mobility and threshold voltage were
extracted by the slope and the intercept of the square root of I, versus Vg plot in fig.
3.6. The interface state density was extracted by the method proposed in [34].
Compare to the devices patterned by the shadow mask, OTFTs fabricated by the
proposed patterning methods exhibited a worse mobility, subthreshold swing and
interface state density. The bad performance in OTFTs fabricated by the proposed
methods may be due to the damage in AIN dielectric film by the D.I. water, photo
resist or the high power O, plasma treatment. Some residual water molecules from the
water dipping process may have been responsible for the slight increase in the the
off-state current and the subthreshold swing, which phenomenon must be further

studied.

3.2 The AIN aging effect on pentacene based OTFTs
3.2-1The AIN aging effect on device characteristics
Aging effect on the AIN dielectric was observed in pentacene based OTFTs.

Pentacene based OTFTs were deposited on the AIN dielectric surfaces which were
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stored in a dry box for various aging times. The electronic characteristics confirmed
the relationship between the OTFTs performance and the AIN dielectric aging effect.
Figure 3.7(a) compares the transfer characteristics (Ip-V) of OTFTs fabricated on the
as-deposited AIN surfaces and on the AIN surfaces, which were aged for 14 days.
Table IV lists the typical OTFT parameters such as field effect mobility (urg),
threshold voltage (V7w), subthreshold swing (S.S), I/l current ratio and the
extracted interface state density (Ns.s). All the electrical characteristics were measured
by Agilent 4156 and Agilent 4284 analyzers.

As shown in fig. 3.7(a), OTFTs fabricated on the AIN surface which was aged
for 14 days markedly outperformed OTFTs on the as-deposited AIN surface. A steep
subthreshold characteristic (S.S.), a high field effect mobility (urr) of the saturation
region and a low interface trap density (Nss) were obtained. Figure 3.7(b) plots the
output characteristics (Ip-Vp) of OTFTs samples. Higher output current was observed
when OTFTs fabricated on the AIN surface aged for 14 days. As shown in fig. 3.8(a),
field effect mobilities were compared with OTFTs fabricated on AIN surfaces aged at
various time. Higher field effect mobilities were obtained with pentacene based
OTFTs fabricated on aged AIN surfaces. The mobility increased with the AIN surface
aging time. OTFTs fabricated on the 14 day AIN surface appeared the highest

mobility of 0.67 cm®/Vs. Carrier transport in pentacene-based OTFTs is generally
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dominated by interface characteristics between pentacene film and the gate dielectric
[55]. Defects in thin film or on the dielectric and organic active-layer interface will
affect carrier transport and degrade carrier mobility. The subthreshold characteristics
(S.S.) and the extracted interface trap density of OTFTs fabricated on the aged AIN
surface with various aging times were plotted in 3.8(b). The OTFTs subthreshold
swing and the extracted interface trap density were decreased over AIN aging time
when OTFTs was fabricated on the aged AIN surface. These results were consisted
with enhanced mobility over the AIN aging time. Carrier transport was improved
when the pentacene based OTFTs was fabricated on the aged AIN surface. The
improved electrical characteristics are attributed to the pentacene growth mechanism

which will be characterized and discussed in the following sections.

3.2-2 Surface free energy with various AIN aging time

Numerous studies of low dielectric surface energy have been performed to
improve carrier mobility [55] [56] [57]. The researchers found that hydrophobic
dielectrics provide a low surface-energy interface that matched the organic thin film.
Defects degrading carrier transport in thin film or on the dielectric and organic
active-layer interface were reduced. The hydrophobic surface (low surface energy)

enables pentacene molecules to align vertically to form the m-orbital and improve
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electrical characteristics.

As shown in fig. 3.9(a), the circle symbols represent the water contact angle on
the AIN surface over various aging times. The water contact angle was approximately
38.3 degrees on an as-deposited AIN surface and 79.2 degrees on a 14 days AIN
surface. The water contact angle increased over aging time. The variation in the
contact angle represented the change in surface energy. These liquid contact angles,
diiodo-methane and ethylene glycol, were also measured and shown in fig. 3.9(a) to
extract the surface energy. Figure 3.9(b) presents the surface energy calculated results.
When aging time increased, the surface energy was lowered. The lowered surface
energy over aging time was due to carbon absorption. The carbon was attributed to

atmosphere during sample transfer and storage.

3.2-3 Surface chemistry of the aged AIN film

To understand the surface chemistry of carbon absorption on aged AIN surface,
the AIN surfaces were characterized using XPS. XPS spectra of C 1s core level from
the as-deposited and 14 day AIN surfaces are shown in figs. 3.10(a) and 3.10(b). The
curve-fit data in figs. 3.10(a) and 3.10(b) indicate that the C s signal consists of an
C=C peak at 284.5 eV, an C-O peak at 286.7 eV and an O-C=0 peak at 288.5 eV [58]

[59] [60]. An increased C=C peak intensity was observed on the aged 14 days AIN
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surface. The enhanced C=C peak at 284.5 corresponds to C 1s, suggesting that carbon
is the only major element on the AIN surface. Some similar results in tin-doped
indium oxide (ITO) research have also been reported [61] [62] [63]. The enhanced
carbon absorption on the AIN surface made the surface hydrophobic and lowered
surface energy. Otherwise, the signal of oxidized carbon components, C-O and
O-C=0, were reduced. The weaker signal of the polar functional groups, C-O and
O-C=0, consisted of a reduced polar component surface energy. The enhanced C=C
peak plays an important issue in affecting pentacene growth. Like the substrate
surface treated with a self-assembled monolayer (SAM) before pentacene growth, the
C=C signal on the substrate surface was enhanced and the performance of pentacene
based OTFTs was also increased [38] [64] [65]. The lowered surface energy on the
aged AIN surface was due to the increased C=C peak intensity and lowered polar
functional groups. Pentacene growth and morphology may be affected when

pentacene grown on a surface with different surface characteristics.

3.2-4 Pentacene morphology
Figure 3.11 presents the AFM images of pentacene deposited on the AIN surface.
The AFM image was obtained by the tapping mode using an AFM model Dimension

3100, Digital Instrument. Pentacene growth can be affected by factors such as surface
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roughness and surface energy. The effect of surface roughness on pentacene growth

has been previously reported [42] [43] [44] [45] [46] [47]. The AIN surface roughness

did not obviously vary after being aged for 14 days. The surface roughnesses of all

AIN surfaces were kept at 0.24+0.02 nm. The change of AIN surface roughness was

very small after 14 days of aging. Pentacene growth was not affected by surface

roughness in this study. Figures 3.11(a) and (b) were the morphology of very thin (3-9

nm) pentacene film on the as-deposited AIN surface and the aged 14 days AIN surface.

The AFM images demonstrate that the pentacene deposited on the aged 14 days AIN

surface had larger coverage on the first few monolayer. This kind of initial growth

was described by the Stranski-Krastanov growth mode [66]. In contrast, the

Volmer-Weber growth mode was also observed on as-deposited AIN surface [66].

Pentacene coverage on the as-deposited AIN surface was about 29% and on the aging

14 days AIN surface was around 53%. High pentacene coverage in the first few layers

showed high OTFTs performances which were proposed by Kelley et al [67] [68].

The pentacene voids were formed easier when the first few pentacene layers had

lower coverage. The voids and successive incomplete layers over the first few

pentacene layers limited carrier transport and decreased carrier mobility [69]. It was

reported that voids and successive incomplete layers could be reduced when

pentacene was deposited on a low surface energy gate dielectric or a low polar energy
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surface [69]. These results are consisted with the surface energy and mobility reported
in section 3.2-1 and 3.2-2.

AFM images of 1000-A-thick pentacene deposited on as-deposited AIN surface
and the aged 14 days AIN surface are shown in figs. 3.11(c) and (d). Large and
dendrite-like grains were observed in pentacene film grown on all of the AIN surfaces.
The relationship between the morphology of 1000-A-thick pentacene film and device
performance was not obvious because the difference in pentacene grain sizes were not
large enough. Thus, further research about the details relating to grain size of thick

pentacene on the AIN surface and OTFTs performance is under investigation.
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Figures of Chapter 3
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Fig. 3.1 XPS spectra of (a) N 1s core levels from the as-deposited AIN
surface and (b) N 1s core levels from the O, plasma treated AIN

surface. The energy position and peak area of the curve-fit data

are listed in the inserted table.
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Fig. 3.2 XPS spectra of (a) Al 2p core levels from the as-deposited AIN
surface and (b) Al 2p core levels from the O, plasma treated AIN

surface. The energy position and peak area of the curve-fit data

are listed in the inserted table.
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Fig. 3.3 XPS spectra of (a) O 1s core levels from the as-deposited AIN
surface and (b) O 1s core levels from the O, plasma treated

AIN surface. The energy position and peak area of the

curve-fit data are listed in the inserted table.
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Fig. 3.4

AFM images showing pentacene on (a) the as-deposited
AIN surface and on (b) the O, plasma treated AIN
surface. The AFM images of surface roughness of (c) the
as-deposited AIN surface and (d) the O, plasma treated
AIN surface. The corresponding optical micrograph of
the water contact angle on the AIN surface is inserted in
the lower-left corner. The surface height is expressed on
the z-axis scale. The surface height is expressed by the

relative contrast in the AFM images.
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Fig. 3.5 (a) AFM image showing the pentacene morphology .The grain size
of pentacene is larger on the AIN treated with O, plasma. (b) The
pentacene on the AIN treated with O, plasma is removed by water
dipping. The measured height difference is ~ 150 nm which

implies that the pentacene film was completely removed.
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Fig. 3.10 XPS spectra of (a) C 1s core levels from the as-deposited AIN
surface and (b) C 1s core levels from aging 14 days AIN
surface. The energy position and peak area of the curve-fit

data are listed in the inserted table.
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(c) As deposited

Fig. 3.11 (a) The morphology of pentacene on as-deposited AIN film and
on (b) the 14 days aged AIN surface in the first few monolayers.
(c) The morphology of pentacene on as-deposited AIN film (d)
aging 14 days about 100 nm thicknesses.
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w/o O, plasma with O, plasma
treatment treatment
Water contact angle (degree) 81.7 3.3
Surface Energy 7 (mJ/m?) 53 161.2
Polar component y £(mJ / m?) 13.2 114.4
Disperse componentj/g(mJ / m?) 39.8 46.8

Table |

Water contact angles

and the corresponding surface

energies of the as-deposited AIN

plasma treated AIN surface.

surface and the O,

w/o O, plasma with O, plasma
treatment treatment
Adhesion energy E, e (MJ / M?) 86.1 101.9
Intrusion energy E, (mJ/m?) 34.5 140.4
Adhesion energy E ., (MJ / m?) 515 -38.5

Table 11

Intrusion energy and adhesion energy between the pentacene film on

the AIN surface in various experimental conditions.
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V. S.s.
ﬁsz - To o
(cmZ/\/s) V) (V/dec.)
Conventional 0.1322 -1.17 5.68x10? 0.36
Pattern 0.0122 -0.78 7.57x10° 0.60
Table 111 Extracted parameters of conventional and patterned OTFTs.
VTH s.s' Ns.s.
Fre Yoo Vor

(cm2vs) | (V) (Videc.)| (cmZev)

As-deposited 0.05 -2.2 4.5x103 0.64 3.8x10"2

Aged 14 days 0.67 -2.37 9.9x104 0.20 0.91x1012

Table VI  Extracted parameters of OTFTs under various AIN aging

conditions.
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Chapter 4
Conclusion

Pentacene patterning on the AIN dielectric surface and the aging effect on AIN
surface in pentacene based OTFTs were developed in this thesis. A simple pentacene
patterning process has been demonstrated using water dipping. The pentacene was
completely lifted-off by water dipping on the area of AIN treated with O, plasma. The
AIN surface treated with O, plasma becomes more polar after the O, plasma treatment
based on surface energy measurements. The polar surface energy enhanced the
intrusion energy of water and helped lift-off the pentacene film on the O2 plasma
treated AIN surface. The high intrusion energy associated with high polar surface
energy of the O, plasma treated AIN surface explained the water-removable pentacene
patterning mechanism. The simple pentacene patterning process is compatible with
conventional lithography and is applicable to future OTFT array processes.

The aging effect on the AIN gate dielectric in pentacene based OTFTs were
investigated. The relationship between the carbon absorption and the electrical
characteristics in pentacene based OTFTs was established. The OTFTs fabricated on
the aged 14 days AIN surface with larger carbon absorption have large field effect

mobility. The mobility was enhanced from 0.05 cm?*/Vs to 0.67 cm®/Vs with the
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limited aging time (14 days). The improved mobility was due to the carbon
accumulation on the AIN surface, lowered the surface energy and increased the
pentacene coverage in the first few layers. The electrical performance in pentacene
based OTFTs is closely related to the carbon accumulation on the dielectric surface.
The carbon accumulation issues must be considered when developing process for

preparing pentacene based OTFTs and other interface sensitive devices.
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