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Chapter 2

Materials & methods

Field-effect transistors can be manufactured from a wide range of materials and with

a variety of processing methods. The materials and methods used depend on the desired

properties of the final device. Even with the same materials, varying processing parame-

ters can greatly affect the device parameters. In the following chapter, the materials and

processing methods of the devices in this thesis are discussed.
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Chapter 2. Materials & methods

2.1 Introduction

The transistors used in this thesis were fabricated in multiple processing steps. First,

the transistor substrates were manufactured on 150 mm wafers. On a wafer several dozen

substrates are present, each containing multiple transistor structures. The substrates

comprise a common gate, the gate dielectric and lithographically defined Au source and

drain contacts. The large number of identical substrates on a single wafer provides a high

degree of reproducibility for experiments. Semiconductors were applied on the substrates

by spincoating, self-assembly and pulsed laser deposition. Insulating layers used as the top

gate dielectric were applied by spincoating and top gates were deposited by evaporating

Au. All electrical measurements were performed with an Agilent 4155C semiconductor

parameter analyzer. The measurement setup used to characterize the transistors is shown

in figure 2.1.

Figure 2.1: (a) The measurement setup used to characterize the transistors. On the top left
is the Agilent 4155C semiconductor parameter analyzer used for the electrical measurements
and on the bottom left the temperature and vacuum control system for the measurement box.
On the right is the measurement box. (b) A substrate used for semiconductor characterization
covered with PTAA. Three of the measurement probes are shown.

2.2 Transistor substrate

All transistors described in this thesis are processed on pre-fabricated substrates made

in the MiPlaza cleanroom. The substrates are manufactured on 150 mm Si wafers

acquired from Siltronic AG. The wafers are about 675 µm thick and are heavily n-type

doped with As implantation to form a common gate electrode. The SiO2 gate dielectric

of typically 200 nm thickness is formed by wet oxidation in an H2O vapor at 1000 ◦C. Au

electrodes are sputtered on a Ti adhesion layer. The positive photoresist HPR-504 is then
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2.2. Transistor substrate

spincoated on the Au layer and illuminated through a photomask in a wafer stepper at 365

nm at 100 mJ/cm2 to define the source and drain contacts. The crosslinked photoresist

is then removed with the developer PLSI (trisodiumphosphate and sodium metasilicate in

H2O). After O2 plasma, the exposed Au is etched with TFA (trifluoracetic acid) followed

by the Ti with low concentrations of nitric acid (HNO3) and hydrogen fluoride (HF) in

H2O. The photoresist remaining on the gold contacts is subsequently washed away with

acetone. The wafer is diced by sawing to about two thirds of the wafer thickness. Before

sawing, a new protective layer of HPR-504 photoresist is applied to prevent Si particles

on the wafer. Acetone and then fuming HNO3 is used to remove the photoresist and

clean the wafer. Finally, the primer hexadimethylsilazane (HMDS) is applied from the gas

phase. The HMDS forms a hydrophobic monolayer by attaching to the SiOH groups in

the SiO2 surface. The SiOH groups attract water and thereby hamper charge transport

and reduce the operational stability of the transistor.1 By passivating the SiO2 with a

monolayer, the drain current and stability of the transistor can be increased. A completed

wafer with 62 dies is shown in figure 2.2

Figure 2.2: A 150 mm wafer with 62 dies of 4 transistors each. The Au contact pads and the
leads to the source and drain contacts can be observed. The wafer was made in the MiPlaza
cleanroom.
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Chapter 2. Materials & methods

2.3 Semiconductor

Three different types of semiconductor were used in this thesis. A polymeric p-

type semiconductor, polytriarylamine (PTAA)2 applied by spincoating, a p-type self-

assembling monolayer molecule, chloro[11-(5””-ethyl-2,2’:5’,2”:5”,2”’:5”’,2””-quinquethien-

5-yl) undecyl] dimethylsilane (quinquethiophene - T5),3 was applied from solution and

n-type zinc oxide (ZnO)4 was applied by pulsed laser deposition (PLD).5

PTAA and the T5 derivative are both organic semiconductors.6 In organic semi-

conductors, the conductivity originates from conjugation, alternating single and double

bonds in the carbon backbone. Conventional plastics such as polyethylene have single

bonds and are insulators. Conjugated molecules have a highly localized electron density

in the hybridized π-orbital along the chain. The electron energy levels in the π-orbital

are concentrated in two bands, the Highest Occupied Molecular Orbit (HOMO) and the

Lowest Unoccupied Molecular Orbital (LUMO). Additional electrons added to the system

occupy states in the LUMO, leading to n-type transport. Electron vacancies are called

holes and lead to p-type transport in the HOMO. For transport between the molecules

and across defects in the polymer chain, the charge carriers have to hop across an energy

barrier. This hopping nature of the transport determines the charge transport charac-

teristics in organic semiconductors. Depending on the energy level, or work function, of

the contacts, p-type or n-type transport can be observed in the same organic material.9

The mobility of a semiconductor is a measure for the speed with which a charge carrier

moves through the material. Charge transport in thin-film transistors occurs in the first

few nanometers from the dielectric interface.10 Consequently, the mobility is greatly in-

fluenced by the device geometry11 and physical properties of the gate dielectric.7,8 The

mobility is therefore a device parameter and not just a material property.

PTAA was obtained from Merck-UK (batch no. S1124) and is commercially available

under the brand name Lisicon R©. The polymer is supplied dissolved in toluene in a 5 wt%

concentration. The stock solution was further diluted in toluene to obtain thinner layers.

Spin curves for different concentrations of PTAA and the chemical structure of PTAA are

displayed in figure 2.3. With the right concentration, layers between 20 nm and 300 nm

could be obtained. After spin coating the PTAA layers were first annealed in N2 flow to

remove residual solvents. The typical field-effect mobility obtained from PTAA on SiO2

was 2 · 10−3 cm2/Vs.

The self-assembled monolayer (SAM) semiconducting molecule was obtained from

the Enikolopov Institute of Synthetic Polymer Materials, Russian Academy of Sciences.

The SAM was dissolved in dehydrated toluene and the substrates were typically left in the

solution for two days. The solution was heated to 80 ◦C to accelerate the reaction speed.
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Figure 2.3: Spin curves for polytriarylamine (PTAA). The layer thicknesses are was obtained
after 30 seconds spincoating at the indicated speed. The inset shows the chemical structure of
PTAA.

The chloride reacts with the SiOH groups, allowing the molecule to chemically attach on

the SiO2 surface. To maximize the amount of reactive groups, the SiO2 surface was first

activated with HF before the substrate was inserted in the SAM solution. The molecules

form a closely packed 2D nano-crystal on the SiO2 interface, facilitated by the attractive

π − π interaction between the conjugated T5 groups. The crystalline structure allows

the holes to easily hop between the molecules. The resulting self-assembled monolayer

field-effect transistor (SAMFET) had a mobility of up to 5 · 10−2 cm2/Vs.

In ZnO, oxygen vacancies in the hexagonal crystal structure act as an n-type donor.

ZnO has a large bandgap between the valance and conduction bands of ∼3.3 eV. The

conduction band has an energy level of 4.45 eV, which is accessible with Au electrodes.

The ZnO was ablated by pulsed laser deposition with an ArF laser (193 nm) with 15

ns pulses. The high-density ZnO targets were prepared by pressing and subsequently

sintering high-purity fiber-grade Ultrex ZnO (J.T. Baker, Philipsburg, NJ) at 1300 ◦C in

air. Ablation was performed in an O2 atmosphere at 0.2 mBar on a substrate heated

to 400 ◦C. The PLD was performed with a rotating target in an off-axis geometry to

increase the area of uniform film thickness. The resulting film thickness was about 20

nm. After deposition the substrate was post-annealed in the O2 atmosphere at 400 ◦C

for 1 hour. The transistors were then ready for measurement and a typical mobility of

more than 1 cm2/Vs could be obtained.
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Chapter 2. Materials & methods

Figure 2.4: Chemical structures of (a) polyisobutylmethacrylate (PIBMA) and (b) the Teflon
derivative AF-1600.

2.4 Top gate and top insulator

In dual-gate-transistors and transducers, an insulating layer was applied on the semi-

conductor to act as the top gate dielectric. The insulator was applied by spincoating.

Two different insulating polymers, of which the chemical structures are shown in figure

2.4, were used. When applying polymers on top of organic layers, it is essential to ensure

the solvent used are orthogonal, meaning that the solvent used for the top layer should

not dissolve the underlying layer. For dual-gate transistors used in the dual-gate inverters

and for the dual-gate SAMFETs a single dielectric layer was used. For the polymeric

dual-gate transducer, a second dielectric layer was used to cover pinholes in the first

insulating layer to prevent shorts by water penetrating to the semiconductor layer.

For the dual-gate inverters and as the first layer of the top dielectric in the polymeric

transducer, polyisobutylmethacrylate (PIBMA) was used. PIBMA has a relative dielectric

constant, εr , of 2.2. The polymer was dissolved in 2-butanol in an 8 wt% concentration.

Spincoating at 1000 rpm for 30 seconds yielded a layer of ∼450 nm.

In the dual-gate SAMFET and as the top layer in the dual-gate transducer on top of

the PIBMA, poly[4,5-difluoro-2,2-bis(trifluoromethyl)-1,3-dioxole-co-tetrafluoroethylene]

(DuPont
TM

Teflon R© AF 1600), with a relative dielectric constant, εr , of 2.1 was used.

The AF 1600 was dissolved in the fluorinated compound FC-40 (a mixture of aliphatic

perfluoro compounds, 3M) in a 5 wt% concentration. Spincoating was performed in two

steps: first 3 sec at 1500 rpm to spread the highly viscous solution, then 25 sec at 2500

rpm to produce a layer thickness of about 350 nm.

The Au top gate for dual-gate transistors was applied by evaporation in an Edwards

E306 evaporator at a pressure of about 10−6 mbar. The Au was applied at a rate of

roughly 0.5 nm/s to a typical thickness of 50 nm.
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