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Study of process variation on P3HT-Based OTFTs

student : Meng-Fei Chen Advisors : Dr. Chao-Hsin Chien

Industrial Technology R & D Master Program of
Electrical and Computer Engineering College
National Chiao Tung University

ABSTRACT

A procedure is studying and using.thesselution-process to fabricate P3HT-based organic
thin film transistor. Using appropriated solvent.and weight percentage is needed. And then the
P3HT solution will be spun and deposited to be-as active layer for organic electronic.

P3HT organic material is to-be classified to conjugated polymer. One of advantages is a
property of self-organization and based on this structure to form a long chain. This long chain
will be formed a lamella structure. If this lamella were packing closely, it would result a high
regioregularity, which could obtain high mobility. Due to different process method, this
lamella will be formed edge-on or face-on result. In my experiment, First of all, using
chloroform to be a solvent with 0.1 weight percentages to fabricated OTFT can obtain better
performance than xylene made, due to solubility and like dissolves like. Subsequently, we
study the difference between regioregularity and molecular weight, two solutes were
purchased from two different companies, dissolved them in the same solvent, chloroform. The
result is that the difference of molecular weight is more importance than regioregularity.

Moreover, fabricated by spin speed at 1500rpm and curing at 150°C for 3 minutes can exhibit

optimized result and in the meantime, observe that the oxygen concentration is less and less in
the thin film analyzed by Auger electronic and ECSA surface elemental.

Known a basic process procedure, there is a Schottky barrier between metal and organic
material resulting less the current transport. However, S/D deposited with gold and an

appropriated adhesion layer can reduce this barrier height, due to their closest work function
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and surface chemical property. In addition to previous results, to use surface treatment
(HMDS) is a good idea to improve the packing and ordering for strong chain interaction and
lead to exhibit high mobility and approximate to V=0 of threshold voltage.

In end of this thesis, we discuss about stability characteristics. Storage in the atmosphere,
all of organic material will degrade as time goes by. This result is the same as P3HT polymer
when it has been stored for one month. But the off current can be “healed” by annealing

process at 180°C for 30 minutes in furnace with N, flow. Extra, low molecular weight comes

to the same thing. Meanwhile, a device undergoing a serious process procedure can obtain a
better performance, too. The on/off ratio is improved from 6x10* to 8~6x10°; suspect that
oxygen molecule can be driven off during annealing process. Unfortunately, the mobility is
not to be improved and reduce down to 0.3x10” from 6x107 slightly and Vth is shifted to
more negative, due to chain torsion. Last, constant voltage stress is applied to see how the
drain current change. During stress, the drain increases with stress time going by when only
drain electrode is applied at -60 voltages. There is no any gate current to be observed. We find
out that the basic electrical result of the same device is changing after stress. A slight
movement in off current, comparéd withijust.annealing one. So we suspect that the oxygen

may diffuse into the film during stress.
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Chapter 1

Introduction and motivation

1.1 Overview of organic semiconductor

Organic thin-film transistors based on solution-processed and semiconducting
conjugated polymers have highly promising and feature technological properties, due to its
high mobility. Polymer, it also follows in complex microstructures. Indeed, using
solution-processed process is one of method to suppress cost, cohering with the low cost
requirement, and simple process procedure. For application, it can apply to large area, flexible

panel, flat-panel display, and identification tags [1.1] [1.2] [1.3].

In the early 1970, the conducting conjugated polymer has known as polyacetylene, PA,
with it repeat unit (CoH,) , and announcement [1.4]. It is one class of conjugated polymer,
which consists of the hydrocarbon.’ After” doping - appropriated oxygen (oxidation), its
conductivity was reached to 10%8/cm, compared with un-doped one. Table 1-1 shows
common organic polymer. What a great history. The theory of transporting is that the charge
is transporting (hopping) along main chain, which is composed of sequences of alternating
single (named sigma bond) and double bond (pi bond). Those bonds are composed of outer
value electron between atoms or between atoms and other covalent bond, which sharing of
pairs of electrons. The pi bond, which electron could gathers around mostly, can provide a
conductive path to let the carrier “move”. Greatest thanks for those inventors. They were
awarded the Noble Prize for this contribution. General speaking, There are many methods to
changing the conductivity such as electropolymerization and By now, by such investigated
result it appealingly make many researches join in, improve its chemical properties, and many
study result were published. The disadvantage of PA is unstable when it exposes in the

atmosphere, due to the moisture and humidity so that its value of existence should be
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concerned.

Polythiophene is one of extended conjugated polymer by using a concept of
polyacetylene. Replacing of benzene with sulfuric acid provided. Due to its conductivity and
electroactivity, in the past two decades, Polythiophene is known for its environmental stability,
structural versatility, and combination of original electronic properties [1.5]. Controlling
structural regularity for improving high electrical conductivity is major problem. The result of
finest optimized electrochemical synthesis is quest for. A analysis through optical properties
of polymer and the electrochemical have illustrated that the conductivity increase with
decreasing band gap from 2.20 to 1.90 eV [1.6].

In 1985, R. L. Elsenbaumer et al [1.7] reported that they were subsubstituted at beta
position of a monomer of thiophene to 3-alkylthiophene and then using a method of chemical
or electrochemical, like AuCl; oriFeCls ...ete to copolymerize to poly-3-alkylthiophene
(P3AT). This exhibits a conductor.and ‘optical property and it can be dissolved in organic
solvents at room temperature. ‘It isieasy.to-form a-thin film. This P3AT also exhibits a

good stability.

P3AT is a typical polymer with a result of regioregularity, which improves the property of
polythiophene. Due to 3-alkylthiophene is dissymmetry, leading to three types of dyad
structure as head-to-tail, head-to-head, and tail-to-tail isomers, as shown in Fig. 1-1[1.8]. the

fact of asymmetry is that both the ¢ -position of oxidation potential and the difference
between a - and D-position will decrease as the number of ring boosting. HH coupling

structure is undesired because of steric hindrance, which is based on van der Waals force
(discuss in chapter 2). This kind of steric hindrance makes a random chain packing and
interaction, causing unstable conjugated system and low chain length. Side chain, alkyl,
impede packing in solid state. In contract, HT coupling will reflect to self-organization and
obtain a better ordering. Ordering will affect packing. Notice that short-range attraction in the
interaction will appear anisotropic, when they pack themselves. Because lowest packing
potential energy will be in regular arrangement, local chain will show as orientation

dependent [1.9]. Some researchers are effort to produce high regioregularity by 2, 5-linked
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repeat unit such as McCullough et al. [1.10] and Rieke et al. [1.11]. Of course, the other
position substituted like 2, 4- and 2, 3-coupling resulted in a problem of steric hindrance.

For 3-alkylthiophenes and other 3-substituted monomers, the observed effects were
electrosynthesis conditions. There are so many ways to obtain HT-PATs. Notice that
Polythiophene itself could not be dissolved, and the reason for substituted alkyl side chain is

to make it soluble.

1.2 Conducting mechanize of conjugated polymer

Although this conducting theory is not clear, it is known that they are insulator or weak
conductor of semiconductor as its natural. The molecular structure can be formed by atomic,
which bind by covalent bond. Many interchain of molecules are bonded together by chemical
bond, like van der Waals force withi'smaller thasi-10 kcal mol”. A long chain composed of
each single molecule is monomet and theré are hounded or thousand in a chain. After doping,
meaning remove or inject electrony it will'become a e¢onductor or semiconductor. Therefore, it
can explain by a theory of the classical semiconductor of band structure. The number of
molecular orbital will increase with the number of atomic bonding to molecule. When these
many orbital are spaced together, they will form a continue energy band. For instance,
Polyacetylene [1.12] as degree of polymerization increase, the m and n* orbital of CH will
accumulate successively, energy distance between two neighbor orbits of different molecules
is closing (overlapping) and finally, forms a energy band as shown in Fig. 1-2.

At the equilibrium, the highest occupied molecular orbital is named HOMO and the
lowest unoccupied molecular orbital is named LUMO. There are similar as conducting band
and valence band. The bandgap energy Eg between the bottom of LUMO band and the top of
HOMO band is the width of forbidden energy gap. General speaking, in traditional material, it

regard the band gap within 0eV, no gap, as a conductor, insulators are characterized by a large
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bandgap and the bandgap of conjugated polymer is around 1~3.5eV and that is a reason for
organic semiconductor.

The feature of conjugated polymer is that the polymer chain is composed of many
monomers by covalent bond. Secondary covalent bond are named n-bond, which is composed
of carbon-carbon of single- and double bond with interacting each other and above n electron
orbits the charge can travel along major chain or hopping to neighbor orbits for transport. The
mobility can be obtained by this phenomenon. When the distance of carbon and carbon in
main chain is the same, the n-electron is to be delocalized completely and then the band gap
will be shorter and increase conductive. If the m-electron were delocalized as possible, it
would reduce the band gap between conductor band and valence band. So far, the best way is
adding a substitute radical in main chain to pull or add electron. The experimental results
illustrate that it not only shorts the bond length between molecules, but also increase the
feature of double bond [1.13][1.14]. Because-the observed polycrystalline is studied, traps

will attribute to defects and grain-boundarics-and dominate the transport.

1.3 Conjugated polymer of operation of thin-film transistor

The are several methods to deposit organic semiconductor of P3HT such as dip coating,
speed-coating, drop coating, and print process [1.15]. Recently, the solution-process P3HT
can be deposited by vacuum evaporation [1.16], like small polymer. OTFT device
performance can be affected by controlling external process procedure, like deposit rate and
temperature. These results will reflect to morphology and electrical result. Post-deposition
treatments, such as annealing and capping a protect layer, also preserve and improve
molecular ordering, respectively. In this thesis, we use solution-process to deposit P3HT thin

film onto SiO, surface and the device structure is bottom gate and bottom contact, as shown
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in Fig. 1-3 (b). Because of less step of lithographic and prevent organic will be affected by
metal evaporating step. Figure 1-3(a) shows a bottom-gate and top contact structure, which
report a better performance for limitation of organic materials. Of course, all of them have
own advantage and disadvantage and within the basic MOSFET architecture.

Basically, the structure is a three-terminal device, where a voltage applied at gate
electrode to adjust current flow, source contact is used as the voltage reference, and drain
electrode will operate device in linear region (small voltage) and saturation region (larger
Vps). There are several situation of operation, for instance, p-type semiconductor will be
demonstrated. First, all three electrode are applied a zero voltage. The charge in
semiconductor is in thermal equilibrium and there are no current. Second, A positive voltage
is applied at gate electrode, the electron in the semiconductor will be induced and move to the
interface of semiconductor and insulator. This situation is called depletion region. The width

of depletion region, Wd, can be calculated by an equation below,

W= [(1 +26Ve )U: - 1]

Ci Q'N A€; (1 -1 )

Where NA is the charge carrier density and € ¢ is the permittivity of the semiconductor
[1.17]. Third, the accumulation region is form by applied a negative gate biased. Induced
charge is hole carrier, which treated as transporting carrier and forming channel path. And
also, the drain voltage is also applied. The current starts flow from source to drain. There are
uniform charges per unit area in the channel. When the gate voltage increases the

proportioned current will be obtain. Fourth, the drain voltage is applied only, the gate a

voltage difference will become positive, and then a depletion region will be formed.



1.4 Organization of this thesis

In my thesis of organization, I hope states reasonable and logically.

a.) Chapter two: we describe about solvent related to solubility and polarity. Because we are
used solution-process throughout all my experiment, solvent study is needed. Next,
electrical result can be related to solvent and weight percentage directly. We also pick
up one optimized term to discuss next chapter. Organic is temperature-dependent material,
because of its chemistry properties. The effect of the glass transits temperature and the
melting point is a factor for concerning. So how many times and temperature are needed
when the molecular can interact and order each other by thermal diffusion.

b.) Chapter three: A study of metal material, its chemical property and work function
difference, is discussed. The thickness of an adhesion layer, different metal material and
surface treatment, they are all objectionnwe investigate.

c.) Chapter four: stability is a challenge for organic material, due to air and temperature are
most impact and very sensitive in the device. What kind of elemental in air could affect it?
We need to know and deal with that problem:.

d.) Chapter five: the conclusion and future work will be involved.

Description of analyzed result above is supported by physical analysis as far as

possible.



Table 1-1 Common organic polymer

Polymer name

Chemical structural

Polyacetylene(PA)

Polypyrrole(PPY)

Polyfuran(PF)

Polythiophene(PT)

Poly-3-alkylthiophene

Poly-p-phenylene(PPP)

Poly-p-phenyl vinylene(PPV)

Polyaniline(PAN)
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Figure 1-1 The coupling and its connect method of the 3-substituted thiophene [1.8].
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Figure 1-3 Device structure of (a) bottom-contact and bottom-gate, (b) Top contact and
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Chapter 2

Synthetic effect in P3HT fabrication

2.1 Introduction and motivation

Organic thin-film transistors based on solution-processed, semiconducting conjugated
polymers have highly promising technological properties, resulting in complex
microstructures.

The P3HT transistor is easily affected by intrinsic and external factors such as
regioregularity, molecular weight, solvent, temperature, and many related process factors,
leading to different result of electrical parameter and chemical property. For instance, from
solvent point of view, besides the evaporate rate will affect crystalline [2.1]; the solubility is
also an index for soluble conjugate polymer in liguid. The reason can be explained that new
binding force is high enough to attacks old one, make molecular interaction break, so that the
solute can be dissolved well. Another relation of solution process with solution adjustment is
the weight percentage. The weight percefitage isthot only related to supersaturation of solvent
itself but also it has a viscosity, which will refleet the thickness of thin film obviously [2.2].

From the molecular weight of view, the variation of molecular weight follows a
morphology and phase. Many labs are observed the mobility value differently and accuse for
this factor. Its molecular weight with mobility values increasing from 1.7x10° to 9.4x10” cm®
V'S7[2.3] [2.4]. But there is a curious thing; MW can be obtained by different solvent. It
seems lose the base line of experiment. And all of external process effects include curing time,
curing temperature and speed spin...etc. During curing process, many factors are involved.
Those factors from molecular interaction to each segment of chain reaction are important for
transporting and further affect in device performance. Of course, the device as quenched to
room temperature is another important thing.

We present here a study of related to upper description from solution adjustment to the
difference of MW, try to explain each result systematically from theory to physical property,
and all related investigation will be illustrated by electrical and physical analysis. We also try

to develop the optimized terms.
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2.2 Poly (3-Hexylthiophene), P3HT — an organic semiconductor

For this thesis work, the organic semiconductor utilized as active layer was poly
(3-Hexylthiophene) (P3HT) with its repeat unit (CioH;sS),. It is based on the polythiophene,
aromatic compound, and the alkyl group, hexylkyl, take replace and incorporated into a
polymer chain of 3-position. The molecular formula of P3HT represents (C0H;sS)q; C, H, S
represents carbon, hydrogen, and sulfur, respectively. “n” is represented a repeat unit, as
shown in Fig. 2-1 (a) [2.5]. Two P3HT radicals can be incorporated into a polymer chain by a
forming covalent bond. Due to side chain and sulfur, the self-organization is asymmetry,
leading to Head-to-head (the position of covalent is 2-5) coupling and another is head-to-tail
(the position of covalent is 2-2) coupling. In Fig. 2-1(b), they are composed of one single
radical and others, resulting to two type of result, regio-regular and regio-random. A
region-random of P3HT is consisting of head-to-head and tail-to-tail in coupling and a
region-regular is only consisting of head-to-tail in coupling. The value of region-regular can

be calculated by equation [2.6]:

HT (value) «100%
HT (value) + HH (value) (2-1)

regioregul arity (%o) =

Where HT is a value of head-to-tail, and HH is head-to-head. High regioregularity means
that the couple of forming type is mostly like head-to-tail. In this type, it can obtain high
crystalline and ordering, due to regularity of molecular structure make molecular chain fit into
the crystal lattice. Thus, the transporting carrier moved in z system along main chain, due to
molecular orbital (electron cloud) is easy and increases a probability of intramolecular
mobility. The coupling of head-to-tail can be more stabilizer than head-to-head one, because
side chain of head-to-head structure may too close to make chain torsion and low chain
conjugated length or unfavorable coplanarity. The transport will be interrupted along main
chain and low the value of mobility. By different sublimed or purity process method, the
different rr-P3HT value can be obtained, for instance, following the McCullough rout, P3HT
with regioregularity of 91% and 95% was obtained. Or the sample of highest regioregularity
was 96% HT, synthesized by the Rieke rout [2.7]. Indeed, many researches in this field with
different regioregularity have a relative to the mobility.

Self-organization in P3HT is one of advantages, and it results in a lamella structure with
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two-dimensional conjugated sheets formed by interchain stacking [2.8]. In figure 2-2, the
lamella has two type of lying ways onto the substrate, edge-on and face-on, respectively. It
depends on the process methods (drip-casting or spin-casting). X-Ray Diffraction (XRD)
studies are also supported. It synthesized that organic thin film transistors made with 81%
head-to-tail P3HT by spun from chloroform had mobilities in the range of around 10” to 10™
cm® V's™'. Contrariously, highly head-to-tail value of 91% had mobilities around 107 to 10™!
cm’® V''s™. The result is responsible for the structural order in the polymer layer. For instance,
high density of packing and ordering will increase the hopping opportunity to neighbor chain.
Moreover, X-ray studies show that layer as spun at lower speed or drip-casting from highly
rr-P3HT value exhibited an orientation order of the lamella with edge-on to the substrate and
the direction of pi-pi stacking is in perpendicular to substrate. In contrast, the film as spun
with high speed with low region-regularity P3HT (81%) has parallel the substrate and its pi-pi
system is perpendicular to substrate. They are opposed to each other.

Before a lamella of polymer chain forms, the conformation order of molecule about
rotation may occur at a single bond. This phenomenon is due to thermal energy provides and
the material itself has lower rotational basriers, making the chains flexible so that polymer
molecular can rotate all the time:

In our experiment, P3HT thin films-are deposited by spin costing in the environment of
atmosphere. Before it spun onto substrate, it needs-to be dissolved. There are two different

solutions in this experiment, chloroform'and xylene.

2.3 Fabrication Process

The standard baseline process for fabricating P3HT thin film transistors in this thesis is
described below. The substrate in this work was n'" silicon, although FETs were also
successfully fabricated on the flexible or glass substrate.

The steps of process flow are shown in the Fig. 2-3 and are described in detail below:

1. Silicon wafers are cleaned through RCA standard process, and this n™" silicon
substrate (0.002~0.004Q-cm) act as gate electrode.
2. Silicon di-oxide is deposited by APCVD Wet-Oxidation. This thermal oxidation

SiO, remains at 980°C in the deposition chamber. The thickness is around
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200nm, which measured by n&K system.

3. Gold Source/drain electrodes are defined on the photo resist-coated (FH6400L)
dielectric by lithography by electron beam deposition. Titanium (Ti) is used to be
an adhesion (sticking) layer for firmly sticking gold and dielectric. And then
photoresist (P.R.) will be removed by life-off process in acetone with vibrations
in ultrasonic for Smin.

4. Poly (3-hexylthiophene), P3HT is spun onto gate dielectric and S/D electrodes.
The substrate remains at room temperature during deposition. Typical
background process of solution is described,

A.) P3HT solute will be dissolved by xylene and chloroform, respectively.
Weight percentages are classed as 0.01wt%, 0.05wt%, 0.1wt%, 0.3wt%,
1wt%, and 2wt%.

B.) All solutions were filtered through a 0.20 um pore-size PTFE membrane
syringe filter before use.

C.) For spin coating, the film is deposited from solution by two kind of spin rate:
first, at a spin rate of S00rpm-for 108 (for uniformity);
second, at spin rate of 1500rpm for 25s (for thickness).

D.) All samples will-be curing on hot plate at 150°C for 3min, and quench

to room temperatute in air.
Upper experimental terms are summarized in Table 1-1 experimental table for reference.

Before the active layer of P3HT is deposited, all samples are cleaned by soaking in
acetone with vibrations in supersonic oscillator for Smin. the reason for this is removing the
residual organic and particle contaminants on the channel region.

A typical FET pattern is shown in Fig.2-4. Involved channel width/length are 75/50,
600/50, and 26400/50 (um/um), respectively. There are two kinds of layouts used in
fabrication of P3HT FETs, linear-like and figure-like. The channel length of linear-liked are
in a range of 10~100um, and the width are in a range of 75~3700um. The channel length and
width of finger-liked is fixed at 50pm and 26400um.

All of electrical measurements and extraction were performed using an HP4156
semiconductor parameter analyzer, which was set in a shield box in atmosphere. The surface
morphology of P3HT transistor was observed by atomic force microscope (AFM), device
cross sections were observed by scanning electron microscopy (SEM).

Regioregular P3HTs were purchased from FEM Inc. (MW=55K, RR=90~93%), and
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Aldrich Chemical Company (MW=17K, RR>98.5%). Different regioregularity and molecular

weight will be discussed later.

2.4 Different solvents, solubility and weight percentage

2.4.1 Result and discuss

Initially, there are so many P3HT precipitations in xylene solvent when it is dissolved to
be a solution and the same situation is observed in chloroform with weight percentage higher
than 1wt%. The solute of P3HT can be dissolved in chloroform easily, whereas xylene had
poor solubility. Further, solvents and solutions will be gelled, although it is reported that both
of them can dissolve P3HT solute. Two likelihood reasons for this are that “supersaturation”
and “like dissolves like”.

For supersaturation, this explanation-is:-based on fundamental chemical. It defines that
contains more of the dissolved material than could be'dissolved by the solvent under normal
circumstances, meaning each of solution has its.supersaturation nearly. If the proportion of
solute is lower a level, solvent could dissolve them easily. Thereagainst, if the proportion of
solute is beyond, it would not easy to dissolve.

For like dissolves like, it is related to polarity. Polar compounds dissolve in polar
compounds and non-polar dissolve in non-polar. The types of intermolecular forces dictate
these results. Moreover solution is a homogeneous physical mixture of solvent and solute.
The solute particle sizes are ions, atoms, molecules or small combinations of these units.
Basically, polarity of material compounds are decided by polarity of molecules and polarity of
molecules are responsible for its polarity of bonds. Let us start off the solvent. Chloroform
(CHCI;) has 3 bonds with chlorine (two of them symmetrical; see Table 2-2), and one with
hydrogen. Chlorine, like many of its neighbors on the right side of the periodic table, is very

electronegative: it pulls electrons towards its nucleus, like so:
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+ A4 -

Positive pole Negative pole

Thus, it is a polar bond. The two symmetrical chlorine-carbon bonds "balance out" this
pulling, so that no net pull occurs. The remaining chlorine-carbon bond is not "balanced
out" by the less-polar hydrogen-carbon bond, resulting in a net polarity, with the "-" end
towards the chlorine atom. Xylene (Paraxylene, CgH;o (CsHsC,Hg)) is low-polarity [2.9].
Although the side chain is less-polar (C is negative pole and H is positive pole), they are
located at each side. According to this result, the polar of CH3 bonds balance out and its

polarity is low.

At room temperature, xylene solution will gel within a few minutes. In addition, when
devices were fabricated in xylene and exceeded 0.3wt%, the solution was not easy to pass
through a 0.20 um pore-size PTFE simembrane;, due to precipitation should block. About
chloroform, it will dry out within,severalweeks, depending on low wt% ratio.

The ratio of weight percentage was defined as:
wt9% = (grams solute/ grams Solution) X 10095 (2-2)

There are two equations for calculating weight percentage, but their results are the same.

2.4.2 Electrical results

A set of transistors was fabricated with different weight percentages. Each new transistor
set was measured and added to the plot in following figures. Although there is a vibration
across these devices, the trend of measured result is stable fairly.

Figure 2-5 shows the transfer characteristic of P3HT transistors from different weight
percentages and solvents. For P3HT in xylene, as you can seen in Fig. 2-5 (a), the result of
0.01wt% and 0.05wt% indicates that the data it is near a limit of measured machine, so a

obtained curve may not be true, and there is no yield within 0.05wt% when measure. We
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suspect that thin film is not to be formed so that obtained result is poor. In figure 2-6 (a),
AFM surface morphology illustrates that the roughness of P3HT transistor in xylene with
0.01%wt is close to SiO; one. For 0.1wt% in xylene and 0.01wt% in chloroform as shown in
Fig. 2-6 (b), the surface morphology reaches around 3.5nm. It indicates that the roughness of
exhibited performance is around 3 nm, but the roughness of xylene with 0.01wt% is below
that. In addition to phase data, our think, thin film forming should be an issue.

Low weight percentage, 0.1wt% and 0.3wt%, the device turn on approximately at Vg=0.
In chloroform devices, as shown in Fig. 2-5(b), lower weight percentage exhibits the same
condition, except 0.01wt% and 0.05wt%, and they exhibit a similar curve to 0.1wt%. Despite
their result are closed to 0.1wt%, but it is not good enough for on current. As following P3HT
in both solvent with weight percentage increasing, the turn-on voltage is shifted toward to
positive values. In other words, the off-current is+increasing when weight percentage boots.
Two possible reasons for this condition are that first; the precipitation and impurity more and
more in active layer with high weight percentage could exhibit a defect, when the solvent
reach its own supersaturation.

Second, weight percentage can be affected by the viscosity so that the thickness is an
index for supporting this result. As you observed in figure 2-7, indeed, the thickness increases
with weight percentage rising (the rest of part of thickness, P3HT in xylene and chloroform,
please refer to Table 2-3). It could involve more the number of defects in the film.
Additionally, those defects can act as trap center, and transport carrier will be trapped during
the device operating in accumulation region. Trapped carrier will be released by applied a
reverse voltage.

About on-current, it increases with weight percentages booting clearly. Figure 2-8 shows
the surface morphology, which scanning by AFM. P3HT transistor in xylene observed a clear

line-like structure onto the SiO, after spun. The line-like structure, named nanofibrillar, is
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consisted of nano-rod. This nano-rod is relative to ligands, which is control agent. The
component will affect growth of nanorod. Apparent result also observed with 2 weight
percentage. We suspect that the P3HT thin film is a long-chain polymer with lamella layer
structure. The carrier is transferring through pi bond, which located at above sigma bond, and
also it is source of electrons cloud. With 2 weight percentage, there is a possible chance to
form a clear and long line. In contract, less weight percentage, like 0.1wt%, cannot form that.
The result agrees from the data published by Yang et al. [2.10], who explains that long
nonafibrils are composed of nanorods with width of ~22nm. He also suggests that all of long
nanofibrils exists grain and grain boundaries. On the other hand, these grain and grain
boundaries can be a trapping and releasing center so that affects the result of off current
further.

Nanofibrillar provide a conduetive path, and.,transfer carrier can go through it easily.
Also it improves a chance of hopping transfer. Surprisingly, this data has not agreed with
P3HT transistor in chloroform, as shown.in Fig. 2-9. Nanofibrils are not clearly and even
short in sample of 2 weight percentage;.compared with samples in xylene. In contrast, in low
weight percentage sample, nanofibrillar is to be formed, due to its boiling points. Xylene
solvent has high boiling point around 138~139°C, and about chloroform, it is around
60.5~61.5°C (obtained from the MSDS of Aldrich-sigma company).

Many researches group [2.11] [2.12] reported that the elongated nanocrystals are
strongly affected by solvent-evaporation rates and costing solvents. This is due to its low
boiling point and rapid evaporation speed. For high weight percentage in our study, it is not
enough time to interact and self-aggregation in molecule before P3HT dry out. This results a
short nanofibrillar on SiO, surface. For low weight percentage, it is probably that small
number of molecule with semidry situation could self-organize to form the thermodynamic

structure and efficiently to form nanofibrillar by nano-rod.
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In fact, one more suspect is that higher weight percentage can obtain thicker film.
General speaking; a solvent will be dried out from outer (surface of a film). Self-organization
inward film is on progressing when the surfaces of organic film dry out. So based on this

reason, it may understand that on current increases with higher weight percentages.

Figure 2-10 shows the output characteristics of typical device with different weight
percentage and solvents. The P3HT transistors show MOSFET-like characteristics, and they
are obtained for negative bias. It indicates that P3HT behaves as p-type semiconductor. For
small negative source-drain voltage (Vsp) the FET operates in the linear region, and observed
from result shows an ohmic contact. When the source-drain voltage increases, the gate field is
no longer uniform, and accumulation area is formed. Beyond a certain Vgp, the current
becomes saturated. The shape of [-V curves are identical, but the magnitude is quite
difference. Let the output characteristics of chloroform values minus xylene ones and the
result shows in Fig. 2-11. It is indicated that the performance of P3HT field effect transistor in
chloroform has a better result than thatin xylene ones, and no matter what weight percentages,

P3HT transistors dissolved in chloroform obtained the same result.

2.4.3 Field effect mobility, on-off ratio, and threshold voltage

For mobility, while the mobility can be calculated in several different ways, the
field-effect mobility was extracted from the transistor characteristics as suggested below,
using the equations developed in chapter 1. Although the P3HT transistor various across these
samples. All mobility were measured at Vgp=-10V (linear region) and Vgp=-60V (saturation
region) as following discuss.

The data in figure 2-12 shows the normal trend which involved three types of device
dimensions. In Fig. 2-12 (a), in the beginning of weight percentage about P3HT FETs in
chloroform are larger than that in xylene, which is almost one order of magnitude. Two
reasonable explanations are that first, poor solubility in xylene leads to many precipitations
and defects in the film. The precipitations may interrupt and form a barrier height for
transporting carriers. Defects may to be a trap center to trap carrier (electron) and those will
form a scattering. Second, with high boiling point, solvents will evaporate slowly so that it is

enough time for ordering. In contract, solvents with low boiling point and less weight
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percentage, like chloroform, can provide more time to order crystal orientation and interaction
between molecular and molecular, and then improve chain packing and pi-pi stacking can be
stronger. After crystalline structure improves, transport carrier can hop easily.

In the case of xylene, the field-effect mobility increases when weight percentage is
boosting. This is due to nanofibrillar are formed potentially with high weight percentage,
which can provide more electron sources (refer to 2.4.1 section).

Besides, P3HT field effect transistor in chloroform exhibit a raising trend under 1wt%.
Unfortunately, an anti-trend in nanofibrillar, compared with P3HT solution in xylene, shows
less nanofibrils on to SiO, The worse case is in P3HT FETs with 2 weight percentage, and
the field-effect mobility dropped down to almost two orders of magnitudes. It seems a large
resistor to black hopping. Two suspect reasons are that first, removing solvent and impurity
cause a pinhole; second, almost nanofibrils-free makes it worse.

Among the plotted weight percentage, the highest mobility, trg (sat.) = 0.011 cm®/Vs,
was obtained at Vp=-60V from P3HT solution in chloroform with 1wt%. The best mobility in
the research field is 0.1 cm*/Vs. This thickhesswof active layer is 219nm.

For On-Off ratio, Figure 2-12 (b)shows. thé. on-off ratio versus weight percentage,
which involved xylene and chlotoform solvents. P3HT FETs in xylene is keeping in around
10°, which means that it won't change with increasing weight percentage. But P3HT in
chloroform cannot sustain at a fixed level. Obsetved data can understand that on-off ratio
decreases seriously with increasing weight percentage. This result is dominated by off-current
(refer to section 2.4.2).In this study, if the high off current with 2 weight percentage could be
reduced, on-off current will get a great improvement. Among the plotted weight percentage,
the highest value, 10*, was obtained at P3HT in chloroform with 0.1wt%, which was
extraction during operating in linear region. The best on-off ratio in the research field is 10°.

For threshold voltage, the way to obtain Vyy is that a MOSFET with source terminal
connected to ground, the drain current is measured with various gate biases. Drain terminal is
applied a small value to make sure it operate in linear region. The expression of drain current

is written as below:

I, = %F Cnx|:Vu (VG ~Vr )_ V?;]
(2-4)

For small drain bias the above expression is:
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Ip = %FCMVH(VG - VT)
- (2-5)
Where W is channel width, L is channel length, Cox is capacitor per unit area. The equation
(2-5) predicted that at a constant drain voltage by plotting Ip-Vg, a straighten line must be
obtained. The inflexion point of the Ip-Vg plot is the point where the transconductance
reaches its maximum. The threshold voltage is found at the intercept of tangent in the
inflexion point with the Vg axis [2.13]. The result of the Vy extraction method is shown in
Fig. 2-13 (a) for device operating in the linear region. When the device operates in the
saturation, the method to extraction the Vry is not the same. The drain current is measured at
different values of Vg, and at drain voltages that ensure the operation of the transistor in the

saturation region: Vp =max (Vg) or Vpg >0. The drain current obeys the same square law
in saturation region.

W 1 5
Iy =1, = _C.uﬁ'"(va - VT)

L 2 (2_4)
In Fig.2-13 (b) is represented the €xtraction.way to-obtain Vrp, resulting in a straighten line
that intercepts the Vg axis in Vrp.

By plotting threshold voltage versus-weight percentage, which is presented in the figure
2-14, P3HT FETs with 0.01wt%, 0.05wt%, 0:Twt%; 0.3wt%, and 1wt%, the value of Vy is
smaller than 2wt% sample. The threshold voltage of in lower 1 weight percentage sample is
low. A large Vrn, 496V, is obtained in 2wt% sample. Due to P3HT FETs in chloroform are
normally on device, and it is hard to turn off. So applied a large bias at gate is to turn it off.
General speaking, it does not to do so. As device scaling, small device has a trend in the
future. If a large bias were applied, it would cause damage on device. Observing and zooming
in 0.1 and 0.3 weight percentages, summarized in Table 2-4, the value of V1y is approaching
zero. For device scaling, expect for the device dimension of 600/50(um) with 0.1wt% in both

xylene and chloroform, the rest of them are approached zero for threshold voltage.

2.5 Regioregularity and molecular weight

Both regioregularity and molecular can affect P3HT FETs performance. For those effects,

there are many reports to investigate that without keeping the same datum, for example, the
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obtained molecular weight are made and dissolved in different solvents. In this section, the
material of P3HT will be dissolved in the same solvent, which is chloroform. In the beginning,
the material of rr-P3HT (MW=55K, RR=90~93%) were purchased from FEM Inc, and
Aldrich Chemical Company (MW=17K, RR>98.5%). All data were claimed by own
companies. Although the material brought from different companies, a technology in making
this material, like purity, is the same. Before go further, according to the results of the section
2.4.2, experimental terms and fabricated process flow are the same as below: weight
percentage is fixed at 0.1wt%, and P3HT solute was dissolved in chloroform solvent.

Regioregularity value is based on purification method (refer to section 2.2), and MW is
described below: the molecular formula is shown in Fig. 2-15. The molecular weight can be
calculated based on its individual atoms number, and then summed all of them. The molecular
formula of P3HT is (C;oH;sS)n, n is repeat unit of molecular, and their individual atom
number are C=12, H=1, S=32. Total number in the brace is 170. n=100 (MW=17K) and
n=323.5 (5~60K) are derived from molecular weight, for instant, MW=17K, there are
hundreds monomer to compose of a longychain. The difference is known, and electrical result
will be a goal.

In Fig. 2-15, all performanee of high weight percentages is better than low one, even in
off current. This result is suspeect that a-fixed .a chain length, 50nm, high molecular could
reach that easily, due to much repeat unit can perform the self-organization with less grain
boundaries. For low molecular weight, first, it needs more three times of repeat unit to get the
same result, compared to high molecule, and if low molecular weight would reach 50nm
length, it would need more and more nanorods to gather around. Additionally, more of grain
boundaries would be involved in the film. The rest of electrical parameters are summarized in
the Table 2-5. The result in high molecular weight is higher one order of magnitude than low
ones. It is possible to anticipate output characteristics in high molecular is better, and exhibit a
good performance in both the linear and saturation regions, which is shown in the figure 2-16.
From observed electrical result in my study, molecular weight is more important than the

regioregularity.
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2.6 Effect of various curing temperature

2.6.1 Fabrication process

All process procedure is the same as section 2.3. There is only one difference point,

which is curing temperature. Curing temperature is varying in a range, 50°C, 100°C, 150°C,
200°C, and then set the device on hot plate for fixed 3 minutes. P3HTs were purchased from
FEM Inc. (MW=55K, RR=90~93%).

2.6.2 Results and discuss

A set of transistors was fabricated with different curing temperatures. Over all of
transistor were measured and plotted in Fig.2-3. Although the P3HT deposition conditions
varied across these samples, the fabricated:procedure is all the same.

The worse situation happed-in'both xylene and chloroform solvents at temperature 5001,
which showed a large off current.in Fig: 2-17(a), and leaded to a small value of on-off ratio.
As you seen in Fig. 2-17(b), it shows typicaliOn-Off ratios values versus the temperature with
vary dimension devices. At temperature 50 degree, most low value of off current obtained in
our study is around 10%. Even in a situation of 100°C, compared with 150°C. Two possible
reasons are suspected that first, at low temperature, 50°C; it is not enough to let the remnant
solvents remove, the impurity drive off, which occupied the volume. In Fig. 2-18, a
three-dimension analysis of surface morphology scanned by AFM can observe a hill-like
surface, which could involve defects. When P3HT solution becomes a solid film, it involved
many factors remind upper. Those factors lead to a low level of on-off ratio.

Electron Spectroscopy for Chemical analysis, ESCA, illustrated that the counts of
oxygen in chloroform at 50°C has second high level count in Fig. 2-19. The oxygen (1s)

concentration is obtained during process producers, such as mixing with solvent and solute,
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spin, and even it exists in atmosphere. The rest of elemental, sulfur and carbon, are the same,
besides the case of xylene solvent. Sulfur (2p) and carbon (1s) cannot be detected in this
analysis at this temperature fully. We doubt that the sulfur and carbon are less in the bulk of
P3HT organic semiconductor, and this could be a reason for low mobility. Utilizing xylene to
be a solvent is not appropriate.

Brian et al. [2.14] reported that annealing at 40-60 degree the concentration of oxygen is
reduced, intermediate value of oxygen concentration is obtained at temperature of 80 °C, and
the concentration reached its lowest level when temperature is adding over 100 degree. This
illustrated that anneal at low temperature the impurity will embed in the films, and could not
been dedoped out off so that a production is formed within the pi-pi* gap. It will trap and
de-trap the transport carriers.

Second, it is about physical property of pelymer itself. During curing process, the
temperature set at 50 degree, for P3HT polymer, it is near or under the glass transition
temperature so that it is too low to previde energy. In general, the temperature could provide
thermal energy, from heat source became kinetic energy, and causes a change in polymer such
as intermolecular forces (bonding force are stronger between molecular and molecular, it
needs to provide a thermal energy for polymer motion, which related to well-order, and
enhance crosslink or interaction molecular each other), free volume of polymer (impurity or
remnant solvents occupied the free volume, and the space of motion in polymer reduced)
[2.15] [2.16] [2.17].

Moreover, the molecular of polymer are not to have any segmental motion and
dimensional change. A temporary distortion in covalent bond is occurred only. As you seen,
the off current reduces with the temperature increasing, and these changes make on-off ratio
increase between 100~150 degree. Summarized reasons are remnant solvent removeral,

impurities dedope, polymer gained thermal energy to re-order, and free volume reduced and
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then polymer could fit.

As curing temperature over 150 degree, both of field-effect mobility and on-off ratio
decade dramatically, as shown in Fig.2-20. Curing at this temperature will be a challenge for
P3HT organic polymer, due to organic is sensitive for temperature. Surface morphology is
changing to more flatter. It indicates that remnant solvent will be removed and dedoped the
impurity so that the volume has been changed. Also, at such temperature, pinhole could be
formed, due to remnant solvent was dry out so fast, meanwhile P3HT solutions formed a solid
film, and the voids could not be filled in time. For hopping carrier, pinhole treats as a barrier
height in the channel.

The rigidity-flexible and conformation of organic polymer could be affected by
temperature. P3HT has low energy barrier to rotation, molecular can rotated easily, which
results high the flexibility of molecular. This retation occurred at carbon single bond in
main-chain structure with side-chain structure. It -could not happen at heterocyclic of
polythiophene. The reason is that the-carbon double bond and polythophene had strongly
bond energy. To break these double bonds needs higher bond dissociation energy. When
P3HT molecule rotates with side-chain structure, the conformation will change to eclipsed
conformation. Side structure is alkyl group; each side-alkyl aggressive or too close, the
excluded force of van der Waals force (steric hindrance) could be form, as shown in Fig. 2-21,
resulting low conjugality, stability, and low coplanarity. Low conjugality reduced the length
of main chain, and affected the hopping carrier in the channel. This result is the same as
section 2.4.3. There is an analogy with Brain et al.

For P3HT FETs in xylene, it is hard to measure the characteristics in 26400/50
dimension. In fact, using xylene to be a solvent seems not an appropriated choice. There are 8
transistors at each dimension, and most of them cannot be measured. This is reason for a few

current yields.
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2.7 Effect of various curing time

2.7.1 Fabrication process

Basically, all the process procedure is the same as section 2.3. There is only one
difference, which is curing time. After the P3HT solutions in both xylene and chloroform
spun onto SiO,, the device will be cured in 3 and 15 minutes, respectively. To see how curing

time difference to affect electrical parameter.

2.7.2 Result and discuss

Figure 2-22 shows a transfer characteristic of P3HT FETs spin-coated from different
curing time. Both P3HT FETs in xylene and in ¢hloroform exhibit that the performance of
fixed at 3 minutes are better than 15 minutes, whichis one order of magnitudes in on current.
About the off current, it just exhibits.a little_change. The window of off current shows a
vibration across those samples in outr‘experiment.

According to the results, the suspect reason is that for long-duration curing time at 15
min, it could provide thermal energy from substrate for elemental oxygen, which would
diffuse into the interface between organic active layer and silicon di-oxide. It embedded in the
conducting channel and reduced the performance. This suspect could be supported by Auger
depth analysis system in the Fig.2-23. Although the density of carbon and oxygen are much in
the environment, measured data is very clear. Initially, the material of P3HT film exist four
atomics, including carbon, oxygen, silicon, and sulfur (an atomic of hydrogen cannot be
detected due to auger electron spectroscopy can detect atomic number lower 3). The atomic
percentage in the bulk and conducting channel are rising, especially in 15min sample. Further,

the concentration of oxygen for curing 3 minutes is higher than that of 15 minutes. It can be
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supported by different slope, although the sampling point is less in 3 min sample. The
concentration of sulfur is the same. Indeed, the existence of oxygen is embedded in the film.
The existence of oxygen embedded in the film could be a trapping and de-trapping center
(refer to section 3.2.2). The source of oxygen are coming from all of process procedure such

as solute, solution, the atmosphere, and baking on hot plate.

2.8 Effect of various spin speed

2.8.1 Fabrication process

Basically, all the process procedure is the same as section 2.3. There is only one
difference, which is spin speed. Beforeithe P3HT FETs in both xylene and chloroform will be
cured in 3 minutes, the spin speed will be set 1500rpm and 3000rpm, respectively. To see

how spin speed difference to affect electrical parameter and physical property.

2.8.2 Result and discuss

Figure 2-24 shows a transfer characteristics of different spin speed with 0.3wt% in
xylene and 0.1, 0.3wt% in chloroform including two different dimension of 26400/50 (um)
and 75/50 (um). As you can see, a large off current was obtained at 3000rpm with 0.1,
0.3wt% in chloroform obviously, and spin speed at 1500rpm obtains small effect. For
transistor in xylene at 3000rpm, the performance and yield were quite low so that obtained
data is not good.

A reasonable thickness shows in Figure 2-25. The thickness of P3HT transistor in

chloroform with 0.1wt% is 36nm. Actually, the film is thinner than observed result. About
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P3HT transistor in xylene is around 81nm. The viscosity is an index for this result. AFM
topography shows a very rough and aggregated surface for 3000rpm, which observed both
P3HT transistors in xylene and chloroform, as shown in Fig. 2-26. Contrarily, AFM
topography for 1500rpm shows more flat surface without large area of aggregated. According
to this result, we may suspect that the diffusion rate of oxygen in thin film is higher than thick

one.

2.9 Summary

A.) P3HT in chloroform has got a better solubility. The result is based on “like dissolves like”
and “high solubility”. Both chleréform Selvent and P3HT powder have polarity, but
remind here, there is still a supersaturation when-wt% reaches 2%.

B.) Apparently, on-current increases as wit% rises. This is due to a clearly nano-friballer
attaches onto SiO, surface, forming a conducted path. Also Off current increases as wt%
increase. The reason for this is that the thick active layer involves more number of defects.

C.) Samples of P3HT in chloroform with 0.1wt% are optimized for the better condition of
electrical and solution. The highest field-effect mobility is 2x10° cm* V"' S™ (in linear
region).

D.) The value of molecular weight is more importance than regio-regular value. The
difference in electrical result is around one order of magnitude (both on and off current).

E.) 150°C for 3min is an optimized curing temperature, due to the number of embedded
oxygen is lowest. Lower and higher curing temperature could make more oxygen
concentration and chain torsion and then obtained poor performance.

F.) Short spin speed will obtain a better performance than rapid one and more rough surface

morphology for rapid speed. This may a root-cause for large off current.
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Table 2-1 Experimental table

Wit% Treatment

Xylene 0.1% 15t 105 500RPM Ti/Au
0.3% Ti/Pd
W/0and W
1%  a.)272551500RPM o igg / HI\?I?JS I T
2% nd .
Chloroform ® b.)2%2553000RPM 200 gﬁ:“

Table 2-2 Polarity of [so_lv'éiit and solute with the polarity.
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Table 2-3 The thickness of P3HT transistors with different weight percentages and
solvents

SEM-Cross-Section

wt% Xylene Chloroform
0.1% 50nm 45nm
0.3% 95Snm 101nm
1% 219nm
2% 130nm 290nm

Table 2-4 Threshold voltage of P3HT transistors with 0.1 and 0.3 weight percentages.

Wi%
0.1%
0.3%

[Xylene 26400/500Kylene 600/500Kylene 600/10fChloroform 26400/500Chloroform 600/50[Chloroform 600/10
-2 -17 5.5 -13 -12 -8
2.5 -1 5 -3 -2 -3

Table 2-5 List of electrical parameter in different molecular weight

WiL Linear Region Saturation Region

Mn=505LK Mn=17EK Mn=05K Mn=17K

26400/50] 2.265E03 | 3634E04 | 2.971E03 | 1.864E04

600/10 | 3269E03 | 1.833E04 | 6.262E03 | 2.602E04

On/Of 26400/50] 1.881E404 | 9 281EH)2 | 6.605E+04 | 3. A50E+H)3
600/10 | 1.507E+04 | 1.944E402 | §.504E+04 | 1.030E+03
26400/50] 8.000E+00 | -1 500EH)]1 | 6.000E+00 | 1.000E+31

600/10 | 3.000E+00 | 1.600E401 | 3.000E+00 | 1.700E+01
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hea‘jl_l-t_;?}-tail head-to-head
HH
R = CGH” w
The formula =C H; .4 = R R A R
/ \ R=0CgH;3

regioregular p?#g:el-%exyuhiophem}
(a) (b)

Figure 2-1 Poly (3-hexylthiophene) P3HT Chemical structure (a) monomer, (b)

Organization.

Figure 2-2 P3HT Lamella (a) edge-on (b) face-on [2.2].
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Heavy doped n+ substrate
1. Heavy dopedn® Substrate IR gate electrode.

Si0, Thermally grovimn
oxide laver (200nm|

2 Heavy doped n* Substrate .
Yo as the gate dielectric.

Thermal evaporated metal
tohe /0 electrode
AusTi{50nm/2.50m)

4 Si0, Deposited a active layer of
P3HT by spin coating.

Heavy doped n* Substrate

Figure 2-3 Fabrication process for bottom contact organic thin film transistors
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Source/Drain electrode

Source/Drain electrode

Figure 2-4 Micrograph of bottom contact P3HT FET, (a) linear type (b) Finger-like.

-32-



1E-4

—m— X0.01wt% 3
—a— X0.05w1%
—A— X0 AWt%
v X03wt% |
—— X1wt%
— b X2wit%

1E-5

1E-6

1E-7 |

1E-8

1E-9

1E-10

Drain Current, | (A)

1E-11

1E-12

1E-13EEE:-'-I-I-|.|.|.|

-60 50 40 -30 -20 -0 0 10 20 30
Gate Voltage, VG(V)

7 —8— C0.01wt%
] —e— C0.05wt%
—a— CO0.1wt%
—v— C0.3wt%
—a— Clwt%
—p— C2wit%

Drain Current, | (A)

60 50 40 -30 -20 -10 0 10 20 30
Gate Voltage, V (V)

Figure 2-5 Transfer characteristics of P3HT FETs spin-coated from different weight

percentages and solvents, (a) spin-coated from Xylene, (b) spin-coated from
chloroform.
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(a)
SiOo, Xylene_0.01%

(b) {2}

Hylene_0.1%6

Figure 2-6 AFM synthetic result of P3HT in chloroform and xylene with different
weight percentages, (a) SiO; and xylene 0.01wt%, (b) xylene 0.1wt% and

chloroform 0.01wt%.
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(a) Chloroform_0.1%

P3HT

5.0kV 15.1mm x110k SE(M)

(b) Chloroform_0.3%

| : ;_;.;; PS‘HT‘
e

214nm S |02

——

Silicon substrate

N D DR D D B DN R B

15.0kV 12.3mm x90.0k SE(M) S00nm

Figure 2-7 SEM cross-section of P3HT in chloroform FETs spin-coated from different
weight Percentages, (a) 0.1wt%, (b) 0.3wt%.
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Morphology Phase

Figure 2-8 AFM topography of small scale scanning of P3HT in xylene with 0.01wt%,
top, 0.1% middle and 2wt%; bottom.

Chloroform_0.01%

Chloroform_0.1%

Chloroform 2% |

Morphology Phase

Figure 2-9 AFM topography of small scale scanning of P3HT in chloroform with
0.1wt%, top, 0.1% middle and 2% wt%, bottom.
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Figure 2-10 The output characteristics of typical device with different weight percentage
and solvents, (a) 600/50, (b) 26400/50 xm.
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Figure 2-11 Output characteristics different with various weight percentages.
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Figure 2-12 The mobility of P3HT FETs with various weight percentages and solvents (a)
Field-effect mobility (b) On-Off ratio.
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Figure 2-13 The VT extraction using the linear extrapolation method for device

operated in the linear region (a) in saturation region (b).
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Figure 2-17 Transfer characteristics of P3HT FETs spin-coated from different curing
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Figure 2-18 Atomic force morphology: 3D analysis from different curing temperature (a)
50°C, (b) 100 "C(c) 150 °C, (d) 200 C.
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Figure 2-21 rr-P3HT molecular chain and its probability behavior of steric hindrance
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Figure 2-25 SEM cross-section of P3HT FETs spin speed at 3000rpm (a) xylene 0.3wt%
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-52-



Chapter Three

Surface treatment of gate dielectric and contact metal

3.1 Introduction and motivation

There are two resistances in the P3HT transistor; channel resistance and contact
resistance. This will reflect in device scaling, just like MOSFET device does. When device
scaling down, the resistance will be enhanced. That result responses in lowing the mobility.
Until now, this problem in organic thin film transistor is hardly summoned. Limitations by
contact resistance are getting serious [3.1] [3.2] [3.3].

Figure 3-1 shows the mobility value and output characteristic with channel reducing. It
is not serious about that issue, and we suspect that nanofibrillar is formed in short channel
appropriately so that scaling down igsue is not apparent. Conducting channel in the interface
between insulator and organic semiconductor is:a major rule of transporting carrier. If this
surface was roughness, the scattering would be enhanced. And also, random and disorder of
molecule will increase a difficultin accumulated carrier.

Additionally, the different metal-material-has its own work function value. P3HT in
accumulation region is transported by holes and the semiconductor is p-type. So it needs a
level of metal material located in closing to HOMO level, or it lead to poor inject current. The
issue is named Schottky barrier.

Major path of carrier transport is near insulator and organic semiconductor. The
roughness, no matter at SiO; or thin film, it may cause a scattering when the carrier transport.
Also, there are several issues for bottom contact such as surface roughness on insulator and
hydroxide. All description above will be a concern for the performance.

In this thesis we will study related metal material, the thickness of Ti adhesion and

surface treatment how they affect the electrical result.
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3.2 Effects of the thickness of adhesion layer

3.2.1 Fabrication Process

The standard baseline process for fabricating P3HT thin film transistors in this thesis is
described below. The substrate in this work was n"" silicon, although FETs were also
successfully fabricated on the flexible or glass substrate.

The steps of process flow are shown in Fig. 2.3 in chapter two and are described in detail
below:

1. Silicon wafers are cleaned through RCA standard process, and this n™" silicon
substrate (0.002~0.004Q-cm) to be gate electrode.
2. Silicon di-oxide is deposited by APCVD Wet-Oxidation. This thermal oxidation

Si02 remains at 980°C in the deposition chamber.

3. Gold Source/drain electrodes are defined on the photo resist-coated (FH6400L)
dielectric by lithography by electron beam deposition. Titanium (Ti) is used to be
an adhesion layer for firmly sticking'gold and dielectric. And then photoresist
(P.R.) will be removed by life-off process in acetone with vibrations in super for
Smin.

4. Poly (3-hexylthiophene). (P3HT)-1s-spun-onto gate dielectric and S/D electrodes.
The substrate remains ‘at room: témperature in the deposition place. Typical
background process is that,

A.) P3HT will be dissolved by chloroform, respectively. Weight percentage is
0.1wt%.

B.) All solutions were filtered through a 0.20 pum pore-size PTFE membrane
syringe filter before use.

C.) For spin coating, the film was deposited from solution by two steps: first, at a
spin rate of 500rpm for 10s (for uniformity) and second, at spin rate of
1500rpm for 25s (for thickness).

D.) Curing temperature is 150°C and then set the device on hot plate for curing
for fixed 3 minutes.

Before the active layer of P3HT is deposited, all samples were cleaned by soaking in
acetone with vibrations in supersonic oscillator for Smin. the reason for this is that remove the

residual organic and particle contaminants on the channel region. Regioregular P3HTs were
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purchased from FEM Inc (MW=55K, RR=90~93%)).
In this experiment, the thickness of Titanium (Ti) is 2.5nm, 10nm and Ti only without
Au metal, respectively to see how they affect the electrical result. Moreover, the metal

material of source and drain will be deposited by gold (Au) and palladium (Pd)

3.2.2 Result and discuss

Figure 3-2 shows a transfer characteristic of P3HT FETs with source and drain of Ti/Au
and Ti/Pd and channel length and width is 26400/50um. The Ti adhesion layer is an important
index for injection barrier. In Fig. 3-2(a), the thickness of Ti adhesion layer is 2.5nm, which
could help gold to stick (adhesion) onto silicon di-oxide without affecting electrical
characteristic. Deposited thicker Ti-adhesion layer,-10nm, onto silicon dioxide may affect the
performance of on current, which dropped down one order of magnitude. Even worse, for
using Ti adhesion to be a contact metal;-itvexhibits: a very poor performance. Further, we
compare experiment of reference (EOR).sample with several different dimensions using Ti
only metal in the Fig. 3-2(b) and figure 3-3. The same result is occurred. The suspect reason
is that the work function of Ti is around 4.33eV and it is located at middle of HOMO and
LUMO band gap, leading to a large injection barrier for transporting carrier so that a poor
performance could be obtained. Figure 3-4 shows the diagram of work function difference
and band bending result. The best adhesion layer of Ti for contact metal in my study is 2.5nm.
The extraction on maximum mobility of P3HT transistor with the thickness of Ti/Au
obtaining from 50nm/2.5nm is around 0.0023 cm?/ Vs. Consequently, an appropriated
adhesions layer like 2.5nm in our study were good for performance of P3HT FETs, and no
matter what metal materials, large injection barrier would be exist between Ti and P3HT

active layer. Using Ti to be a contact metal material seems not good for injection carrier.
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3.3 Surface treatment of silicon di-oxide gate dielectric

3.3.1 Fabrication Process

Two sets of devices were fabricated for each experiment: (a) untreated control devices,
(b) devices treated with Hexamethyl Disilazane (HMDS) : (CH3)3Si-NH-Si (CH3)s. Except
for treatment of HMDS dielectric prior to P3HT deposition, the fabrication process was
exactly the same described in the previous section 3.2.1.

The first set of devices (a) was fabricated using the standard baseline process with no
surface treatment of the silicon di-oxide prior to P3HT deposition, which named experiment
of reference (EOR). The second set of devices (b) was coating a surface treatment HMDS for
5 minutes in the vacuum oven, which temperature sets at 150°C. Physical characteristics of
the silicon di-oxide surfaces and P3HT morpholegy was performed using several techniques.
Electrical data was obtained from characterization of the FET devices. The results of those

two experiments (EOR and W/ HMDS) are analyzed in the following sections.

3.3.2 Result and discus

Figure 3-5 shows transfer characteristics for typical device with two dimensions treated
and untreated. Both dimensions show the same result: first, off current reduced when the
device was treated with HMDS. And the untreated device exhibit large off current. Second,
the value of threshold voltage is changing also. Table 3-1 shows the increase of on-off ratio
both in the linear and saturation region.

Treated devices were to modify the silicon di-oxide surface in order to improve P3HT
growth. The first few layers in particular are most important in transistor operation, since in

the accumulation region carriers are concentrated at the interface between a gate dielectric and
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organic active layer [3.5]. A more hydrophobic surface is expected to result in better packing
of the P3HT molecules as shown in Fig.3-6 [3.6]. The theory illustrate that a hydrophobilic
surface become to a hydrophobic surface, due to treated device takes replaces the hydroxyl
groups at silicon di-oxide surface with methyl or alkyl groups by given a temperature, which
will cause a transfer between NH in HMDS and OH in SiO; surface. The co-product is NH;
and it will be evaporated away, reminds the rest of radical function, resulting in a small
surface energy, as shown in Fig 3-7. From contact angle measurements, in figure 3-8, shows
the increase in contact angle from 54.8° in the untreated silicon di-oxide to 90.3° in the treated
HMDS surface (The gate dielectric surfaces were characterized using contact angle
goniometry). Well order in the surface could enhance a high density of chain packing, and
result a reduction in passivating defects. AFM result shows that the surface roughness of
P3HT has changed after treats with- HMDS, as shown in Fig. 3-9. This reason could be
supported by the gate leakage, as. shown in Fig.3-10. The leakage current through the
HMDS-treated silicon di-oxide is-decreased by almost one order of magnitude.

In figure 3-5 (b), as you seen, the improved performance both in linear region and
saturation region with surface treatment can be obtained. The extraction of mobility is
summarized in Fig. 3-11 (a). Although the value of improvement is large, and treated with
HMDS onto silicon di-oxide in all of dimensions are better than untreated ones. Highest
mobility with treated dimension, 600/10(um), is around 3.94x10° cm® Vs, compared to
without treat HMDS is 3.72x10° c¢m?/ Vs. In additional, the treated transistors turn on
approximately at Vg=0. The turn-on voltage is shifted toward to more negative values as
shown in figure 3-11(b).

All of data illustrate that SiO2 surface treats with HMDS can improve device

performance at all.
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3.4 The ideal metal material

3.4.1 Fabrication Process

The standard baseline process for fabricating P3HT thin film transistors in this thesis is
the same as section 3.2.1. The difference is that involved metal material are Gold (Au=5.1
eV), Nickel (Ni=5.15¢V), Palladium (Pd=5.12 eV), Platinum (Pt=5.65 eV), Titanium
(Ti=4.33 eV).Work function of all metal material are summarized in Table 3-2 [3.7]. The
metal material of source and drain will be made with those metal and compare to the
performance. All thickness of them is 50nm and Ti acts as an adhesion layer with a thickness
of 2.5nm. A comparison of experiment named experimental of reference (EOR), which

untreated with HMDS and its metal material is Ti/Au.

3.4.2 Result and discuss

Basically, all data and figure will be-arranged from low work function to
high work function, and compare to all of measured result.

Three metal materials with approximate work function will be discussed.
They are Au=5.1 eV, Ni=5.15¢V, Pd=5.12 eV, respectively. The result shows in Fig. 3-12
with different dimensions. An apparent difference for nickel has poor performance, large off
current and small on current. We suspect that a mismatch in work function between Ni and
P3HT enhanced this result, and a large injection barrier for transport carrier reduced ability of
hopping. And also a chemical surface property of Ni between metal and active layer was not
reactive, leading to a poor electrical results. Because a good metal material could help the
P3HT molecules to order onto surface, enhancing chain packing, stronger molecules

interaction.
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Competitions between metal materials are Au and Pd. For this, we observe and compare
all related device dimension (not show here). Indeed, for off current, they are so close to each
other. Initially, we have already known that their work function difference is comparable.
Next, we compare the mobility and threshold voltage as shown in Fig. 3-13 and Fig. 3-14.
Honestly, from observed result, the mobility calculated from Gold is higher than Pd one, and
its threshold voltage is approaching to zero. For physical analysis, AFM 3D result shows in
figure 3-15. No matter what P3HT thin film spun on channel or metal, the surface roughness
of Au metal is lower than Pd metal. This result is similar with section 2.4 in chapter two.
Higher surface roughness and more cluster gathering could exhibit larger off current. So we
suspect that this is not related with work function, due to their value are all close. One of
reason for that is surface chemical property, which could affect the performance. Figure 3-16
shows the output characteristic. In linear region, enlarged figure below, obtained current with
Pd metal will be higher than Au. This indicates that device fabricated with Pd metal has an
apparent situation of normally on. It would be considerable issue if it fabricated.

Additionally, the interface between metalrand organic has high roughness surface, as
shown in Fig. 3-17. This could be formed as spun. For evaporated organic like small polymer,
the small grain will be located at this interface, which may an existence of high resistance
[3.8].

Fig. 3-18 shows the leakage current compared with the HMDS-treated, Au metal and Pd
metal, resulting a decrease by almost one order of magnitude in positive. We still have not a
reasonable explanation for it. Compared metal materials are putting together in figure 3-19.

The result is the same as description in previous.
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3.5 Summary

A.) For P3HT transistor in my study, scaling down issue seems not affected, because the
nano-fibrillar can be formed in short channel.

B.) The thickness of adhesion layer, Ti, is a proportional to the performance. The better
thickness is 2.5nm for both Au and Pd source/drain metal, due to injected barrier is
not low when applying a biased voltage.

C.) Indeed, using surface treatment, HMDS, could modify surface property of SiO2 and
improve chain packing and then increase the electrical parameters such as the
mobility, on/off ratio and threshold voltage.

D.) Metal material with close to work function difference may not obtain the same

performance. Gold can exhibit a better result, higher mobility. It also related to
surface chemical property.and contact resistance. The lowest surface roughness is

gold metal, compared with Pd.
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Table 3-1 Electrical parameters of w/o and w/ surface treatment and operating in linear

and saturation region.

WiL

On/off ratio

26400/
600/1
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0

Mobility

600/1
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Table 3-2 Metal element a
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Pd
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Pt
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Figure 3-1 Scaling down issue in P3HT transistors (a) the mobility (b) the output
characteristic with different channel length.
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Figure 3-6 The molecular ordering and packing way (a) w/o and (b) w/ surface

treatment.

- 66 -



Hydrophobic surface
Hydrophilic surface Rl ydrophobi

OH n:I;-H HO  (CH3).Si-NH-Si(CH3), [ ][ } [ }
o

A4

I Monolayer self-assembly
Si Sl 51
Si0 ) vO T 07T
o AT 0'HO O O

[ d_Sio;

heat-induced NH and H binding to become co-product NH,

Figure 3-7 The theory of surface treatment of HMDS from hydrophilic to hydrophobic

£3
ﬂ

Figure 3-8 Contact angle value on surface of silicon di-oxide (a) water, and (b) ethylene

surface.

(a) i -
548°
(b) ;
206°
T ——

glycol.
-67 -



R (Rg) 0,816 nm

Mean roughness (Ra) 0,625 nm
ims (Rg) 0.620 rm

Mean roughness (Ra) 0.475 e
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Figure 3-16 The output characteristic result compared with Au and Pd metal. (a)
W/L=26400/50, (b) W/L=600/10 in linear region.

-74 -



SEI 15.0kV X800 10pm WD 9.9mm

T s
- . 'r_.
: — - ;
; ele g .
. = ) b
; c ) =
s -
.
(I ) ]
]
L. i
V'J-

Image Data
Dats scale

30.0 nm

15.0 nm

Z 30,000 rm/dis

0.0 nm

Figure 3-17 High hill-like regions between metal and organic interface. (a) SEM, (b)

-75 -



AFM.
1E-6

_______________ | —e— Ti/AuUw/ HMDS
_____ A~ TifPdw/ HMDS]
<
_(D ''''''''''''''''''''''''''''''''
-
o
o]
=
=3
O
]
1]
o
1E-10 }
1E41 | L . . ,
-60 40 -20 0 20

Gate Voltage, V_ (V)

Figure 3-18 Gate leakage current characteristics of typical device with different metal

materials.
1E-5 —m— EOR_0.1%_Au wfo HMDS
LTy --0-- 0.1%_Au_W/HMDS
Fo 2 0.1%_Pd_W/HMDS
1E-6 -7~ 0.1%_Ni_W/HMDS
: - <} 0.1%_Ti_W/HMDS
______ wf 0.1%_Pt W/ HMDS
T 1E7
a
s 1E8
5
O [ A e e
C
E 1E-9 B SR
o T
1E-10
1E_11 T . ----------- L L L L L L L
-60 =40 -20 0 20
Gate Voltage, VG(V)

Figure 3-19 The transfer characteristics of P3HT FETs with different metal materials.
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Chapter Four

Stability characterization of P3HT OTFT

4.1 Introduction and motivation

Indeed, the transistor made by P3HT is interesting and useful. However, its poor
environmental stability is notorious [4.1], which results degradation in performance such as
the mobility, on-off ratio and positive shifting threshold voltage. This problem is caused by
influence of humidity and oxygen. Recent studies for environmental stability illustrate that
H,O can diffuse into the grain boundaries and crystal. It can trap charges generated in the
channel. Also the oxygen in the film will not contribute to form the accumulation of holes, but
increase the barrier height. Others environmental influence such as temperature and light can
affect the life time of conjugated polymerss:

There are some groups to study how storage.time extends without affecting the P3HT
properties. Majewski and Song-[4.2] reported. that the immersion of devices in the polar
solvent, acetone and water, could protect the thin film and not to be attack by oxygen without
affecting the performance. This is final'goal apparently.

Using annealing process could drive out impurities, remnant solvent and also could
strong molecular interaction and then improve the mobility. But how to control the
temperature is an art, due to that too high or low annealing temperature will be affecting the
organic material property. So an appropriated temperature is major role, in addition to
annealing time and environments are also needed.

Stability could be predicted by stress method. So many stress methods such as dynamics
voltage or constant voltage as a function of time are used [4.3].

In this work, we study self life time of P3HT conjugated polymer in transistor and use
annealing process to see how it improves the mobility. In addition to utilizes constant voltage

to stress the transistor and to try to understand its root-cause.

=77 -



4.2 Storage life time

Notice that good measured results should be similar with origin data, no matter how long
it stored [4.4]. However, it is inevitable that organic life time can be affected by temperature,
humidity, light, and oxygen. There are so many different factors of environmental influences.

This measurement of shelf life time is exhibited on transistors. Three samples are
randomly chosen from a box, which stored in the atmosphere in clean room. They are
separated from sunlight and stored for one, two, and three months, respectively until 97/06/05.
The measured data will be compared with those transistors that measured in the beginning.
All experiments are performed using optimized transistor terms, which are P3HT transistor in
chloroform with 0.1 weight percentage (refer to chapter 2 and 3).

Figure 4-1 shows the transfer characteristics of PFETs after fabrication and samples
stored for one, two, three months later. Three samples exhibit a passable result and
characteristics totally. Obviously, there is a situation, both on and off current are degraded.
This result can be supported and summarized in Table 4-1. Every sample in our study has
degradation for on-off ratio. In the C0329 sampléj.the on-off ratio degraded from 1.54x10" to
8.30x10%. Most degradation of breadth is'in CO4 1 sample, and its on-off ratio degrades down
to 9.96x10". This on-off ratio is decreased seriously after fabricated two months, but the
mobility is still high enough for this sample: For on current degradation, no matter what
sample, all on current degraded slightly. It is a'change obviously for off current. Basically,
on-off ratio is decreased, which responsible for off current. Corresponding to the off current
of random sample increased on an average of 16%. Arrows in the figure can point out. As
shown in Fig.4-2, delta value is calculated by using stored value to divide by fresh one. There
is a trend to indicate that it is degradation with all related electrical parameters, like mobility,
drain current and on-off ratio when the device stored a few month. According to this result,
we suspect that the influence of H,O, O, and O3 should be top three [4.5] [4.6] [4.7].

Those suspect compounds include basic elemental, oxygen. Due to organic property is
similar with atmosphere such as hydrocarbon, and it combine with organic material easily.
After combination onto surface, oxygen elemental could diffuse into the bulk and even into
conducting channel by grain boundary and dislocation. As existence in the film, they will
capture charges generated in the channel because of its polar nature and electronegativity. It
attracted the electrons from P3HT molecules and generates holes. Clearly, attracted electrons
could make a scattering of carrier, which could drive transporting carrier away from a

straighten path so that lower the number of transporting carrier. Also the mobility decreases
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with impurity concentration increasing because of enhanced impurity scattering. This can
explain in the decrease of on current. About the off current, due to electron-hole pair is
generated. The oxygen attract electron toward itself in a covalent bond, as remind, the hole
will be generated and formed as “extra” carriers, relatively. For off current, it treats as exceed
carrier, and hard to deplete, which signify that it needs higher vertical electron field to induce
electron forming depletion region. In other words, semiconducting devices are hard to be turn
off, this is a reason why off current increases. Additionally, we found out an interesting
situation. The result of self life time could be enhanced (stressed) by utilizing long duration
curing time as shown in figure 4-3. There is an obviously trend that a change of on and off
current is similar with self life time one.

Of course, this affected by oxygen can be reduced by using the encapsulation process,
which acts as a capping layer to protect the organic material surface. This application can
avoid a contact with atmosphere, but notice that the material of encapsulation cannot destroy

and harm P3HT conjugated polymer when it uses.

4.3 Heat treatment: Annealing,process

4.3.1 Fabrication Process

Basically, all the process procedure is the same as section 3.2.1 in chapter 3. There are
only two differences, which are annealing temperature and time. The annealing temperature
will be involved in a range from 50 degree to 250 degree, interseptal 50. After the P3HT
solutions in chloroform spun onto SiO; as a device and it will be annealing for 30 minutes and
3 hours, respectively. Notice that all annealing process is in a furnace with N2 flow rate of 10
liter/min. it is based on upper experiment, oxygen elemental is an affect for P3HT organic

material, and we will not use O, flow or without any gas when annealing process.
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4.3.2 Result and discuss

The motivation is that use different annealing temperature and time difference to see
which one will affect electrical parameter mostly. This process of vary annealing temperature
could caused a change in on and off current. Figure 4-4 shows the transfer characteristics of
PFETs with annealing process and set the temperature in a range, 50°C~250°C. Obviously, on
and off current come to the same things, both decrease with annealing temperature increasing,
especially in a state of off current. As annealing temperature at 50°C, the electrical result
resembles in a un-anneal measured data, and seems not help for ordering. We suspect that
annealing at this temperature could not reach glass transition temperature so that there is no
phase segregate, thermally diffusion and free volume changing. Origin bond could unchange
[4.8]. Besides, in the bulk of P3HT could involve some thermally-activated defects.

Annealing above the glass transitionstemperature can help the polymer in reducing the
free volume and residual solvent:so‘that will be an impact in ordering or agglomerating films.
Off current measured by electrical resultstarts a‘change as temperature increase. During
100~200°C, off current drops theatrically, and" the device turn on approximately at Vg=0,
which means the threshold voltage also shifts to negative. Finally, annealing above 250°C,
whole device turn-on curve shifts to more negative. The threshold voltage obtained by
calculated is -18V. it is increased by 58.39%, compared with annealing at 150°C. Indeed, there
is a trend that threshold voltage is shifting to more negative. In addition to on current, it
notoriously decreases. The mobility of PFETs with annealing process including vary
annealing temperature as shown in figure 4-5, which indicates that there is no change in
mobility before annealing at 200°C . Annealing temperature over 250°C and it drops.

AFM result shows that the image statistics and section analysis indicate a rough surface
morphology from 0.872nm to 1.604nm, as shown in Fig. 4-6. From this point of view, higher

roughness, we suspect that the retention of solvent will be evaporated by thermal heating, ran
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off to the surface film into environment and remained some pits, whereas whole thin film has
already became a solid state. The possible of reflow is not distinctness. Annealing process
impacts the P3HT films thus leading to a change. In other words, the film could be
reorganized toward to more disordering with annealing temperature increasing. Further, phase
results observe that annealing at 150°C could preserve a structure of nano-fibrillar, and it pave
on the surface of SiO, randomly. In contract, annealing at 250°C can observe the nano-rod
only. It illustrates that annealing at this high temperature could cause a nano-fibrillar
becoming to nano-rod. Notice that we still have any clearness, for instance, this result could
cause by itself or removal solvent. Meanwhile, thermal heating induces a diffusion of
molecules.

Here, we have found out an interesting thing in annealing temperature at 250°C.
According to H. Yang report [4.9]; the melting temperature, measured by DSC, is 216°C.
Notionally, at this temperature,-re-crystallite behavier is possible. So it may improve and
modify the degree of order of P3HT film, compact packing and obtain a higher mobility. On
the other hand, we obtained an anti-trend for on current. Even we don't obtain that result for
200°C. Of course, the exact measurement of the equilibrium melting point is complex, due to
it involves kinetic factor, structural factors and impure environment of crystallites [4.10]. And
the crystallite is related with molecule structure, which is related with interchain of interaction.
This result is worth a think.

Further study for annealing, we exam the device at 180°C for 30 minutes and 3 hour.
Figure 4-7 displays the transfer characteristics of PFETs with annealing process for 30min
and 3hr, compared with un-anneal samples. In figure 4-7(a), the sample of un-anneal to
anneal means that it has ever measured under atmosphere environment and then undergoes
annealing process. Other samples, starting with fresh-, are undergoing a serious of continue

process without interrupting to measure. As you can see, there is no obvious change for on
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current and this process procedure improves off current only. Large off current obtained for
sample of un-anneal, un-anneal to anneal and fresh anneal 3hr, compared with annealing
process for 30 min. Longer annealing (3hr) will be affected the electrical parameter, we
suspect that the appropriate time of annealing could reduce defects, which could formed by
grain boundary and oxygen elemental. In Fig. 4-7(b) shows electrical parameter of On-off
ratio, comparison of w/o and w/ annealing process. The device with annealing process can
obtain higher one order of magnitude, compared with un-anneal one.

Unfortunately, the mobility is not to be improved by annealing process, as shown in Fig.
4-8 (a). It is not a result what we expected. This result agrees with Wang et al. [4.11]. They
are measured in nitrogen environment and obtained a decrease of mobility and on/off ratio
increases. This interpretation is that even measurement in nitrogen could obtain a data like
that and still more measurement in the atmosphere environment. Maybe this result is not
considerable. In Fig 4-8 (b), the-threshold voltage with annealing is shifted to more negative,
which sustains at a level of -15Vbut the un-anneal sample is approaching to OV.

We utilize ESCA and Auger depth analysis to try to figure out these related elementals.
From ESCA data, in Fig.4-9, oxygen concentration for 30min and 3hr reduce dramatically.
Further, in figure 4-10, auger depth analysis tells a notoriously different between before and
after annealing process. The sample without annealing process contains large percentage of
oxygen in the surface and even near the conducting channel and the number almost reach to
about hundred percent. But the sample with annealing process involves less and less oxygen
percentage in the surface and near conducting channel. Those data indicate that annealing
process can drive off the elemental oxygen powerfully and involved oxygen device obtain a
poor performance. So oxygen in the films may act as a role of defect to trap carrier and
increases scattering and acceptor-like so that it obtains a poor result. Notice that an unclear

result for large off current in annealing for 3hr still not figures out, although oxygen
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concentration is less than annealing for 30min.

Figure 4-11 shows the output characteristics of typical device with un-annealing and
annealing process for 30min. The entire performance with annealing process improves almost
one order of magnitude at every gate biased. Still one curious result shows in gate leakage
(circle). In figure 4-12, it suppresses gate leakage after annealing, but it is not understand
what root-cause is. Additionally, figure 4-13 shows an average value of annealing process.
Obviously, annealing for 30 min is better than un-annealing and annealing for 3hr.

In this case, we realize that annealing process could drive off the most of oxygen and
reduce off current. Next, we demonstrate that stored device, low molecule device and skip
curing device how can be affected by annealing for off current. First, in figure 4-14(a), in
c0411 fresh sample obtained a transfer characteristic, stored after 2 months later, the
performance is getting worse obviously, but off.current could be improve by annealing
process. In low molecule weight-sample, we could obtain the same result. Likewise, annealing
process could amend off current even it-has stored for-a while. The improvement is driving off
the oxygen from the films, based on' ECSA and-Auger depth data we saw. Second, we tried to
skip curing on hot plate, and then put it in furnace for annealing directly. The result from
electrical analysis is that off current with skipping curing is not good as a sample go through
fully process. The difference is about one half orders of magnitude. This can be observed by

various device dimensions, as shown in figure 4-14(b).

4.4 Temperature dependence & constant voltage stress

4.4.1 Temperature dependence
Figure 4-15 illustrates the electrical characteristics obtained for un-annealing and

-83 -



annealing process. Both samples were fabricated and measured in air. The transfer
characteristic with un-annealing sample shows a stable behavior as measured temperature
increasing, compared with annealing sample. On current exhibits a change slightly and off
current increases with measured temperature increasing, which indicted as arrow in figure.
Comparison of annealing sample in figure 4-15 (b), on current behavior is changing slightly,
but off current shows an apparently change. This change is almost degrading for three orders
of magnitude. Off current degrades from 107" (A) becoming to 10°(A). Figure 4-16
responses this result. The electrical characteristic of on-off ratio with un-annealing exhibits an
almost horizontal level with various device dimensions as measured temperature increase.
Notice that on-off ratio is calculated by equation of drain current and each line is varying
depends on its own dimension. The On-off ratio with annealing process is a high order
initially. However, after the measured temperature increases, the device is affected and
degraded dramatically, for instance, the lowest-point is 3.57x10* in W/L=600/10, the dropped
range is very serious. The rest of electrical parameter is mobility and threshold voltage. In
figure 4-17, from the observed data, there is on seriously change for both un-annealing and
annealing process sample. They are sustained in a fixed level before 100°C and the value is
around 1~2x10~cm™/V-s. When measured temperature increases to 150°C, there is a slightly
degradation. Also, threshold voltage is shifting to more positive, after annealing process is
especially apparent, as shown in Fig. 4-18. Basically, un-annealing sample can sustain around
0V, but it is not ideal for annealing sample from -15V at 25°C to 12.5V at 150°C.

It is based on the result of auger depth analysis previously, we suspect that due to
undergoing annealing process, the oxygen is driven off from the thin film so that there are less
and less existence of oxygen concentration. The measurement environment is in air, the
oxygen could diffuse from air into the film again by measured temperature. This starting from

scratch and fill up suddenly could affect the performance mostly. In contrast, for un-annealing
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process sample, the concentration of oxygen has already existed for a certain numbers so that

it is not change extremely.

4.4.2 Constant voltage stress

This is a test for stability to see how the device performances change. It could have a
meaning in reliability. The voltage of three terminals, Vg, Vp, and Vg, in figure 4-19 top
insert, will be change and keep in a voltage level as function of time goes by. The device
dimension of W/L=600/10 is chosen for test; due to short channel length can enhance the
result quickly. Of course, we will measure each of basic performance such as the transfer and
output characteristics before and after stress. for making sure the device work.

In figure 4-19 (a), in the beginning, three terminals will be applied a zero voltage biased,
meaning ground. The measured drain voltage is very close to 10"°~10™* amps. For this value,
we don’t think that the lowest value is right'and it'may a noise of this machine because the
value of 10"2~10™" (A) is open-short measurement. This confirms that there is no current
flow when all terminals are grounded. Second, source and drain terminal are grounded, only
gate terminal is applied -20V biased. The drain current keeps in 10 level. After stress around
10° S, the drain current is degraded slightly and we observe the gate current increases slightly
in figure 4-20 (a). Third, Vp=-60V and source and gate electrode are grounded. This time, we
have a surprised result. The drain current is approaching to turn on with stress time increasing,
compared with figure 4-19(b) and the gate current is not increasing, as shown in Fig.4-20(b).
Horizontal field could forces the carrier to transport and form a conducting path, because we
also measure the source current, similar with drain current. Forth, we try to decrease and
suppress this leakage (current) by formed a vertical field (Vg=10). Unfortunately, the

outcome (red) is not expected. It still has the same situation. Fifth, we “pull” source terminal
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up to the same level like drain terminal (Vs=Vp=-60V), and gate terminal is keeping at 10V.
We can observe that this leakage is reducing successfully and gate current is not change, in
Fig.4-20(c). Finally, gate electrode is grounded and remind source and drain biased at -60V.
The drain current sustains in a fixed level. The device is leaking to gate current, due to gate
current is increasing in Fig.4-20(d). According to step from third to sixth, it seems horizontal
field has a stronger effect then vertical field. But the different between gate biased and
source/drain biased is six times and the drain current is 10 (A) initially at step two so that we
cannot judge.

Next, we utilize some sample to undergo annealing process. Due to annealing can
improve structure ordering, morphology and free volume such as interaction of intermolecular
(please refer to section 4.3).

Figure 4-21 shows constant voltage stress versus time measurement of comparison of
before and after annealing. In sample with annealing process can suppress drain leakage in the
beginning, although it still has drain leakage with stress time increasing. It is biased a voltage
at drain for -60V and drain current.suppress around two orders of magnitude. When stress
time increase, there is about one order of magnitude in average suppress. The sample with
annealing for 3hr obtained the same result, but it became worse than 30 min one with stress
time increasing, which are shown in figure 4-21 (b). Still its performance is better than
un-annealing sample. In addition, we set the chunk temperature to 150°C when stress the
sample. The performance has the same situation with un-annealing.

We suspect that electron can travel through source and drain by the defect in the film,
which could form by high free volume, remnant solvent and elemental oxygen. After
annealing process, those are being driven off the film and also improve the interaction of

intermolecular. But the real root-cause is undergoing.
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4.5 Summary

A.) Self life time is really a problem for P3HT organic material. It seems the
performance will be degraded at each minutes. The suspect reason is oxygen in the
thin film. Oxygen, due to electronegativity can cause accept like.

B.) Using annealing process can drive off the impurity such as the embedded oxygen and
improve off current and suppress gate current. Even the stored device and low MW
obtain the same result. This result can be supported by auger depth analysis and
ESCA data. The optimized annealing temperature and time in my research are
150°C and 30min, respectively.

C.) The device skipping curing process may affect electrical characteristic.

D.) The variation of measured temperature will follow a problem of oxygen diffusion by
thermal heat from chunk. This mayaffect the device with annealing, although the
mobility is still stable. Besides, on-off ratio and threshold voltage.

E.) A basic constant voltagestress will-be-function to enhance a leakage between source
and drain electrode as functioniof stress time. The worse case is by applying a Vp=
-60V. This leakage cannot be suppressed by applying VG= 10V. The root-cause is
still undergoing. We found out that the sample undergoing annealing could suppress

that efficiently.
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Table 4-1 Threshold value and On-off ratio value with samples stored one, two, three

months later.

C0329_Fresh -8.00E+00 1.54E404 3.27E-03
C0329_3monthes 1.00E+01 8.30E+02 1.03E-03
CO411_Fresh -3.00E+00 3.24E404 7.94E-04
CO411_2monthes 1.75E401 9.96E+01 2.71E-04
C0501_Fresh -3.00E+00 2 A0E+03 1.34E-03
C0501_1 month 1.20E+01 2 37EH02 1.12E-03
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Figure 4-1 The transfer characteristics,of PFETs after fabrication and samples stored
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samples stored one, two, three. months later.
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Chapter Five

Conclusion and future work

5.1 Conclusion

In the beginning, all of related process procedure about P3HT material will be discussion
in this thesis, starting from solution to stability characteristics. In chapter 2, to use xylene and
chloroform as a solvent is studies to dissolve P3HT in solution. About solubility issue, we try
to explain by elemental chemistry and organic chemistry and understand that in addition to
supersaturation, the theory of like dissolve like is worth to think. The selection of solvent for
solution process is very important. An appropriated solvent with slow evaporated rate and
high boiling point is not only to dissolve the P3HT solute completely for less participation,
but also provide an enough time for packing and ordering of backbone. As we previous
discussion, P3HT solute dissolved in chloroform ‘can obtain higher solubility then xylene
solution, although boiling point-of ‘chloroform is not-high. The solubility is a key for good
performance in my experiment. On and off cufrent increase with weight percentage increasing.
On current is affected by nano-fibrillar:and off current is related to the thickness of thin film.

Next, we used curing temperature at 150°C on hot plate for 3 minutes can obtain a good

performance, due to the impurity such as remnant solvent and oxygen could be driven off,
which can be supported by auger electron and ESCA analysis. Besides, fabricated P3HT
transistor with slow spin-speed can obtain a flat surface morphology and good performance,
compared with high spin-speed rate.

After understanding an impact of basic process flow, we use the optimized condition in
my study to discuss the influence of contact resistance. By using a thickness 2.5nm of Ti
adhesion layer and deposited with gold metal material have a better performance, because of
lowest injection barrier. Additionally, the devices treated with HMDS have an improvement.
This surface treatment will modify the SiO, surface from hydrophobilic to hydrophilic and
contact angle is changing from 54.8° to 90.3°. Due to NH molecule in HMDS will react

with OH" on Si0; surface, become a co-product and go away.

Last, in chapter 4, we observed that the device stored in air, the performance will
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degrade. This effect is caused by oxygen molecule, which will cause an acceptor-like result.
Not only affect off current, act as trapping center, but also electron scattering, deviate from
strengthen line. This “bad” result can be improved by annealing process with N, flow rate.

Annealing at 180°C for 30min, under this environment can suppress the interaction between

oxygen and P3HT thin film. We use constant voltage stress to test P3HT transistor and
discover that the worse case is by applying Vp= -60V only. The drain current increase with
stress time increasing. We check the gate current out and it is not change. The same transistor
will be tested a basic characteristics such as transfer char., find out off current will increase
after stress, compared with un-annealing one. We suspect that this problem could be caused

by oxygen diffusion.

5.2 Future work

In my experiment, there are so,many indirect suspects and unknown answers. Further
study is required to fully understand theicontribution of improving gate leakage in chapter 3,
and how the stress affect drain' current...etc. 'We need to obtain clear evidence. Or
modifications of P3HT intrinsic- property.-or-change- material of active layer could exhibit

better result.
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