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Abstract 

The key challenges in the development of organic electronics lie in the understanding of 

the charge transport physics and the realization of low cost device fabrication. 

Innovative studies on both aspects have been demonstrated in this thesis. On the 

fundamental side, first, charge transport and localization processes in various organic 

single crystal transistors have been investigated using a novel “air-gap”device geometry. 

Second, comparison of mobility - carrier density relation in polymer and single crystal 

transistors has been made by the utilization of different liquid gate dielectrics with 

extremely wide capacitance range, and fundamentally different charge transport 

mechanisms have been proposed. Third, direct measurement of the electrochemical 

potential at organic semiconductor/gate dielectric interfaces in electrolyte gated 

transistors has been achieved with the assistance of an embedded reference electrode. 

The correlation between the referenced turn-on voltages and the organic semiconductor 

ionization potentials has been discovered. Finally, an unusual negative differential 

transconductance behavior in electrolyte gated transistors upon inducing high gate 

carrier densities has been extensively investigated.  

 

On the application side, high performance polymer transistors and circuits were 

fabricated by a commercial aerosol jet printing technique. Printing not only saves the 

device manufacturing cost through its simple procedure, high throughput and low waste 

of materials, but also enables the fabrication of electronic devices over large area and on 

flexible substrates. All-printed transistors with exceptionally large transconductance of 

10 mS/mm under 1 V of operating voltage have been realized with the application of 

specially designed printable high capacitance (>10 μF/cm2) ion gel as the gate dielectric 

material. Various device configurations and parameters have been investigated to further 

reduce the fabrication cost and improve the operating speed. Based on these transistors, 

high performance, low voltage operation logic and analog circuits such as inverters, 

NAND logic gates, D Flip-flop circuits and ring oscillators have been demonstrated. 
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Part I   Background Information 
Chapter 1  Introduction 

1.1 Motivation 

For the past forty years, conventional microelectronic devices have been spectacularly 

successful in supporting the development of the world.1 The inorganic silicon and 

gallium arsenide semiconductors, silicon dioxide insulators, and metals such as 

aluminium and copper have been the backbone of the semiconductor industry. However, 

the inherent limitations of the flat and rigid semiconductor wafers prevent the 

application of inorganic microelectronics over large areas and on flexible substrates. In 

addition, the fabrication process for conventional microelectronics is costly and time 

consuming. 

 

Correspondingly, there is increasing interest in organic electronics to fill the niche of 

low cost, large area flexible electronics. Organic semiconductors are carbon rich 

molecules or polymers that have special electrical or optical properties. The intriguing 

discovery of electrical conduction in organic solids can be traced to the report on the 

dark conductivity and photoconductivity of anthracene crystals in 1906.2 Later on, the 

synthesis of tetracyanoquinodimethane (TCNQ) and its derivatives provided the first 

true organic metal with high electrical conductivity and activation energy.3 

Electroluminescence was found as the first organic solid state electrical effect in 

anthracene in the 1960s.4 The first organic field effect transistor based on 

semiconducting copper phthalocyanine was demonstrated in 1964.5  Meanwhile the 

foundations of our current knowledge of electronic excitations, energy transport, and 

photochemistry were all built.6 In 1977, Alan Heeger, Hideki Shirakawa, Alan 

MacDiarmid and their coworkers synthesized the conjugated polymer, polyacetylene, 

whose conductivity could transfer from insulator, semiconductor to conductor with the 

addition of trace amounts of donor or acceptor to the material.7 They were later on 

awarded the Nobel Prize in Chemistry in the year of 2000 based on this and related 

work. Nowadays, thousands of research papers are published each year regarding the 
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material, fabrication and characterization for organic electronics. Although organic 

semiconductors generally have narrow band width and low charge transfer speed (i.e., 

carrier mobility), they can still find a wide range of technological applications including 

organic field effect transistors (OFETs), organic light-emitting diodes (OLEDs), 

photovoltaic cells and solid state memory devices.8, 9 Fig. 1.1 shows several organic 

electronic products or prototypes.10 The combination of high-quality functional organic 

materials and the high-throughput printing fabrication process may lead to a new era of 

microelectronics, where these low-cost flexible electronics are incorporated onto the 

surfaces of a host of every day items such as magazine covers, books, gift cards, games, 

maps, or clothing. 

 

 

Figure 1.1 Applications in organic electronics. a) 3M 6 in × 6 in organic radio 
frequency identification (RFID) circuit array. b) Sony 27 inch organic light emitting 
diode (OLED) TV with 1,000,000:1 contrast ratio. c) Plastic Logic “take anywhere, 
read anywhere” display using E Ink® Imaging Film. d) Konarka Power PlasticTM solar 
cell based on conducting polymers.10  

a) b) 

c) d) 
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The field effect transistor (FET) is one of the most basic electrical devices in the 

semiconductor industry. The FET allows current to flow through the semiconductor 

between two contacts named the source and the drain. The current intensity is 

controlled by the transverse electrical field, which is induced through dielectric layer by 

applying voltage on a third contact called the gate.11 Since 1986, when the first OFET 

was reported based on conductive polymer polythiophene,12 a wide variety of organic 

semiconductors have been developed and many device performance related issues 

including stability, contact resistance, surface treatment and gate dielectric have been 

investigated.13 Nowadays, the charge carrier transport mobility of over 20 cm2/V·s has 

been reported in rubrene single crystal OFETs.14 For organic thin film transistors 

(OTFTs) based on solution processable polymer15 or small molecule16 semiconductors, 

mobility values as high as 1 cm2/V·s have been achieved, which is already comparable 

to the mobility of conventional hydrogenated amorphous silicon-based transistors.17 

With such mobility value, these transistors are fast enough for low current applications, 

such as backplane drivers for active matrix displays, sensors, radio frequency 

identification (RFID) tags, and other consumer electronics.11  

 

However, further progress in OFETs is limited fundamentally by the lack of thorough 

understanding of the charge transport mechanisms, and practically by the difficulty in 

the development of a set of functional materials (i.e., conductor, semiconductor and 

insulator) that are compatible with the high throughput printing fabrication process. My 

investigation on these issues can be mainly divided into three aspects. First of all, I 

studied the intrinsic and trap-related charge transport mechanism in a variety of single 

crystal field effect transistors. Second, I investigated and compared the gate dielectric- 

and carrier density-dependent charge transport in both single crystal and polymer 

transistors. Last but not least, I fabricated high performance, low voltage operation 

polymer transistors and different functional circuits utilizing a commercial printing 

technique.  
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Figure 1.2 shows the two transistor configurations that I have been used intensively. In 

Fig. 1.2a, a poly(dimethylsiloxane) (PDMS) stamp with a gap feature serves as the 

substrate and the semiconductor, organic single crystal in most cases, is seperated from 

the gate electrode only by air or vacuum. Compared to conventional organic thin film 

transistors, whose semiconductor layer is fabricated through vapor or solution 

deposition and their performance depend strongly on the fabrication details (e.g., the 

degree of crystallization of the organic film, the size and shape of crystal grain and the 

impurities induced during the process),18 single crystal OFETs provide a better platform 

to study the charge transport mechanisms. Because of its ultra pure nature and absence 

of grain boundaries, a single crystal minimizes variances in device operation and 

reveals the fundamental properties of materials and interfaces.19, 20 Furthermore, by 

using this “air-gap” configuration, I examined the intrinsic charge transport on the 

pristine surface of single crystals without worrying about the influence of the gate 

dielectric.14 Research on single crystal OFETs just started a few years ago.21 However, 

the progress is remarkably rapid. The intrinsic charge transport has already been 

reached14 with the evidence of a Hall effect.22, 23 Such intrinsic behavior has never been 

revealed in TFT counterparts. In this thesis, a systematic study of anisotropic and 

Figure 1.2 Transistor configurations a) Schematic sketch of the air-gap transistor. b) 
Schematic sketch of the fabrication steps of all-printed polymer transistors.  

a) b) 
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temperature dependent mobility of air-gap OFETs has been demonstrated based on 

three oligo-acene single crystals: pentacene, tetracene and rubrene. The approach of 

displacement current measurement has been introduced which enables the probing of 

injected and trapped carrier density during the operation of these transistors. The fact 

that rubrene OFETs have superior performance is explained by the small trap density in 

rubrene crystals.  

 

In addition, I have also fabricated liquid-gated transistors using the air-gap device 

configuration by filling the gap with two different liquid: silicon oil and ionic liquid. 

Ionic liquid is a solventless liquid electrolyte that polarizes upon the application of a 

bias. Compared to the low capacitance vacuum dielectric (~ 2×10-10 F/cm2), polarized 

ionic liquid has much larger specific capacitance (> 10-6 F/cm2) and induces a high 

carrier concentration up to 1015 cm-2 in the transistor channel that can hardly be realized 

by any other dielectrics. The silicon oil provides a dielectric capacitance value in 

between vacuum and ionic liquid. With this setup, the mobility-carrier density 

relationship in oligo-acene single crystals and thiophene-based polymer thin film 

transistors are characterized under the carrier density variation of more than four orders 

of magnitude. The experimental results reveal two fundamentally different charge 

transport mechanisms for these two types of transistors. The high polarization ionic 

liquid based dielectrics also leads to several unique fundamental studies, such as the 

correlation of transistor turn-on voltages with the ionization potentials of organic 

semiconductors, and the negative differential transconductance under high injected 

carrier density. 

 

The application of ionic liquid based dielectrics on polymer transistors is proved to not 

only reduce the device operation voltage but increase the charge transport mobility as 

well. Moreover, compared to other high capacitance dielectrics,15, 18, 24-26 the printability 

of ionic liquids makes them very promising functional materials for low-cost 

high-performance printable electronics. As shown in Fig. 1.2b, by collaborating with 
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Optomec, Inc., I have fabricated polymer transistors where all components (i.e., metal 

source and drain electrodes, polymer semiconductor, ionic liquid based dielectric and 

conductive polymer gate electrode, etc) are printed sequentially with good registration 

using aerosol jet printing technique.15 Printing not only saves the device manufacturing 

cost through its simple procedure, high throughput and low waste of materials, but also 

enables the fabrication of electronic devices over large area and on flexible substrates. 

Polymer transistors with mobility over 1 cm2/Vs and ON-OFF current ratio over 105 

have been fabricated, with fast switching response and good operational and 

environmental stability. Modifications such as all-organic transistors and coplanar-gate 

transistors have been investigated with the purpose of simplifing the fabrication 

procedures. Based on these ion gel gated transistors, functional circuits such as 

inverters, NAND logic gates, LATCH circuits, D-Flipflop circuits and ring oscillators 

have been printed. All of them demonstrate excellent performance under a few volts of 

operation voltage.  

 

1.2 Thesis Overview 

The text of this thesis is as follows: 

 

In chapter 2, the basics of organic field effect transistors (OFETs), including their 

geometry, operating mechanism, and characterization methods, are introduced. The 

general understanding of charge transport physics in organic semiconductors is 

summarized. Recent fundamental studies on single crystal OFETs, such as intrinsic 

charge transport, Hall Effect, anisotropic mobility, ambipolar performance, and 

dielectric localization effect are reviewed as well. 

 

In chapter 3, the history of electrolyte gated high carrier density transistors is introduced 

and two different dielectric gating mechanisms are explained. Recent progress in both 

fundamental studies and practical applications based on these special transistors is 

reviewed. These reviews have been prepared as a book chapter “Electrolyte gated 
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Electrolyte-Gated Organic Transistors and Their Applications” in Organic Electronics: 

Materials, Manufacturing and Applications, 2nd edition edited by H. Klauk. 

 

In chapter 4, the experimental methods for my research are demonstrated. For single 

crystal transistors research, the growth conditions for various single crystals, the 

fabrication of air-gap substrates, and the assembly of transistors are illustrated. In 

addition, the fabrication of conventional and all printed polymer transistors are 

discussed. 

  

In chapter 5, studies on rubrene, pentacene and tetracene air-gap single crystal OFETs 

are summarized. Various device geometries and characterization methods are 

demonstrated to characterize the anisotropic transport, temperature dependent mobility 

and carrier localization effect of OFETs based on different crystals. These results have 

been published as Y. Xia, V. Kalihari, C. D. Frisbie, N. K. Oh and J. A. Rogers, 

“Tetracene Air-Gap Single Crystal Field Effect Transistors”, Applied Physics Letters, 90, 

162106 (2007) and have been prepared for submission to Applied Physics Letters as 

“Charge Transport in Organic Single Crystal Transistors Studied by Displacement 

Current Measurement”. 

 

In chapter 6, a universal test-bed is introduced to gate single crystal OFETs and 

polymer OTFTs with vacuum, silicon oil and ionic liquid. Their mobility-carrier density 

relationships are demonstrated, and different charge transport mechanisms are proposed 

for these two types of transistors. These results has been published as Y. Xia, J. H. Cho, 

J. Lee, P. P. Ruden and C. D. Frisbie, “Direct Comparison of the Mobility-Carrier 

Density Relationship in Liquid Gated Organic Single Crystal and Polymer Transistors”, 

Advanced Materials, 21, 2174 (2009). 

  

In chapter 7, various ion gel gated polymer transistors are characterized with embedded 

reference electrodes in the electrolyte. The electrochemical potentials of the 
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electrolyte/semiconductor interfaces are investigated and a correlation between the 

referenced turn-on voltage and the ionization potentials of the polymers are revealed. 

Further, analysis of the transfer characteristics revealed a negative differential 

transconductance regime at high gate induced carrier densities (~1015 cm-2). These 

results has been published as Y. Xia, J. H. Cho, B. Paulson M. J. Renn and C. D. Frisbie, 

“Correlation of ON-state Conductance with Referenced Electrochemical Potential in Ion 

Gel Gated Polymer Transistors”, Applied Physics Letters, 94, 013304 (2009). 

 

In chapter 8, ionic liquid and ion gel gated rubrene single crystal transistors are 

characterized, with the focus on investigating current saturation and negative 

differential transconductance under high gate voltage. These abnormal phenomena are 

studied as a function of channel length, drain voltage and temperature with the 

assistance of reference electrode. These results have been prepared for submission to 

Physical Review Letters as “Negative Differential Transconductance in Ionic Liquid 

gated Rubrene Single Crystal Transistors”. 

 

In chapter 9, all printed ion gel gated transistors and inverters are demonstrated. 

Performance related issues such as mobility, reproducibility, operational stability, 

environmental stability and response time are investigated. All organic polymer 

transistors and inverters are illustrated as well, which holds great promising for 

low-cost flexible electronics. Part of these results has been published as J. H. Cho, J. 

Lee, Y. Xia, B. Kim, Y. He, M. J. Renn, T. P. Lodge and C. D. Frisbie, “Printable Ion 

Gel Gate Dielectrics for Low Voltage Polymer Thin Film Transistor on Plastic”, Nature 

Materials, 7, 900 (2008). 

 

In chapter 10, the investigations on printed ion gel-based electronics is expanded to a 

variety of printed ion gel gated circuits (e.g., transistor-loaded inverters, NAND gates, 

LATCH and D-flipflop circuits and ring oscillators). They all feature low operation 

voltage and decent switching speed. These results have been submitted to Advanced 
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Functional Materials as Y. Xia, J. H. Cho, M. Ha, M. J. Renn, and C. D. Frisbie, 

“Printed, Low Voltage Electrolyte Gated Circuits based on P3HT GEL-OTFTs”. 

 

In chapter 11, high performance printed ion gel gated polymer transistors and circuits 

employing coplanar gate geometry are demonstrated. The strong polarization of 

electrolyte dielectrics enables the charge accumulation even when the gate electrode is 

completely offset from the channel. This special configuration reduces the resolution 

requirements and simplifies the fabrication procedures of the device.  

 

In chapter 12, future research opportunities on both practical printing applicationa and 

fundamental single crystal studies are proposed. In particular, primary results on printed 

ion gel gated transistors based on sorted semiconducting carbon nanotubes are 

illustrated, which can be a potential candidate for high performance, low power circuits. 

Enabling both p-channel and n-channel charge transports, carbon nanotube-based 

complementary circuits including inverters, NAND gates and ring oscillators is 

demonstrated as well. These results have been prepared for submission to Nature 

Materials as “Printed Ambipolar Carbon Nanotube GEL-TFTs and Circuits”. 

 



 

  10 

Chapter 2  Organic Field Effect Transistors 
 
2.1 Charge Transport Physics in Organic Semiconductors 

Since the 1960s, numerous experiments have been performed and a series of theories 

have been proposed to understand the electronic process in bulk organic semiconductors. 

These works have been summarized by Pope and Swenberg,6 whose book provides the 

foundation for today’s study of organic semiconductor devices. Although the carriers in 

OFETs are accumulated in a 2-dimensional (2-D) channel instead of the bulk of the 

semiconductor, the 2-D vs. bulk charge transport mechanisms are similar.  

 

2.1.1 Charge transport in organic molecules 

The charge transport in organic molecules actually contains two separate processes: 

intramolecular transport and intermolecular transport. Intramolecular transport is 

feasible along the so called conjugated bond (i.e. alternating sequence of single and 

double bond, such as the aromatic rings and polyacetylene chains). For each carbon 

atom in the conjugated bond, the 2s electron orbital mixes with the px and py orbital to 

form the sp2 hybrid orbitals. The overlapping of these sp2 orbitals between neighboring 

atoms forms the in-plane σ-bond, which is very stable and holds the molecule intact. 

Meanwhile, the overlapping of the remaining pz orbitals form the π-bond above and 

below the plane of carbon atom, as sketched in Fig. 2.1.27 Electrons in the π-orbital are 

easy to be excited to form highly delocalized Kekulé states, and therefore contribute to 

the fast charge transport along the conjugated bonds of the molecule. This excitation 

process can be considered an electronic transition from the filled level (π valance-band 

Figure 2.1 Sketch of the π molecular orbital on a 
poly(p-phenylene vinylene) (PPV) chain segment.27 
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state) to the unfilled level (π*-conduction-band state), which is also known as π-π* 

transition. These molecular energy levels can be calculated using theoretical models 

such as the linear combination of atomic orbitals (LCAO) under the Born-Oppenheimer 

approximation.6 

 

2.1.2 Charge transport theories in ideal and defected organic crystal lattices 

In ideal organic semiconductors, molecules are arranged in a certain crystalline order 

under the influence of van der Waals (dipole) and quadrapole interactions. Fig. 2.2 

demonstrates the two most typical packing motifs, herringbone and parallel packing, 

which are observed in pentacene and poly(3-hexylthiophene) (P3HT) crystals, 

respectively.15 Such lattice structure strongly modifies the electronic structures of 

isolated molecules. This modification can be attributed to two different categories of 

electron-lattice interaction. 

 
First of all, a strong coupling between the geometric and electronic structures can be 

found in π-conjugated systems. The surrounding molecules affect the electron 

Figure 2.2 Herringbone vs parallel structure a) pentacene a-b basal plane, the 
molecules are arranged in the herringbone structure. b) poly(3-hexylthiophene) 
structure with parallel arrangement along b crystal axis.15 

b) a) 



Chapter 2    Organic Field Effect Transistors 
 

12 

wavefunction and cause the splitting of energy levels. The width of this splitting for a 

given crystal can be quantified from molecular orbital calculations through a factor 

called the transfer integrals. In a rough one electron LCAO approach, the transfer 

integrals (t) are determined by the electron-lattice interaction energy as: 

( ) ( )dVrHrt
i

ii∑∫= 00* ϕϕ                                              (2.1) 

where φ and H are the wavefunction and the Hamiltonian of the electron, respectively. 

In inorganic semiconductors such as silicon, the strong covalent interaction leads to 

large transfer integral values. As a result, wide conduction and valence band are found 

in silicon with the bandwidth approximately 12 eV. In cases of organic molecular 

crystals, the interaction energy is considerably weaker; hence extremely narrow bands 

are usually obtained. In organic semiconductors, the terms conduction and valence band 

are commonly replaced by lowest unoccupied molecular orbital (LUMO band) and 

highest occupied molecular orbital (HOMO band), since carriers are indeed highly 

localized at room temperature. A recent calculation showed that the width of the HOMO 

and LUMO bands in a pentacene single crystal are 0.608 eV and 0.558 eV, 

respectively,28 which are approximately 20 times smaller compared to the bandwidth of 

the silicon crystal. Such narrow bands limit the intermolecular charge transport. The 

speed of charge transport in a semiconductor can be characterized by the charge carrier 

mobility, μ. Macroscopically, mobility is the measure of the average carrier velocity per 

unit electric field. In fact, it is an intrinsic property which can be related to the 

electronic (band) structure of the materials: 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
== 2

2

2* dk
Edq

m
q ττμ                                                  (2.2) 

In Eqn. 2.2, τ is the average time carriers spend between two collisions, m* is the 

effective mass of the carrier, which depends on the curvature of the dispersion curve. 

Theoretically, a narrow band/orbital generally results in a small curvature and a low 

mobility. Meanwhile, charge transport in narrower band/orbital is also more easily 

affected by environmental noise such as phonons, photons and impurities. Therefore, for 



Chapter 2    Organic Field Effect Transistors 
 

13 

fast charge transport, the transfer integrals need to be maximized. Due to the nature of 

the asymmetric crystal structure, transfer integrals vary strongly with the 

crystallographic direction of the organic semiconductors. Transfer integral calculations 

in pentacene single crystals show that the charge transport is more desirable along the 

unit cell diagonal direction of a-b basal plane, while the interaction along c direction is 

negligible.28 

 
The second electron-lattice interaction involves the formation of polarons. A polaron 

can be considered as an electron-molecule or an electron-lattice coupling which results 

in the localization of charged carriers. The polaron formation process is sketched in Fig. 

2.329 and can be explained as follows:30 once an excited electron is introduced (e.g. 

from charge injection or electronic excitation process), the polarization of the 

corresponding molecule takes place almost spontaneously. Soon after this initial 

ionization (~10-14s), the molecule senses the influence of the absorbed electron, and 

alternates its bond lengths and angles to minimize the polarization energy. Meanwhile, 

the originally “free” excited electron starts to have stronger interaction with the local 

nucleus and is somewhat localized. Since the electron is not physically bonded to the 

molecule, this state refers to a molecular polaron state. If the electron is trapped as a 

molecular polaron for a long enough time (~10-13s), the surrounding molecules sense its 

Figure 2.3 Sketch of the polaron formation process.29 
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influence and undergo pronounced geomemtric relaxation, resulting in the formation of 

a lattice polaron. Electrons in this lattice polaron are strongly self-trapped. This 

localization phenomenon arises from the weak interaction between neighboring 

molecules in an organic molecular crystal. Imagine the electron as a pingpong ball. The 

charge transport in inorganic semiconductor such as silicon can be considered as rolling 

the pingpang ball on a solid surface (since the Si atoms are strongly bonded and hard to 

be deformed), while charge transport in organic molecular crystals is similar to rolling 

the pingpang ball on a sandy surface, which obviously requires more energy. 

 

The energy involved in polaron self-exchange (i.e., electron delocalized from one 

polaron, and being captured again to form a new polaron) is known as the 

reorganization energy, λ, which is another characterization factor of charge transport. 

Reorganization energy consists of both the geometric relaxation energy for the lattice 

going from the neutral state to the charged state and vice versa. These two portions of 

reorganization energy are nearly identical to one another and it has been shown that for 

a single molecule:31 

∑=
k

kk hS υλ 2                                                       (2.3) 

where h is the Planck’s constant, υk is the vibrational frequency of the kth vibrational 

mode, and S is the Huang-Rhys factor. Single crystals with lower reorganization energy 

are likely to have higher mobility.32 

 

2.1.3 Defect States in organic semiconductors 

The above discussion of charge transport is based on defect-free organic crystal lattices. 

In reality, defects such as lattice imperfections or chemical impurities always exist in 

organic electronic devices, which can be generated by the nature of the materials, the 

fabrication method, the device configuration as well as the operating environments.  

 

Lattice imperfections distort the intrinsic charge transport in several different ways.6 
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Deformations such as vacancies (Schottky defects) may decrease the polarization 

energy of the surrounding molecules, which act as anti-traps or carrier scattering centers. 

Line dislocations, on the other hand, always lead to the presence of accessible orbitals 

in the forbidden gap (between the HOMO band and LUMO band) of the organic 

semiconductors, and enable the trapping of carriers. In addition, dislocations also 

enhance the chemical reactivity in their vicinity, which may cause the accumulation of 

impurities. Larger size structural disorders such as grain boundaries and amorphous 

regions strongly distort the electronic structure of the semiconductors and can be 

considered as numerous carrier trapping sites. 

 

Impurities have more complicated effects on charge transport. In inorganic 

semiconductors, dopants such as boron and phosphorous form substitutional defects, 

which share electrons with neighboring host atoms and contribute extra free charge, and 

dramatically enhance the conductivity of the host semiconductors. However, organic 

molecular crystals are bonded by dipole and quadrapole interactions, which do not 

involve the sharing of electrons between neighboring molecules. Moreover, due to the 

asymmetric nature of the organic lattice, impurities do not commonly act as 

substitutional dopants. Instead, they always form interstitial defects and distort the 

original lattice geometry.  Although for some applications especially in 

electroluminescent devices the utilization of intentional doping of ionic impurities has 

been adopted to increase the conductivity of organic semiconductor film by several 

orders of magnitude,33-36 in most device operation process impurities are considered as 

deep traps for charge transport. For example, unintentional dopants such as oxygen or 

water molecules may cause the degradation of the device performance over time,37 or 

even eliminate the n-type behavior of the organic semiconductors.38  

 

Overall, most defects act as traps for electrons, holes or both. Each defect introduces a 

distribution of traps of varying trap depths, Et. If only the nearest-neighbor contribution 

is considered, the trap depth can be expressed as:6 
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≈
α                                                       (2.4) 

where a is the nearest-neighbor separation, Z is the number of nearest neighbors, Δr is 

the change in nearest-neighbor separation at a certain distance from the site of the defect, 

and α is the approximate molecular polarizability. Generally, traps close (Et within 

several hundreds of meVs) to the HOMO and LUMO bands of organic semiconductors 

are of special interest. In this region an exponential relation is always assumed to 

describe the density of state distribution of traps with 

energy, as sketched in Fig. 2.4.39 In certain traps, 

carriers captured there have the potential to be released 

to the LUMO/HOMO band with the assistance of 

electrical field, phonons, or other sources of energy. 

These traps generally have depth less than 100 meV 

and are recognized as shallow traps. Correspondingly, 

traps with relaxation energy larger than 100 meV can be 

considered as deep traps.  
 

2.1.4 Charge transport models in bulk organic semiconductors: band-like vs. hopping; 

MTR vs. VRH 

Along with the understanding of the interaction between molecules, polarons in organic 

semiconductors, and the influence caused by defects, several charge transport models 

have been proposed. The simplest model is called the band-like transport model, which 

is directly grafted from the inorganic semiconductors. In this model, electrons or holes 

are treated as totally delocalized wavefunctions transporting in the band structure, 

which is created from the lattice periodicity under Bloch conditions. The one electron 

band structure calculation on organic aromatic crystals can be traced back to 1960s.40, 41 

As mentioned, the width of bands in organic semiconductors is much smaller than 

inorganic materials (typically < 1 eV). 

Figure 2.4 Sketch of trap 
density of state distribution 
in organic semiconductors.39 
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Temperature always plays an important role in charge transport. In the band-like model 

of a perfect organic crystal, at higher temperature the electron-phonon interaction is 

more pronounced, which introduces extra potential barriers in the band and cause 

scattering of electrons. A sketch of this phonon scattering effect is shown in Fig. 2.5.6  

As the result, the carrier mobility decreases with increasing temperature as nT −∝μ , 

where 1 ≤ n ≤ 3 (n=1.5 for acoustic phonon scattering).  

 
Compared to the band-like transport model, the hopping transport model places 

emphasis on the localization of carriers, which is often the case in organic 

semiconductors. In this model, electrons are no longer considered as free moving 

wavefunctions. Instead, they are particles localized on individual molecules or defects. 

A sketch of the energy profile in hopping transport model is shown in Fig. 2.6. External 

energies (e.g., thermal, optical, and electrical energy) are required to assist those carriers 

to overcome the potential barrier and “hopping” to another site. Thus, this hopping 

transport can be thermally activated and carrier mobility increases with increasing 

temperature as ( )TkE BA−∝ expμ , where EA represents the activation energy of this 

process, and kB is the Boltzmann constant.  

Figure 2.5 Band transport model and carrier-phonon scattering.6 
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A simple way to distinguish which transport model is dominating in an organic 

semiconductor sample is by measuring the charge transport mobility. Mobility in 

band-like transport model is considerably larger than 1cm2/V·s at room temperature, 

while hopping transport commonly yields much lower mobility.  

 

Many crystalline organic semiconductors, especially single crystals in the application of 

OFETs, have mobility around 1cm2/V·s. Therefore, their carrier transport is controlled 

by the combination of hopping and band-like transport mechanism. Under this condition, 

the influence of crystal defects can be treated as trap states (including both shallow traps 

and deep traps) located in the forbidden gap of the energy profile, and the charge 

transport can be explained by the widely accepted multiple trap-and-release (MTR) 

model.42 In this model, each carrier spends a limited amount of time inside a trap before 

it can be activated. Once the carrier is released, it moves freely in the band until being 

captured by another charge trap, and all carriers undergo such trap-release-move process 

consecutively. Therefore, the overall charge transport speed is limited by the total 

trapping time, τtr, and the effective mobility can be expressed as:   

⎟⎟
⎠

⎞
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⎝
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μμ                                        (2.5) 

In Eqn. 2.5, μ0 represents the mobility of the material when band-like transport is 

achieved, and τ is the total time the carriers are propagating between the traps. Again the 

Figure 2.6 Hopping transport model with the influence of phonon and crystal defects.6 
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mobility experiences an exponential relationship with temperature, since the time of 

trapping is directly affected by the thermal activation energy. Instead of focusing on the 

motion of individual carriers, one can also assume that a large portion of the total 

carriers are permanently trapped while the rest are moving freely along the band under 

the thermal equilibrium state.43 Therefore, the carrier distribution follows the 

Boltzmann statistics, and the number of free carriers (e.g., holes) can be approximately 

calculated from the integral of total injected carriers as:  

( ) total
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where Nt is the trap density of state distribution and EF is the quasi-Fermi level of the 

material. In fact, the “effective” mobility of a transistor is proportional to the percentage 

of free carriers inside the channel, hence Eqn. 2.5 and 2.6 are essentially the same. 

 

On the other hand, the mobility of polymer and other amorphous organic 

semiconductors is generally several orders of magnitude lower than 1cm2/V·s, owing to 

the existence of numerous localization states in the forbidden gap. Consequently, charge 

transport in these materials is governed by hopping process. In addition, when the 

density of state distribution (DOS) of trap states is large enough compared to the carrier 

density, a carrier can either hop over a short distance trap site with a high activation 

energy, or hop over a long distance trap site with a low activation energy. This process 

is known as variable-range hopping (VRH).44 The hopping rate from site i to site j is 

given by: 45 
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where Rij is the distance between the sites, α is the effective overlap parameter of the  

electronic wave functions of the sites, and Eij is the Energy difference. Clearly, this 

probably combined the contribution of distance-related tunneling and energy-related 
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hopping, which is the key concept of VRH. If assuming the 2D DOS of the carrier 

localization sites (traps) varies exponentially with the energy as:  

( ) )exp(0)(
0Tk

EgEg
B

−=                                               (2.8) 

from the percolation theory, one can obtain the effective field-effect mobility of these 

transistors as a function of temperature and activation energy as:44 
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In this equation, BC is the percolation criterion, ks is the dielectric constant of the 

semiconductor, and Г is the Gamma function. Clearly, an Arrhenius-like temperature 

dependent mobility (or conductivity) is also obtained in VRH charge transport model. 

However, it is worth to note that the conductivity-temperature relationship is strongly 

dependent on the details of trap DOS. Indeed, by assuming a constant trap DOS instead 

of an exponential distribution, Mott, et al. has derived the relation: 

σ∝ exp{–(T0/T)1/4}.46 In addition, Shklovskii, et, al. introduced an Coulomb gap close to 

the Fermi level of the trap DOS under low temperature, which modified the charge 

transport as σ∝ exp{–(T0/T)1/2}.47 

 

2.2 Introduction to Organic Field Effect Transistors 

As one of the most fundamental electronic devices, the field effect transistor (FET) 

works differently compared to the bulk-transport devices such as resistors, diodes and 

bipolar junction transistors. During FET operation, carriers are highly concentrated in a 

thin layer which is responsible for charge transport. This is especially important in 

OFETs, since the intrinsic carriers density in bulk organic semiconductors are extremely 

low. In this section the basic operation and characterization of organic field effect 

transistor (OFET) is explained.  
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2.2.1 Device structures and working mechanism  

 
Figure 2.7 illustrates the cross section of four variations of lateral OFET structures.11 All 

of them consist of: gate insulator, organic semiconductor, and gate, soure and drain 

electrodes. Different stack structures may influence the performance of the transistor, 

but they have the same working mechanism. The OFET shows similar device 

performance compared to the traditional inorganic FETs, but it operates as accumulation 

mode devices while inorganic FETs are generally depletion or inversion mode device. 

For example, during the operation of a p-channel OFET, negative voltages VG and VD 

are applied to the gate and drain electrodes (compared to the source electrode). As a 

result the positive carriers are injected from the source into the active layer, which 

usually dominates the total amount of charge carriers inside the device (similar to that in 

SCLC). These injected carriers are accumulated at the gate insulator/active layer 

interface by the surface potential, which contributes first to filling trap states in the 

energy gap between the relevant carrier conduction levels. As the gate-source voltage 

reaches a threshold voltage VTH, the carrier injection fills all the deep trap states in the 

Figure 2.7 Different types of horizontal OFET electrode configurations.11 
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energy gap and thus makes a thin active layer close to the gate insulator interface, hence 

facilitating the carrier transport through the channel. The carrier flow is driven by the 

voltage bias, VD, applied between the source and drain electrodes. This region between 

the source and drain electrodes is defined as the transistor channel. The energy profile 

of the OFET is sketched along two directions in Fig. 2.8. Note the quasi-Fermi level of 

the active organic has been moved closer to the HOMO band under the negative gate 

bias, resulting in the formation of delocalized carriers.  

 
During OFET operation, the carrier concentration of the channel is controlled by the 

gate voltage, VG. When │VG - VTH│≥ │VD│, the speed of carrier flow is approximately 

linearly proportional to VD, and the device is said to be operating in the “linear” regime. 

On the other hand, if │VG - VTH│≤ │VD│, at the drain end of the device the gate 

insulator field is reduced to zero, which makes the channel at the drain side nearly 

pinched off and saturates the carrier flow. Under this circumstance the drain current is 

independent of VD, but only determined by VG. This region is defined as the “saturation” 

regime. In most organic semiconductors, transport of one type of charge is much more 

Figure 2.8 Schematic sketch of the band diagram of a p-channel OFET under a) zero 
VG state b) negative VG along the direction normal to the interface. c) and d) 
corresponding band diagram along the direction parallel to the interface from source to 
drain under negative VDS.   
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favorable than the other. OFETs favor hole transport are called p-channel devices, while 

those favor electron transport are called n-channel devices. For n-channel OFETs, 

positive gate voltages are generally required to turn on the device.  

 

An important feature in OFETs is that the carriers are usually accumulated in the first 

few monolayers of organic semiconductors, counted from the gate dielectric/organic 

interface. In other words, the channel thickness of the transistor is extremely small. The 

charge distribution across the organic semiconductor (normal to the 

semiconductor/dielectric interface) can be estimated from the Poisson’s equation: 

ε
ρ

−=2

2

dx
Vd                                                         (2.10) 

and Boltzmann’s statistics for the charge density: 48 
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In Eqn. 2.10 and 2.11, x is the direction normal to the gate dielectric/organic 

semiconductor interface (x = 0 at the interface). ε is the permittivity of the 

semiconductor, and ns, Vs refer to the charge density and potential at the interface. V is a 

function of position. The electric field can by obtained by integrating Eqn. 2.10: 
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Further integration of Eqn. 2.12 from x = 0 to x yields the potential expression, V(x). 

Finally, the expression of carrier distributions can be derived by combining the potential 

expression with Eqn. 2.11, 
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The latter equation is obtained since the integration of n(x) from x = 0 to x = ∞ should 

result in total amount of charge, approximately equal to CiVG (Ci is the capacitance of 

the dielectric layer). LD is known as the Debye Length. This equation was first derived 
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by Mott and Gurney in 1940.46 The thickness of transistor channel t is defined to meet 

the condition that the amount of charge calculated by integration of Eqn. 2.13 and is 

same to the amount of charge if a uniform channel layer is assumed, or  

( )∫ =
t

s tndxxn
0

                                                     (2.14) 

This yields the channel thickness of DL2 . For OFETs the Debye length is usually in 

the range of 0.1 to 1 nm, which is smaller than the thickness of one monolayer. 

Therefore, a defect-free interface is desirable in OFET fabrication. Moreover, the 

selection of the dielectric material also plays an important role in the device. From the 

expression of Debye length shown in Eqn. 2.13, one can conclude that the channel 

thickness is inversely dependent on the total amount of carriers. Larger accumulation of 

the charge actually results in a thinner transistor channel, hence the charge transport is 

more vulnerable to interface defects.  
 
2.2.2 Introduction to electrical characterizations of organic field effect transistors 

The quality of OFETs is usually studied by investigating the variance of channel current, 

ID during device operation. Two primary characterization curves are shown in Fig. 2.9, 

which are defined as the transfer (ID-VG) and output (ID-VD) characteristics, respectively.   

 

Transfer characteristics reveal the current change with the sweep of gate voltage. For a 

p-channel OFET, as shown in Fig 2.9a, the current is kept at a low level before a certain 

turn on voltage, VON. Under this stage the transistor is “off” and this current is called off 

current IOFF. As mentioned previously, when the gate voltage passes VON, the injected 

carriers start to flow and lead to a sudden jump in current (which can be clearly seen in 

the log scale). For an n-channel device, gate voltage is usually swept from negative to 

positive to turn on the device. For an ideal device, if the gate voltage is increased further 

and reaches │VG – VTH│≥ │VD│, the current will be linearly proportional to the gate 

voltage, as expressed by the traditional FET operation function:49 
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L and W refer to the length (i.e. separation between the source and drain electrode) and 

width of the transistor channel, respectively. C’ is defined as the sheet capacitance of 

the dielectric, which depends on the permittivity (ε) and the thickness (tdiel) of the 

dielectric layer. Threshold voltage, VTH, is obtained by making an extension line from 

the linear ID-VG curve and finding the voltage when it crosses the IOFF baseline. It is 

generally accepted that beyond this point the deep traps are totally filled by the injected 

carriers and the charge transfer becomes pronounced. The region between VON and VTH 

is called subthreshold region. From Eqn. 2.15, the mobility of the transistor can be 

obtained from the slope, also known as transconductance, gm, in the linear region of 

transfer characteristics: 
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Since the mobility obtained here refers to the accumulated charge carriers, its value is 

generally higher than the bulk mobility obtained from time-of-flight (TOF) 50 and space 

charge limited current (SCLC) 51 measurements. Other important parameters for OFET 

operation include the ON-OFF current ratio, ION /IOFF ,  which denotes the quality of 

current control, and the subthreshold swing, S= ( )DG IV log∂∂ , which represents the 

sharpness of the turn-on. To compensate for the different numbers of charges injected 

due to the different dielectrics, the intrinsic subthreshold swing, Si= S·C’, is sometimes 

reported.  

 

In fact, the ID-VG slope (gm) in the so called “linear” region is not always a constant. The 

cases of gm increasing with increase│VG│ and gm decreases with increasing│VG│may 

be observed in real OFET operation. The former is mostly due to the existence of large 

contact resistance, which will be minimized under large gate voltage. The latter, on the 

other hand, can be related to either the gate leakage current, or the exponential 

distribution of carrier traps (i.e. more trap sites when the quasi-Fermi energy is closer to 



Chapter 2    Organic Field Effect Transistors 
 

26 

the transport band).39 

 
Mobility of the OFET can also be determined from the saturation region (│VG - Vth│≥ 

│VD│) of the transfer characteristics, in which case a large drain voltage is usually 

applied. As discussed previously, at this stage the device is pinched off, and the “real” 

bias for charge transport along the channel is approximately equal to the gate voltage. 

Current expression in saturation region can be obtained by using VG - Vth to substitute 
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VD in Eqn. 2.15: 
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WI −= μ                                            (2.17) 

Therefore, in saturation region, gate voltage is linearly proportional to the square root of 

current, and the saturated mobility can be extrapolated from the slope. Generally, the 

calculated saturated mobility is somewhat higher than the linear mobility.52 

 

Theoretically, OFET properties can be characterized solely from the transfer 

characteristic. Nevertheless, output characteristics are also commonly studied, which 

also contain valuable information of device quality. Output characteristics reveal the 

current change with the sweeping of drain voltage. For p-channel devices, VD is always 

swept from positive to negative, while in n-channel devices the sweeping is along the 

opposite direction. As clearly shown in Fig. 2.9b, with increasing drain voltage (more 

negative in this case), the current experienced a transition from linear increase to level 

off (saturation). And the point where current starts to saturate approximately 

satisfies│VG│=│VD│. Using Eqn. 2.15 and 2.17, the mobility of the OFETs can also be 

calculated from output characteristics in both linear and saturation regions.   
 
2.2.3 Non-idealities in transistor performance 

Transistor performance can be strongly affected by carrier traps, which may arise from a 

variety of sources including the impurities and structure imperfection of the 

semiconductor, the selection of dielectric and electrode materials, the fabrication 

techniques, as well as the environment. In section 2.1.4, we already discussed how the 

carrier traps limit the charge transport mobility and lower the output current. 

Additionally, in OFETs, if the trapped carriers are not able to escape during the time 

interval of device operation, the total “free” carriers that exist in the transistor channel 

will keep reducing, which decreases the output current (at the same VG) and shifts the 

critical voltages for the following operations. For example, one may notice that in Fig. 

2.9a, the reverse sweeping of gate voltage yielded slightly lower current values 
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compared to the forward sweep, and the voltage for the transistor to turn off was 

negatively shifted compared to VON. Such hysteresis behavior is typically attributed to 

the time-related carrier trapping and releasing. Moreover, when a large enough VG (or 

VD) is applied for a long enough time, extra carrier trapping process can be induced 

which further deteriorate the performance of the transistor.39 This is known as the bias 

stress effect. 
 
In OFETs, fringe current is the current that flows from source electrode to the drain 

electrode without passing the transistor channel. A transistor channel is normally 

defined by the width of the source and drain electrodes (channel width, W) and the 

separation between them (channel length, L), as illustrated by the dashed lines in a 

sketch of a typical OTFT device structure (Fig. 2.10a). If the semiconductor thin film on 

top of the source and drain electrodes is wider than the channel width, it is possible that 

carriers can move out of the channel region but still contribute to the drain current, as 

sketched by the curved arrows in the figure. In this case, the real channel width for 

charge transport is underestimated, thus the mobility value calculated from Eqn. 2.15 

and 2.17 will be overestimated. Fringe current in OFETs can be avoided by patterning 

semiconductor layer narrower than the channel width. It can also be deemphasized if the 

width of the channel is much larger than its length. In device design, the channel aspect 

ratio W/L ≥ 10 is usually adopted to minimize this effect. 

 
Contact effect arises from the energy level mismatch between the HOMO band of 

gate gate 

source 
source 

drain 
drain 

gate delelctric gate delelctric 

Figure 2.10 Schematic sketch of OTFT device structure a) sketch of fringe current. b) 
four-probe correction, the organic semiconductor layer is patterned with the edge of 
source/drain electrodes. 

a) b) 

1 2 
organic 

semiconductor 
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p-type organic semiconductors (or LUMO band of n-type organic semiconductors) and 

the Fermi level of the source and drain contact electrodes. The influence of interface 

dipole layers, as well as the existence of interface defects increased this problem. The 

effect of contact can be considered as adding two extra resistors (or resistors and diodes) 

into the transistor circuit.48 Because of the contact resistance, a considerable portion of 

the voltage applied between the source and drain is used to assist the carrier injection 

and release rather than build the electric field over the channel. This effect can be 

directly studied through measuring the surface potential using conducting-probe 

potentiometry53 and scanning probe potentiometry.54 The quality of the contact can also 

be roughly predicted from the shape of the transistor’s characterization curve. In the 

“linear” region of transfer characteristics, bad contact results in increase of │gm│ with 

increasing│VG│. In output characteristics, bad contact causes curvature in the “linear” 

region and the leakage current in the saturation region.  

 

Contact resistance can be minimized by selecting the contact materials with appropriate 

work functions, as well as through special surface treatment. For example, contacts 

made by gold are generally suitable for p-channel OFETs, while calcium contacts are 

widely used for n-channel transport. Self assemble monolayers (SAMs) with thiol group 

such as 4-nitrobenzenethiol and trifluoromethyl-benzenethiol has been reported to 

improve the metal-organic contact.55, 56 

 

In fact, the intrinsic properties of the transistor can still be measured even with the 

existence of contact resistance. For example, the mobility of the transistor can be 

calculated from a combination of channel conductance DDd VIg ∂∂= and 

transconductance GDm VIg ∂∂= , since md gg  is independent of contact 

resistance.57 A series of these calculations have been reviewed by Gillez Horowitz. 48 

Moreover, a series of transistors with different channel length can be characterized, and 

the contact resistance can be estimated by extrapolating the measured drain current c to 

zero channel length condition. Compared to these approaches, four-probe measurement 
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is probably the most widely used method to compensate the contact resistance. In 

four-probe measurement, two additional electrodes are inserted into the channel with a 

certain distance between the source and drain electrodes, as sketched in Fig. 2.10b. 

Generally, these probes are just a few microns in width, and their length inside the 

channel is less than 1/10 of the channel width. Therefore, their influence to the charge 

transport inside the channel is negligible. During device characterization, the voltage on 

these two electrodes is measured without any current passing through. The mobility of 

the transistor in the linear regime can then be calculated from:58 

( )( )12'
'

' VVVV
L
WCI thGD −−=
μ                                          (2.18) 

Where L' is the separation between electrodes 1 and 2, here we define 1 as the one close 

to the source electrode. VG' is given by VG - (V1 + V2 )/2, which denotes the real gate bias 

applied between the two electrodes. Since no carriers are injected or ejected from these 

electrodes, the mobility obtained this way is independent of contact resistance.  

Furthermore, if we define L, L1, and L2 as the distance between source and drain; 

electrode 1; electrode 2, respectively, the voltage drop at the source and drain contact as 

well as the real voltage drop along the channel can be obtained as: 
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The contact resistances and the channel resistance can also be determined from these 

voltage drops and the drain current.  

 

A typical four probe measurement result is shown in Fig 2.11, which was obtained from 

a pentacene OFET with Al2O3 gate dielectric and Ca top contact.58 As can be seen in the 

figure, since Ca is not a good contact material for p-type pentacene film, the voltage 
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drop at the source and drain was pronounced, especially under low gate voltage. The 

contact resistance was at the same level compared to the channel resistance. It is also 

clear that under low voltage, the voltage drop at the drain electrode was considerably 

larger than that at the source electrode, indicating the major problem that impeded the 

charge transport was the carrier ejection rather than the carrier injection. This may arise 

from the inverted staggered (see Fig. 2.7) device structure used in this experiment. In a 

report on inverted coplanar structured polythiophene OFETs, the voltage drop at source 

was larger.59 It is also worth noting that in four-probe measurement, the organic 

semiconductors should be aligned well with the source/drain electrodes. i.e. the edge of 

the active layer should not exceed the edge of the source and drain electrodes on the 

side where extra electrodes are introduced. Otherwise the voltage sensed by electrodes 1 

and 2 is interrupted.60  

 
2.3 Organic Single Crystal Field Effect Transistors 

This section focuses on the fabrication and characterization of single crystal OFETs, 

which are probably the best candidates to investigate the field-induced intrinsic charge 

transport behaviors.61 Many charge transport behaviors reviewed here have never been 

observed in conventional OTFTs.  
 

ΔVS 

b) 

Figure 2.11 Four-probe measurement for pentacene OFETs based on Al2O3 gate 
dielectric and Ca top contact. a) voltage profile b) resistance profile.58 

ΔVD 

a) 
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2.3.1 Growth process for organic single crystals 

Organic aromatic crystals such as anthrancene have actually been grown 100 years ago.2 

The solution growth process is probably the simplest, yet still widely used method to 

grow crystals.15, 62-64 In this method, crystals are obtained by drop-casting or dip-coating 

the highly concentrated, or supersaturated organic semiconductor solution onto the 

desired substrate, and allowing the solvent to slowly evaporate. This approach can be 

applied for both small molecules32 and polymers,15 as long as solvent with appropriate 

volatility can be found to easily dissolve the source materials. It was also reported 

recently that the selection of solvent can affect the shape and surface smoothness of the 

grown crystal.62 Several crystals for OFET study were reported to be grown from 

solution phase. Their chemical structures are listed in Fig. 2.12.  

 
The simplicity in the solution process sometimes sacrifices the crystal quality, since 

some solvent may remain on the surface or inside the crystal and act as an impurity. 

Meanwhile, some commonly studied small molecules such as rubrene and pentacene 

can not be dissolved easily. Functional groups need to be attached to the backbone of 

these molecules to make them soluble, hence compromising the original crystal 

property.16 Last but not least, many solution grown crystals are relatively small in size 

and difficult to handle. The general strategy to avoid this problem is direct depositing of 

solution onto the substrate with pre-coated circuitry to make a device, as described by 
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Figure 2.12 Molecular structures of typical single crystals grown from solution. 
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Mas-Torrent, et al.63  
 

Most organic semiconductor crystals (OSCs) studied at present are grown from the 

vapor phase through the Physical Vapor Transport (PVT) method,14, 65, 66 similar to that 

described by Kloc, et al.67, 68 The general experimental setup is sketched in Fig. 2.13. 

Basically, a temperature gradient (typically, 2-5 ºC/cm) is generated by the heating coil 

inside a horizontal reactor (sets of glass or quartz tubes). The starting material is placed 

in the hottest region of the reactor, where the temperature is slightly above the 

sublimation temperature (Ts) of the material so that these materials can be vaporized. 

The organic vapor is then transported by a stream of carrier gas to the region under 

reduced temperature, where recrystallization takes place at the wall of the reactor. This 

PVT method can also function as a purification process for the starting material by 

careful control of temperature. The light impurities generally have lower Ts and 

recrystallize further downstream, while heavy impurities are either unable to evaporate 

and remain at the original position or are transferred a relatively short distance. Purity of 

the crystal can be substantially improved by using the obtained crystals as source 

material for subsequent growths. Even for the purest source materials purchased from 

the industry, one to two re-growth processes are generally required to make good 

quality single crystal OFETs.69  

 
The growth condition for the PVT process can be affected by several factors. The type 

of carrier gas, gas flow velocity, and the temperature gradient are three major influences. 

Vaporization 
region 

Growth region Light impurity region 

gas in gas out 

insulation tube 
gas flow tube 
growing tube 

heating coil 

sample boat 

Figure 2.13 Sketch of the physical vapor transport (PVT) crystal growth reactor. 
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Inert gas such as Ar is the most widely used carrier gas. Other common carrier gases 

include He and N2. For some crystals, H2 was also introduced to increase the surface 

mobility.14 The speed of crystal growth is codetermined by the gas flow velocity and 

temperature gradient. Generally speaking, faster gas flow and large temperature 

variance accelerate the crystal growth. Since the carrier gas always contain a small 

fraction of O2, which will cause photo-induced oxidation for most organic molecules,70 

the growth process should generally be performed in the dark. Moreover, some crystals 

need to be grown under reduced pressure (< 1 Torr) to decrease the operating 

temperature and prevent the starting material from thermally degrading. In fact, the 

quantitative correlation between the growth conditions and the crystal quality is unclear, 

and it may vary with different materials and reactors. Empirical growth parameters are 

usually obtained after multiple PVT runs.68 

 

The PVT process can yield 1D needle-like or 2D plate-like crystals with dimensions on 

the scale of centimeters. These crystals are generally grown perpendicular to the reactor 

wall and can be extracted with tweezers. Recent approaches by Bao, et al.71 placed a 

poly(dimethylsiloxane) (PDMS) patterned substrate in the PVT reactor. This allowed 

platelet single crystals to grow selectively on the rough surface of PDMS. It is worth 

noting that not all the materials are suitable for PVT growth. Some crystals are much 

easier to grow in one crystalline direction compared to others, and result in the 

formation of entangled wires or ribbons. For materials with low vapor pressure (e.g. 

oligo-thiophene and copper phthalocyanine), a high source temperature is generally 

required for growth, and the products are sometimes too small to handle.65, 68 
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In additional to the PVT process, several 

other vapor growth methods have been 

developed as well. The Vapor-Bridgman 

technique was reported to grow 3D bulk 

tetracene crystals.19 The conventional 

Bridgman technique, which was widely 

used in organic crystal growth, involves 

melting the original material in a closed 

glass ampoule and then allowing it to 

recrystallize under reduced temperature.50 

This technique is only suitable for 

materials that are stable upon melting (e.g. 

anthracene) and can not be applied to most organic semiconductors studied currently. In 

the Vapor-Bridgman technique, the crystal is grown from the vapor phase instead of the 

melt state. As sketched in Fig. 2.14a, the starting material is first sublimed inside the hot 

zone, and then recrystallizes at the cold region. The growth (recrystallization) front is 

controlled by slowly sliding the hot zone position, and eventually a bulk crystal can be 

obtained in the ampoule. A typical final product of bulk tetracene single crystal is shown 

in Fig. 2.14b. Finally, the crystal can be flushed out from the glass ampoule and sawed 

along desired crystallographic planes. The cutting surface can even be polished. 

However, it is reported that compared to the PVT method, crystal grown by 

vapor-Bridgman is more brittle and contains higher amounts of impurities.19  Other 

vapor growth approaches focus on controlling the growth condition of traditional 

physical vapor deposition (PVD) process, which is originally applied to deposit thin 

films. These methods include mask-shadowing vapor deposition,72 hot wall deposition73 

and hot wall epitaxy.72  Only small single crystals (~10 μm) can be obtained from them. 

Fig. 2.15 lists the chemical structures of some vapor-growth single crystals that have 

been used for OFET study.  

Figure 2.14 Vapor-Bridgman 
technique. a) Schematic sketch of 
experimental setup b) Image of the 3-D 
tetracene crystal.19    

a) b) 
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In inorganic semiconductors such as Si and GaAs, atoms are bonded covalently with 

strong interaction energy. In organic semiconductors, on the other hand, molecules 

(instead of atoms) are arranged under the influence of Van der Waals (VDW) forces 

(and other interactions such as quadrapole interaction) to form the crystalline structure. 

Due to the complicated nature of organic molecules as well as the weak VDW 

interaction (Ei∝ 1/r6, r denotes the separation of neighboring molecules), a common 

feature for organic crystals is their low degrees of symmetry. Fig. 2.16 demonstrates the 

crystal structure of Si and pentacene, a typical organic semiconductor. Compared to the 

silicon unit cell, which has a high symmetry (Fd3m space group), the unit cell in 

pentacene crystal is the lowest symmetry triclinic (P1 space group). As one of its 

complicated effects, this asymmetry plays an important role in determining the 
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Figure 2.15 Molecular structures of the single crystals grown from the vapor phase. 
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macroscopic shape of the grown single crystal. Theoretically, no matter whether the 

growth is from the solution or the vapor phase, crystals always tend to grow faster along 

certain directions with lower interaction energy, so that the total entropy can be 

minimized. The direction for “easy growth” depends on the packing and symmetry of 

the organic crystals. If the molecules are more easily attached along one direction than 

the others, a needle-shaped crystal is obtained. Plate-shaped crystals are formed when 

two or more directions in the same plane are equally feasible for growth. In fact, 

different growth conditions such as temperature, pressure and distribution of impurities 

may affect the molecular packing and the shape of the crystals as well.74, 75 Both platelet 

and needle-shaped crystal may be observed in the same growth batch. Fig. 2.17 shows 

the optical images of several OSCs. 

 
2.3.2 Fabrication of organic single crystal field effect transistors 

In single crystal OFET applications, the dielectric layer as well as the source, drain and 

gate electrodes are generally pre-constructed as a substrate, while the organic 

semiconductor single crystal is attached as the final fabrication step. This approach 

protects the fragile surface of single crystals and simplifies the process as much as 

possible. As a result, most single crystal OFETs have the inverted coplanar device 

b) a) 

a) b) c) 

d) e) f) 

Figure 2.17 Images of plate-like and 
needle-like single crystals a) tetracene b) 
pentacene c) perylene d) rubrene e) 
15,16-dithia-5,10-diazanaphtho(2,3-α)benz
o(c)anthracene f) poly(3-hexylthiophene) 
(P3HT). 

Figure 2.16 Unit cells of a) silicon and b) 
pentacene crystal lattices 
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structure with the gate bottom contact as well as source and drain top contacts, similar 

to that shown in Fig. 2.7. Other configurations have also been developed for special 

purposes.38 

 

In the early stages of the single crystal OFET study, crystal attachment is usually 

achieved from solution. For solution grown crystals, the supersaturated solution can be 

directly cast onto the pre-fabricated substrate, and allows crystals to eventually form 

between the source and drain electrodes.63 For vapor grown crystals, a nondissolving, 

volatile liquid such as hexane can be used to transfer the crystal to the substrate.76 Fig. 

2.18 shows the images of OFETs fabricated from solution. This is a valuable technique 

for those extremely small and delicate crystals. However, the drawback is equally 

important: as illustrated in Fig. 2.18, the location of the single crystals is highly 

unpredictable. Only a limited amount of crystals can be found with good connection to 

both source and drain top contacts. Even for these crystals, the alignment is random and 

the crystal orientation along the transistor channel is uncontrollable. Recent approach 

showed crystals can also be directly attached to the substrate during the vapor growth 

process, with the location of crystallization controlled by the poly(dimethylsiloxane) 

(PDMS) pattern.71 

 

Figure 2.18 OFETs with single crystals attached from solution. a) SC-OFET based on 
solution grown (ethylenethio)(ethylenedithio)-tetrathiafulvalene (ETEDT-TTF) single 
crystal across the gold electrodes. b) tetracene SC-OFET with the crystal transferred 
by hexane to the gold top contacts (black) on polymer dielectric.76 

a) b) 



Chapter 2    Organic Field Effect Transistors 
 

39 

Associated with the growth of relatively large (mm scale) and rigid crystals (mostly 

from the vapor phase), a crystal assembly technique called “flip-crystal” has been 

developed.23 This method involves flipping a single crystal onto the substrate (with 

circuitry on it) with tweezers or similar tools. The crystals are spontaneously attached to 

the surface of substrate under the electrostatic force. Fresh grown thin crystals with 

typical thickness of several microns are usually selected to ensure a good adhesion.  

With this method, crystals can be aligned between the electrodes with the most 

homogeneous surface and along the desired orientation, which directly improves the 

device performance and enables the anisotropic research. “flip-crystal” can be applied 

on both conventional SiO2 gate dielectric and polymer gate dielectrics. For the SiO2 

surface, a self-assembled monolayer treatment using hexamethyldisilazane (HDMS) or 

octadecyltrichlorosilane (OTS) before attachment of  the crystal have been reported  

to reduce the trapped charges at the interface, improve the crystal adhesion and the 

device performance.52 For the polymer surface, a “wavefront” can be observed through 

the semi-transparent single crystals when they are laid down. This “wavefront” 

indicates a good adhesion.77  

 
As mentioned previously, the charge transport in OFETs is strongly dependent on the 

interface conditions. Due to the unexpected disturbance in fabrication process and the 

nature of dielectric materials, interface defects always exist, which degrade the device 

performance. These interface influences include, but not limited to, charge trapping, 

charge doping, molecular reorientation, dipole formation, and possible chemical 

interactions.13, 76 A recent approach of air-gap single crystal OFET eliminated the 

Figure 2.19 Sketch of the fabrication of single crystal OFET with free space (air gap) 
gate dielectrics. Scanning electron micrograph of the step is also demonstrated.14 
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utilizing of any conventional gate dielectrics and revealed the intrinsic charge transport 

on the pristine surface of single crystals of organic semiconductors.14 This air-gap 

device structure, which has also been used primarily in my preliminary research, is 

sketched in Fig. 2.19.14 The PDMS stamp feature shown in the figure was obtained by 

casting the prepolymer of PDMS against a patterned photoresist master on a silicon 

wafer, and peeling the PDMS off from the master after curing. Then a thin layer of 

Ti/Au (20/170 Å) was coated through e-beam evaporation, and electrically isolated, 

well aligned electrodes are formed in the raised regions (source and drain electrodes) 

and the recessed region (gate electrode), respectively. This can be proved by the 

scanning electron micrograph image shown in Fig. 2.19. Finally, single crystal is placed 

on top of the PDMS and made good contact with the metal electrodes through Van der 

Waal’s force. As shown in the figure, the crystal is free standing on the gap between the 

raised regions. This gap served as gate dielectric layer, which can be made out of 

vacuum, air or any other gas.  

 

Such an air-gap device feature allows the selection of relative thick single crystals, since 

good adhesion between the single crystal and gate dielectric is no longer required, and 

the flexible electrodes fit better with the relatively rough surface of thick crystals. 

Furthermore, these thick crystals can be removed from the stamp without serious 

damage to the surface, and then relaminated at different orientations so that the role of 

crystal anisotropy on transport can be investigated. Another important feature for 

air-gap single crystal OFETs is their low capacitance. Due to the small dielectric 

constant (k ≈ 1) and relative thick dielectric layer (tox ≈ 5 μm), the sheet capacitance for 

air-gap device is approximately 100 times smaller compared to the conventional SiO2 

based organic transistors, hence the injected carrier density is considerably lowered.78  

 

2.3.3 Charge transport behaviors in single crystal field effect transistors 

Anisotropic mobility (i.e., carrier transport though different directions of the crystal at 

different speeds) is exclusively observed in single crystal OFETS, which arises directly 
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from the asymmetry of organic crystal structures. Generally, the orientation with the 

best overlap between neighboring molecules is the most feasible direction for carrier 

transport. This has been clearly proven by Vikram, et al., by relaminating the same 

rubrene single crystal with different orientations onto the metal coated air-gap PDMS 

substrate (as discussed in last section) and measuring the charge transport mobilities 

along these directions.79 The mobility variance with orientation is shown in Fig. 2.20a. 

The shape of the crystal was related to the axes of rubrene unit cell by Laue diffraction. 

As illustrated in Fig. 2.20b, the rubrene single crystal has an orthorhombic unit cell with 

4 molecules per cell. It was proved that the charge transport took place on a-b basal 

plane, with the 180˚ and 360˚ direction (Fig. 2.20a) correspond to charge transport 

along b axis, and the 90˚ and 270˚ direction corresponds to charge transport along a axis. 

A full 360˚ rotation of crystal revealed that the mobility of the crystal decreased 

gradually from b axis to a axis. According to the herringbone packing of rubrene a-b 

plane, the molecular overlapping along b axis is much stronger than that along a axis, 

and the distance between adjancent molecules is also closer for b axis (in the rubrene 

single crystal the lattice constant along a axis is 14.4Å, along b axis is 7.2Å). Therefore, 

the trend of mobility change is theoretically favorable. 

 
Lee, et al. developed an alternative approach to studied the anisotropic properties in 

Figure 2.20 Anisotropic mobility in rubrene single crystal OFETs. a) polar plot of the 
linear (black) and saturation (red) mobilities at the a-b surface. b) crystal structure on 
a-b plane.79 

b) a) 
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SC-OFETs.80 Instead of relaminating the organic single crystals, they deposited a 

fan-shaped electrode structure on top of the back-gated SiO2. As presented in Fig. 2.21a, 

each “line” on the AuPd surface is actually a channel that separates the adjacent 

electrodes. A pentacene single crystal was finally attached onto this substrate so that a 

series of transistors was spontaneously fabricated at the same time. Channels between 

different electrodes reveal the mobility along different orientations of the pentacene 

singe crystal. The result is plotted in Fig. 2.21b. Again pronounced anisotrpic mobility 

was observed. Further research also showed that the threshold voltage, VTH, and 

subthreshold swing, S, did not comparatively depend on the charge transport direction. 

Similar anisotropic mobilities have also been reported by Bao, et al.64 and Takeya, et al.  
23on derivatives of oligothiophene single crystals-based OFETs.  

The typical temperature dependent mobility variance for rubrene single crystal air-gap 

OFETs is illustrated in Fig. 2.22a, which was reported by Podzorov, et al.14 Two 

transport regimes can be clearly distinguished from the plot. At high temperature, the 

mobility increased with cooling, while at low temperature, the mobility decreased 

rapidly with cooling. The crossover between these two trends took place at 

approximately 150K for this device. This mobility behavior can be explained by the 

multiple trap-and-release (MTR) model. At high enough temperature, the time a polaron 

Figure 2.21 Anisotropic mobility in pentacene single crystal OFETs. a) optical 
microscope image of single crystal pentacene on the fan-shaped AuPd electrodes. b) 
polar plot of mobility.80 

b) a) 



Chapter 2    Organic Field Effect Transistors 
 

43 

spent in the shallow traps, τtr, (which is exponentially related to the detrapping energy) 

was significantly reduced and became negligible compared to the time the polaron 

propagated between the traps (τtr << τ). Therefore according to Eqn. 2.5, the mobility 

obtained in this regime should be independent with temperature and approximately 

same to the intrinsic mobility of the material. In reality, a slightly increase of mobility 

upon cooling was observed due to the decrease of polaron-phonon interaction on 

cooling. At low enough temperature, the time of trapping dominated the carrier 

transport (τtr >> τ), thus the mobility was thermally activated. Similar crossover 

behavior of temperature dependent mobility has also been observed in OFETs based on 

tetracene19, 69 and anthrancene81 single crystals. However, in pentacene43 and 

copper-phthalocyanine (CuPc) single crystal OFETs,82 only thermally activated charge 

transport was observed within the tested temperature range.  

 

Figure 2.22 Temperature dependent mobility and threshold voltage for a rubrene 
air-gap single crystal OFET. a) along both a and b axes, the inset shows the electronic 
states near the HOMO energy. b) before and after X-ray exposure, the activation 
energy is ~70meV.14 

b) a) 
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The activation energy EA for thermally activated charge transport in OFETs can be 

calculated from the mobility variances as:  

( )
( )T
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∂
∂
⋅−=

μ                                                   (2.12) 

Usually, the value of the activation energy is affected by the applied gate voltage. For 

example, for a p-channel pentacene single crystal OFET, EA was found to decrease with 

increasing│VG│ (more negative).43 This behavior can be attributed to the shifting of 

quasi-Fermi level in the electronic structure of the material: As the gate voltage │VG│ 

was increased, more carriers were injected and accumulated, which gradually filled the 

traps and correspondingly pushed the quasi-Fermi level down towards the HOMO band 

of the crystal. In other words, high gate bias decreased the gap between the lowest filled 

trap site and the HOMO band of the crystal. As a consequence, the activation energy (EA) 

required to set free those carriers trapped in shallow trap site was reduced. 

 

Deep and shallow trap levels of the organic semiconductors can also be defined 

according to the quasi-Fermi level at the threshold gate voltage VTH, as sketched in the 

inset of Fig. 2.22a. On cooling, the threshold voltage for this rubrene single crystal 

OFET was observed to shift negatively. According to Podzorov, the deep traps density 

of state distribution can be approximately expressed as: 14 
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For the rubrene single crystal OFET under investigation, the shift in VTH was explained 

by the moving of quasi-Fermi level towards the HOMO band with decreasing 

temperature. Based on Eqn. 2.13, the approximately linear VTH –T relationship shown in 

Fig. 2.16a indicates that the trap density of state distribution for the whole range of 

quasi-Fermi level shifting (~0.1eV near the HOMO band) remains unchanged. This 

result is different from the widely accepted exponential (or Gaussian) distribution of 

trap states. The authors also intentionally exposed the device to X-ray to introduce extra 

defects into the crystals. As shown in Fig. 2.22b, after exposure the threshold voltage 
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shifted considerably while the mobility remained unchanged within the whole 

temperature range. As a conclusion those induced defects contributed to deep traps only 

and did not affect the charge transport.  

 

Recently, independent work by Podzorov et al.22 and Takeya et al.23 observed the Hall 

effect in rubrene single crystal OFETs, which successfully proved that the charge 

transport in these devices is indeed intrinsic under room temperature. The typical Hall 

effect results are shown in Fig. 2.23. 

 
The device structure for the Hall effect measurement is sketched in the inset of Fig. 

2.23a. The experimental procedure is straightforward: VG and VD were applied as in 

regular OFET operation; under the influence of the external magnetic field, B, normal to 

the paper, Hall voltage, UH, can be observed and measured between electrodes 1 and 2. 

Nevertheless, it is the physics behind this phenomenon that reveals the importance of 

this experiment. The Hall effect arises from the velocity of electrons when they are 

“freely” transported along the band. A carrier hopping between the trap sites, on the 

other hand, does not have a classic velocity, thus will not sense the Lorentz force.22 

Although the Hall effect in hopping regime may still arise from a quantum interference 

Figure 2.23 Hall effect in rubrene single crystal OFETs. a) Hall voltage and magnetic 
field as a function of time, the inset shows the top view of the device in which rubrene 
single crystal connects four electrodes. b) temperature dependence of the Hall mobility 
(blue dots) and the mobility calculated from transistor characteristics (open circles).22 

b) a) 
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mechanism,83 the magnitude of this Hall voltage is significantly smaller and the Hall 

mobility will be exponentially dependent on temperature.  Indeed, the Hall effect has 

never been observed in the conventional OTFTs, primarily due to the carrier trapping.  

 

Hall effect experiments also allow for the individual measurement of carrier density nH 

and carrier mobility μH, as given by the equations: 

teU
BI

eR
n

H

D

H
H ==

1                                                   (2.23)             

WBV
LU

R
D

H
HH == σμ                                                 (2.24) 

here RH is defined as Hall coefficient, σ is the channel conductivity, and t is the 

thickness of the channel. In regular transistor characterization (Eqn. 2.15 and 2.17), only 

the product of carrier density n and mobility μ is measured ( μ⋅∝ nI D ). The mobility 

can not be extrapolated without the estimation of carrier density from gate capacitance 

(n ≈ Ci·VG). It is worth noting that the n and μ value is qualitatively different compared 

to nH and μH obtained from Eqn. 2.14 and 2.15. Since the Hall effect is mainly related to 

the band transport carriers, μH is approximately the intrinsic mobility of the crystal, μH ≥ 

μ. Similarly, nH is just the portion of carriers which move “freely”, nH ≤ n. The 

temperature dependence of μH and μ has also been studied and is shown in Fig. 2.23b. 

As can be seen, at high temperature (T > 260K), μH and μ were approximately the same 

and both increasd with decreasing temperature. Therefore, within this temperature range, 

the charge transport in this rubrene single crystal was intrinsic. After continuous cooling, 

μ started to decrease, which indicates the device experienced a crossover from band-like 

transport to thermally activated transport. The Hall mobility μH, on the other hand, kept 

increasing with decreasing temperature as the proof of its intrinsic nature. The same 

report has also calculated the portion of band transport carriers (nH /n). Its value was 

higher than 90% at T > 260 K, and eventually dropped to approximately 40% at T = 175 

K. With the evidence from these Hall effect measurement and analysis, the charge 

transport behavior in organic semiconductors becomes clearer then ever. 
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Research by Morpurgo, et al. found that rubrene SC-OFETs with high k gate dielectrics 

tend to have lower mobility.84, 85 As shown in Fig 2.24, which was based on a wide 

variety of gate dielectrics (Ta2O5, k = 25; Al2O3, k = 9.4; Si3N4, k = 7.5; SiO2, k = 3.9; 

Parylene C, k = 3.15; Parylene N, k = 2.65; air-gap PDMS, k = 1), the mobility 

decreased with increasing dielectric constant (the auther use ε to represent the dielectric 

constant) and they approximately followed log(μ)/log(ε) = -1. Moreover, the 

temperature dependent mobility result (Fig. 2.18b) showed that the charge transport in 

rubrene changes from band-like to thermally activated with increasing k. This behavior 

was attributed to the formation of Fröhlich polarons when the gate dielectric was 

sufficiently polar.85 Generally, the polarons formed by the localized charge and the 

molecule it sits is called Holstein polarons, which has a short-range interaction. Fröhlich 

polarons, on the other hand, have a longer range of interaction. They are quasiparticles 

consisting of a charge carrier bound to an ionic polarization cloud in the surrounding 

medium, i.e. the gate dielectrics. The temperature dependent mobility for strongly 

coupled Fröhlich polarons follows: 

b) 
Figure 2.24 Influence of gate dielectric on the mobility of rubrene single crystal 
OFETs. a) decrease of mobility with increasing ε, the inset shows log(μ) and log(ε) 
shows linear relationship, with slope equal to -1. b) temperature dependent of 
mobility.84  

a) 
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where a is the hopping length of charge carriers, ωs is the characteristic frequency of the 

interaction between a free electron with a dispersionless optical phonon (which cause 

the formation of Fröhlich polaron), and Δ is the activation gap. ωs decreases with 

increasing k, while Δ increases with increasing k. Therefore in reality, charge transport 

in OFETs is always affected by the gate dielectrics, no matter how good the 

semiconductor/dielectric interface is. Such affections are more pronounced when high 

polarity gate dielectrics are adopted.  
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Chapter 3  Electrolyte-Gated Organic Transistors and their 
Applications 

 
3.1 Introduction of Electrolyte-Gated Organic Transistors 

Electrolyte has been applied to facilitate the carrier accumulation in organic 

semiconductors for more than 50 years. The section reviews the development of various 

electrolyte systems and the gating mechanisms of electrolyte dielectrics. In addition, 

this chapter also covers the performance-related issues of electrolyte gated transistors as 

well as the recent discovery of special charge transport behaviors under high injected 

carrier density. 

 

3.1.1 The development of electrolyte-gated transistors 

As mentioned in previous chapter, the carrier density in OFET is mainly controlled by 

the capacitance of the gate dielectric and the voltage applied on the gate electrode. 

Given the relatively low carrier mobility (< 10 cm2/Vs) in most organic semiconductors, 

high capacitance gate insulators have drawn increased attention for realizing sufficient 

conductivity under low voltage operation. In conventional field effect transistors, the 

capacitance of the dielectric can be expressed as: C’= kε0/d, where k is the dielectric 

constant, d is the thickness of the dielectric layer.49 Therefore, in order to increase the 

gate capacitance, organic transistors gated by high dielectric constant (high-k) materials 
15, 18, 24-26 or ultra-thin films (including self-assembled monolayers/multilayers and 

cross-linked polymers) 64, 86-90 have been demonstrated.  

 

Compared to these recently developed strategies, the idea of electrolyte dielectrics 

enhanced semiconductor carrier density can be traced back to fifty years ago, 

subsequently developed after the invention of first transistor.91 Today it still serves as a 

powerful method to examine charge transport mechanisms in various novel inorganic 

semiconductors.92-96 Electrolytes are ionic conductors but electron and hole insulators. 

The prompt motion of positive and/or negative ions under an electric field creates strong 

accumulation of space charges at the electrolyte/semiconductor interface. As the result, 
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an exceptionally high concentration of free carriers (i.e., electronics or holes) inside the 

semiconductor can be induced electrochemically or electrostaticly, the detail of which 

will be explained later in the text. The motion of the ions in the electrolyte can be 

strongly affected by the existence of other chemical species, which facilitated the 

development of a whole new category of transistors: ion sensitive field effect transistor 

(ISFET) for chemical sensor since year 1970.97-99  

 

In 1980’s, soon after discovery of the first conductive polymer,7 Wrighton and others 

developed the approach to dope conductive polymers electrochemically through liquid 

electrolytes.100-106 This can be considered as the first generation electrolyte-gated 

organic transistors, where the electrolytes were made from small inorganic ions such as 

K+, Li+, ClO4
-, PF6

-, etc, dissolved in organic or aqueous solutions, and a reference 

electrode immersed into the electrolyte served as the gate electrode for the transistor. 

Clearly, a transistor with a flowable liquid and hanging electrode is non-ideal for 

practical applications. To solve this problem, approaches including using electrolyte 

wetted filter paper107 and post-encapsulation103 have been proposed, while the most 

favorable strategy would be so called polymer electrolyte dielectrics which consist of 

ionic species dissolved in solvent-less polymers such as poly(ethylene oxide) (PEO).108 

During transistor fabrication, polymer electrolyte can be easily cast from solution, and 

the gate electrode can be directly deposited on top of the electrolyte after drying. Under 

the gate electric field, the motion of ions is coupled with and facilitated by the 

large-amplitude excursion of the polymer’s ethoxy segment, which results in a fairly 

high ionic conductivity comparable to that in dilute liquid electrolytes.109, 110 Hence, in 

the past decade, polymer electrolytes, in particular (LiClO4) in PEO, have been widely 

adapted to gate a variety of novel high quality organic semiconductors (including 

organic single crystals,23, 111 small-molecule thin films,69, 112carbon nanotubes,113 and 

polymers114-119) for low voltage operation transistors. In addition, Berggren, et al. 

introduced solid acidic polyelectrolytes, in which the polymers themselves contain 

immobile polyanions and mobile protons.120-123 Moreover, Österbacka, et al. have 
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demonstrated the use of polyvinylphenol (PVP) as a gate dielectric, where low 

molecular weight protic solvent such as water vapor in a moist environment can be 

dissolved to facilitate charge accumulation.124-127  

 
The development of electrolyte gated transistors was furthered when the conventional 

inorganic ions in the electrolytes were replaced by ionic liquids. Ionic liquids can be 

considered as liquid salts at room temperature, which typically consist of nitrogen 

containing cations and organic or inorganic anions.128, 129 Compared to other electrolytes, 

ionic liquids are generally inactive, impermeable, and have negligible vapor pressure.28 

With such thermal and environmental stability, electrolyte gated transistors based on 

ionic liquid has been illustrated for daily applications such as electronic textiles.130 Ionic 

liquids can also be dissolved in cross-linked polymer networks to increase its 

mechanical strength.131-133 Moreover, when appropriate triblock copolymers are mixed, 

the gelation of the electrolyte can take place at a polymer concentration as low as 5%.102, 

134-136 Consequently, the fraction of ions in the dielectrics are enhanced and the ion 

motion can be dissociated with the polymer chain segment, resulting in a higher ionic 

Figure 3.1. Molecular structure of three commonly reported solid electrolytes a) 
LiClO4 in PEO (polymer electrolyte) b) P(VPA-AA) (polyelectrolyte) c) 
{EMIM}{TFSI} in PS-PMMA-PS (ion gel). 
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conductivity (~10-3 S/cm) compared to PEO-based polymer electrolyte (~10-4–10-5 

S/cm).102, 110 High ionic conductivity favor both high capacitance and fast polarization, 

hence considerably enhancing the response time of electrolyte gated transistors.137 

Recently, ion gels have been demonstrated to gate various polymer transistors and 

circuits, with switching speeds as fast as 1kHz.15, 88, 137 Meanwhile, ionic liquids and 

gels have also been applied to a variety of organic and inorganic transistors to facilitate 

the fundamental study of charge transport.88, 95, 96, 138-142 The molecular structure of a 

typical ion gel, 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide 

({EMIM}{TFSI}) in poly(styrene-block-methyl methacrylate-block-styrene) 

(PS-PMMA-PS), is shown in Fig. 3.1, along with two other commonly reported solid 

electrolyte gate dielectrics: LiClO4 in PEO (i.e., a polymer electrolyte), and poly(vinly 

phosphonic acid-block-acrylic acid) (P(VPA-AA)) (i.e., a polyelectrolyte).   
 
3.1.2 The gating mechanisms in electrolyte-gated transistors 

In electrolyte gated transistors, it is the motion of the ions that ultimately controls the 

density of the carriers and the speed of the carrier transport in the semiconductor. In 

particular, depends on the ion movement at the electrolyte/semiconductor interface, the 

Figure 3.2 Schematic sketch of the cross-sections of electrolyte gated transistors 
undergoing electrochemical doping (left) and electrostatic gating (right), 
respectively.115  
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operation of electrolyte gate transistors can be attributed to two distinct mechanisms, 

electrochemical doping and electrostatic gating, as illustrated in Fig. 3.2.115 

 

The key feature in the electrochemical gating process is the diffusion of ions into the 

bulk of the organic semiconductor, which serve as counterions to free the electrons or 

holes in organic molecules, similar to a chemical doping process. As systematically 

studied by Wrighton, et al., semiconducting polymers such as polyaniline, 

polyacetylene, polythiophene, polypyrrole and their derivatives could be oxidized 

through the electrochemical doping of various negative ions.100-106 During oxidation, the 

electrons formed polaron states in polymer bandgap, hence significant increased (> 106) 

film conductance. An opposite gate voltage can be applied to undope the polymer to its 

neutral, low conductance state. In poly(3-hexylthiophene) (P3HT), this reversible 

electrochemical process can be expressed as: P3HT + A–↔P3HT+A– + e– (to electrode), 

where A– is the anion. Another typical example, as demonstrated by Berggren, et al., is 

the electrochemical doping of poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate) 

(PEDOT:PSS).143-145 PEDOT:PSS is one of the most favorable conductive polymers, 

where PEDOT molecules are originally chemically doped by PSS to its semi-oxidized, 

conductive states. The introduction of cations reduced the PEDOT, thus significantly 

decreasing the film conductance. This process can be expressed as PEDOT:PSS + C+ + 

e– ↔ PEDOT0 + C+:PSS–, where C+ is the caion. In fact, a wide variety of 

electrochemical transistors have been demonstrated for chemical and electrochemical 

sensor applications,146, 147 which will be addressed in the text later. It is worth noting 

that there is actually no chemical reaction takes place during the electrochemical gate 

process. However, the response time of electrochemical transistors is still significantly 

limited by the diffusivity of the ions in the bulk of the semiconductor. 

 

On the other hand, the case where ions do not penetrate into the semiconductor is the 

electrostatic gating process. Instead, the motion of ions under the gate field causes a 

strong space charge polarization at the electrolyte side of the interface, which 



Chapter 3    Electrolyte-Gated Organic Transistors and their Applications 
 

54 

compensates the transfer of free carriers in the semiconductors. The ions in the 

electrolyte side and the induced charge carriers at the semiconductor side of the 

interface together form an interfacial electric double layer called a Helmholtz layer.93, 148 

Subsequently, another double layer is formed at the gate/electrolyte interface. There are 

different equivalent circuit models to detail the working mechanism of such electrolyte 

dielectrics.149, 150 Briefly, we can consider the double layers at the interfaces as two 

parallel-plate capacitors, which are connected in serial to gate the semiconductor (i.e., 

assume the bulk of the electrolyte to be charge neutral with no resistance). Similar to 

that in conventional field effect transistors,49 the 2-D capacitance of each electric double 

layer may be expressed as: C’= kε0/d, where the thickness of the double layer (d) is 

mainly determined by the diameter of a single ion molecule (typically around 1 nm).93 

Therefore, for most electrolytes, although their dielectric constants are not particularly 

large compared to high-k materials (e.g., 12 for {EMIM}{TFSI} vs. 20 for hafnium 

oxide HfO2), their exceptionally low “effective” dielectric thicknesses gives rise to 

ultra-high specific capacitances (>1015 μF/cm2) and make them very promising 

dielectrics for low voltage operation electronics.  

 

Apparently, the key feature that separates electrochemical and electrostatic gating 

processes is the permeability of the semiconductor. For instance, on the surface of well 

orientated organic and inorganic single crystals, where ions are believed to be difficult 

to penetrate through, the electrostatic process predominates.23, 93-96, 111, 138-142 However, 

even on highly-porous polymer semiconductors surfaces, both gating processes can take 

place at different time scales. For example, Fig.3.3a shows the channel current (ID) of an 

{EMIM}{TFSI} ion gel gated P3HT transistor at a gate voltage switching frequency of 

0.2Hz.15 As can be seen, as the gate voltage was switched from -3V to 0V, the decaying 

of ID can be divided into two regimes. First, there was a 1000-fold current drop within a 

few milliseconds, caused by the quick motion of the ions at the interface, i.e., an 

electrostatic gating process. The current then underwent a slow decay over several 

seconds, which was mainly attributed to the existence of electrochemical doping. A 
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similar observation of two transient current modulation regimes was reported by 

Berggren, et al. on other solid electrolyte gated P3HT transistors.130 It was found that 

time scales vary with the ionic conductivity in the electrolytes, as well as the diffusivity 

of different ions in various semiconductors. In general, since bulk diffusion is involved 

in electrochemical gating process, it is always considerably slower compared to 

electrostatic gating. Furthermore, the migration of ions increases the structural disorder 

in semiconductors and complicates the charge transport. Hence the electrochemical 

process is not desired in high performance electronics.  

 
In transistors based on P3HT and other polythiophene derivatives, the injection of holes 

can be monitored by examining the thiophene ring stretching mode using in-situ 

infrared spectrometers such as attenuated total internal reflection (ATR) IR-NIR 

spectroscopy.88, 117, 151 The amount of the holes can be analyzed to distinguish two 

different gating mechanisms, as electrochemical bulk doping process should induce a 

much higher hole concentration compared to the interface electrostatic gating. It was 

found, as shown in Fig. 3.3b, that the degree of electrochemical doping depended 

strongly on the gate voltage (VG) and the amount of time such voltage is applied. Higher 

VG and lower VG switching frequency tend to favor electrochemical doping, and vice 

versa.88 Importantly, even under a gate voltage as high as –2.5V, the electrostatic 

charging mechanism may still dominate given a device operating at speed of 1 kHz. 

Figure 3.3 a) The transient output current response of {EMIM}{TFSI} ion gel 
gated P3HT transistors at 0.2 Hz square-wave gate voltage switching.15 b) The 
switching of ion gel charging mechanisms as a function of transistor switching 
frequency and gate voltage.88 
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Infrared spectroscopy has also been applied to study polymer electrolyte gated 

N-N’-dioctyl-3,4,9,10-perylene tetracarboxylic diimide (PTCDI-C8), an n-channel 

organic semiconductor, leading to similar conclusions.151 

 

Besides increasing device operation speed, another approach to effectively reduce the 

ion doping in p-channel semiconductors is by utilizing a proton conductor 

polyelectrolyte as a gate dielectric.120-122 In these electrolytes, the mobile protons are 

driven towards the gate electrode under a negative gate voltage, leaving immobile 

polyanions too large to penetrate through the semiconductors. The measured switching 

response time for P(PVA-AA) gated P3HT transistors was as low as 3.5 ms, indicating 

the formation of real electrical double layer at the dielectric/semiconductor interface.121 

Unfortunately, these proton conductors are exclusively applicable to p-channel 

semiconductors, and they are not very environmentally stable (i.e., generally sensitive to 

protic solvents such as water).122 Moreover, the small protons in the electrolytes may 

diffuse into and dope the semiconductor under a low (or positive) VG bias, giving rise to 

relatively high off-currents.122 Increasing the transistor operation speed (i.e., increasing 

ionic conductivity, enabling electrostatic gating) and reducing off-current remain as the 

key challenges in the development of novel electrolyte dielectrics.  
 
3.1.3 The electrical characterization for electrolyte-gated transistors 

 

Fig. 3.4 shows the comparison of the transfer characteristics (ID-VG) between a polymer 

electrolyte (LiClO4 in PEO) gated P3HT transistor (Fig. 4a) and a conventional silicon 

dioxide gated P3HT transistor (Fig. 3.4b).114 As can be clearly seen, the channel current 

in the polymer electrolyte gated transistor increased for more than 6 orders of 

magnitude at VG = –3 V, while in silicon dioxide gated transistors, a gate voltage of 

–100 V was required to fully turn on the device. Moreover, with same channel width to 

length aspect ratio (W:L = 10), the polymer electrolyte gated transistor demonstrated a 

much higher on-current, a much larger transconductance (gm = dI/dVG) and a lower 
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subthreshold swing (S = dVG/d(logID)). In other words, the polymer electrolyte gated 

transistor was turned on much easier and operated under lower voltage with higher 

channel conductance, all of which can be attributed to the high specific capacitance of 

polymer electrolyte. And these performance gains are universal features for various 

electrolyte gated polymers,15, 85, 88, 93, 106, 107, 114-126, 130, 137, 139, 143-145, 148, 152-156 organic 

small molecules23, 69, 93, 111, 112, 138, 140-142 carbon nanotubes,93, 113, 157-160 and inorganic 

transistors.92-94, 98, 161 

The accurate determination of the number of charge carriers involved in device 

operation remains a challenge, even if we neglect the possibility of electrochemical 

doping. In conventional FETs, the 2-D carrier density can be simply determined by p = 

C’(VG – VTH)/e, where C’ is the 2-D sheet capacitance of the dielectric, and VTH is a 

threshold voltage. However, the capacitance value may not be constant with respect to 

VG even in an inorganic metal-insulator-semiconductor (MIS) device, and the variation 

is more pronounced for electrolyte dielectrics. For example, as plotted in Fig. 3.5,88 it 

was found the capacitance of {EMIM}{TFSI}-based ion gel in a MIS structure 

increased upon negative sweeping of the bias voltage, in response to the accumulation 

Figure 3.4 a) Transfer characteristics of a polymer electrolyte gated P3HT 
transistor under five consecutive measurements. The inset shows the schematic 
cross-section of the transistor. b) Transfer characteristics of a typical silicon 
dioxide gated P3HT transistor.114 
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of holes at the p-Si surface. Sheet capacitance as high as 30 μF/cm2 was observed under 

high bias voltage and low operation speed, but the values decreased with increasing 

frequency, limited by the polarization response time of the ion motion. Besides adopting 

an “average” capacitance in the previous calculation,15 the carrier density in electrolyte 

gated transistors may be more accurately determined by taking a separate 

capacitance-voltage measurement on the same device at an appropriate frequency, and 

integrating the capacitance versus voltage as p’ = ∫C’dV/e.  

 
 

Alternatively, one can also estimate the carrier density by analyzing the gate current (IG) 

as a function of VG, which can be simultaneously measured along with ID-VG 

characteristics. As demonstrated in Fig. 3.6, acquired from an LiClO4/PEO polymer 

electrolyte gated P3HT transistor,114 the turn-on of the transistor correlated with a 

pronounced increase in IG, presumably caused by a significant increase in displacement 

current:162 

dt
dV

C
dt
dQI G

Disp ′Δ=Δ=Δ                                              (3.1) 

where ∆C’ represents the change of capacitance when the transistor channel became 

Figure 3.5 Capacitance-voltage characteristics of an ion gel ({EMIM}{TFSI} in 
PS-PMMA-PS) dielectric at different frequencies measured using a p-Si/ion 
gel/metal testing structure.88 
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conductive, and dVG/dt is the gate voltage sweep rate. The total injected carrier density 

in the channel can then be calculated from the integration of ∆IDisp as: 

dt
dVeA

dVI

eA
Qp

G

GDisp

⋅

⋅
==′ ∫                                                 (3.2) 

where A is the area of the transistor channel. More detailed displacement current plots 

and analysis for electrolyte gated P3HT and rubrene transistors is shown in Chapter 7 

and 8 of this thesis. 

 
This approach has been adopted to analyze the hole density of various polymer 

transistors gated by different polymer electrolytes and ion gels 15, 88, 114, 115, 138, 139. Values 

between 1014 cm-2 to 1015 cm-2 under a few volts of gate voltage were obtained. Notice 

these 2-D hole densities also include the contribution of electrochemical doping, since 

Figure 3.6 ID-VG (top) and IG-VG 
(bottom) characteristics measured 
simultaneously for a polymer 
electrolyte gated P3HT 
transistors, acquired under a gate 
voltage sweep rate of 85 mV/s. 
Only forward traces of the ID-VG 
curves are shown for clarity. 
Integrated hole-density values 
shown on top axis were calculated 
from the intergration of IG-VG 
data.114 
 



Chapter 3    Electrolyte-Gated Organic Transistors and their Applications 
 

60 

the diffusion of excess ions also modified the gate current thus was already incorporated 

in the carrier density calculation. The carrier transport mobility can then be calculated 

from Ohm’s law as: 

D

DD

WV
L

pe
I

Epe
j

⋅
′

=
′

=μ                                                 (3.3) 

which yielded values as high as 1cm2/Vs.138, 139 In fact, by using the standard field effect 

transistor equations and estimating a reasonable average capacitance, similar high 

mobility values were commonly reported as a typical figure of merit for electrolyte 

gated polymer transistors.15, 114-116, 125 The origin of such high mobility will be discussed 

in detail later in text. It is worth noting that IG is actually a combination of currents 

originating from dielectric leakage, parasitic capacitance, as well as channel capacitance; 

all of which can be a function of gate voltage and operation speed. Further investigation 

is required for the precise separation of channel displacement current (∆IDisp). 

 

Ultimately, the carrier density and mobility of electrolyte gated transistors can be 

separately determined by means of Hall effect measurements. Iwasa et al. studied the 

Hall effect on KClO4 polymer electrolyte gated ZnO transistor under various gate 

voltages,93 and they reported 2-D electron density around 4×1013 cm-2 under 1.2 V 

effective gate voltage (i.e., VG - VTH). A similar analysis on a SrTiO3 transistor yielded a 

higher electron density of 1×1014 cm-2 under the same effective gate voltage.94 

Furthermore, by gating the ZnO single crystal with ionic liquid 

N,N-diethyl-N-(2-methoxyethyl)-N-methylammonium bis(trifluoromethylsulfonyl) 

-imide ({DEME}{TFSI}), electron density of 4.5×1014 cm-2 has been achieved under 

2.5 V effective gate voltage.96 Under temperature near 230K, it was found the ionic 

liquid underwent a supercooled “rubber” state where a higher gate voltage (up to 6 V) 

could be applied without dielectric breakdown, which facilitated the injection of 

ultra-high electron density up to 8×1014 cm-2. Currently, Hall effect measurements on 

electrolyte gated organic transistors are still under investigation. A source of difficulty 

lays on the interpretation of the Hall voltage, since the charge transport in most organic 
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semiconductors are dominated by the hopping process instead of the conventional 

band-like transport. 

 
Switching response time is another key parameter for transistors, which is generally 

characterized by monitoring the transient channel current in response to the switching of 

gate voltage (i.e., turning the transistor on and off) at relatively high frequencies. The 

switching time of conventional organic transistors is generally limited by the carrier 

transport through the channel, as t∝L2/μ, where L is the channel length and μ is the 

carrier mobility.9 In electrolyte gated transistors, however, the polarization of ions in the 

electrolyte and the possible ion diffusion into the semiconductor can introduce 

additional important time scales. In Fig. 3.7, Berggren, et al. studied the switching 

response of P(VPA-AA) polyelectrolyte gated P3HT transistors with a variety of 

channel lengths, which are presumably operating under electrostatic gating 

mechanism.123 It was found that when the gate voltage was switched from 0 V to –1 V, 

the time required for the channel current to rise to 70% of its maximum current response 

was essentially same for transistors with L < 9 μm (i.e., the switching is restricted by the 

Figure 3.7 a) Source current response of a polyelectrolyte gated P3HT transistor 
with gate voltage switching between 0V and -1V to the drain electrode. The inset 
shows the circuit schematic of the measurement setup b) Source current density 
after 1ms (top) and rise times for 70% and 90% of the response (bottom) as a 
function of channel length.123 
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speed of ion migration in the electrolyte). On the other hand, for longer channel 

transistors, the rising time increased with increasing channel length by t ∝ L1.6, 

suggesting that hole transport started to limit the transistor switching speeds. From the 

rising time value, their polyelectrolyte gated short channel transistors can operate safely 

at a switching frequency of 10 kHz. Such operation speed is considerably faster than 

many electrolyte gated polymer transistors where low ionic conductivity polymer 

electrolytes were adopted or electrochemical doping process were dominating, in which 

response time of seconds is commonly reported.124, 137, 143 

 

As mentioned previously, ion gel electrolytes have higher ionic conductivity which 

leads to faster ion polarization. The switching response for 

poly(3,3’’’-didodecylquaterthiophene (PQT-12) transistors gated by two ion gels, 

{EMIM}{TFSI} in PS-PMMA-PS and 1-butyl-3-methylimidazolium 

hexafluoropphosohate ({BMIM}{PF6}) in PS-PMMA-PS, were studied under the gate 

voltage switching between –2.5 V and 0.5 V.88 As shown in Fig. 3.8a, the channel on/off 

current ratios (IOn/IOff) for these transistors decreased with increasing frequency. 

{EMIM}{TFSI} gated transistor were demonstrated to operate up to a few kilohertz, 

while {BMIM}{PF6} gated transistor work a little slower. Fig. 3.8b suggests that the 

failure of the transistors were mainly caused by the increase of off-current, i.e., under 

higher frequency the transistors became more and more difficult to turn off rather than 

turn on. It was found that the ionic conductivity of the electrolytes increased rapidly 

with increasing frequency, which leads to a large ionic source-gate displacement current, 

the major portion of the off-current under high switching frequency.  

 

Therefore, the high ionic conductivity, which facilitates ion polarization (i.e., making 

the transistor easier to turn-on) also limits the device speed in another aspect.  To 

improve the switching frequency of electrolyte gated transistors, the process of 

dielectric formation and the carrier transport as well as the relative values between 

channel current and leakage/displacement current should be studied and modified in a 
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combined fashion.  

 
3.1.4 Charge transport under ultra-high carrier density 

Iwasa, et al. studied the charge transport in conventional SiO2 and liquid electrolyte 

gated P3HT transistors, respectively, and compared their mobility as a function of 

doping level.163 The doping level is obtained by estimating the injected carrier density 

and dividing them with the number of thiophene rings in the active region. Given the 

time scale of their experiment (a few hours), carrier accumulation in the electrolyte 

gated transistor was dominated by the bulk electrochemical doping, while only the first 

layer of thiophene rings contacting the dielectric was involved in the operation of SiO2 

gated transistor. As shown in Fig. 3.9, it was found the hole mobility increased with 

doping level in both transistors, which was explained by the gradual filling of numerous 

trap energy states in polymer bandgap under increasing carrier density that reduced the 

activation energy for carrier hopping. In electrochemically doped P3HT, under low 

doping level (< 1%), the doped negative ions localized the holes through Coulombic 

attraction, which significantly limited the charge transport. Under high doping level (> 

10%), the wavefunction of carriers overlapped each other and screened the Coulombic 

potential, resulted in a much higher mobility.  

Figure 3.8 a) On/off current ratios as a function of frequency for the 
{EMIM}{TFSI} and {BMIM}{PF6} gated PQT-12 transistors b) Off-current 
levels as a function of frequency for the devices.88 
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In highly disordered polymer semiconductors, the charge transport is generally 

dominated by hopping through localized energy site with the assistance of kinetic 

energy. Therefore, the mobility of the polymer transistors often decreases with 

decreasing temperature in a Arrhenius relation as μ∝ exp(EA/kBT), where EA is the 

thermal activation energy for hopping transport. A high density of injected carriers fills 

in a significant fraction of trapping sites and lowers the Fermi level towards the highest 

occupied molecular orbital (HOMO) band edge (in the case of p-channel organic 

semiconductors), which in turn decreases the hopping activation energy138. Therefore, 

when gated with LiClO4 polymer electrolyte, the charge transport in P3HT transistors 

became more and more thermally independent with increasing gate voltage, as shown in 

Fig. 3.10.114 Under high enough carrier density, the mobility (or conductivity) of the 

transistor was expected to increase with decreasing temperature, characteristic for 

metals where carriers transport freely in a band-like fashion and are only disturbed by 

phonon interaction. Such transition is recognized as an insulator-metal transition. In 

other words, by utilizing polymer electrolyte, holes were injected at a level high enough 

Figure 3.9 Mobilities of SiO2 and 
electrolyte gated P3HT transistors 
plotted against doping level of the 
polymer semiconductor.163 

Figure 3.10 Channel resistance scaled by 
the resistance at 250K versus temperature 
for a polymer electrolyte gated P3HT 
transistors at four different gate voltages. 
Data acquired under VD = –1 V.114
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to make a polymer semiconductor work like a metal. Similar transition was also 

reported by Heeger, et al. on P3HT transistors,116 as well as Iwasa, et al. and Hebard, et 

al. on zinc oxide93 and indium oxide92 transistors by incorporating electrolyte 

dielectrics.  

 

Furthermore, in KCLO4 polymer electrolyte gated SrTiO3 single crystal transistors, the 

ultra-high electron density (1014 cm-2) not only facilitated the insulator-metal transition, 

but also induced a 2-D superconductivity at the temperature of 0.4 K.94 This discovery 

brings promising opportunities for the utilizing electrolyte gates to searching for 

unprecedented superconducting states, even possible in organic materials.   
 
3.2 Applications for Electrolyte Gated Organic Transistors 

Under ultra-high carrier density, electrolyte gated polymer transistors feature both high 

carrier mobility and low operation voltage. Moreover, compared to other high 

capacitance dielectrics15, 18, 24-26, the printability of electrolytes makes these transistors a 

very promising candidate to be incorporated in low-cost high-performance everyday 

electronics. 

 

3.2.1 Printable high performance polymer transistors and circuits 

Berggren et al. have reported on printable rectifiers144 and transistors143 based on the 

electrochemical switching of the conductivity in PEDOT:PSS via various electrolytes. 

As discussed previously, under different gate biases the ions in the electrolytes 

reversibly dope and undope PEDOT molecules, hence modulating the output current of 

the devices.  

 

Based on electrolyte gated PEDOT:PSS transistors, resistor-loaded inverters have been 

demonstrated.145 As shown in Fig. 3.11a, the output voltage (VOUT) of the inverter was 

switched from around 0 V to 1 V when the input voltage (VIN) was swept from 1 V to 

0V and vice versa. The switching took place within 0.5 volts of the input voltage shift 
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with negligible hysteresis between the forward and reverse VIN sweeps. Such excellent 

inverter behavior is largely due to the high carrier density induced from the ion gel 

dielectric. Fig. 3.11b shows the dynamic response of VOUT in a typical inverter which 

was switched fully within 1 minute. Based on the combination of inverters, more 

complicated circuits such as NAND and NOR logic gates and ring oscillators based on 

PEDOT:PSS have been demonstrated as well145. The response times for these devices 

were relatively long, presumably caused by the slow electrochemical doping process. 

Utilizing high polarization ionic liquid-based dielectrics, I’ve realized a variety of 

printed functional circuits with operation speed up to 10 kHz. These results are detailed 

in Chapter 9 and 10. 

 
Moreover, Berggren and Inganäs, et. al. have successfully demonstrated the 

incorporation of 3-D electrolyte gated PEDOT:PSS transistors and P3HT transistors on 

fibers, which could be sewn into textile tulle to construct complicate circuits130, 164. As 

illustrated in Fig. 3.12, each transistor is formed at the junction of a fiber and a gold 

wire. The semiconductor-coated fiber consists of several transistor channels (i.e., 

source-drain gap), the wire is then sewn perpendicularly on top of the channel and the 

junction is completed by a droplet of electrolyte. Functioning digital logic circuits such 

as binary tree multiplexer and inverter have been demonstrated by weaving the wires 

and fibers to form proper junction arrays. Nevertheless, such electronic textiles can be 

Figure 3.11 a) Input-output characteristics of a electrolyte gated PEDOT:PSS transistor 
based inverter. The inset shows the circuit diagram of the device. b) Dynamic response 
of the inverter.145 

a) b) 
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incorporated into clothes, bandages, etc. and hold great promise in sensing and other 

low-speed applications.  

 

3.2.2 Active-matrix displays  

In fact, a typical electrochemical process does not necessarily require a third (gate) 

electrode. For example, as illustrated in Fig. 3.13a, the reversible electrochemical 

doping of PEDOT:PSS can be realized with a lateral two electrode configuration, where 

both of the electrodes are made of PEDOT:PSS and a layer of electrolyte covers the 

electrodes as well as the gap in between.165 Under the bias, the positively addressed 

PEDOT:PSS electrode gets further oxidized from the pristine semi-oxidized state, while 

the negatively addressed electrode is reduced. In the oxidation state, the chemically 

Figure 3.12 a) Schematic of the fabrication of transistor by weaving a conductive 
wire on the source-drain gap of a semiconductor-coated fiber, and finished with an 
electrolyte droplet in the junction. b) Optical image of a binary tree multiplexer on 
a fabric mesh. c) Dynamic electrical characteristics of the multiplexer. d) Dynamic 
switch characteristics of an inverter.164 
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doped PSS– or electrochemically doped anions compensate the PEDOT polymer chains 

and free the carriers, the latter induces polaron states in the band gap of PEDOT, thus 

increasing film conductivity. In addition, the formation of polaron states also shortens 

the optical bandgap of PEDOT and leads to a red shift in the absorption spectrum.145 As 

indicated by the optical absorption spectra (Fig. 3.13b),165 the color of PEDOT:PSS in 

its reduced state is dark blue, while the film becomes more and more transparent upon 

further oxidation. Therefore, such electrochemical cells based on PEDOT:PSS can be 

used as good candidate for electrochromic displays.  

 
Based on PEDOT:PSS, Berggren, et al. demonstrated printed active-matrix displays on 

flexible substrates.165, 166 In order to individually address and effectively switch the 

displays in the matrix, as shown in Fig. 3.14a, each smart pixel of the device consists of 

a PEDOT:PSS electrochromic display cell connected with a PEDOT:PSS 

electrochemical transistor. Fig. 3.14b illustrates a possible circuit layout for a 2×2 

matrix, where the row lines connect the gates of all transistors in the same row, while 

the column lines connect the working electrodes of all display cells in the same column. 

Figure 3.13 a) Schematic diagram 
of a lateral electrochemical cell in 
cross-section b) The optical 
absorption spectra of the 
PEDOT:PSS films in the pristine 
semi-oxidized, oxidized and 
neutral states, respectively.165 
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To switch the color the of an individual display pixel, a VG close to 0 V must be applied 

(i.e., address the row) to turn on the transistor, so that an appropriate VD from a separate 

power source can bias the display cell and change the optical state of the PEDOT:PSS 

film. When VG is set at 3 V, the transistors are turned off and the pixels in the entire row 

are not addressed.  

 
Fig. 3.14c shows an example of an operating 5×5 active-matrix electrochemical display. 

To increase the filling factor (i.e., the ratio between the area of the display cell and the 

area of the pixel) and switching speeds, vertical electrochromic cell configurations were 

fabricated by preparing two separate layers full of functional units and then laminating 

Figure 3.14 a) Schematic illustration describes a possible production route to 
manufacture 2×2 printed active-matrix display. In the lower (I) and upper (II) 
layers, the black areas represents PEDOT:PSS and the gray areas are covered by 
electrolyte. Two layers are then laminated together to form the display. b) An 
addressing scheme of 2×2 electrochemical smart pixel. c) Image of a flexible 5×5 
active-matrix display with 65% filling factor.166  
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them on top of each other (see Fig. 3.14a). Also, an extra layer of PEDOT:PSS has been 

applied on the counter electrode of each display cell, which sufficiently increased the 

rate of electrochemical doping at the working electrode, hence improving the filling 

factor and speed. In addition, the authors investigated a variety of electrochromic 

polymers and additives for the electrolyte to effectively enhance the color contrast of 

the display. The optimized active matrix displays demonstrated filling factor as high as 

65%, color contrast around 30 (in a CIE L*a*b* color system) and switching time 

within a few seconds. 

 

Besides various electrochromic displays,28, 167 electrolytes are also widely incorporated 

in so-called polymer light-emitting electrochemical cells (PLEC).54, 168-173 In these 

devices, electrolytes are generally mixed with electrocative polymers and sandwiched 

by two electrodes. Under the bias, the migration of mobile ions tends to oxidize 

polymer chains near one electrode, and reduces the chains near the other electrode, 

which facilitate the formation of a p-n junction in the middle. Electrons and holes then 

recombine and emit light, similar to that happed in a polymer light-emitting diode 

(PLED)9. Compared to PLEDs, the introduction of mobile ions in PLECs lowers the 

turn-on voltage for light-emission, and thereby reduces the thickness and cathode 

material requirement of the devices173. The latter is especially important in designing 

commercial light-emitting devices for operation in ambient environments167. The 

discussion of light-emitting process in a diode configuration is out of the scope of this 

chapter. To the best extent of author’s knowledge, no active-matrix PLECs addressed by 

electrolyte gated transistor have been reported. 
 

3.2.3 Organic electrochemical transistor-sensors 

In the past 40 years, electrolytes have been commonly used as an additional dielectric 

layer in inorganic transistors for chemical sensing applications.97 In these ion sensitive 

field effect transistors (ISFET), the ions of interest can diffuse into the electrolyte and 

affect the dielectric polarization, hence modifies the carrier accumulation and transport 
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in the semiconductors. Organic ISFETs based on similar dielectric configurations (see 

Fig. 3.15a) have also been demonstrated for pH and glucose sensing applications.174-176 

However, the biggest advantage for organic, especially polymer semiconductors in 

chemical sensing is their permeability to various ions (as compared to the impermeable 

inorganic crystals). These ions may change the oxidation state of the molecules or 

conformation of the structures, thus directly influencing the electroactivity of the 

materials. The utilization of electrolyte dielectrics in a electrochemical transistor 

configuration accelerates the ion migration and amplifies the conductance modulation, 

which effectively increases the sensitivity of organic chemical and biochemical 

sensors.147, 177 Fig. 3.15 compares the structural difference between an organic ISFET 

and an organic electrochemical transistor-sensor, where the analyte of interest affects 

the output current via faradaic or galvanic effect, respectively.146  

 
Electrochemical transistor-sensors were first investigated by Wrighton, et al., where 

aqueous electrolyte gated polyaniline and polythiophene transistors were created.102, 178, 

179 The output currents of these devices were sensitive to the pH value of the electrolyte, 

the presence of chemical oxidant Ru(NH3)6
3+, IrCl6

2– and reductant Fe(CN)6
4– ions in 

the electrolyte, as well as the absorption of O2 and H2 in the electrolyte. SO2 in aqueous 

electrolyte has also been effectively detected in polyaniline-based electrochemical 

transistors.180 In order to achieve the selective sensing of particular ions, Contractor, et 

Figure 3.15 a) Schematic of an organic ion-sensitive field-effective transistor 
(ISFET) in cross-section. b) Schematic of an organic electrochemical 
transistor-sensor in cross-section. The red circles in both schemes represent the 
analyte of interest.146  
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al. incorporated 18-crown-6 ethers into polyaniline transistors.181 The narrow 

distribution of the crown cavity radius (1.33-1.43 Å) allowed the selective capture of K+ 

ions (radius of 1.33 Å). These bound ions induced a strong local electrostatic field 

which caused conformational changes of polyaniline and affected the output current of 

the devices. Also, Prakash et al. showed that polycarbazole electrochemical transistors 

which were exclusively sensitive to Cu2+ ions.155 Instead of incorporating a recognition 

element (e.g., 18-crown-6 ethers in the previous example), the 

nitrogen-atom-surrounded cavities in polymeric matrix selectively bound Cu2+ and 

changed the conformation hence the conductivity of polycarbazole chain. In addition, 

Malliaras, et al. introduced a bilayer lipid membrane (BLM) containing gramicidin ion 

channels in the electrolyte of PEDOT:PSS transistor (Fig. 3.16a).154 The gramicidin 

dimer channel is permeable to monovalent ions but blocks most divalent species. As 

shown in Fig. 3.16b, Under moderate gate voltage (VG > 0.3V can rapture the BLM), 

only monovalent ions penetrated through the BLM and doped the PEDOT:PSS, which 

caused a pronounced modulation in channel current, while the divalent ions showed 

negligible influence. This is a good example of valence-dependent sensing.  

 

Water vapor is an important analyte of interest for chemical sensors, where the aqueous 

electrolyte-based electrochemical transistors would not be appropriate. Wrighton, et al. 

employed poly(vinul alcohol)/phosphoric acid-based solid-state electrolyte on 

polyaniline transistors for stable and reversible sensing of relative humidity.101 It was 

found the absorption of water molecules in the electrolyte significantly increased its 

ionic conductivity, i.e., more ions can migrate deepter into polyaniline chains under the 

gate bias, giving increase the output current. On the other hand, with lower water 

concentration in the electrolyte, the output current showed a pronounced decrease. 

Based on similar mechanism, Berggren, et al. fabricated printed humidity sensors on 

flexible substrates (see Fig. 3.17).182 In their application, PEDOT:PSS was printed as 

the active semiconductor and Nafion was adopted as the solid state electrolyte, whose 

ionic conductivity depends strongly on the relative humidity level. 
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The fact that recognition elements can be incorporated into polymers enables polymer 

electrochemical transistors to selectively sense different chemical analytes of interest.181, 

Figure 3.16 a) Schematic cross-section of PEDOT:PSS electrochemical transistor 
gated through a bilayer lipid membrane (BLM). The magnified image represents 
the BLM formed on a Teflon support with gramicidin, shown as ion blocking 
monomers (1) or ion permeable dimmer (2).b) Transient response of the device 
which shows the selective sensing of monovalent ions. The large VG pulse of 1 V 
ruptured the BLM.154 

Figure 3.17 a) Output current of a printed organic electrochemical transistor sensor 
measured at different relative air humidity (25% to 80%) after the gate voltage has 
been applied for 15 s. b) Image of a bendable sensor printed on a polyethylene 
coated paper.182  
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183 This concept has also been applied in the development of a wide variety of 

biochemical sensors. For example, Uchida, et al. reported NADH (reduced form of 

nicotinamide adenine dinucleotide) sensors by incorporating flavin enzyme diaphorase 

in polypyrrole derivative-based electrochemical transistors.184 Polyaniline and 

PEDOT:PSS transistors containing glucose oxidase have been fabricated for glucose 

detection by Contractor, et al., Bartlett, et al. and Malliaras, et al., respectively.153, 185-190 

Sensing applications for penicillin, IgG antibody, and label-free DNA electrochemical 

transistor-sensors facilitated by various bio-recognition elements (enzymes) have been 

demonstrated as well.191-193 In addition, Malliaras, et al. integrated a series of 

PEODT:PSS electrochemical transistor-sensors, each functionalized with a different 

enzyme, with a surface-directed mircofluidic system.194 In their demonstration, the 

aqueous analyte solution was easily distributed to every sensor through the hydrophilic 

pathways, and multiple metabolites in the solution such as glucose and lactate were 

detected simultaneously and selectively by different sensors. 
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Part II   Charge Transport Physics in Organic Single Crystals and 
Polymer Transistors  

Chapter 4  Experimental Methods 
 
4.1 Growth Conditions of Organic Single Crystals 

 
Figure 4.1 lists the chemical structures of the organic crystals I have grown during the 
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Figure. 4.1. Molecular structure of the single crystals grown through PVT process. 
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past year. All the crystals were grown by means of physical vapor transport (PVT)68 in 

the apparatus sketched in Fig. 2.7. The source materials were crushed into powder to 

facilitate the sublimation. Generally, Ar was used as carrier gas. The gas flow velocity 

was approximately 1 mm/s. Specific growth conditions and product descriptions of 

these organic crystals are summarized in Table 4.1.  

 

# Ts (C) Description 
1 340-360 Ant-3T-Ant. The source material obtained from Prof. Mann’s group has 

anthrencene-thiophene dimer in it. Above 340C yellow fluffy crystal network can be 
observed in downstream, which believe to be the desired material. The crystal is too 
thin to make transistor. The source material is partially burnt. At the far end another 
region of crystal network which has almost same color and shape can be observed. 
NMR shows they are the dimers. For purification process we can hold the raw 
material at 260C. The dimer will be sublimed and leave pure leftovers. 

2 220-250 New material synthesized by Prof. Bader’s group. It forms dark purple needle-like 
crystal. The largest crystal I have grown has 2cm in length and 0.5 cm in width. At 
temperature higher than 240 the growth became much faster. The source degraded at 
higher temperature.  

3 180-210 New material synthesized by Prof. Bader’s group. It tended to nucleate at one point 
and grow along all directions, which led to a lot of tiny hairy wire clusters and they 
sticked to other clusters. Too thin to make transistor. The crystals had orange color, 
which was brighter than the source material. Degraded at higher temperature.  

4 200-230 New material synthesized by Prof. Bader’s group. The growth situation was exactly 
the same as the last one. It had scarlet color. No degradation at 240 C 

5 140-170 Anthrancene, white (translucent) platelet crystals. Very easy to grow thick (up to 
1mm) crystals, but the surface was not always flat. Fast grow rate (crystalline in one 
night). Difficult to grow needle-like shape. No degradation observed. 

6 160-185 Tetracene, Orange thin crystals. Can form both platelet and needle-like shape. 
Thickness was generally less than 100um. Some thin films were bendable. Easy to 
degrade at high temperature. At T>190K yellow species will be produced instead of 
orange crystal. Need to grow in dark. Usually took weeks to grow. 

7 260-290 Pentacene, Dark purple crystals. Can form both platelet and needle-like shape. 
Thickness was generally <500um. Can not grow with H2---had chemical reaction 
and formed new species. Degraded at high temperature. Better grow in dark. Usually 
grown in a week. 

8 280-310 Rubrene, Ruby crystals. Can form both platelet and needle-like shape. Thickness is 
generally 100-500um. Very stable and rigid. Growth in H2 may increase its 
performance.  No degradation observed. Took days to grow. 

9 190-220 Perylene, Yellow platelet crystal. Thickness less than 50um. Difficult to form 
needle-like shape. Hard to make transistor. No degradation observed. Took days to 
grow. 

10 220-240 New material synthesized by Prof. Bader’s group. Form thin hairy dark yellow 
wires. Observe light yellow impurity in downstream. Source burned at 240C. 
Difficult to grow large crystals. High resistance.  

11 260-285 Naphthalene-2T-Napthalene. Synthesized by Prof. Mann’s group. The obtained 
source material is dark yellow. Grew ultra-thin curled platelet. Had a color 
distribution from orange to yellow in short stream range. No degradation.  
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12 190-210 Tetracene derivative synthesized by Prof. Douglas’s group. It grew small flat 
needle-like crystals with dark red color. At slightly higher temperature the source 
materials was melted and turned black. The growth process took approximately 1-2 
weeks. 

13 270-300 Tetracene derivative synthesized by Prof. Douglas’s group. It grew small needle-like 
crystals (~ 5mm long and < 0.5 mm wide) with dark-red color. The crystal can be 
reversibly bended without fracture. At slightly higher temperature the source 
materials was melted and turned black. The growth process took approximately 1 
week.  

 

Table 4.1.  Growth conditions and descriptions of single crystals as shown in Fig. 4.1. 

 

To realize device-quality crystals, the original PVT grown crystals were used as the 

source material for subsequent growth, this procedure was repeated at least twice. The 

carrier gas for final growth was also purified by passing it over finely divided nickel 

(Aeronex Model No. SS-400KGC-H-4S). Pentacene, tetracene, 

N,N′-Dioctyl-3,4,9,10-perylenedicarboximide (PTCDI-C8) and fluorinated 

copper-phthalocynanine (FCuPc) have also been grown under reduced pressure (~1-5 

torr). Relatively low sublimation temperature was required for low pressure growth. 

However, crystals grown through this process were usually extremely small and only 

good for purification purposes. After growth, the tube was set in room environment for 

several hours to reduce the static charge, so that thin crystals can be easily extracted 

from the walls of the growth tube. It is worth mentioning that many of the listed 

materials were newly synthesized. I grew the crystals and studied their field-induced 

carrier transport utilizing the air-gap transistor configuration. Some of the results have 

been published as P.-T. T. Pham, Y. Xia, C. D. Frisbie, and M. M. Bader, “Single Crystal 

Field Effect Transistor of the Heterocyclic Ladder-Type Y-Shaped 

Oligomer15,16-dithia-5,10-diazanaphtho(2,3-alpha)benzo(c)anthracene”, Journal of 

Physical Chemistry C, 112, 7968 (2008) and have been accepted by Journal of Physical 

Chemistry C as E. Yagodkin, Y. Xia, V. Kalihari, C. D. Frisbie, and C. J. Douglas, 

“Synthesis, Solid State Properties, and Semiconductor Measurements of 

5,6,11,12-Tetrachlorotetracene”. They are out of the scope of this thesis.  
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4.2 Fabrication of Air-gap Single Crystal Field Effect Transistors 

Air-gap transistors with crystals laminated on the poly(dimethylsiloxane) (PDMS) 

stamp is the primary device feature in my single crystal work. This feature provides a 

pristine interface between crystal and gate dielectric, which reduces the interface defects 

and minimizes the Fröhlich polaron effect.85 In addition, crystals can be removed from 

the stamp and relaminated at different orientations so that the role of crystal anisotropy 

on transport can be investigated. Originally, the PDMS stamps with gap feature and 

pre-coated electrodes were provided by Professor Rogers’ group from UIUC. I later on 

also learned the fabrication process, which is summarized as follows: 

 

Air-Gap PDMS Stamp Fabrication: 
1. A clean environment is strongly recommended for the whole process. 
2. Electrodes pattern design (e.g., illustrator, iced, etc.).  
3. Bright field chrome shadow mask making (the areas covered with chrome will 
eventually become the rising regions in PDMS stamp). 
4. Make the master (mold) for PDMS stamp using silicon wafer (e-beam lithography 
can be adopted if small (< 10μm) feature is desired). 

Rinsing the wafer with acetone, methanol and IPA 
UV exposure 5 mins to make hydrophilic surface (may also use HMDS) 
Spin coating SU-8-5 (30sec, 3000rpm, ~5um in thickness) 
Pre bake: 65 ˚C 1min  
Soft bake: 95 ˚C 3mins  
Exposure: ~13 sec (depends on the lamp power)  
Post exposure pre bake: 65 ˚C, 1min 
Pose exposure bake: 95 ˚C, 1min  
Develop: use SU-8 developer, 1min 
Rinse and dry: use IPA only and nitrogen dry 
Hard bake: 150 ˚C, 5mins 

5. Check thickness of the master using profilometry. This thickness is the approximate 
height of the rising regions of the PDMS stamp. In other words, it is the thickness of 
gate dielectric layer. 
6. Silanation by tridecafluoro 1,1,2,2-tetrahydrooctyl-1-tricholorosilane. Perform in 
vacuum chamber for over 2 hour (the solution vaporizes in vacuum and stick onto the 
surface of the wafer, makes a hydrophobic surface so that later on PDMS is easier to be 
peel off the master) (can use a desiccator, put the solution at bottom, stop the vacuum 
after 10 mins) 
7. PDMS stamp making 

Rinse the treated surface with IPA and dry (make the surface clean and flat) 
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Put the patterned face of the wafer up in a flat holder 
Mix (stir > 5mins) PDMS prepolymer (sylgard 184, Dow Corning) and curing 
agent (10:1 wt%) and fill them into the holder. The thickness of the PDMS 
stamp depends on this step. Stamps thinner than 1 mm can be achieved  
Degas (get rid of air bubbles) in the vacuum chamber for ~ 2 hour  
Set in flat surface (optical table) for > 6 hours 
Treated in oven (70 ˚C) for 3 hours 
Take the stamp out of the holder and peel off the master (wafer) (with a razor 
blade if needed) 

8. Prepare clean glass slides to hold the PDMS stamp. Attach Scotch tape onto the 
patterned surface of PDMS stamp to emboss the patterns. (Since the PDMS is 
transparent, the patterns might be difficult to see) 
9. Cut the PDMS to appropriate shapes use a razor blade. Clean the back surface by 
Scotch tape. Then gently place the PDMS onto the glass. A wet-front can be seen and 
the stamp will stick onto the glass spontaneously.  
10. RIE clean 

Clean the chamber 
Pre RIE (without the sample) 
RIE: 100mTorr, 20sccm, 5 sec, 30W, with oxygen plasma 

11. E-beam evaporation Ti/Au/Pd (20/150/10 Å), 1-2 Å/sec. Shadow mask is not 
required. (Ti provides better adhesion to the PDMS surface, Au is the major conduction 
layer. An extra Pd layer can be coated to prevent the charge diffusion from the electrode 
to the PDMS, which may be trapped there and degrades the contact. But the device with 
Pd top contact shows lower mobility, probably due to the increase of contact resistance) 
 

Single crystals grown from PVT were checked under the optical microscope with 

polarized light. Only the ones with flat surface and uniform color were selected for 

device application. Field effect transistors were fabricated by laminating a single crystal 

across the gap of the Ti/Au (20/170 Å) coated PDMS substrate. The air gap served as 

the gate dielectric layer, and the three metal-coated features functioned as source, drain 

and gate electrodes. Fig. 4.2 sketches the whole fabrication process described above. 

The PDMS stamp I used most often contains a series of two electrodes design. The 

channel length L varies from 50 μm to 550 μm, and the width of source/drain electrodes 

varies from 500 to 2000 μm. In many cases, the real transistor channel width W was 

indeed determined by the width of the crystal itself. Four probe features have also been 

prepared and tested. Such features contain two 10 μm wide electrodes which insert 100 

μm (1/10 of the channel width) into the channel. The crystal lamination was always 
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performed under optical microscope. A wet-front interface motion could be observed 

between the transparent single crystal and electrode, which indicated a good adhesion. 

Generally, thin and fresh grown crystals can be easily attached to the substrate with 

good adhesion. For old or thick (> 100 μm) crystals, sometimes slight pressure was 

required to physically push them onto the substrate. This trick was generally performed 

by the tip of a probe in a probe station, under the monitoring of optical microscopy. A 

tiny deformation in PDMS surface assured the contact between crystal and substrate. 

 
4.3 Fabrication of Polymer Transistors 

My conventional polymer transistors were fabricated on Si wafer in a bottom gate, 

bottom contact configuration (see Fig. 2.7). A 300 nm thermally grown SiO2 on top of 

Si served as the gate dielectric, while the p++ doped Si work as the gate electrode. To 

ensure a Ohmic contact with the doped Si, a Al/Au layer was often grow on the back 

side of the wafer. The fabrication process is as follows: 

Figure 4.2 Schematic sketch in cross-section of the fabrication steps of air-gap 
single crystal field effect transistor. 
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Back Gate Wafer Fabrication: 
 
1. Start with p++ doped Si wafer with 3000 Å thick SiO2 layer. (generally 6 wafers) 
2. Verify the oxide thickness using Nanospec to ensure accurate value for the 

capacitance. 
3. Prebake 60 secs. 
4. Spin Shipley 1818 photoresist on the front side of the wafer for 30s at 3000 rpm, 

hardbake for 3 mins. 
5. Spin Shipley 1818 photoresist (same side) for 30 secs at 3000 rpm. Hardbake for 3 

mins.  
6. Soak water in 10:1 BOE to remove oxide (etch rate ~ 513 Å/min, 7~8 mins) 
7. Rinse the wafer with DI water or spin rinser. Do not heat! 
8. Evaporate 100 Å Al/750 Å Au in the e-beam evaporator (CHA). (w/o cooling water) 
9. Soak in acetone overnight to remove the photoresist. Then sonicate 15 mins in 

acetone, rinse with acetone, methanol and IPA. Dry with nitrogen blow. Check 
under AFM to make sure the front surface of the wafer has RMS < 5 Å. 

10. Preclean rapid thermal annealing machine (RTA) with dummy wafer (program 
“ASCLEAN” 800 C), RTA at 450 ºC for 1 min with 20 secs ramping. (Place the Au 
side up) 

 

Metal source and drain electrode pattern were then thermally evaporated onto SiO2 

surface through a silicon stencil mask or a lift-off process which defines the channel of 

the transistor. Lift-off was generally applied for the batch production of electrodes on a 

whole 4’ wafer. The process is shown below: 

 

Lift-Off Electrode Fabrication: 
 
1. Pre-clean substrate using RF-O2 plasma or UV-ozone @ 170 ºC (5 mins) if the 

substrate are contaminated with organics. Remove adhered water molecules from 
the substrate using a 200 ºC hot plate bake for 5 mins. 

2. Spin LOR-3A at 3000 rpm for 35 secs. 
3. Bake on hot plate at 170 C for 5 mins. 
4. Spin on Shipley S1813 photoresist at 5000 rpm for 35 secs. 
5. Bake at 115 ºC for 2 mins. 
6. Exposure in mask aligner for 8 s, soft contace, 35 gap. 
7. Develop in CD-26 for 45 secs, Rinse in DI water and blow dry. 
8. Hot plate bake at 125 ºC for 5 mins. 
9. Undercut etch in CD-26 for 1 min, rinse in DI water and spin or blow dry. 
10. Evaporate (CHA) Cr/Au. (20/330 Å) 



Chapter 4     Experimental Methods 
 

82 

11. Liftoff the LOR&PR using Microposit remover 1165 at 50 C for 1 hr with a 
magnetic spinner. Carefully monitor the temperature as the flash point of Microposit 
1165 is around 85 ºC. 

12. Annealing. (RT for 2 mins, 110 ºC for 1 mins, 250 ºC for 10 secs., 450 ºC for 5 
mins.) 

 
For nanoelectrode (>100 nm feature) 
1. Start with Au back gated wafer. 
2. Prebake for 60 seconds. 
3. Spin PMMA A6 (3000 rpm, 30secs) 
4. Bake in 180 C for 90 secs. 
5. Use Raith 150 to expose. (WD 8mm, 20 kV, 20 um aperture, 285 uC.cm2 dose) 
6. Develop in MIBK:IPA:MEK 25:75:1 for 30 secs. 
7. Rinse in IPA for 1 min. nitrogen dry.  
8. continue with regular lift-off fabrication for other features. 
For embedded electrode: 
Before step 10, SiO2 etching (STS ACOXIDE1, etch rate 325-400 A/mins for SiO2, 300 
A/min for PMMA, etch time 1 min for microelectrode, 30s for nanoelectrode), check 
the depth with surface profilometry if necessary  
Silicon stencil masks were commonly used to fabrication electrodes on separate samples. 

The fabrication procedure of these masks is as follows: 

 

Silicon Stencil Shadow Mask Fabrication: 
 
1. Start with 125 Å thick Si <100> wafer, can be purchased from Virginia 

Semiconductor, Inc. (virginiasemi.com) 
2. Clean and pre-bake mask and a 4’ carrier wafer. 
3. Spin HMDS, then 1805 (3000 rpm, 30 secs) onto carrier wafer and immediately 

place mask wafer onto tacky carrier wafer, aligning major flats. Press down. 
4. Soft bake for 10 mins. 
5. Bake in oven for 30 mins at 130 ºC. 
6. Pump down in asher for 5 mins (but don’t ash). 
7. Spin HMDS, then SPR-220-7 (3000 rpm, 30 sec) onto mask wafer (on carrier 

wafer). 
8. Bake at 115 ºC for 95 sec. 
9. Expose for 25 secs at gap of 25 um (hard contact, chrome side up during exposure). 
10. Develop for 45 secs in CD26. 
11. Hard bake 3 mins. 
12. Etch for 75 mins in deep trench etcher (Program “Bosch”, rate ~1.2-1.4 μm/minute. 

Etch for awhile and inspect; you can always etch more, but you cannot replace 
etched away material!). 

13. Soak in 1165 stripper overnight. 
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14. Carefully clean and cut. 

 

Poly(3-hexylthiophene) (P3HT, purchased from Rieke Metals, Inc) and poly(3,3’’’- 

didodecylquaterthiophene (PQT-12, purchased from American Dye Source, Inc) were 

purified by successive Soxhlet extractions with methanol, acetone and hexane, and were 

spin-coated onto the wafer in 1,2-dichlorobenzene solution (3mg/ml). The solutions 

were kept at 65 ºC, and spun inside a glove box. After spin coating, the wafer was kept 

at 150 ºC for 15 minutes and slowly cooled for overnight. This process is believed to 

increase the percentage of crystalline domains in the polymer film.  

 

4.4 Printing of Ion-Gel Gated Polymer Transistors 

In the printing approach, all the functional units of OTFTs can be fabricated using the 

Aerosol Jet® printing technology developed by Optomec®, Inc195. To form source and 

drain electrodes, Au nanoparticle inks (UT Dots, Inc.) were printed on flexible 

polyimide substrates or rigid SiO2 substrate with channel lengths of 20 μm and channel 

widths of 1400 μm and sintered at 150 °C for 30 min. Alternatively, conductive 

Figure 4.3 a) Schematic sketch of the fabrication steps of all-printed polymer 
transistors utilizing aerosol jet printing technology. b) Example of an array of 30 
polymer transistors printed on flexible polyimide substrate.  
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polymer poly(3,4-ethylenedioxythiophene) doped with poly(styrene sulfonate) 

(PEDOT:PSS, Baytron® P) has also been printed as source and drain electrode. P3HT, 

PQT-12 or poly(9,9’-dioctylfluorene-co-bithiophene) (F8T2) (3 mg/ml) was dissolved 

in a solvent mixture of chloroform and terpineol (9:1 by volume) as semiconductor inks, 

which was printed in the channel region. Subsequently, the channel was covered with a 

printed layer of the ion gel ink. Ion gel ink was made from ionic liquid, 

1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide ({EMIM}{TFSI}) 

(purchased from Solvent Innovation, Inc.) and poly(styrene-block-methyl 

methacrylate-block-styrene) (PS-PMMA-PS) triblock copolymer (self synthesized,135 

with block molecular weights Mn = 6 kg/mol for PS and Mn = 125 kg/mol for PMMA) 

dissolved in ethyl acetate with the following proportions: 9.3 wt% ionic liquid, 0.7 wt% 

polymer, 90 wt% solvent. The viscosity of the ink was ~ 0.5 cp. The thickness of the 

printed ion gel after drying was ~ 10 μm as determined by optical profilometry. To form 

the gate, PEDOT:PSS was printed on top of the ion gel with good alignment to the 

channel. All printing steps were carried out in air with the substrate temperature 

maintained at 60 °C to speed up ink drying. After printing of the gate, samples were 

allowed to dry on a hot plate at 100 °C in a glove box for 1 hr. The printing fabrication 

process is sketched in Fig 4.3, along with an example of printed polymer transistor 

array. 
 
4.5 Electrical Characterization 

Electrical characterization of the transistors was generally performed in dark in a Desert 

Cryogenic vacuum probe station. High vacuum up to 10-6 Torr could be achieved in the 

testing chamber. The heating and cooling of the chamber could be performed by the 

heating coil and liquid helium/nitrogen cooling line, respectively, and the temperature 

was controlled by a Lakeshore L-331 temperature controller. During the measurement, 

the electrodes of the transistor were connected with Keithley 236, 237, 6517A and/or 

2612 electrometers through the conductive probes. These probes (total of four) are made 

by copper beryllium alloy (Lakeshore ZN50R-10-BECU) and their motion can be 
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controlled by precise micrometers. For general transistor measurement, three probes 

were carefully moved to the corresponding positions of source, drain and gate 

electrodes and slowly lowered to make the contacts. This process was monitored by the 

overhead optical microscope. The capacitance measurement was performed using a HP 

4192A LF impedance analyzer. Homemade Labview® programs were used to control 

the action (i.e., source, read) of electrometers and collect data from them. I have wrote a 

series of Labview® codes for experiments with different purpose, including transfer and 

output characteristics measurement, 4-probe measurement, bias stress measurement, 

displacement current measurement, inverter sweep measurement, etc.  

 

In order to characterize the dynamic response of transistors and other circuits, Agilent 

33220 and 33250 arbitrary-waveform generators were used for input voltage supplies. 

The output voltage response was detected by Tektronix TDS1002B or TDS3014C 

digital oscilloscope. 
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Chapter 5   Tetracene, Pentacene and Rubrene Air-Gap Single 
Crystal Field Effect Transistors 

 
5.1 High Performance Air-Gap Single Crystal Field Effect Transistors 

Recently, there has been significant progress in understanding the physics of carrier 

transport in OFETs based on single crystals of the organic semiconductor rubrene.14, 22, 

23, 38, 39, 79, 84 In principle, due to the absence of complex microstructure, single crystal 

OFETs offer some clear advantages over organic thin film transistors for transport 

studies.19,20 Yet, even the surface of single crystals can be less than ideal for transport 

studies because of the presence of defects, for example, step edges and line dislocations. 

The exciting results on rubrene have motivated similar investigations on other single 

crystal organic semiconductors, with the long term goal of elucidating the role of 

molecular structure and crystal packing on electrical transport. In this chapter, tetracene 

and pentacene-based single crystal OFETs employing an air or vacuum gap as the gate 

dielectric have been characterized, and their performances have been compared with 

those obtained in rubrene air-gap single crystal OFETs. This air-gap device 

configuration is similar to that used for rubrene single crystal OFETs as described by 

Menard, et al.14 This configuration provides a pristine interface between crystal and 

gate dielectric. 

 

Tetracene and pentacene powders were purchased from Sigma-Aldrich and crystallized 

by means of horizontal physical vapor transport (PVT),68 under a mixture of Ar:H2 (~ 

50:50 by volume) (or pure Ar in case of pentacene) as the carrier gas. The growth 

process was performed in the dark. Each growth process takes about a week and yields 

plate-like crystals up to 100 μm in thickness. To increase the quality of final product, 

the obtained crystals were used as the source material for a subsequent growth and this 

procedure was repeated twice. The crystals were examined by optical microscope under 

polarized light, atomic force microscopy (AFM, Veeco Metrology Nanoscope ІІІa), and 

X-ray diffraction (XRD, Bruker-AXS microdiffractometer) to ensure their quality. 

Narrow plate-shaped crystals (approximately 5-10 mm in length and 0.4-1 mm in width 
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for tetracene crystals, pproximately 5-10 mm in length and 1-2 mm in width for 

pentacene crystals) were generally selected for device application.  

 
Field effect transistors were fabricated by placing the long axis of a single crystal along 

the gap of a Ti/Au (20/170 Å) coated poly(dimethylsiloxane) (PDMS) stamp. The 

fabrication process and the dimension of the devices were detailed in Section 4.2. 

Figure 5.1 shows the output characteristic of the best tetracene transistor operated in air. 

The linear mobility is 1.6 cm2/Vּs, three times higher than the highest value reported on 

SiO2 gate dielectric.19 The device has a current ON/OFF ratio ION/IOFF of 107, a 

subthreshold slope of 0.3 VּnF/decadeּcm2 and shows relatively small hysteresis 

considering the one-minute long sweep cycle. Under vacuum (< 10-6 Torr), the 

transistor showed negligible change in performance compared to that in air. The aspect 

ratio (W/L) of this device was about 3.3. This aspect ratio is limited by the width of this 

crystal, which eliminates the possibility of fringe current. The inset in Fig. 1c shows the 

Figure 5.1 Transfer characteristic of the best tetracene single crystal OFET in air. 
(sweep rate 2.5 V/s). The linear mobility is 1.6 cm2/Vs and the intrinsic swing is 0.3 
VּnF/ decadeּcm2. The inset shows the typical output characteristic in linear regime. 
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typical output characteristics. A linear (ohmic) current voltage relationship can be 

observed when the bias along the channel VSD is low, indicating relatively small 

resistance associated with the source/drain contacts. More than 15 devices were 

measured, using tetracene single crystals from three different crystal growth batches. All 

OFETs were fabricated with the long axis of the crystal aligned along the channel. In 

general, the linear mobility was within the range 0.4-1.6 cm2/Vּs, with subthreshold 

slope less than 0.5 VּnF/decadeּcm2. We noticed that the mobility tended to be smaller 

for thicker crystals. However, only thick crystals (50-100 μm in thickness) proved to be 

rigid enough to survive several relaminations during anisotropy studies (discussed in the 

next section). Characterization on pentancene single crystal air gap OFETs yielded 

linear mobility up to 1.5 cm2/Vּs, subthreshold slope around 1 VּnF/decadeּcm2, and 

on-off current ratio > 104 (transfer characteristics shown in Fig. 5.3). 

 

5.2 Anisotropic Charge Transport 

Figure 5.2b presents the transfer characteristics of four single crystal OFETs, fabricated 

by relaminating the same tetracene crystal over the PDMS gap along four different 

directions. The aspect ratio (W/L) is 10 for each device. The operation parameters and 

calculated quantities are tabulated in Table 5.1. Threshold voltage VTH and turn on 

voltage VON are defined in Fig. 5.1. The crystallographic orientation was obtained by 

comparing the angle between all the native boundaries on the crystal surface, and was 

confirmed with microdiffraction. The surface of each crystal corresponded to the a-b 

basal plane of the crystal lattice (this was also proved by AFM from the step height 

angle  μmax (cm2/Vּs) VTH (V) VON (V) Si (VּnF/decadeּcm2) 

0° 0.4 ± 0.1 7 14 0.5 
45° 0.07 ± 0.02 2 6 0.5 
90° 0.14 ± 0.03 7 12 0.4 
135° 0.13 ± 0.03 3 6 0.6 

TABLE 5.1 Parameters of tetracene single crystal OFETs at different transport angles. 
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value); the long axis of the crystal corresponded to the 0]1[1  direction. In Fig. 5.2a, we 

relate the crystal laminating directions with real orientations. Overall, we found that the 

field effect mobility was strongly correlated with crystal orientation, with the highest 

mobility direction along 0]1[1 . 

 

Figure 5.2 Anisotropic transistor properties in tetracene single crystal OFETs. a) 
Optical images of the devices with tetracene crystal relaminated at different angles 
along the channel and the associated crystal orientations for charge transfer. The 
surface of the tetracene single crystal is parallel to the a-b basal plane of the crystal 
lattice, and the long axis coincides with 0]1[1 orientation. b)Transfer characteristics 
along four different directions. 

a) 

b) 
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Similar relamination experiments along four different directions have been done on 

pentacene and rubrene-based air-gap single crystal OFETs as well (see Fig. 5.3 and 5.4). 

The results are summarized in Table 5.2 and 5.3, respectively. In pentacene OFETs, the 

long axis of the crystal corresponds to the 0]1[1  crystallographic orientation, along 

which the highest mobility was obtained. In rubrene OFETs, highest mobility was also 

observed along the long axis of the crystal. However, this direction is corresponds to the 

[100] crystallographic orientation of the rubrene crystal lattice. Similar observations on 

anisotropic mobility in rubrene OFETs were reported by several other groups (notice in 

some reports the definitions of a and b orientations in rubrene unit cell were 

switched),61 but the correlation between the mobility and crystallographic orientations 

in tetracene and pentacene single crystal OFETs has never been demonstrated before.  

 

Figure 5.3 Anisotropic transistor properties in pentacene single crystal OFETs. a) a-b 
basal plane unit cell structure of pentacene single crystal. The long axis (0˚) coincides 
with 0]1[1 orientation. b) Transfer characteristics along four different directions. 

angle μmax (cm2/Vּs) VTH (V) VON (V) Si (VּnF/decadeּcm2) 

0° 1.5 ± 0.4 -18 -1 1.2 
45° 1.0 ± 0.2 -17 4 0.5 
90° 0.9 ± 0.2 -19 4 0.6 
135° 1.0 ± 0.3 -17 4 0.7 

 

a) b) 

Table 5.2 Parameters of pentacene single crystal OFETs at different transport angles. 
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The different maximum mobility orientations between rubrene and pentacene/tetracene 

single crystals are closely related to their lattice structures. As shown in Fig. 5.4, the 

rubrene crystal has orthorhombic unit cell and the long molecular axes are imbedded in 

the a-b plane, with their π-orbital overlapping more pronounced along the 

[100]orientation. On the other hand, pentacene and tetracene single crystals both have 

triclinic structure. The long molecular axes of adjacent molecules in these crystals are 

all perpendicular to the a-b plane and parallel along the 0]1[1  orientation. Theoretical 

analysis by Brédas, et al. predicted that the transfer integrals for rubrene crystals were 

Figure 5.4 Anisotropic transistor properties in rubrene single crystal OFETs. a) a-b 
basal plane unit cell structure of rubrene single crystal. The long axis (0˚) coincides 
with [100]orientation. b) Transfer characteristics along four different directions. 

angle μmax (cm2/Vּs) VTH (V) VON (V) Si (VּnF/decadeּcm2) 

0° 4.2 ± 0.9 -30 2 1.4 
45° 2.8 ± 0.6 -30 3 2.9 
90° 1.4 ± 0.4 -31 -4 1.1 
135° 2.7 ± 0.7 -31 -1 1.2 

Table 5.3 Parameters of rubrene single crystal OFETs at different transport angles. 

a) b) 
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maximized along the [100] orientation, while in pentacene crystals they were 

maximized along the 0]1[1  orientation.28 The analysis is in good agreement with the 

anisotropic mobility we obtained in these crystals (the relation between mobility and 

transfer integrals was explained in Section 2.1.2).  

 

In addition, PDMS stamps with 12 air-gaps along different directions, similar to the 

channel configuration demonstrated by Lee, et al. on SiO2 (see Fig. 2.21),80 has also 

been utilized to fabricate rubrene, pentacene and tetracene single crystal OFETs. In this 

configuration, orientation-dependent charge transport was directly characterized at 

different areas of the same crystal without relamination to reduced the potential surface 

damage. As shown in Fig. 5.4, anisotropic mobilities were observed again, with the 

maximum mobility along the [100]orientation for rubrene, and 0]1[1  orientation for 

pentacene and tetracene single crystals OFETs.  

 
5.3 Temperature Dependent Mobility 

We measured the transistor performance for the same tetracene crystal along two 

orientations in the temperature range 200-310 K and the result is plotted in Fig. 5.6. A 

relatively narrow temperature range was selected because tetracene crystal has low 

Figure 5.5 Twelve direction anisotropic charge transport mobility in a) rubrene b) 
pentacene and c) tetracene single crystal OFETs. The long axis (0˚) coincides with 
[100]orientation for rubrene, and 0]1[1  orientation for pentacene and tetracene single 
crystals. 

a) b) c) 
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sublimation temperature under pressure, and a phase transition can take place under low 

temperature.69 Upon cooling, a negative shift in VON and VTH was observed for each 

direction, along with the decrease in drain current ID. Repeatable transistor 

characteristics (no device degradation) were observed during the temperature ramp. The 

linear mobility at each temperature setpoint was calculated (see Eqn. 2.15) and plotted 

in Fig. 5.6c. The mobility decreased significantly with decreasing temperature, 

demonstrating clear Arrhenius behavior below 275 K. The mobility began to saturate 

above 300 K. We also studied similar devices with a 4 probe configuration69 to make 

sure that the activation behavior did not arise from contact effects. 

 

As shown in Fig. 5.6c, the anisotropic behavior in mobility was obtained for all 

temperatures. Furthermore, the temperature variance was identical. The activation 

energy EA of charge transfer can be calculated from μ ≈ μ0exp(-EA/kBT) (see Eqn. 2.5), 

and it depends on gate voltage as demonstrated in the inset in Fig. 5.6c. The gate 

voltage was corrected by the turn on voltage VON for each direction to normalize the 

charge density. Even at high gate voltage, the activation energy for the mobility is 

approximately 140 meV, much higher than the previously reported tetracene single 

crystal OFETs with SiO2 gate dielectric.19, 69 This is probably due to the relatively small 

gate induced carrier density caused by the low capacitance of the air dielectric layer. 

Smaller carrier density means that not all of the deep traps (> 100 meV) are filled 

during device operation, which limits the charge transport mobility. Analysis on injected 

charge density is detailed in the following section. Interestingly, the activation energies 

along two directions decrease with increasing gate voltage and merge into the same 

trendline, suggesting similar density of state distributions for surface traps.  
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c) 

a) b) 
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Figure 5.6 Temperature dependent behavior in tetracene air-gap single crystal 
OFET a) transfer characteristics along 0]1[1 orientation b) transfer characteristics 
perpendicular to 0]1[1 orientation c) field effect mobility vs temperature for devices 
with the same crystal laminated at two different directions. The inset shows the 
activation energies extrapolated at different gate voltages for two directions merge 
into the same trendline.  
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Temperature-dependent experiment along two orientations of pentacene air-gap single 

crystal OFETs has also been characterized from 200 to 310 K. As shown in Fig. 5.7, the 

calculated linear mobility of the device showed Arrhenius temperature dependent 

behavior analogous to what was observed in tetracene devices, with activation energy 

EA ~ 120 meV under high gate voltage. In addition, the direction-independent activation 

energy was observed in pentacene single crystals OFETs as well (see the inset of Fig. 

5.7). Such behavior was also reported previously on rubrene-based air-gap single crystal 

OFETs, though in a smaller temperature range (120-150 K).14 In contrast, in an early 

time-of-flight experiment on naphthalene bulk single crystal at low temperature (< 270 

K), the activation energy was found to depend on transport directions.196 The source of 

this directional independence in activation energy for surface charge transport requires 

further investigation.  

Figure 5.7 Field effect 
mobility vs temperature for 
pentacene air-gap single 
crystal OFETs with the same 
crystal laminated at two 
different directions. The inset 
shows the activation energies 
extrapolated at different gate 
voltages for two directions 
merge into the same 
trendline.  
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The rubrene air-gap single crystal OFETs, however, shows a fundamentally different 

temperature-dependent behavior compared to what described above. As shown in Fig. 

5.8 for a typical device, at T > 200 K, the mobility of the device increased with 

decreasing temperature, indicating that a band-like surface charge transport was 

dominating in these rubrene single crystals (see Section 4.2 for detailed explanation). 

Under lower temperature, the hole distribution became narrower and the carrier trapping 

effect was more pronounced. A crossover was observed in the mobility-temperature 

relationship, and the device became thermally activated with a weak activation energy 

around 10 meV. These observations are essentially analogous to the reported results on 

rubrene-based air gap SC-OFETs.14 The fact that charge transport in these transistors 

was not strongly associated with carrier traps indicates that, compared to pentacene and 

tetracene, rubrene single crystals should have much smaller trap density of state (DOS) 

distribution. As mentioned in Section 2.2.1, during transistor operation, only the first 

few monolayers of the semiconductor close to the dielectric/semiconductor interface 

contributs to the charge transport. Therefore, in case of air-gap single crystal OFETs, 

crystal surface imperfection could be a major contribution to the carrier traps.  

Figure 5.8 Field effect mobility vs temperature for rubrene air-gap single crystal 
OFETs along [100]orientation. The result along [010] orientation shows analog 
behavior. 
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Fig. 5.9 shows the AFM topography images, which revealed widely distributed steps on 

the surface of all three oligo-acene crystals. However, in rubrene crystal, steps are 

relatively uniformly distributed and are all aligned along the similar direction with the 

density of approximately 0.7 steps/um. The surface of pentacene and tetracene crystals 

showed somewhat larger step density, and the stacking of 8-10 steps was commonly 

observed (see the center part of pentacene and tetracene topographies for example). 

These defects (especially the stacking features) can act as barriers and traps for surface 

charge transfer,6 and will obviously impair the OFET performance. It is critical to 

quantitatively assess the influence of surface steps on surface charge transport. It is also 

worth noting that the height of these steps, as listed in Fig. 5.9, matched well with the 

interplanar distance along the c* direction of the corresponding crystals. (interplanar 

distance for rubrene: 13.4 Å; for pentacene: 14.0 Å; for tetracene: 12.3 Å). Therefore, 

the surface of these crystals corresponds to the a-b basal plane. 

 

5.4 Carrier Localization Studied by Displacement Current Measurement 

Originating from chemical impurities, structural disorders, interface effects, and etc, the 

existence of carrier traps perturbs the electronic structure of organic semiconductors, 

causes the localization of charge carriers, and deteriorates the performance of OFETs.6 

The study of carrier trapping processes relies on the determination of the carrier density 

3μm 3μm 3μm 

step height: 12±1 Å step height: 12±1  Å 

Figure 5.9 AFM topographies for rubrene, tetracene and pentacene single crystals. 
rubrene pentacene tetracene 

step height: 14±1  Å 
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involved in the transistor operation. By measuring the displacement current offset 

through forward and reverse gate voltage sweeps analogous to those in transfer 

characteristics (ID-VG relationship), the injected and released carrier density within the 

sweep cycle of the OFETs can be calculated, and hence the trapped carrier density can 

be obtained. We have used this method to calculate the trapped carrier density of 

rubrene, pentacene and tetracene single crystal air-gap OFETs and verified the fact that 

rubrene single crystals have less trapped carriers than the others. Furthermore, the 

processes of carrier transport and localization were investigated at various temperatures. 

The temperature-dependent trapped carrier density results revealed two origins of the 

carrier trapping effect and allowed for an estimation of the trap density of states (DOS) 

distribution for all three single crystals. The total amount of traps for these crystals was 

calculated and compared as well. 

 

The typical electrical characteristics for rubrene air-gap single crystal OFETs are 

illustrated in Fig. 5.10. Besides measuring the standard ID-VG relationship under the 

constant source-drain bias (VD) of –10 V, we also grounded both source and drain 

electrodes and measured the displacement current from the source electrode under the 

same VG sweep. In all the characterization processes the gate voltage was swept from 

+20 V to –50 V, and then swept back at a constant rate of 5.7 V/s. The measured 

displacement current is originates from the dynamic charging and discharging effect of 

the transistors and it follows:197 

dt
dCV

dt
dV

C
dt
dQI G

G
disp +==                                            (5.1) 

where C is the capacitance of the device. As shown in Fig. 5.10, before the transistor 

was turned on, the measured small displacement current could be related to the parasite 

capacitance of the source and drain electrodes (C = Cpara) and was found to increase 

linearly with increasing electrode size. In the forward VG sweep when the transistor was 

turned on, the injection of excess charged carriers into the transistor channel also caused 
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a pronounced increase of the displacement current. According to Eqn. 5.1, such current 

increase (ΔIdisp) could be related to the introduction of channel capacitance when the 

transistor channel became conductive, which increased the total capacitance (C = 

Cpara+CG). Similarly, during the reverse VG sweep, the displacement current decreased 

when the transistor was turned off, owing to the reduction of total capacitance. The 

overall shift of the displacement current (i.e., the current level under the forward and 

reverse VG sweep was not symmetric to 0 A) was caused by the residual current of the 

electrometer.  

 
By integrating the displacement current increment versus voltage in the forward gate 

voltage sweep, one can monitor the injected carrier density involved in device operation, 

as: 

Figure 5.10 Transfer 
characteristics (top panel) and 
displacement current 
measurement (bottom panel) 
for rubrene air gap single 
crystal OFETs, acquired under 
the gate voltage sweeping of 
5.7 V/s. The injected (and 
released) carrier density can 
be calculated from the 
integration of displacement 
current versus voltage as the 
illustrated areas in the bottom 
panel. 



Chapter 5    Tetracene, Pentacene and Rubrene Air-Gap Single Crystal Field Effect 
Transistors 
 

100 

( )WLedtdV

dVI

WL
Qp

G

V

V disp

i

G

∫ ⋅Δ
== 20                                              (5.2) 

The released carrier density (pr) can be obtained similarly from the reverse VG sweep, 

and the trapped carrier density (pt) involved in the whole sweep cycle can be calculated 

from pt = pi – pr. The integration of Fig. 5.10 yields injected carrier density of 6.8 × 1010 

cm-2 for rubrene single crystal OFETs. Approximately 6% of the injected carriers were 

trapped during the operation. Displacement current measurements on pentacene and 

tetracene air-gap single crystal OFETs resulted in similar injected carrier density values 

of 6.5 and 6.4 × 1010 cm-2, respectively. However, compared to rubrene, the carriers 

trapped in pentacene and tetracene single crystals were much larger (16% for pentacene 

and 20% for tetracene). Experiments on more than 5 transistors for each of three single 

crystals yield similar percentages. 

 

Figure 5.11 Channel drift current (ID-VG, VD = –10 V) and displacement current 
(IG-VG,VD = –10 V) for a) pentacene and b) tetracene air gap single crystal OFETs, 
acquired under the gate voltage sweeping of 5.7 V/s.  

a) b) 
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Trapped carriers are conventionally analyzed directly from the capacitance-voltage 

relationship as pt = C’ΔV, where C’ is the sheet capacitance of the dielectrics, and ΔV is 

the gate voltage difference between the turn on voltage (VON) in the forward sweep and 

the turn off voltage (VOFF) in the reverse sweep.39 However, the gate capacitance of a 

transistor actually varies with the applied gate voltage (i.e., the carrier density inside the 

channel), especially at the subthreshold region.49 In addition, the off-current values can 

be affected by many factors and the accurate determination of VON and VOFF are 

sometimes difficult. Compared to this approach, the displacement current analysis may 

provide a better estimation of the trapped carrier density. Nevertheless, it is worth 

noting that the calculated carrier density can be strongly dependent on the selection of 

“background” displacement current when the transistor is off. The value of background 

current can be affected by the dielectric leakage current, parasitic capacitance and the 

RC coupling upon the application of VG. Also, the carrier transport during displacement 

current measurement is mainly driven by the diffusion process (since both source and 

drain electrodes are grounded, VD = 0V). The possibility of carrier detrapping can be 

increased in the operation of real OFET devices with the assistance of source-drain bias. 

Furthermore, the trapped carrier density values discussed here cannot represent the total 

amount of the traps in these single crystals. From an energetic perspective, we may 

divide the carrier traps into two categories: deep and shallow traps. In the case of p-type 

organic semiconductors, the deep traps are located inside the band gap with energy 

value more than a few kBT, higher than the highest occupied molecular orbital (HOMO) 

band edge. These traps need to be filled before the transistor channel can be conductive, 

and the carriers are captured semi-permanently during the device operation. On the 

other hand, carriers localized in shallow traps closer to the HOMO band can be 

thermally activated within the time interval of the transistor operation and contribute to 

the charge transport. Since the carriers we measured from the displacement current are 

the ones that remained trapped after the complete transistor operation cycle (~ 24 

seconds), only the deep traps were counted.  
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The carrier transport and localization in these single crystal transistors were further 

investigated in the temperature range of 140 K-300 K. The trapped carrier density of 

each transistor is plotted as a function of temperature in Fig. 5.12a. As can be seen, the 

trapped carrier density in rubrene single crystal OFETs were considerably smaller 

compared to that in pentacene and tetrancene devices for the whole temperature range. 

Yet the trend of the carrier density-temperature relationship was similar for all three 

transistors. At T > 250K, the trapped carrier density was found to decrease with 

decreasing temperature, which indicates that some trap filling processes can become 

thermally activated, i.e., there exist some special carrier traps in the bulk of the crystal 

or at the metal-crystal interface (source and drain contacts), where carriers need to 

overcome a energy barrier to be localized. This abnormal carrier localization behavior 

became trivial under lower temperature, as carriers with lower energy can only pass 

around these trap sites. This trapping process might be a source of the bias stress effect, 

a device degradation phenomenon commonly observed in organic transistors under long 

time of gate voltage stress. At T < 250K, the trapped carrier density increased with 

decreasing temperature as expected, indicating those carriers trapped in relatively 

shallow traps no longer had enough energy to escape. In other words, more and more 

originally “shallow” traps at room temperature now became “deep”. Fig. 5.12b shows 

the field effect mobility of all three transistors at various temperatures. As discussed 

previously, the effective mobility of the transistors was not affected by the amount of 

deep traps. Therefore, we can calculate the mobility either from the transconductance 

(Eqn. 2.16) of the transfer characteristics of these transistors (shown in solid symbols), 

or simply from the Ohm’s law (shown in open symbols): 
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where jD is the channel current density, E is the electrical field along the transistor 

channel, and pi-pt is the density of the carriers in the channel that were not deeply 

trapped. As shown in the figure, the mobility values obtained by these two approaches 
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matched quite well for all three transistors, indicating that the trapped carrier density 

values we calculated are quite reasonable. 

 
5.5 Conclusions 

The fabrication and characterization of tetracene, pentacene and rubrene air-gap single 

crystal OFETs have been demonstrated. The mobility in these transistors is anisotropic. 

The fastest transport direction is along 0]1[1 , the unit cell diagonal, in tetracene and 

pentacene devices, and along [100]  in rubrene. The mobility in tetracene and 

pentacene transistors is thermally activated at room temperature, whereas in rubrene the 

mobility shows metallic behavior. The different charge transport behavior between 

rubrene and tetracene/pentacene single crystal OFETs are presumably caused by the 

distribution of carrier traps. Displacement current measurements can be applied to 

quantify the injected and trapped charge density.  

Figure 5.12 Temperature dependence of a) trapped carrier density and b) mobility in 
rubrene, pentacene and tetracene air-gap single crystal OFETs. The trapped carrier 
densities were calculated from the displacement current for one VG sweep cycle. The 
solid symbols in (b) were calculated from the transconductance of the ID-VG relation, 
while the open symbols were obtained from Ohm’s law. 

a) b) 
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Chapter 6    Direct Comparison of Mobility-Carrier Density 
Relationship in Organic Single Crystal and Polymer Transistors 

 

6.1 Introduction 

Charge mobility is a key figure of merit for many applications of organic 

semiconductors. In organic field effect transistors (OFETs), higher charge mobility 

leads to larger ON-to-OFF current ratios and higher switching speeds, which enhances 

the utility of these devices for electronic circuitry.9 It is generally appreciated that the 

carrier mobility in organic semiconductors correlates with the degree of structural order, 

e.g., high crystallinity often (but not always) favors higher mobilities because the 

intermolecular electronic coupling can be greater than in amorphous or semicrystalline 

materials.28 In addition, structural disorder leads to in-gap or ‘band-tail’ states that can 

trap charge. For amorphous or semicrystalline polymer semiconductors, structural 

disorder is significant and the charge mobility is consequently a strong function of total 

carrier density.198 Blom, et al. and Iwasa, et al. have shown that the carrier mobility in 

polymer semiconductors can increase by several orders of magnitude as carrier density 

is increased.93, 163 The explanation is that at higher carrier concentrations, 

disorder-induced traps are filled to a greater extent, which increases the average 

mobility of the remaining carriers because they sample fewer and shallower traps. 

 

In contrast, Morpurgo and colleagues reported that for OFETs based on high mobility 

rubrene single crystals, the trend is opposite;85 OFETs with higher gate dielectric 

constants, and thus higher gate-induced charge densities, have lower field effect 

mobilities, which they attributed not to carrier density effects (at least for carrier 

densities < 1013 cm-2), but to coupling of the charges in the channel with the polarizable 

dielectric. The fundamental mobility - charge density relation is apparently very 

different for polymer semiconductors compared with small molecule single crystals. It 

is expected that to first approximation this is because of the vastly different degrees of 

static disorder in the two systems.  
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In this chapter we demonstrate a systematic comparison of the field effect mobilities in 

polymer thin film transistors (TFTs) and single crystal OFETs as a function of tunable 

gate insulator dielectric constant and gate-induced charge density. Experimentally, we 

follow the approach pioneered by Rogers and Podzorov in which an organic 

semiconductor crystal or a polymer semiconductor film is laminated to a 

polydimethylsiloxane (PDMS) stamp embossed with source, drain and gate electrodes 

in a topographic relief, Figures 6.1a and b.14 In earlier reports by Podzorov and others, 

the vacuum gap between the single crystal and the gate serves as the gate dielectric.14, 22, 

85, 162 Application of a gate voltage induces highly mobile carriers at the pristine 

vacuum/semiconductor interface.  

 
Here, rather than simply using air or vacuum as the dielectric, we filled the channel 

space between the semiconductor and the gate with liquids of varying dielectric 

constant. These ‘liquid gap’ transistors allowed us to measure field effect mobility in the 

same crystal or film as a function of tunable dielectric constant and charge density. We 

have found striking differences in transport behavior for organic single crystals versus 

Figure 6.1 Device structure a) Cross section sketch of the polymer TFTs. b) 
Cross section sketch of the single crystal OFETs. c) Chemical structure of the 
ionic liquid used in theis study. 
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polymer semiconductor films using these liquid dielectric transistors. For single crystals 

of rubrene, the carrier mobility is not a function of charge density (up to 5 × 1013 cm-2) 

but strongly depends on the liquid dielectric constant, in keeping with previous results 

reported by Morpurgo on the effects of dielectric polarizability.85 For polymer 

semiconductors, on the other hand, the effect of charge density is overwhelming; there 

is a strong increase in charge mobility with increasing carrier concentration, following a 

power law.  

 

Our conclusions from these experiments reinforce prior reports on the dielectric and 

charge density dependence of transport in organic single crystals and polymer 

semiconductors.62, 85, 93, 142, 163, 199, 200 The novelty of our work is that we have examined 

directly the different behaviors of crystals and polymers using the same testbed so that 

their inherent differences are made patently clear. In addition, our use of a highly 

polarizable ionic liquid as the gate dielectric has allowed us to measure the field effect 

mobility over a four order of magnitude span in the carrier density, which is much larger 

than typically reported. 
 
6.2 Single Crystal and Polymer Transistors Gated by Liquid Dielectrics 

For our initial work, we have employed two liquids as gate dielectrics, a pure ionic 

liquid {EMIM}{TFSI} (molecular structure shown in Fig. 6.1c) and Dow Corning #704 

silicone oil. The ionic liquid is strongly polarizable and has been employed previously 

in so-called electrical double-layer OFETs.15, 137, 141 Application of a negative bias to the 

gate causes the negative {TFSI}- ions in the ionic liquid to drift to the 

liquid/semiconductor interface, which induces the accumulation of oppositely charged 

holes in the semiconductor. An electrical double layer is thus formed consisting of large 

negative ions and positively charged holes separated across the interface by a distance 

on the order of 1 nm.88 The capacitance associated with this double layer is extremely 

large. We have measured the specific capacitance for the {EMIM}{TFSI} liquid 

sandwiched between metal plates to be 15 μF/cm2, and this value is essentially 
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independent of thickness (because in an ionic liquid the bulk polarization is zero as the 

double layers screen the field). On the other hand, silicone oil is naturally much less 

polarizable (dielectric constant = 2.9 at low frequency) and behaves like a conventional 

dielectric. Typical gate capacitances for the OFETs we have made using silicone oil are 

5.5×10-4 μF/cm2. We note that when using ionic liquids, there is also the possibility of 

electrochemical doping instead of electrical double layer charging.88 This is particularly 

relevant for permeable polymer semiconductors, as we will discuss later. 

 
Liquid gated transistors were fabricated with spun-cast films of regioregular P3HT or 

PQT-12 or vapor-grown single crystals of rubrene or pentacene. For polymer transistors, 

prior to the spin coating, Cr/Au source and drain contacts were deposited on SiO2 

surface through life-off process to assure a better metal/organic contact. The channel 

length is 20 μm and the channel width is 200 μm. After the polymer was spun coated 

and dried in vacuum for overnight, the transparent PDMS substrate was stamped, with 

the gap of the PDMS carefully aligned with the channel between source and drain 

electrode. Finally, the whole device was flipped over and placed on a piece of glass, 

silver paint/Au wires were used to extend the source and drain contacts for the sake of 

measurement, as illustrated in Fig. 6.1a. For each device, the transistor performance 

Figure 6.2 Optical images of a rubrene single crystal OFET which describing the 
filling of ionic liquid. a) Before filling b) During filling, a shap wetting front can 
be clearly observed when the ionic liquid was introduced into the gap. c) After 
filling. The excess ionic liquid is sucked away from the channel. 

a) b) c) 
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gated by vacuum (~10-6 Torr) was first measured. Then a drop of ionic liquid (or oil) 

was cast on the PDMS stamp through a 1ml microsyringe under atmosphere. As can be 

seen in Fig. 6.2, a probe tip was applied to direct the liquid droplet to fill the gap 

between semiconductor and the gate contact. One can clearly observed a wet front 

propogated through the whole channel within 1 seconds, which indicats the filling of the 

gap. The excess liquid was carefully removed using Kimwipe. After that, the liquid 

gated transistor was characterized again in vacuum. We compared the current-voltage 

results for liquid gap transistors to identical devices with a vacuum gap. Figure 6.3a 

shows the transfer characteristics (drain current versus gate voltage ID-VG, with the 

source grounded) of a typical ionic liquid gated PQT-12 TFT acquired at a fixed drain 

bias (VD = -1 V). The device turned on near VG = 0 V, and the channel current increased 

by nearly 4 orders of magnitude by VG = -1 V. However, when gated using silicone oil 

as the dielectric (see the inset of Fig. 6.3a), the PQT-12 TFT required much higher 

operating voltages and yielded much lower channel currents. The vacuum gated PQT-12 

device barely turned on over the same voltage range. P3HT-based transistors showed 

very similar gate dielectric-dependent transfer characteristics (see Fig. 6.3b). 

 

The ID-VG characteristic of a typical ionic liquid gated rubrene single crystal OFET is 

displayed in Fig. 6.3c. This transistor could also be operated with very low gate bias. 

However, the ON-to-OFF current ratio for the rubrene OFET is nearly 100 times lower 

than the ionic liquid gated polymer TFTs with similar channel dimensions. Conversely, 

when gated by vacuum or oil, rubrene single crystal transistors operated much better 

than the polymer devices. As shown in the inset of Fig. 6.3c, the vacuum and oil gated 

single crystal transistors could still be turned on at very low gate voltage, and the 

channel output current was comparable to the current in the ionic liquid gated device. 

Similar drain current levels were also observed for pentacene single crystal OFETs 

gated by the three different dielectrics (see Fig. 6.3d).  
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Figure 6.3 Transfer characteristics of {EMIM}{TFSI} gated a) PQT-12 thin film 
TFT b) P3HT thin film TFT c) rubrene single crystal OFET and d) pentacene single 
crystal OFET under 75mV/s gate voltage sweeping. The insets show the transfer 
characteristics of a similar PQT-12, P3HT, rubrene and pentacene transistors gated 
by vacuum and oil, consecutively. 

a) c) 

b) d) 
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After the characterization of the ionic liquid gated rubrene OFET, the single crystal was 

lifted off from the PDMS substrate and rinsed with cold isopropyl alcohol for 30 

seconds to remove the ionic liquid. After that, the crystal was placed in a vacuum 

chamber at 50ºC for 2 hours. The same crystal was then carefully relaminated onto a 

new air-gap PDMS stamp with the identical channel region across the gap. As shown in 

Figure 6.4, the performance of the vacuum gated transistor based on the “recovered” 

rubrene single crystal was comparable to the original one, with mobility reduced no 

more than 10%. Furthermore, X-ray microdiffraction on the channel region of the 

crystal verified that the ionic liquid-gating experiment didn’t cause significant change in 

Figure 6.4 Comparison 
of a) transfer (ID-VG) 
characteristics of 
vacuum gated rubrene 
single crystal transistors 
before and after the 
ionic liquid-gating 
experiment on the same 
crystal. b) X-ray 
microdiffraction pattern 
on the channel region 
of the original (black) 
and recovered (red) 
rubrene crystal.  
 

a) 

b) 
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lattice parameters ((002) plane is parallel to the channel, while (020) plane is normal to 

the charge transport direction). The combined information is strong evidence that 

neither surface degradation nor ion penetration took place in our ionic liquid gated 

single crystal transistors, and the observed lower mobility with ionic liquids can be 

attributed to surface scattering or dielectric polarization effects as discussed in the text. 
 
6.2 Mobility-Carrier Density Relationship 

It is evident from the transfer characteristics in Fig. 6.2a and b that the slopes of the 

ID-VG curves for the polymer transistors continually increased with negatively 

increasing gate voltage, for both liquid dielectrics and the vacuum gap, while in single 

crystal OFETs (Fig. 2c and d) the slope dID/dVG was essentially constant beyond the 

threshold voltage. This difference in the ID-VG curves reflects the different dependences 

of mobility (μ) on gate induced sheet charge density (p) for polymer versus single 

crystal semiconductors;18 understanding the μ - p relation is thus our main focus.  

 

While μ and p for the vacuum and oil gated transistors can be calculated easily from the 

standard FET equations (Eqn. 2.15), the determination of p in ionic liquid gated 

transistors requires extra caution. It has been demonstrated elsewhere that under 

relatively slow gate voltage sweep rates (e.g., 75 mV/s), an electrochemical doping 

process can take place in polymer transistors.88 The {TFSI}- ions in the dielectric can 

penetrate into the bulk of the polymer semiconductor and hence induce a considerably 

higher injected carrier density (i.e., a 3-dimensional instead of 2-dimensional channel). 

Therefore, for the ionic liquid gated polymer devices, we adopted an alternative method 

to estimate p. Namely we measured the gate displacement current (IDisp) simultaneously 

with the ID-VG characteristics of these transistors and integrated IDisp with time as:88, 139 

eAr

dVI

eA
Qp

V

GDisp∫==                                                   (6.1) 
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where rV is the constant gate voltage sweep rate, dVG/dt. Subsequently, the mobilities of 

the polymer TFTs were calculated using μ = (L/W)(ID/pVD). As illustrate previously, the 

electrochemical doping of {TFSI}- ions into single crystals of rubrene and pentacene 

does not occur. Therefore in our ionic liquid gated single crystal transistors the carrier 

densities were calculated from capacitance as discussed above, and the linear mobilities 

were again obtained from μlin = (LIDlin)/(WpVD) with VD ≤ -0.2 V. 

 
In Figure 6.5 we display the central result of this study in which the effective mobility 

for each type of transistor is plotted versus the estimated carrier densities. By using two 

different liquid gate dielectrics and the vacuum gap, we were able to examine the 

mobility-carrier density relation over carrier densities spanning four orders of 

magnitude, from ~ 3×1010 cm-2 to ~ 4 ×1014 cm-2, for each semiconductor material. It is 

apparent that the effective mobilities μ extracted for polymer TFTs show dependences 

Figure 6.5 Mobility-carrier density relationship for transistors based on rubrene 
and pentacene single crystals as well as PQT-12 and P3HT thin films. The 
background colors represent different types of gate dielectric materials at various 
ranges of carrier density.  
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on the carrier concentration p that are qualitatively different from those of the molecular 

crystal OFETs. In polymer transistors, the hole mobility increased with increasing 

carrier density, though there was an large initial drop (40X) in mobility upon switching 

from oil to ionic liquid (discussed below). Charge density was varied by over one order 

of magnitude using ionic liquid alone (from 2 x 1013 to 4 x 1014 cm-2) leading to a steep 

power law increase in mobility over this carrier density range, with the mobility 

eventually exceeding 1 cm2/Vs at carrier densities of 4 x 1014 cm-2. This large mobility 

is comparable with polymer semiconductor mobilities previously reported for 

transistors with electrolyte gates.15, 88, 112, 114-116, 137 

 

In contrast, the single crystal OFETs had considerably higher mobilities when gated by 

vacuum, and the mobilities decreased when the dielectric was changed to oil and ionic 

liquid. For a given dielectric, however, the mobilities in single crystal rubrene OFETs 

were not strongly affected by the carrier concentration. For pentacene single crystal 

OFETs, the mobility increased with carrier concentration for vacuum and oil dielectrics, 

but this effect was small compared to the mobility change accompanying the change of 

dielectric. We examined more than 10 devices for each organic semiconductor, and the 

maximum mobility for each gate dielectric material is summarized in Table 6.1, where 

one can easily recognize the opposite trends for polymer TFTs and single crystal OFETs 

as a function of gate insulator type. 

  

Table 6.1 Maximum mobility of typical polymer and single crystal transistors 
gated by various dielectrics(unit: cm2/Vs) 

 single crystal OFETs polymer TFTs 

gate dielectrics rubrene pentacene PQT-12 P3HT 

vacuum (0.18 nF/cm-2) 13±1 1.5±0.4 0.006±0.003 0.005±0.002 

DC 704 oil (0.55 nF/cm-2) 8.8±1.7 0.6±0.2 0.04±0.01 0.03±0.02 

{EMIM}{TFSI} (15 µF/cm-2) 0.31±0.06 0.020±0.004 1.7±0.8 1.2±0.7 
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The large changes in mobility evident in Fig. 6.5 for both polymer and single crystal 

devices prompted us to investigate the temperature dependence of transport. The 

effective mobilities of vacuum and ionic liquid gated P3HT TFTs and rubrene single 

crystal OFETs were measured in the temperature range 200-300 K, and the results are 

plotted in Fig. 6.6. (It was found that at temperatures less than 220 K, the ionic liquid 

was frozen and the transistors were difficult to turn on.) As shown in the figure, the 

mobility in vacuum gated rubrene single crystal transistors increased with decreasing 

temperature, consistent with diffusive transport as observed previously by Podzorov, et 

al.22 However, Fig. 6.6 also shows that the mobility was thermally activated for rubrene 

single crystal OFETs gated by ionic liquid. The change in both the magnitude and 

temperature dependence of the mobility for rubrene OFETs suggests a significant 

change in the transport behavior associated with changing the dielectric from vacuum to 

ionic liquid, as discussed further below. For P3HT transistors, activated mobilities were 

Figure 6.6 Temperature dependent carrier mobility in rubrene single crystal 
OFETs and P3HT TFTs gated by either vacuum or ionic liquid. 
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observed for devices gated with vacuum and ionic liquid, but the activation energy (EA) 

was much smaller for gating with ionic liquid. An Arrhenius plot yielded EA = 100 meV 

for the P3HT device with a vacuum gate, and the same procedure gave EA ~ 15 meV for 

the P3HT gated with ionic liquid. The large difference in mobilities for rubrene and 

P3HT is also clearly evident in Fig. 6.6. 

 

6.3 Charge Transport in Polymer Transistors 

The collective observations in Figure 6.5 and 6.6 can be explained in terms of the role 

of disorder on the density of states for the different semiconductor classes, polymer 

versus single crystal. We focus first on the polymer TFT results. As described above, we 

were able to extract activation energies for the mobilities in the polymer transistors and 

found that the activation energies decreased with increasing carrier concentration.  

These observations are consistent with a continuum of localized states above a (hole) 

transport level, Et. High densities of localized states associated with disorder are 

expected in polymers, and holes populating these localized states have negligible 

mobility. Consequently, hole transport involves thermal excitation to states at or below 

Et. As the states above Et are filled with increasing charge carrier density, the quasi 

Fermi level, EF, is lowered and the activation energy, EA ~ EF – Et, decreases. 

 

Assuming that the 2D density of states (DOS) varies exponentially with the energy as: 

( ) )/exp(0)( 0EEgEg −=                           (6.2) 
                                                                             

where E0 is the characteristic distribution width and g(0) is the prefactor. The sheet 

density of total injected holes can be obtained from: 

( ) ( ) 0
00 E

E

E

F

F

eEgdEEgp
−∞

== ∫                                          (6.3) 

where it is assumed that  EF >> E0 and E0 >> kBT. Among all the injected carriers, 

those with energy E ≤ Et (Et is the transport energy level) can transport through the 

channel and contribute to the mobility. The sheet density of these mobile holes is 
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defined as pt. Under the limitation of pt << p, the effective mobility of the transistor 

follows: 

0μμ
p
pt

eff =                                                         (6.4) 

where μ0 is the intrinsic mobility. Mobile hole density pt can be calculated from the 

integration of the trap DOS with the hole Fermi-Dirac distribution (in a non-degenerate 

limit) as: 
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where C(T) is constant for given DOS, Et and temperature. Combining (6.4) and (6.6) 

one can obtain the μ – p relation as: 
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The current in the transistor channel follows Ohm’s Law: 

L
VWepI D

effDlin μ=                                                    (6.8) 

where L, W are the channel length and width, respectively. Combining (6.7) and (6.8) 

one can obtain the μ – IDlin relation as: 
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Eqn. 6.7 suggests that the measured mobility increases with increasing carrier density 

approximately as )1/( 0 −∝ kTEpμ  (where it is assumed that E0 > kT and that EAct > kT), 
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as shown in Fig. 6.5. In addition, Eqn, 6.9 states the effective mobility extracted in the 

linear regime is proportional to the drain current as 00 /)( EkTE
DlinI − . We plotted the mobility 

of polymer transistors for each dielectric as a function of the drain current in Figure 6.6, 

where the power law relationship between μ and ID can be readily observed. This power 

law relationship supports the view that continuous filling of an exponential distribution 

of trap states is responsible for the mobility increase in polymers. The dashed line in Fig. 

6.7 also indicates that P3HT and PQT-12 transistors have similar characteristic widths 

E0 ~ 100 meV for their trap DOS distributions. (The above theoretical analysis is due to 

Professor P. Ruden)  

 

At relatively low carrier concentration (< 3×1013 cm-2), the ionic liquid gated polymer 

TFTs had lower mobility compared to identical transistors gated by vacuum or oil, as 

shown in Fig. 6.5 and Fig. 6.7. This mobility lowering effect may be attributable to 

carrier localization associated with electrochemical doping of the {TFSI}- anions into 

the transistor channel, as previously addressed by Shimotani, et al.93 At low 

electrochemical doping concentrations, the {TFSI}- in the bulk of the polymer can have 

strong Coulombic interaction with the induced holes in the channel, and hence can 

significantly reduce the hole mobility. At higher doping levels, the holes can screen the 

ionic charge, leading to strong increases in the hole mobility.62 Another possible 

explanation is that penetration of {TFSI}- into the polymer semiconductor increases the 

structural disorder, thereby introducing more traps, which must be overcome by further 

increases in carrier density. Though the precise reason for the initial decrease in 

mobility when employing ionic liquids is not clear, it is evident that the overall μ-p 

relation is qualitatively the same for polymer films gated either with vacuum or oil or 

ionic liquid dielectrics. 



Chapter 6     Direct Comparison of Mobility-Carrier Density Relationship in 
Organic Single Crystal and Polymer Transistors 
 

118 

 
6.4 Charge Transport in Single Crystal Transistors 

In rubrene single crystal OFETs, the effects of disorder are expected to be much less 

than in the polymer devices. Consequently, the HOMO (highest occupied molecular 

orbital) band edges are reasonably sharp and mobility values at small hole 

concentrations are much higher than in the polymer case.22 However, surface roughness 

scattering is likely to be important for molecular crystals, which inevitably are not 

completely smooth on a molecular scale but have terraces.14 As a result, the dependence 

of the mobility on the carrier concentration for a given dielectric involves the competing 

mechanisms of Coulombic screening and surface roughness scattering. The former 

ensures that potential fluctuations are minimized as the carrier concentration increases, 

thus increasing the mobility, while the latter leads to reductions in the mobility as the 

Figure 6.7 Mobility-drain current relationship for PQT-12 and P3HT thin films 
transistors employing vacuum, oil or ionic liquid as gate dielectric material. The 
background colors represent different types of gate dielectric materials that enable 
various ranges of drain current. 
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transverse electric field increasingly confines the carriers to the crystal surface. The 

experimental results indicate that the two conflicting trends approximately cancel for 

the rubrene devices. Compared to rubrene, pentacene single crystals have relatively 

higher trap concentration.162 When the injected carrier density was low (e.g. when 

transistor was gated by vacuum), these traps in the pentacene crystal could still play an 

important role and resulted in a carrier density-dependent mobility similar to that 

observed in polymer transistors (Fig. 6.5). Such dependency was much less pronounced 

when the OFET was gated by oil or ionic liquid, because the carrier density in the 

channel was considerably higher.  

 

Employing different gate dielectric materials that are increasingly polarizable introduces 

additional mechanisms that can reduce the mobility. Dynamic coupling of the Fröhlich 

type between charge carriers in the rubrene or pentacene channels and the polarization 

field fluctuations in the dielectric layer will reduce the mobility of the charge carriers.85, 

142, 200 For single crystal OFETs, we tentatively associate the observed steps in the 

effective mobilities that coincide with changes in the dielectric layer from vacuum to oil 

and from oil to ionic liquid with that mechanism. The activated transport we observed in 

ionic liquid gated rubrene OFETs (Fig. 6.6) could also be considered as reflecting this 

coupling, with the activation energy approximately 70 meV.  

 

As demonstrated by Morpurgo et al.,85 when the charge transport in rubrene OFETs is 

dominated by Fröhlich coupling, the mobility of the transistors will be activated by 

temperature as: 

( )
2

Bk T
s

B

eaT e
k T

μ ω
−Δ

= ⋅                                                 (6.10) 

where  is the reduced Planck’s constant. a is the hopping length of the carriers, sω  

is the characteristic frequency of the optical phonon that couples with the carriers, 

andΔ is the activation energy. By fitting our temperature dependent mobility (Figure 6.6) 
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with Equation 6.10 we obtained sω ~ 290 cm-1 and Δ ~ 70 meV, which are reasonable 

values as discussed below. Furthermore, the activation energy of the polarons is a 

function of the dielectric constant of semiconductor and gate insulator: 
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∞
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2

  (Ryd)                                      (6.11) 

where Ba  is the Bohr radius, z is the distance between the polaron, κ is the dielectric 

constant of semiconductor, ∞ε is the dielectric constant of gate insulator at ultra-high 

frequency, and rε  can be considered as the dielectric constant of gate insulator under 

the transistor testing speed. Taking κ = 3 and z = 6.4 Å for rubrene,85 ∞ε  = 3.23 for 

{EMIM}{TFSI},102 and Δ = 70 meV, one can obtain the rε  for {EMIM}{TFSI} to be 

around 24. The characteristic frequency, activation energy and dielectric constant values 

obtained for our ionic liquid gated rubrene OFETs are in good agreement with the 

reported results for rubrene OFETs employing high-k inorganic gate dielectrics such as 

Ta2O5 ( sω = 315, Δ = 55 meV, rε  = 25, ∞ε  = 4.4).85  

 

As mentioned in the main text, the sheet capacitance C’ of our {EMIM}{TFSI} was 

measured to be approximately 15 μF/cm2, which is determined by the dielectric constant 

rε  as well as the total thickness of the electric double layers d, according to: 

d
C rεε 0=′                                                          (6.12) 

where 0ε  is the vacuum permitivity. Assuming the double layers at the ionic 

liquid/semiconductor interface and at the gate/ionic liquid interface have same rε  and 

same thickness, we estimated the thickness of each double layer to be 7 Å. This value is 

also consistent with the previously reported double layer thickness for polymer 

electrolytes.93 
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6.5 Conclusions 

We have developed a simple platform that enables the systematic study of charge carrier 

transport in polymer TFTs and single crystal OFETs using vacuum, oil, or ionic liquid 

gate insulators, with specific capacitances varying over five orders of magnitude. Using 

this broad range of capacitance, we have been able to examine the transport over a 

larger range of carrier concentrations than typically reported. The carrier mobility in 

polymer TFTs strongly increases with increasing carrier concentration and the 

quantitative dependence can be accounted for by an exponential distribution of states. 

The transport in polymers is also thermally activated, but the activation energy 

decreases substantially at the high charge densities facilitated by the ionic liquid gate 

dielectric. The charge transport in single crystal transistors, on the other hand, exhibits 

completely different behavior, with the most striking phenomenon being the strong 

decrease in mobility with increased polarizability of the gate dielectric. Charge density 

effects on the mobility are less important in single crystals up to 3 x 1013 carriers/cm2. 

Fundamentally, the very different state of structural order in single crystals versus 

polymer films leads to a very different mobility-carrier density relation for the two 

cases. 
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Chapter 7   Correlation of ON-State Conductance with Referenced 
Electrochemical Potential in Ion Gel Gated Polymer Transistors 

 

7.1 Introduction 

To first approximation, it is generally expected that the threshold voltage for 

gate-induced p-channel conduction in organic thin film transistors (OTFTs)9, 201 should 

be predictably correlated with the energy level of the highest occupied molecular orbital 

(HOMO) of the organic semiconductor. That is, semiconductors with larger ionization 

energies (deeper HOMO levels) can have larger offsets between the Fermi level and the 

HOMO band edge, which then necessitates larger negative gate voltages to initiate hole 

conduction in OTFTs. In practice, there are many reasons why this correlation may not 

hold: (1) the presence of interface states and traps (i.e., in-gap or “tail” states) at 

semiconductor/gate dielectric interfaces that can dominate the threshold voltage, (2) the 

effect of interfacial dipoles that shift the Fermi level within the semiconductor density 

of states at the semiconductor/dielectric interface, and (3) the effect of non-ohmic 

contacts. There is also the important experimental issue that in most reported OTFTs the 

capacitance of the gate dielectric is low and the corresponding threshold voltages are 

sufficiently large that it is difficult to ascertain small changes in threshold voltages for 

different semiconductors. 

 

Here we show that use of an ultrahigh capacitance ion gel gate dielectric in organic 

polymer TFTs facilitates a quantitative comparison of the onset voltage V0 with 

measured HOMO levels, and that there is a clear linear correlation. The advantage of 

the ion gel gate dielectric for this measurement is that it dramatically reduces the gate 

voltage scale, making the V0 shifts more apparent,15 and it allows the insertion of a 

reference electrode into the device so that the electrochemical potential of the organic 

semiconductor/ion gel (O/I) interface can be probed directly during device operation.106  

 

Moreover, we demonstrate that upon sweeping to relatively high gate voltages, the 

source-drain current in ion gel gated polymer transistors reaches a peak value and 
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decreases with further increases of gate voltage (VG); that is, the devices exhibit 

negative differential transconductance. We monitored the reference potential as well as 

the gate displacement current associated with this transition and determined that the 

conductance maximum is related both to the saturation of the carrier accumulation 

process, perhaps due to band filling, and a mobility lowering effect at high charge 

densities.  

 

7.2 Characterization of Ion Gel Gated Polymer Transistors with Ag/AgO Reference 
Electrode 

 
The geometry of the ion gel gated TFTs (GEL-OTFTs) is illustrated in Fig. 7.1a. The 

Figure 7.1 a) Schematic of aerosol printed ion gel gated polymer transistor in 
cross-section, with an oxidized silver wire inserted into the ion gel as 
quasireference electrode. b) Molecular structures of the ion gel components. c) and 
d) Optical images of the printed transistor showing alignment of multiple layers in 
the channel region and the electronic connections. 
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devices were fabricated by sequential printing of all the functional layers using the 

Aerosol Jet® printing technology developed by Optomec, Inc. Au nanoparticle ink was 

used to pattern source and drain electrodes with channel lengths of 50-150 µm and 

channel widths of 500-2000 µm. P3HT, PQT-12 and F8T2 were dissolved in chloroform 

(2 mg/ml) to make printed semiconductor inks. The ion gel ink was prepared with 9.3 

wt% ionic liquid, {EMIM}{TFSI} and 0.7 wt% PS-PMMA-PS dissolved in 90 wt% 

ethyl acetate. These materials are shown in Fig. 1b. PEDOT:PSS was used as the gate 

electrode.  

 

As shown in Fig. 7.1c and d, the semiconductor, ion gel, and gate electrode layers were 

printed with good fidelity. The ink formulation, printing process and annealing 

conditions have been discussed in detail in Section 4.4. The thickness of the ion gel 

layer was typically 10 µm measured by profilometry. Before electrical characterization, 

a 25 µm diameter silver wire (purchased from Alfa Aesar, Inc) was bonded to one of the 

probes in a Desert Cryogenics probe station using silver paste, and then treated with 

piranha solution (H2SO4/H2O2, 7:3) for 1 min to create an oxidized quasi-reference 

electrode (Ag/AgO). This electrode was then carefully inserted into the ion gel layer of 

the GEL-OTFTs and VREF, the potential difference between this silver electrode and the 

grounded source electrode, was measured along with other parameters during the 

transistor operation.  

 

Fig. 7.2 shows the stability of this reference electrode approach. In Fig. 2a, referenced 

voltages were measured as a function of gate voltage for three different ion gel gated 

P3HT transistor and identical characteristics were observed. In addition, in one P3HT 

transistor, the Ag/AgO electrode was inserted into three different locations of the ion gel 

layer close to the channel region, and similar VREF-VG relationships were obtained as 

well, Fig. 2b.  
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The transfer characteristics (ID-VG) for typical P3HT, PQT-12, and F8T2 transistors are 

illustrated in Fig. 7.32a, for a source-drain voltage VD = -1 V and a VG sweep rate of 75 

mV/s. The P3HT and PQT-12 transistors turned on near 0 V, and the channel currents 

increased five orders of magnitude by VG = -1 V, reflecting a significant increase in 

p-type carrier density in the channel. The F8T2 GEL-OTFTs turned on at more negative 

gate biases (~ -1 V), and required VG < -3 V for the channel current to reach the mA 

level. A pronounced hysteresis in the drain current (ID) between the forward and reverse 

VG sweeps was observed in all GEL-OTFTs. Note that the ID value measured in the 

reverse sweep was generally higher than in the forward sweep at the same gate voltage, 

which is opposite to the hysteresis trend commonly observed in polymer transistors 

employing conventional gate dielectrics.202 This suggests that the hysteresis was not due 

to the carrier trapping inside the semiconductor, and instead that it arose from the 

relatively sluggish polarization of the dielectric, a process that involves the motion of 

ions in the gel. Interestingly, when plotting ID as a function of the reference electrode 

potential VREF, the hysteresis became negligible for all three polymer transistors, as 

demonstrated in Fig. 7.3b and discussed more below. 

Figure 7.2 Reference voltage vs. gate voltage on a) three different P3HT 
transistors b) same P3HT transistor with reference electrode inserted at three 
different places. 

a) b) 
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Figure 7.3 a) Transfer characteristics (ID-VG) of ion gel gated P3HT, PQT-12 and 
F8T2 transistors, respectively, acquired with a source-drain voltage of -1V and 
gate voltage sweep rate of 75mV/s. b) ID-VREF characteristics of these devices 
measured simultaneously. The reference voltage was measured relative to an 
oxidized silver electrode. c) Linear correlation between the turn-on voltage (vs. 
Ag/AgO) of P3HT, PQT-12 and F8T2 transistors and the reported HOMO level of 
these polymer semiconductors. 

a) b) 
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In general during VG sweeps, the measured reference voltage was always considerably 

smaller than VG, the bias applied to the gate. In addition, the value of VREF at a given VG 

was not affected by the location of the silver reference wire in the ion gel. These 

collective observations indicate that all potential variations within the bulk of the 

electrolyte were minimal and that voltage drops occurred principally at the gate/gel and 

organic semiconductor/gel interfaces. Therefore, VREF, which is measured relative to the 

source, is the electrochemical potential across the semiconductor/gel interface near the 

grounded source contact. The electrochemical potential naturally varies along the 

channel between the source and drain because of the drain bias (VD = -1 V). 

 

The above considerations and the result that the ID-VREF characteristics in Fig. 7.2b 

show no hysteresis allow us to conclude that the hysteresis observed in the ID-VG plot in 

Fig. 7.3a originates from sluggish processes occurring in the vicinity of the 

gate/electrolyte interface. The hysteresis in Fig. 7.3a is likely related to ion motion and 

possibly also to electrical double layer formation at the gate/gel interface.93, 121, 148 

However, PEDOT:PSS is itself a redox-active polymer and so it may be that 

electrochemical reactions and/or diffusion of cations ({EMIM}+) into the PEDOT:PSS 

electrode are the origin of the quasi-reversibility. Understanding these processes is the 

subject of further experiments. The lack of hysteresis in the ID-VREF plots for all three 

polymer transistors certainly suggests that on the time-scale of the experiment (60 s) 

any double layer formation or electrochemical reactions at the polymer 

semiconductor/gel interfaces are very reversible. The one caveat is that the OFF 

currents on the reverse sweep (negative to positive biases) are nearly an order of 

magnitude higher for all three transistors. This does not change for subsequent sweeps; 

that is, the OFF current does not continue to climb, but is always higher than the OFF 

current for the forward sweep.   

 

A second important observation based on Fig. 7.3b is that the transistors employing 

P3HT, PQT-12, and F8T2 all have different turn-on voltages, VON, and very sharp 
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sub-threshold slopes, close to the theoretical limit of 59 mV/decade of drain current.49 

The sharpness of the turn-on behavior indicates that these transistors are not heavily 

affected by in-gap trap states. The reason for this is likely the very large charge densities, 

~ 1015 cm-2 (see below), that are induced in the channels of these devices. The trap 

states are simply filled up at VG biases near V0, allowing the Fermi level to move into 

the HOMO band. This insensitivity to traps facilitates a direct comparison of the turn-on 

voltages for the different polymer semiconductors.  

 

Fig. 7.3c displays the referenced turn-on voltages for all three polymer transistors as a 

function of the reported HOMO level.149, 203 There is a clear linear correlation, and 

P3HT, as expected, is the easiest polymer to switch ON as it has the lowest reported 

HOMO level or ionization energy. The slope of the trend line is remarkably close to 1, 

which is the value one expects for the most straightforward interpretation of the 

referenced turn-on potential. Table 7.1 summarizes the key parameters for P3HT, 

PQT-12 and F8T2 transistors. The significance of this finding is that it indicates that the 

ion gel/semiconductor interface is relatively benign. There are no significant dipoles or 

trap states that perturb the Fermi level position within the density of states of the 

semiconductor at this interface. 

 

Organic 
semicondu-

ctor 

Reported 
HOMO level 

(eV) 

Referenced 
turn-on 

voltage (V) 

Referenced 
subthreshold slope 

(mV/decade) 

On-Off current 
ratio 

P3HT 4.9 0.0 ± 0.1 55 ± 8 ~105 
PQT-12 5.0 -0.1 ± 0.1 60 ± 10 ~105 

F8T2 5.5 -0.6 ± 0.1 60 ± 10 ~105 
 

Table 7.1 Operating parameters of ion gel gated polymer thin film transistors 

. 

7.3 Ion Gel Gated Polymer Transistors under High Gate Bias 

The ion gel we have employed has an enormous specific capacitance (~ 10 μF/cm2), 
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which allows us to examine transport in polymer semiconductors at large gate induced 

charge densities. Fig. 7.4 displays the channel current (ID), differential conductance 

(dID/dVREF), gate current (IG), injected carrier density (Pi) and extracted hole mobility (μ) 

as a function of the measured reference potential (VREF) in a typical P3HT GEL-OTFT. 

Here we swept VG (and thus VREF) to more negative values (VG up to -3V) than in Fig. 

7.3. As can be seen in Fig. 7.4a, on the forward scan the channel current ID peaked at 

VREF = -1.2 V and then decreased with further increasing gate voltage (more negative 

VG). The peak was quasi-reversible and appeared in the reverse sweep, though there is 

significant hysteresis. Fig. 7.4b shows that beyond VREF = -1.2 V on the forward scan 

the differential transconductance dID/dVREF is negative. The unusual phenomenon of 

negative differential transconductance in electrolyte gated OTFTs has been reported 

before,115, 148 in fact nearly 20 years ago,106 but not for the ion gel gated devices 

described here, and we will return to a discussion of its origin below. 

 

From Fig. 7.4c, it is apparent that the turn-on of the transistor correlates with a 

pronounced increase in the gate current IG, as expected because a significant 

displacement current is required for carrier accumulation in the channel. The IG-VG 

characteristic in Fig. 7.4c is similar to displacement currents that have been reported for 

OTFTs with conventional dielectrics,162 with the key difference being that the 

magnitude of the current is much larger because of the increased capacitance of the ion 

gel. From Fig. 7.4c we can determine the total induced hole density in the channel by 

integrating the displacement current (∆IDisp) over the shaded region as: 

( )eAdtdV

dVI

eA
Qp

REF

REFDisp∫ Δ==                                                      (7.1) 

As shown in Fig. 7.4d, the total injected carrier density reached over 1015 cm-2, or (3.3 ± 

0.3)×1015 cm-2 averaged over 10 devices. At VREF = -1.2 V, corresponding to the peak in 

the ID-VG characteristic, the charge density was about 2 x 1015 cm-2. We have 

demonstrated elsewhere that ions from the gel can penetrate polymer semiconductors.148 
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Therefore, the interfacial charge concentrations quoted here are actually distributed over 

a thin, three-dimensional sheet inside the semiconductor. Estimated diffusivities of the 

{TFSI}- anion in P3HT are on the order of 10-12 cm2/s,21 so for the ~ 30 s time span of 
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the ID-VG sweep in Fig. 7.3a, ions can penetrate approximately 50 nm into the polymer 

semiconductor. Thus, the interfacial charge density quoted above corresponds to ~ 5 x 

1020 cm-3, or roughly 1 hole per 8 thiophene rings in the polymer.204  

 

The hole mobility at these carrier densities is remarkably high. Fig. 7.4d displays the 

hole mobility as a function of VREF calculated from Ohm’s law:  

D

DD

WV
L

ep
I

epE
j

⋅=⋅=
1μ                                                (7.2) 

The mobility peaks at VREF ~ -1.1 V vs Ag/AgO. The peak value, 1 cm2/Vs, is consistent 

with previous reports for electrolyte gated devices.114-116 It is likely that the large 

mobility derives from the high charge density in the channel. It is well known, for 

example, that the carrier mobility in polymer semiconductors is strongly dependent on 

carrier density (see Section 6.3 for detailed discussion) Large carrier densities result in 

increased trap filling and a general smoothing of electrostatic potential variations in the 

film due to trapped charge, and these combined effects can lead to higher carrier 

mobilities. However, if the carrier concentration becomes too great, carrier-carrier 

correlations will lead to lowering of the average carrier mobility. Our results are largely 

consistent with the recent observation of current saturation in field effect transistors 

based on rubrene and a Ta2O5 high capacitance dielectric. The authors of that paper also 

concluded that high carrier densities in their devices lead to carrier interactions and 

mobility lowering.85 

 

The negative differential transconductance observed in Figs. 3a and b is also related to 

the high carrier density in the channel. An important observation is that IG decreases 

with increasing VREF on the forward scan (see Fig. 7.4c near -1.5 V). This demonstrates 

that the carrier accumulation process saturates in the device. This is not typical of 

OTFTs and it may reflect near filling of the HOMO band in the semiconductor. As just 

discussed, Fig. 7.4c shows the mobility peaks and begins decreasing before the charge 
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accumulation process saturates. Thus, the combined effects of carrier saturation in the 

channel and the mobility decrease lead to the negative differential transconductance 

observed in panels a and b.  

 
Similar experiment has also been performed on ion gel gated rubrene single crystal 

Figure 7.5 Aerosol jet printed ion gel gated rubrene single crystal transistor. a) 
Optical image (bottom) and cross-section sketch (top) of the device. b) IG-VREF c)  
ID-VG d) ID-VREF measured simultaneously for the device, acquired under the gate 
voltage sweep rate of 25mV/s. 

a) b) 

c) d) 



Chapter 7     Correlation of ON-State Conductance with Referenced Electrochemical 
Potential in Ion Gel Gated Polymer Transistors 
 

133 

transistors. To fabricated the devices, source and drain electrodes were thermally 

evaporated onto the rubrene single crystal surface with a channel size of 20×20 μm, 

followed by aerosol jet printing of ion gel dielectric and PEDOT:PSS gate electrode as 

illustrated in Fig. 7.5a. A reference electrode was inserted in the ion gel layer during the 

measurement similar to that described above. As can been in Fig. 7.5, no hysteresis can 

be observed when we plot the channel current versus referenced voltage. Furthermore, 

current saturation also took place in rubrene single crystal transistors with further 

increase of VG (VG < -0.5 V) on the forward scan, which corresponded with a decreased 

in IG (see Fig. 7.5b). However, it is difficult to calculate the injected hold density for 

this device, since the “effective” channel size (i.e., A in Eqn. 7.1) is hard to define.  

 

7.4 Conclusions 

We have made several important observations. First, the polymer semiconductor/gel 

interface appears to behave ideally in that there is a clear linear correlation between the 

ionization potential of the polymer semiconductor and its (referenced) turn-on voltage 

in a GEL-OTFT. Second, the high charge densities achieved using the gel dielectric 

reveal an unusual charge saturation phenomenon and a concomitant decrease in the 

carrier mobility, which collectively give rise to negative differential transconductance. 

More work will have to be done to understand the precise nature of this gate-induced 

transition. Temperature dependent transport measurements to determine activation 

energy as a function of gate voltage, perhaps coupled with spectroscopy of the carriers 

in the channel,151 may reveal the nature of the conducting state in polymer 

semiconductors at high carrier densities. Furthermore, compared to polymer 

semiconductors, single crystals have a well defined electronic structure with less carrier 

traps and no ion penetration. Hence, electrolyte gated single crystal transistors might be 

a better platform to study this abnormal behavior, which is carried out in detail in the 

next chapter. 
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Chapter 8   Negative Differential Transconductance in Ionic Liquid 
Gated Rubrene Single Crystal OFETs 

 

8.1 Introduction 

With ultra-high specific capacitance (> 10 μF/cm2), electrolyte-based dielectrics 

facilitate the injection of carriers into transistor channel at a level that can hardly be 

reached by any other dielectrics.205 Accompaned with the high carrier density, abnormal 

charge transport behaviors have also been discovered in electrolyte gated transistors. 

For example, during transistor operation, upon further biasing the gate bias, the channel 

current of the device may reach its maximum and decrease, leading to a negative 

differential transconductance. Discovering it as “finite conductivity window” in liquid 

electrolyte-gated polymer transistors 20 years ago,102, 104-106 Wrighton, et al. explained 

this phenomenon as the over-oxidation of polymer chains during an electrochemical 

reaction with the diffused ions from the electrolyte. Recently, this behavior has also 

been widely observed in single crystals93, 111, small molecules69, 112 and polymers 

semiconductors15, 114, 115, 139, 143 gated by various solid electrolyte dielectrics. Frisbie, et 

al. tentatively related this to the over-filling of HOMO energy sites, as well as 

mobility-lowering effects caused by structure disorder and electron-electron 

interaction.115, 139  

 

In this chapter, we have studied this negative differential transconductance effect on 

{EMIM}{TFSI} ionic liquid gated rubrene single crystal OFETs, the structure of which 

(See Fig. 8.1a) is similar to that described in Chapter 6. Utilizing stable and 

impermeable ionic liquid as gate dielectric, we simplify the polarization process by 

eliminating the presence of solvent, polymer network and environmental impurities. 

Additionally, the high quality rubrene single crystals prevent the penetration of ions and 

the deformation of the semiconductors under gate bias,138 which preserve the most 

intrinsic charge transport under the faradaic (electrostatic) effect. Furthermore, with the 

embossed PDMS-based device configuration, the active area of the semiconductor, the 

size of the gate electrode as well as the thickness of the dielectric can be clearly defined, 
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which facilitates the quantitative analysis of the transistors. Rubrene transistors are 

characterized as a function of drain voltage, channel length and temperature. A theory 

model with the combination of ion-induced interface localization and limited carrier 

occupation sites has been introduced to explain the decrease of channel current under 

high carrier density. 

 

8.2 Negative Transconductance in Rubrene Single Crystal Transistors 

 
As sketched in Fig. 8.1b and c, the gating mechanism for {EMIM}{TFSI} gated rubene 

single crystal transistor is completely electrostatic. Under the gate field, the motion of 

ions causes a strong space charge polarization at the electrolyte side of the interface. 

The polarized ions then compensate the transfer of free carriers in the semiconductors. 

The ions in the electrolyte side and the induced charge carriers at the semiconductor 

side of the interface together form an interfacial electric double layer called the 

Helmholtz layer.93, 148 Subsequently, another double layer is formed at the 

gate/electrolyte interface, while the center bulk region is nearly charge neutral. 

Figure 8.1 a) Schematic 
sketch of the cross section of 
ionic liquid gated rubrene 
single crystal field effect 
transistors. b) Schematic 
sketch of the ion motion (left) 
and potential profile (right) of 
an operating transistor. 
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Therefore, the ionic liquid gate dielectric can be roughly considered as two double layer 

capacitor connected in serial. The application of stronger gate bias not only increases 

the potential difference between the capacitators, but enhances the capacitance of the 

double layers as well, both leading to a larger induced carrier density. 

 
The typical ID-VG characteristics of our device are plotted in Fig. 8.2a. During the 

Figure 8.2 Electrical characterizations of ionic liquid gated rubrene single crystal 
OFETs a) ID-VG characteristics for three consecutive VG sweeps, acquired at the 
rate of 75 mV/s. b) Estimated hole density and c) Mobility as a function of VG. The 
inset in b) shows the molecular structure of the ionic liquid dielectric.  
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forward (from positive to negative) gate voltage sweep, the transistor was turned on 

around VG = 0.3 V; after an increase of more than two orders of magnitude, the channel 

current ID reached its maximum at VG(M) = –0.45 V and then decreased with further 

decreasing gate voltage (more negative VG). ID decreased more than 50% at VG = –1 V. 

Higher gate voltages were not applied to prevent the dielectric breakdown and the 

degradation of the crystal during multiple tests. During reverse VG sweep, channel 

current was found to rise back at the beginning and maximized around VG(M) = –0.45 V 

again (although with a lower current level), then kept decreasing until the transistor was 

turned off. All these special features in the ID-VG characteristics were reproduced 

without significant degradation upon the two consecutive VG sweeps, suggesting this 

phenomenon is related to the nature of the electrolyte gating and charge transport rather 

than the decaying of the crystal. In addition, we have characterized the devices at 

different VG sweep rates, which also yielded similar ID-VG relationships (see Fig. 8.3). 

This result suggests that the time scale of our experiments (~ 1 minute) is sufficient 

enough for the complete polarization of the ionic liquid. 

 
In Fig. 8.2b, we correlate the gate voltage with the injected carrier density in the 

transistor channel. To estimate the carrier density, we measured the capacitance-gate 

Figure 8.3 ID-VG characteristics of 
ionic liquid gated rubrene single 
crystal OFETs acquired under 
various gate voltage sweep rates. 
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voltage (C-VG) characteristics of an analog rubrene device and integrated the 

capacitance versus voltage as edVCp G

TH

V

V
/∫ ′= , similar to that described in Section 3.1.3. 

(Unfortunately, we were not able to obtain reasonable IG-VG characteristics for the ionic 

liquid gated rubrene OFETs so carrier density cannot be estimated from the 

displacement current analysis.) As shown in Fig. 8.3b, the slope of p-VG relationship 

increases with decreasing gate voltage when VG < –0.25 V, indicating the capacitance of 

the transistor (i.e., double layer capacitance) was continuously increasing after the 

device was turned on. Afterward, the slope is nearly constant, corresponds to a sheet 

capacitance of 20 μF/cm2. At the current maximum (VG(M) = –0.45 V), approximately 

3.3×1013 cm-2 holes has been injected. The effective mobility of the transistor was 

calculated from the Ohm’s law as μ = (IDL)/(epWVD) (where L and W are channel length 

and width, respectively), and plotted as a function of gate voltage in Fig. 8.2c. A 

mobility maximum of nearly 0.4 cm2/Vs was observed in our ionic liquid gated rubrene 

single crystal OFETs, which is in consistent with the values reported previously in 

similar devices.138, 142  

 

8.3 Drain Voltage, Channel Length and Temperature-Dependent Charge Transport 

In order to understand the insight of the electrolyte dielectric under negative differential 

channel transconductance, we carefully moved a 5 μm in diameter Ag/AgO 

quasi-reference electrode along the PDMS gap towards the bottom edge of the rubrene 

single crystal. At a distance close enough (~ 10 μm), the ionic liquid underneath the 

single crystal automatically contacted the reference electrode. The potential drop at the 

ionic liquid/rubrene interface double layer (i.e., eVREF in Fig. 8.1b) can hereby be 

directly measured simultaneously with the ID-VG characteristics of the transistor. Fig. 

8.4a illustrates the channel current plotted as a function of referenced gate voltage 

(VREF). The regimes of current saturation and negative differential transconductance are 

clearly observed in the reference voltage scale, indicating this effect can be attributed 

neither to the bulk ionic liquid nor to the gate/ionic liquid interface. Instead, it must 
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originates from the {TFSI}– ions/holes electrical double layer.  

  
Furthermore, by monitoring the current saturation at different drain voltages, we were 

able to plot the referenced gate voltage shift (∆VREF) between the threshold voltage (VTH) 

and the critical voltage at current maximum (VG(M)) as a function of drain bias, Fig. 8.4b. 

Investigation on 5 analog rubrene single crystal OFETs yielded similar ∆VREF shifts. As 

shown in the figure, ∆VREF increased with decreasing VD at a slope of approximately 

–0.45, which is considerable larger than the theoretical drain modification for the gate 

voltage. (In transistor gradual channel approximation, the effective gate voltage can be 

expressed as VG(eff) = VG – VTH – VD/2, and therefore VREF roughly proportional to –VD/4, 

or a slope of –0.25, given the two interface double layers have approximately same 

capacitance.49) Therefore, it is reasonable to believe that a strong source drain bias tends 

Figure 8.4 a) Channel current vs. 
referenced gate voltage measured 
at various drain voltages using 
inbeded Ag/AgO quasi-reference 
electrode. b) The referenced gate 
voltage difference between the 
threshold voltage and the voltage 
at current maximum as a function 
of drain voltage. 
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to facilitate the charge transport by delaying the occurrence of current saturation. By 

extending the linear fitting to VD = 0V, we obtained the “zero field” shift of ∆VREF  = 

0.3 V. In other words, in our devices the current maximum always takes place 

approximately 0.6 V after the threshold gate voltage.  

 
In addition, we have fabricated a series of transistors with 10 different channel lengths 

(10 μm to 100 μm) on the same rubrene single crystal. The fabrication procedure is 

illustrated in Fig. 8.5. A large gate area is necessary to assure the sufficient gating of the 

devices. Otherwise a non-linear channel current-channel length relationship (the slope 

dID/dL increases with increasing L) can be observed. 

Figure 8.5 Fabrication of multi-channel ionic liquid gated rubrene single crystal 
OFETs with large gate size. a) Align rubrene single crystal and a glass slide onto the 
gaps of PDMS stamp. b) Apply {EMIM}{TFSI} to fill underneath the glass. c) 
Remove excess ionic liquid. d) Apply another droplet of ionic liquid to fill the area 
underneath the single crystal. e) Remove residual ionic liquid. f) Magnified image 
of the completed devices. The channels vary from 10 μm to 100 μm. 

a) 

d) 

b) 

e) 

c) 

f) 
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Figure 8.6 a) ID-VG characteristics for various channel length measured from the 
same rubrene single crystal. b) Resistance-channel length relationship at various 
gate voltages before, during and after current saturation. c) Summary of channel 
resistance coefficient and contact resistance as a function of gate voltage. The top 
axis shows the estimated carrier densities corresponds to the gate voltages. 
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Fig. 8.6a shows the typical channel length dependent ID-VG characteristics of rubrene 

OFETs, where the current of different transistor channels all maximized around VG(M) = 

–0.65 V. Fig. 8.7 shows resistance of these transistors as a function of L at three typical 

gate voltages: VG = –0.45 V, where the transistors operated at the linear regime (VG –VTH 

> VD); VG = –0.9 V, where the negative transconductance took place; and VG(M) = –0.65 

V. As can be seen, the resistance values scaled well with L (i.e., increased linearly with 

increasing L) at all three regions, suggesting the distribution of carriers along the 

transistor channel always follows the gradual channel approximation.  

 

The measured transistor resistance can be expressed as: 

LRRRR cCHC α+=+=                                               (8.1) 

In Eqn 8.1, RCH denotes rubrene channel resistance, which is proportional to the channel 

length by a coefficient α. RC is a channel length-independent contact resistance that can 

generally be related to the Fermi-level mismatch as well as the contact defects between 

the semiconductor and gold source/drain interfaces. The values of α and RC were 

extrapolated from the linear fitting (with the R squared value > 0.99) of the R-L 

relations at various gate voltages and was plotted in Fig. 8.6c. As can been seen, with 

VG < –0.6 V, corresponds to estimated carrier density less than 2.5×1013 cm-2, both α and 

RC showed pronounced decrease with decreasing gate voltage. In this region, the 

application of stronger (more negative) gate bias not only enhanced the conductivity of 

the semiconductor channel, but also lowered the injection and transport barriers at the 

source and drain contacts. α and RC minimized at the carrier density level around 3×1013 

cm-2
, and then increased with further stressing of gate voltage. This trend is in good 

agreement with the ID-VG characteristics in Fig. 8.6a and it suggests that the negative 

differential transconductance observed in these devices originates from the degradation 

of charge transport in both semiconductor channel and source/drain contacts. Our 

previous observation of negative shift of VG(M) with decreasing VD (See Fig. 8.4) may 

also be explained as a stronger VD lowers the contact barrier and effectively reduces RC.  
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We also measured ionic liquid gated rubrene single crystal OFET in the temperature 

range 240 K to 290 K. The ionic liquid was close to frozen under lower temperatures 

and no reasonable transistor performance was obtained. The temperature dependent 

ID-VG characteristics of the device are shown in Fig. 8.7a, where the channel current 

decreased with decreasing temperature but the current maximums under different 

temperatures took place at approximately the same gate voltage (VG(M) ~ –0.3 V in this 

device). After the whole measurement, the temperature was ramped back to 290 K and 

Figure 8.7 a) Temperature 
dependent ID-VG characteristics 
of ionic liquid gated rubrene 
single crystal OFET. b) 
Activation energy as a function 
of gate voltage. The inset shows 
the VG dependent exponential 
current-temperature relationship 
at that been used to extrapolate 
the activation energy. c) 
Comparison of the ID-VG 
characteristics before and after 
the temperature measurement. 

c) 
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the original ID-VG characteristics were reproduced (see Fig. 8.7c), indicating there was 

no performance decay during the 10-hour duration of temperature measurement. 

 

As shown in the inset of Fig. 8.7b, the channel current showed an Arrhenius-like 

behavior with temperature, i.e., ID = I0exp(–EA/kBT). The activation energy EA was 

calculated and plotted as a function of gate voltage in Fig. 8.7b. Surprisingly, EA was 

found to reduce monotonically with decreasing VG. In other words, upon strong gate 

bias, the occurrence of conductivity-lowering effect in the channel and contacts cannot 

be attributed to the increase of activation energy. 

 

8.4 Theoretical Model (Due to Professor P. Ruden) 

In Section 6.4, we related the activation charge transport in {EMIM}{TFSI} gated 

rubrene single crystal OFETs to the Fröhlich interface polaron effect induced by the 

strong polarization dielectric. This phenomenon has been observed in a variety of high k 

dielectrics such as Si3N4 and Ta2O5. Compared to these dielectrics which form 

molecular dipoles under gate bias, the polarization in ionic liquid is achieved by the 

direct motion of the space charges. Under strong gate bias, the accumulated {TFSI}– 

ions at the ionic liquid/rubrene interface may induce additional carrier trapping effect. 

i.e., with distance less than 1 nm to the rubrene molecules,138 these negatively charged 

ions can attract and localize the holes to the interface. If we take the number of free and 

paired (trapped) holes per unit area as PF and PP, respectively, due to charge neutrality, 

the number of ions per unit area, NIon, follows:  

PFIon PPN +=                                                       (8.2) 

Define M as the total number of sites per unit area. Also define PF´, PP´and NIon´ as PF 

/M PP/M and NIon /M. Apparently, PF´ is the faction of the sites that are occupied by free 

holes, while Pp´ is the fraction of the sites that are blocked (occupied by paired holes). 

The probability of the unblocked sites being occupied by a free hole can be expressed 

as: 
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According to percolation theory,206 near the percolation threshold the conductivity of 

the system can be expressed by: 

( ) ( )
'

' ' '
' '1 1

1
t t

F
P C Ion F C

Ion F

Pf P f N P f
N P

σ ⎡ ⎤ ⎡ ⎤∝ − − = − + −⎣ ⎦ ⎣ ⎦− +
                  (8.4) 

where fC is a critical fraction, and t ≈ 1.1 is the critical exponent for the conductivity. 

The relation between PF´and NIon´ is affected by both the carrier capture (trapping) and 

emission (detrapping) process. If we define 2-D capture and emission coefficients as 

c~ and e~ , respectively, in steady state: 

( ) ( )( )'''''' 1~~
IonFIonPIonF NPNePNPc −−=−                                   (8.5) 

Figure 8.8 Simulated conductivity as a function of factional ion density at different 
A values. The dashed line sketches the shape of the σ-NIon´ relation when A 
increases with increasing NIon´. 

A = 3×10-2

A = 10-2

A = 5×10-3

A = 10-3

NIon´ 

σ 
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Solving Eqn. 8.5, we get PF´as a function of NIon´: 
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Substituting Eqn 8.6 in Eqn 8.4, we obtain that the conductivity of the device depends 

on NIon´ in a parabolic-like relation (see Fig. 8.8), which is in good agreement with the 

ID-VG characteristics of the device. 

 

In equilibrium, the distribution of holes follows Fermi-Diarc statistics:  

( )
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B

μexp1

1                                            (8.7) 

where μ is the electrochemical potential, under narrow band condition, PF´ and PP´ 

follows: 

( ) ( )vIonF EFNP '' 1−=                                                  (8.8)  

( )tIonP EFNP '' =                                                      (8.9) 

In the equations, Ev and Et are the energy levels for hole transport and trapping, 

respectively. Combining Eqn. 8.5, 8.8 and 8.9, we obtain the expression for A in 

equilibrium:   
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or: 
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v t

B

E E
k T

A

−⎛ ⎞⎜ ⎟
⎝ ⎠≈                                                (8.11) 

We can roughly related the energy difference Ev – Et to the activation energy we 

measured previously (See Fig. 8.7). Apparently, the value of A decreases with 

increasing carrier density, which may arise from the increase of emission coefficient. 
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Substituting EA = 160 meV and EA = 50 meV in Eqn. 8.11, we obtain A ≈ 10-3 for low 

NIon´ and A ≈ 3×10-2 for high NIon´. Therefore, as sketched in dash line in Fig. 8.8, the 

real σ-NIon´ relationship of our device is supposed to start from A ≈ 10-3
 and gradually 

merge towards A ≈ 3×10-2 with increasing NIon´. 

 

8.5 Conclusions 

We investigated the charge transport of ionic liquid gated rubrene single crystal OFETs. 

Upon decreasing gate voltage, channel current maximum is commonly observed 

approximately 0.6 V after the threshold voltage, corresponding to the injected carrier 

density of 3×1013 cm-2. This behavior is followed by the occurrence of negative 

differential transconductance. The critical voltage for current maximum is not strongly 

affected by transistor channel length or operating temperature, but this voltage shifts 

negatively with decreasing drain voltage. Moreover, the ID-VG characteristics of the 

transistors are found to scale with the channel length, and the negative differential 

transconductance is attributed to the increase of both channel and contact resistance. 

Temperature dependent experiment revealed such resistance increase is not caused by 

the increase of carrier trapping energy. Additionally, a theoretical charge transport 

model has been introduced to explain this abnormal behavior. Involving a combination 

of interface ion trapping effect and the limited hole occupancy in the rubrene crystal 

lattice, this model shows good consistency with the experimental result. 



 

  148 

Part III   Printed High Performance Transistor and Circuits Based on 
Ion Gel 
 

Chapter 9    Printable Ion Gel Gated Low Voltage Polymer Thin 
Film Transistors on Plastic 

 

9.1 Introduction 

A major goal of realizing low cost, flexible electronics is the development of solution 

processable, functional materials that afford both direct printing of electronic 

components  (including resistors, diodes, capacitors, transistors and interconnects), and 

high performance in devices.76, 123, 149, 162, 203, 207-210 Motivations for printed electronics 

include the potential economy of high throughput printing methods and the 

compatibility of printing with roll-to-roll processing of large area plastic or paper 

substrates appropriate for signage, displays, or distributed sensing.8, 211, 212 A variety of 

functional inks based on metallic, semiconducting and insulating materials have been 

developed, and printing of electronic components on plastic by several methods has 

been demonstrated.17, 50, 213 However, designing new materials with both enhanced 

printability and better performance in electronic devices is a recalcitrant challenge. 

 

To improve the performance of flexible electronics, there is a particular need for 

printable, high capacitance dielectrics that can serve as gate insulators in organic thin 

film transistors (OTFTs). High capacitance gate insulators result in lower OTFT 

operating voltages, which is especially desirable for flexible circuitry that will be 

powered by thin film batteries or external AC fields.214 Several groups have 

demonstrated that high capacitance gate insulators can be achieved using ultra-thin 

cross-linked polymer films,90 nanometer thick self-assembled monolayers or 

multilayers,15, 89, 215 or thicker films of high dielectric constant (“high-k”) ferroelectric 

polymers.26 To our knowledge, the compatibility of high-k dielectrics with printing of 

low voltage devices has been shown in only two cases.149, 165  
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Solid polymer electrolytes consisting of a salt dissolved in a polymer matrix constitute 

another class of high capacitance gate dielectric materials that are potentially 

compatible with printing.115, 116, 165 In polymer electrolytes, very high polarization is 

achieved by virtue of mobile ions that translate in response to electric fields. The 

specific capacitances are extremely large and can exceed 10 μF/cm2, which is 

significantly greater than values obtained with other materials (e.g., a 100 nm thick 

layer of a typical polymer dielectric such as poly(methylmethacrylate) (PMMA) has a 

specific capacitance of 0.02 μF/cm2).216 The detail of polymer electrolyte has been 

reviewed in Chapter 3. As mentioned, a major drawback of polymer electrolytes is their 

relatively slow polarization response time which typically limits transistor speed to less 

than 100 Hz at room temperature. 

 

Here we demonstrate that a special class of solid polymer electrolytes known as ion 

gels136 can serve as high capacitance gate dielectrics in OTFTs operating at much higher 

frequencies, currently up to 10 kHz. The faster polarization response is a manifestation 

of both the very large concentration and mobility of ionic species in the gels. In this 

chapter we demonstrate that ion gels are readily printable on plastic substrates; we have 

employed a commercial aerosol jet printing technique195 to print all components (i.e., 

the metal electrodes, the polymer semiconductor, and the dielectric) of ion gel-gated 

OTFTs (GEL-OTFTs) on plastic. Ion gels have several very attractive characteristics for 

printed electronics, the most intriguing of which is that their high polarizability allows 

the gate electrode in a GEL-OTFT to be physically offset from the channel. This feature 

enables simpler OTFT architectures in which the usual requirement for precision 

registration of the gate over (or under) the source-drain channel is relaxed, significantly 

enhancing the printability of the devices. Furthermore, GEL-OTFTs have good ambient 

and operational stability, as well as very large transconductances (> 500 μS/mm), which 

may make them useful for applications where significant drive currents are required. 

These new results substantially expand on our initial reports in which we demonstrated 
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100-1000 Hz operation for GEL-OTFTs fabricated on rigid substrates using 

conventional shadow masking and spin-coating techniques.15, 88, 137  

 

9.2 All-Printed High Performance Polymer Transistors and Inverters 

The transistors were fabricated by consecutive printing of Au nanoparticle, polymer 

semiconductor, ion gel and PEDOT:PSS using aerosol jet printing technique195. The 

printing procedure has been covered in detail in Section 4.4. Fig. 8.1 provides a brief 

summary of the fabrication process and ink formulations. 

  
The transfer (ID-VG) and output (ID-VD) characteristics of a typical printed P3HT 

GEL-OTFT are demonstrated in Fig. 9.2. As can be seen, the device was turned on 

sharply near VG = 0 V, with a subthreshold swing of 65 mV/decade, and increased for 

more than five orders of magnitude at VG = –1 V. The transconductance per channel 

width is over 1mS/mm, over 100 times greater than that for typical P3HT OTFTs.217 

The output characteristics also show the expected gate modulation of ID in both the 

Figure 9.1 Fabrication process and ink formulation of aerosol jet printed polymer 
transistors. 
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linear and saturation regimes with very low gate and drain biases. This low voltage, 

high current operation reflects the very large capacitance of the ion gel gate 

dielectric.137 

 
Similar transfer characteristics have also been observed for PQT-12 and 

F8T2-based GEL-OTFTs, as shown in Fig. 9.3. Both devices showed low turn-on 

voltages and high transconductance, which indicate that printed ion-gel films are 

generally applicable as gate dielectrics in OTFTs based on a variety of polymer 

semiconductors. From more than 10 devices each, the saturation hole mobilities of 

P3HT, PQT-12 and F8T2 based GEL-OTFTs were calculated (using Eqn. 2.17) to be 

2.1, 2.2 and 0.6 cm2/Vs, respectively; these are listed in Table 9.1 along with the 

average On/Off ratios and turn-on voltages. The mobility values are remarkably high 

compared to those obtained in conventional OTFTs (~ 0.1 cm2/Vs for P3HT) employing 

the same semiconductors.163 We hypothesize that the larger hole mobilities derive from 

the high charge density induced in the channel of a GEL-OTFT, which results in 

Figure 9.2 a) Transfer (ID-VG) and b) output (ID-VD) characteristics of printed P3HT 
based GEL-OTFT.  

a) b) 
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increased trap-filling and a general smoothing of electrostatic potential variations in the 

film as described in Section 6.3.  

 

 
The carrier mobility is often used to estimate the maximum switching speed of an 

OTFT. For a TFT with a 10 μm channel, a mobility of 1 cm2/Vs translates to a 

maximum operating frequency of approximately 1 MHz.9, 49 However, we notice that 

the switching speed of GEL-OTFTs is likely to be more closely linked to the ion 

mobilities in the gel, and thus the usual calculation for switching speed in OTFTs may 

Table 9.1 Average field-effect mobilities, ON/OFF current ratios, and turn on 
voltages of GEL-OTFTs based on three different polymer semiconductors. 

Polymer 
Semiconductor 

Field-effect mobility 
(cm2/Vs) 

ON/OFF 
current ratio 

Turn on voltage 
(V) 

P3HT 2.1 (± 0.7) ~ 105 – 0.2 (± 0.1) 

PQT-12 2.2 (± 1.1) ~ 105 – 0.0 (± 0.1) 

F8T2 0.6 (± 0.5) ~ 105 – 1.7 (± 0.1) 

Figure 9.3 ID-VG characteristics of printed a) PQT-12 and b) F8T2 based 
GEL-OTFTs. The molecular structures for PQT-12 and F8T2 are illustrated on top. 

a) b) 
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be inapplicable, at least for channel lengths shorter than ~ 20 μm; we address 

GEL-OTFT switching speed later in text. 

 
Reproducibility and stability are two of the most important merits for electronic devices 

in industrial scale manufacturing. To address these factors, an array of 30 printed 

transistors fabricated in one printing batch was examined in ambient conditions. As 

shown in Fig. 9.4a, 28 of the transistors demonstrated nearly identical behavior, while 

the other two had a slightly higher off-current. An overall yield of ~90% is commonly 

obtained for every printed batch. Also, the performance of a typical transistor for over 6 

months (Fig. 9.4b) showed no pronounced degradation, indicating the robustness of the 

printed devices. In addition, the device parameters for a hundred transistors fabricated 

in different batches are summarized in Fig. 9.5; 60 of them were measured in air and the 

rest under vacuum. As can be seen, there was no significant variance in mobility and 

On/Off current ratio between the transistors operating in different environments. The 

air-fluctuation was only represented by a slightly positive shift in turn-on voltage.  

Figure 9.4 a) Transfer characteristics of 28 ion gel gated P3HT transistor of a 
30-device array measured in ambient conditions. b) Transfer characteristics of a 
typical transistor upon 6 months of storage. 
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We have also fabricated all-printed inverter, the most basic component of logic circuits, 

by connecting a high performance ion gel gated P3HT GEL-OTFT with a printed 

resistor.15 Fig. 9.6 shows an array of printed inverters on transparent plastic substrate, 

and the cross-section and circuit schemes of the device are shown in Fig. 9.7 a and b, 

respectively. For ideal p-channel transistor, when gate voltage is held at 0V, the 

transistor is at its OFF-state. Under this condition the channel resistance of the transistor 

is significantly higher than the loaded resistor. 

Therefore, the output voltage has value close to 

VDD (a negative drain supply voltage). On the 

other hand, when applyed a negative VG, the 

transistor channel is turned on and its resistance is 

much smaller than the loaded resistor. Hence the 

device outputs a value close to 0 V (ground). This 

is the basic working mechanism of resistor-loaded 

inverter. As shown in the device characteristics in 

Fig. 9.7c, the output voltage (VOUT) of our printed 

inverter switched from –1.5 V (same as applied 

Figure 9.5. Summary of a) mobility b) On/Off current ratio and c) turn-on voltage 
of 100 ion gel gated P3HT transistors printed in different batches. 60 transistors 
were measured in air (red) and 40 were measured under vacuum (black). 

Figure 9.6 Image of printed 
polymer inverter array. 
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VDD value) to nearly 0 V when the input voltage (VIN) was swept from 0 V to –1.5 V and 

vice versa. The switching took place within 0.5 volts of the input voltage shift, yielded a 

maximum gain over six. Additionally, no hysteresis was observed between the forward 

and reverse VIN sweeps. Such excellent inverter behavior is largely due to the high 

carrier density induced from the ion gel dielectric. Fig. 9.7d shows the dynamic 

response of VOUT in a typical inverter that tracked well with up to 1 kHz square-wave 

VIN signals. 

 

Fig. 9.8 displays the output voltage of an inverter that was switched continuously at 100 

Hz for nine hours under vacuum. This device was stored in air for seven days after 

printing and prior to testing. After nine hours of switching, equivalent to more than 

three million cycles, the device still responded well to the 100 Hz square-wave input 

Figure 9.7 All-printed Resistor loaded inverters. a) Device schematic diagram in 
cross-section b) circuit diagram c) input-output voltage characteristics d) output 
responses when the input voltage were switched under high frequencies. 
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voltage signal (0.5 V ~ –2 V), and the drop in output voltage was only ~ 30 %. The 

degradation rate for continuous switching in air is greater, but not dramatically; we have 

switched GEL-OTFT inverters with no protective encapsulation for millions of cycles in 

air. 

  
An intriguing potential advantage of ion gel dielectrics is that their high polarizability 

allows the gate electrode to be physically offset from the source-drain channel. To 

examine this possibility we investigated the transfer characteristics of GEL-OTFTs with 

nonaligned gate electrodes. Fig. 9.9a shows an optical micrograph of a P3HT 

GEL-OTFT in which the PEDOT:PSS gate electrode was offset by 60 μm from one 

edge of the channel. Despite this rather large offset, the transfer characteristic in Fig. 

9.9b is remarkably similar to the current-voltage trace for the aligned gate device in 

Figure 9.2a. The switching speed of the non-aligned device was lower (~100 Hz), as 

might be expected, due to the increased volume of gel between the gate electrode and 

the semiconductor channel. Characterization of the frequency response as a function of 

the magnitude of the gate electrode offset is underway. Overall, however, the 

performance of GEL-OTFTs with non-aligned electrodes opens up opportunities to 

simplify the printing of OTFTs because the requirement for precise registration of the 

Figure 9.8 Output 
voltage response of an 
all-printed inverter 
operated continuously 
at 100 Hz for 9 hours 
under vacuum. The 
gate input voltage was 
modulated between –2 
and 0.5 V. The inset 
shows the change in 
the output voltage 
amplitude over three 
million cycles. 
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gate electrode is relaxed. This is a potentially enabling advantage of ion gel dielectrics 

for printed electronics applications. Transistors and circuits employing a 

completely-offset coplanar gate geometry is demonstrated in Chapter 11.  

 
A potential disadvantage of present GEL-OTFTs is that the OFF currents are generally 

high, of order 10 nA for typical devices. High OFF currents result in higher static and 

dynamic power dissipation and are therefore undesirable.9 Polymer TFTs using more 

conventional gate dielectrics display lower ON currents, but also lower OFF currents, 

often as low as 10 pA, though there is a wide spectrum of results in the literature, and 

details of the device geometry and processing are clearly important factors.149, 218 There 

are several possible sources for the higher OFF current in GEL-OTFTs. Higher static 

OFF currents (voltages fixed) usually arise from direct source-to-gate or drain-to-gate 

leakage current. This contribution can be minimized by improved processing to 

a) b) 
Figure 9.9 a) Scheme and optical micrograph of a GEL-OTFT in which the 
printed PEDOT:PSS gate electrode was intentionally offset from the channel by 60 
μm. The micrograph also indicates the resolution of the aerosol jet printing 
method; 25 μm wide Au source and drain electrodes are separated by a 20 μm 
P3HT channel. b) The ID-VG characteristic of the P3HT-based offset gate 
GEL-OTFTs. The gate voltage sweep rate was 75 mV/s; channel length (width) 
were 20 μm (1400 μm). 
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minimize pinholes in the ion gel and minimizing the overlap of the gate with the source 

and drain. However, the GEL-OTFTs with offset gates (Fig. 9.9) also have similar OFF 

currents suggesting other causes. One possibility may be impurities (e.g., water) in the 

gel which may lead to electrochemical reactions at the electrodes. This can be addressed 

by close attention to gel purity. On the other hand, higher dynamic OFF currents (during 

bias changes) can reflect the significant displacement current (IG) associated with 

charging the semiconductor channel as the gate voltage is swept. Directly measured gate 

displacement currents in GEL-OTFTs are indeed relatively large, on the order of 10 nA 

for transistors with a 1000 μm2 channel footprint. From Kirchoff’s law (conservation of 

charge), the sum of the source and drain currents must equal IG.102 Thus, high IG values 

result in large values for IS and ID, giving large dynamic OFF currents in the ID-VG 

characteristics. The magnitude of the displacement current, and thus the magnitude of 

the OFF current, can be minimized by shrinking the footprint of the device. Thus, 

optimization of the transistor architecture will bring improvements. 

 

9.3 Non-idealities on Transistor Response Time 

Ideally, the response time of field effect transistor is limited by its RC time constant for 

charging and discharging of the carriers into/out of the channel, which follows: 

D
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In Eqn. 9.1, the gate to source capacitance CGS can be roughly related to the dielectric 

sheet capacitance as CGS ~ LWC’. Substituting this relation and Eqn. 2.16 into Eqn, 9.1, 

we readily obtain the maximum switching time of a transistor in the linear regime:49 
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where gm is the transconductance of the transistor. Note the velocity of the carriers 

follows v = μVD/L. Hence Eqn. 9.2 can be simply understood as the time required for 

carriers to transport from the source to the drain electrode, which shows a superlinear 
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relationship with L (t∝L2). However, in electrolyte gated transistors, there’s also a time 

delay for the formation of dielectric capacitor, i.e., ions need time to migrate under the 

gate bias. The switching time of a practical device is generally dominated whichever 

process that is slower.123  

 

To further understand the dynamic response of our devices, we have measured the 

switch time of printed P3HT-based GEL-OTFTs with a variety of channel lengths, 

similar to the approach demonstrated by Berggren, et al.123 The diagram of our test 

circuit is shown in the inset of Fig. 9.10a, where a printed resistor is connected between 

the source electrode of the transistor and the ground. The resistance values ranged from 

1kΩ to 40kΩ, in scale with the lengths of the transistor channel. During the 

measurement, the transistor was switched on and off at a high frequency. And we 

measured the channel current response by measuring the voltage on the source electrode 

and dividing it by the resistance of the loaded resistor. As can be seen in Fig. 9.10a, the 

switching of VG from 0.6 V to –1.6 V resulted in a significant increase in channel 

current, which stabilized within a few milliseconds. The spikes observed in the 

switching characteristics are presumably caused by the parasitic capacitance effect.219 

We estimated the switching time of GEL-OTFTs using the time period when the current 

rise to 90% of its maximum value, and plotted it as a function of channel length in the 

log-log scale in Fig. 9.10b.  
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The figure shows that the switching time for GEL-OTFTs with L < 20 μm did not vary 

significantly with L. For devices with larger channel length, the switching time 

increased with increasing channel length more rapidly and roughly followed t∝L1.2. 

The clear discrepancy between this result and the ideal t-L relationship (Egn. 9.2) 

reveals the influence of ion motion in the dielectrics. For GEL-OTFTs with small 

enough channel length (L < 20 μm), the switching process is mainly limited by the 

ion-assisted carrier accumulation rather than the carrier transport. The ion motion is 

typically completed around the time scale of 1 ms. Note that GEL-OTFTs-based circuits 

such as inverters may still operate under faster speed, but the channel cannot be fully 

switched, hence lowering the output voltage range. With increasing transistor channel 

length, carriers spend more and more time to transport through the channel and 

eventually dominate the switching speed of the device. For transistors with L > 200 μm, 

a) b) 

Figure 9.10 Characteristics of P3HT based GEL-OTFTs with different channel 
Lengths. a) Typical source current response under gate voltage switching between 
0.6 V and –1.6V. Acquired in a device with W = 500 μm and L = 20 μm. The inset 
shows the circuit diagram of the measurement setup. b) Response time (for 90% 
increase of the current response) of the GEL-OTFTs as a function of channel 
length. The channel width of the devices is 500 μm. The inset shows the measured 
channel resistance which scales with channel length. The resistance values were 
acquired under VG = –1.5V and VD = –0.1V. 
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response time longer than 10 ms is expected. Similar observation has also been reported 

by Berggren, et al. in polyelectrolyte gated P3HT transistors, although their devices 

showed relatively faster operation speed since no electrochemical doping process was 

involved.123 The “saturation” of response time upon the reduction of channel length may 

also arise from the contact resistance. As shown in the inset of Fig. 9.10b, we measured 

the resistance of identical transistors with various channel lengths; a linear R-L 

relationship is observed with a pronounced intercept (contact resistance ~ 40Ω from 

Eqn. 8.1). For transistors with L < 20 μm, the contact resistance is considerably larger 

than the channel resistance and significantly affects the carrier injection and release. 

The combined result of t-L and R-L relationships suggest that the optimized 

configuration of printed GEL-OTFTs should have a channel length around 20-50 μm. 

 

We also characterized the channel current and response time for GEL-OTFTs with 

different channel widths, the results are plotted in Fig. 9.11a and b, respectively. As can 

be seen, ID scaled well with W as expected, while the trend of t-W relationship deserves 

extra attention. According to Eqn. 9.2, the response time of ideal transistors does not 

depend on channel width. However, in practical applications, transistors are always 

connected with other circuit units (known as loads) and the gate to source capacitance 

CGS (load capacitance in this case) does not scale with W. Therefore, transistors with 

higher output current (ID) generally have faster switching speed. This explains our 

observation that switching time decreased with increasing channel width (Fig. 9.11 b). 

However, high output current commonly leads to large power dissipation. A simple 

calculation shows a single GEL-OTFT with W = 500 μm and L = 20 μm consumes 

around 0.2-0.3 mW when operating under 1V of supplied voltage (VD). Driving the 

circuits that consist of hundreds of such transistors could be an impossible mission for 

portable power supplies. Extra investigations is required on optimization both speed and 

power dissipation in our printed GEL-OTFTs. 
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9.4 All-Organic Transistors and Inverters 

Conductive inks based on expensive gold nanoparticles have been widely accepted in 

printed electronics, primarily due to their low resistivity and high stability. Less 

expensive silver and copper nanoparticle inks are available, but they have relatively low 

work function and are easily oxidized, which limits their applications in organic 

transistors. Furthermore, these nanoparticle inks require a long post-annealing period 

under elevated temperatures that are not desirable for many low melting-point organic 

semiconductors. Alternatively, we have adopted a low cost and easily processible 

conductive ink composed of 90% PEDOT:PSS and 10% ethylene glycol, similar to that 

reported by Street, et al.17 This PEDOT:PSS ink was printed by an commercially 

available aerosol jet technique with typical thickness of 40nm and conductivity as high 

as 500 S/cm. And no post-annealing was required after printing.  

a) b) 

Figure 9.11 Characteristics P3HT based GEL-OTFTs with different channel 
widths. a) Channel current as a function of channel width. Acquired under VG = 
–0.9V and VD = –0.2V. b) Response time (for 90% increase of the current 
response) of the GEL-OTFTs as a function of channel width. The channel length of 
the devices is 20 μm.  
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As shown in Fig. 9.12a, the four-layer all-organic OTFTs were fabricated by 

layer-by-layer printing of PEDOT:PSS, P3HT, ion gel and PEDOT:PSS again as 

source/drain electrode, semiconductor, gate dielectric and gate electrode, respectively. 

Fig. 9.12c shows an array of 30 semi-transparent all-organic transistors printed on 

flexible poly(ethylene naphthalate) (PEN) substrate. As magnified in Fig. 9.12d, all the 

functional layers were overlaid with good fidelity, with the PEDOT:PSS gate electrode 

printed over the ~ 10 μm thick ion gel step (i.e., the electrode was extended from the top 

of the ion gel layer to the substrate) while maintaining good electrical conductivity.  

Figure 9.12 a) Cross-section schematic diagram of an all-printed ion gel gated 
P3HT transistor. b) Molecular structures of the ion gel components. c) Optical 
image of a 30 transistor array printed on PEN substrate. d) Magnified image of a 
single transistor, where all the functional layers can be clearly distinguished. 
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The typical transfer characteristics (channel current v.s. gate voltage, ID-VG) of all 

organic ion gel gated OTFTs are plotted in Fig. 9.13a, which were acquired under –1V 

drain-source voltage (VD) and 50 mV/s gate voltage (VG) sweep. The transistor was 

turned on near 0 V, and the channel currents increased five orders of magnitude by VG = 

–1 V, reflecting a significant increase in charge carrier density in the channel. Such 

transfer characteristics are analog to those we reported previously for printed ion gel 

gated P3HT transistors, where source and drain electrodes were printed by gold 

nanoparticle ink. This observation confirms that PEDOT:PSS ink has high enough 

conductivity to serve as the conductive layer in OTFTs. The fact that we observed a low 

off-current and negligible current hysteresis between forward and reverse VG sweeps (as 

shown in Fig. 9.13a) also suggests that the PEDOT:PSS electrodes are well suited with 

the ion gel gate dielectrics within our operation voltage. 

 

Figure 9.13 Electrical characteristics of a) ion gel gated transistor and b) ion gel 
gated inverter utilizing PEDOT:PSS as conducting material. The lower right inset 
in b) shows the circuit diagram of the inverter, and the upper right inset shows the 
gain of this inverter at a VIN sweep rate of 50 mV/s.  
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In addition, we have constructed an all-organic inverter, the primary structure for logic 

circuits, by connecting an ion gel gated OTFT with a 20 kΩ printed resistor. The circuit 

dirgram and input-output voltage characteristics (VIN - VOUT) are plotted in Fig. 2b. It is 

clear that the output voltage was switched from “high” state (–1.5 V) to the “low” state 

(0 V) when the input signal was swept from “low” to “high”, and vice versa. The 

switching took place around VIN = 0V and the inverter can be completely switched with 

only 0.5 V of VIN variation, with the maximum gain (dVIN /dVOUT) as high as 7 (shown 

in the inset of Fig. 2b). No output hysteresis was observed between the forward (inverter 

switched-off) and reverse (inverter switched-on) VIN sweeps, indicating a reliable 

low-voltage switching behavior.  

To study the dynamic response of the inverter, square-wave input signals (switching 

between 1 V and –1 V) have been applied to the all-organic inverters and the output 

responses are shown in Fig. 9.14a and b. As can be seen, under the switching frequency 

of 1 Hz, the output voltage was completely switched and the signal decay was 

Figure 9.14 Dynamic output response of a typical all-organic inverter under a) 
1Hz and b)100Hz square-wave input signals. c)Output voltage range as a function 
of switching frequency. 

a) 

b) c) 
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negligible (i.e., the output range was similar to the drain supply voltage). Under 100 Hz 

the inverter was still able to operate, but output switching became incomplete and 

output range decreased considerably. Fig. 9.14c demonstrates the source of failure for 

inverters operating under fast speed. Namely with increasing switching frequency, the 

output of the devices becomes more and more difficult to reach 0 V. In other words, the 

transistor becomes increasingly difficult to turn on (rather than to turn off). This 

phenomenon can be improved by optimizing the resistance value of the loaded resistor. 

The investigation on this approach is detailed in the next chapter.  

 

9.5 Conclusions 

In summary, ion gel dielectrics hold substantial promise for flexible electronics 

applications due to their extremely large capacitances, printability, and suitable 

frequency response. Optimization of both transistor architecture and the gel material 

should lead to further improvements in performance. 
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Chapter 10  Printed Ion Gel Gated Circuits 
 

10.1  Introduction 

The achievement of high performance aerosol jet printed polymer GEL-OTFTs, as 

demonstrated in the last chapter, inspires the further development of printable circuits 

with faster speed and more complicated functions. In this chapter, we demonstrate the 

investigation on transistor-loaded inverters that operates up to 10 kHz, as well as 

NAND gates, LATCH and D-flipflop circuits and ring oscillators. These circuits all 

feature P3HT-based GEL-OTFTs, which enable low voltage device operation. For 

clarification purpose, the source/drain electrodes and conductive connections between 

the transistors are fabricated on SiO2 substrate via lift-off process. All the rest functional 

layers, including polymer semiconductor, ion gel gate dielectric, PEDOT:PSS gate 

electrode and resistor, as well as UV-cure epoxy for the insulating layer between the two 

crossing conductive lines, are directly printed through the aerosol jet printing 

technique195 similar to that shown in chapter 9.  

 

10.2 Transistor Loaded High Speed Inverters 

In Section 9.3, the maximum response time for stand-alone GEL-OTFTs has been 

discussed. In actual circuits, the transistors are connected with other units which 

complicates the switching process. For example, we have demonstrated resistor-loaded 

inverters in the last chapter. Its circuit diagram is replotted in Fig. 10.1, with an 

imaginary capacitor represents the loads connecting 

to the inverter output. We define the turn-on of the 

transistor (VOUT from “Low, VDD” to “High, 0 V”) as 

the charging process since holes are injected and 

transported from the source of the drive-transistor to 

VOUT and charge the imaginary capacitor. Similarly, 

the turn-off of the transistor can be considered as 

discharging process (VOUT from High to Low). Figure 10.1 Circuit diagram of a 
resistor-loaded inverter. 
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Clearly, the switching of this inverter is limited by the time delay of both processes. We 

define the “switch on” and “switch off” time for the inverter as tC and tD, respectively. 

According to Eqn. 9.2, these time constants depends on the transient current IC and ID to 

charge/discharge the imaginary capacitor, as: 
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Upon the VOUT switching from Low to High, holes indeed transport through both the 

drive-transistor and load-resistor under different polarities. Therefore, the charging 

current IC roughly follows: 
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where RD is the resistance of drive-transistor at its ON-state, and RL is the resistance of 

the load-resistor. On the other hand, the transistor turns off during the discharging 

process and its channel resistance is significantly larger than RL. Hence ID follows: 

L

DD
D R

VI =                                                          (10.3) 

To minimize the delay time of the inverter, tC and tD should be balanced. From Eqn. 

10.1-10.3, one readily gets RL = 2RD, which is the ideal configuration for resistor-loaded 

inverters. However, since the value of RD varies with the gate voltage applied on the 

drive-transistor as well as with other non-ideal factors, the most optimized condition is 

difficult to realize in resistor-loaded inverters.  

 

Alternatively, we optimized the inverter response by enabling a tunable load. We 

constructed the inverter by connecting the GEL-OTFT (act as drive-transistor) with 

another GEL-OTFT (act as load-transistor) which had an individual bias control (VBIAS), 

as sketched in the circuit diagram in Fig. 10.2a. By controlling VBIAS, we were able to 

tune the resistance of the load transistor and modify the inverter outputs. Fig. 10.2b 

illustrates the output voltage response of a typical inverter under various VBIAS with 50 

Hz square-wave input signals (switched between 0.5 V and –1.6 V). The stabilized 
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voltage values for “1” (VOUT ≈ 0 V) and “0” states (VOUT ≈ VDD) as well as the output 

range (∆VOUT/VDD) is plotted as a function of bias voltage in Fig. 10.2c. As can be seen, 

at VBIAS = –0.5 V, the inverter was easy to switch on but it was difficult to switch off, 

resulting in a small output voltage range (∆VOUT = 0.36). The shape of the transient 

output voltages for “on” and “off” switching became more and more balanced with 

decreasing VBIAS, until at approximately –1.25V, where ∆VOUT also reached its maximum 

(∆VOUT = 1.13). The inverter output characteristics were hereby optimized. Further 

decreasing of VBIAS resulted in the degradation of inverter response to the opposite 

extreme (i.e., device was easily switched off but more difficult to switch on, and ∆VOUT 

was reduced).  

 

Figure 10.2 Transistor-loaded inverter with additional gate control. a) Circuit 
diagram b) Inverter output response acquired under 50 Hz square-wave input 
signals (switch between 0.5 V and –1.6 V) and various gate bias voltages. c) 
Output voltage values on the two logic states (top panel) and output range (bottom 
panel) as a function of bias voltage. 

a) 

b) c) 
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The balanced output characteristics for “switch-on” and “switch-off” generally leads to 

fastest switching response. As demonstrated in Fig. 10.3, the optimized device showed a 

clear inverter response to the square-wave input signal up to 10 kHz in frequency, 

equivalent to a minimum switching time of less than 50 μs (count two switches in one 

period). When operating under 1 kHz switching frequency, our optimized inverter 

showed better output characteristics compared to the previous report. Fig. 10.4b shows 

the output range of our inverter remained constant (~ 80% VDD) until 50Hz, and then 

gradually decreased with increasing operation frequency. Within 10 ms these inverters 

could be switched without significant signal lost, which is fast enough for many sensing, 

actuating and display applications.165, 220, 221 As indicated in Fig. 10.4a, the output 

voltage values for two logic states decayed with frequency in a more balanced fashion 

Figure 10.3 Dynamic output response of optimized inverter under a) 1kHz and b) 
10kHz square-wave input signals. Data acquired under VDD = –1.5 V and VBIAS = 
–1.25 V. 

b) 

a) 
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compared to the un-optimized inverter. This balanced decay might be the key to fast 

switching inverters, since the approaches to hence response time of GEL-OTFTs are 

still under investigation.  

 
10.3 NAND Logic Gate 

In addition, we fabricated NAND logic gates using two identical printed transistors and 

a loaded transistor. The circuit diagram and logic sequence of the device is displayed in 

Fig. 10.5a. Similarly, any voltage more positive than 0 V is defined as state “1” and 

value around –1 V is defined as state “0”. Fig. 10.5b shows a decent NAND logic gate 

response, namely only when the gate voltages of both inputs (VA and VB) was held at 

“1”, both transistors was turned on which switched the output voltage (VOUT) to “0”. In 

all other configurations, at least one of the transistors had resistance significantly larger 

than the load-resistor and VOUT remained at the “1” state. The value of VOUT was fully 

switched between the applied VDD and the ground within 2ms. This is a key result, given 

that with the combination of inverters and NAND gates, one can literally construct all 

Figure 10.4 a) Output 
voltage values on the two 
logic states and b) Output 
voltage range as a function 
of frequency. 
 

b) 

a) 
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sorts of logic circuits. 

 

10.4 SR LATCH and D-Flipflop Circuits 

SR (S stands for set and R stands for reset) Latch is simple bistable multivibrator which 

outputs two stable states (Q and Q ) and serves as a fundamental transparent 

(non-clocked) storage element. We have printed SR Latch circuits using the 

combination of two inverters and two NAND logic gates. As shown in the circuit 

diagram in Fig. 10.6, the output of each NAND gate is connected to one of the input of 

the other NAND, as well as the input of one inverter. To understand the logic sequence 

of the SR Latch, we may need to further our understanding of NAND logic. In fact, for 

NAND gate, if one input is set at “1”, then the output of the device simply inverts the 

Figure 10.5 Printed low 
voltage operation 
NAND logic gate based 
on polymer GEL-OTFTs 
a) Logic sequences and 
circuit diagram. b) 
Dyanmic response of the 
NAND gate. The red 
and black lines in the top 
panel represent two 
input voltage, VA and VB, 
respectively. And the 
open circles in the 
bottom panel show the 
output response. 
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state of the other input. If one input is set at “0”, then the output remains at state “1”. 

Therefore, for SR Latch operated in so-called storage mode, both S and R inputs are “1”, 

and feedback maintains the original Q and Q (the complement of Q) output states. The 

two inverters serve as output buffer and do not influence the operation of the NAND 

gates. To write the state of Q, for example to set it to “1”, one can pulse R to “0” while 

holding S at “1”. Similarly, if R is pulsed to “1” while S is held at “0”, the Q output is 

forced to “0”. The combination of both S and R at “0” is logically forbidden, since in 

that case both Q and Q output the same state. As shown in the dynamic response in Fig. 

10.6c, the output voltage followed the logic sequence quite well, and it completely 

switches in approximately 20 ms. Compared to a stand-alone NAND gate, this device 

has considerably longer response time. Since the output of each NAND gate in the SR 

Latch needs to drive one inverter and one NAND gate, the circuit is equivalent to a 

3-stage device which naturally increases the response time. 

Figure 10.6 Printed SR Latch circuit. a) Logic sequences b) Circuit diagram c) 
Dynamic response of the device. The red and black lines in the top panel represent 
two input voltage, S and R, respectively. And the open circles in the bottom panel 
show the output response. 

b) 

a) 

c) 
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Furthermore, Fig. 10.5 demonstrates a D-flipflop circuit which consists of 8 NAND 

gates and 3 inverters. The biggest difference between D-flipflop and the SR Latch 

discussed previously is that D-flipflop follows the sequence of clock signal and can be 

easily synchronized with other units in complicated circuits. As shown in the output 

characteristics, the output (Q) of this flipflop read the state of data input (D) only at the 

moment of a falling edge of the clock signal (CLK). The subsequent changes of the D 

did not influence Q until the next falling clock edge. Such flip-flop serves as one bit of 

volatile memory and is widely used in modern circuits for functional electronics such as 

shift register, counter, and etc222. The measured output-to-clock delay (tC-Q, the response 

time of Q upon the falling edge of clock signal) and setup time (tSetup, the time for the 

circuit to efficiently read the data input) in our devices were both less than 50 ms. It is 

worth noting that, as shown in one of the magnified images in Fig. 10.7a, a series of 

insulation pads have been printed on top of the horizontal conductive lines, followed by 

Figure 10.7 Printed D-Flipflop circuit. a) circuit diagram (top) and optical image 
of a typical device (bottom). The magnified images show the three most important 
features of the printed circuit. b) Dynamic response of the device. The red and 
black lines in the top panel represent Data and Clock signals, respectively. And the 
open circles in the bottom panel show the output response. 

b) a) 



Chapter 10     Printable Ion Gel Gated Circuits 
 

175 

the vertical PEDOT:PSS conductive patterns to complete the “crossover” without 

shorting.  
 

10.5 Five-Stage Ring Oscillators 

 
As mentioned previously, clock signal is an important feature for modern circuitry. 

Figure 10.8 Printed five-stage resistor-loaded ring oscillators. a) Optical image of 
3 all printed all organic semi-transparent ring oscillators (left) and a magnified 
image of single ring oscillator printed on lift-off gold pattern. b) Circuit diagram c) 
Typical device output shows oscillation frequency nearly 120 Hz. Data acquired 
under a drain side supply voltage of –3 V. 

b) 

a) 

c) 
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Clock can be used to synchronize different circuit units and to generate oscillation 

sequences.222 We have simulated clock signals using printed 5-stage ring oscillators. As 

shown in Fig. 10.8a and b, the ring oscillator actually consists of six resistor-loaded 

inverters. The input of each inverter is connect to the output of the previous inverter, 

while the output of the fifth inverter also connected back to the input first inverter. With 

odd numbers of inverter, one can readily imagine the output of the fifth inverter in the 

current time sequence is always opposite to the input of the first inverter in the previous 

sequence, and hence the output signal of all stages starts to oscillate spontaneously 

when a constant drain supply voltage (VDD) is applied beyond a critical value, typically 

around –1~ –1.5V. This device is considered as a 5-stage ring oscillator since the sixth 

inverter only serves as output buffer. As shown in Fig. 10.8c, maximum oscillation 

frequency of nearly 120 Hz is observed at VDD = –3V. Notice that the output voltage 

switches only after all five stages of inverter have switched consecutively. Therefore, 

the propagation delay tD of each stage is given by: 

fN
tD 2

1
=                                                          (10.4) 

where f is the oscillation frequency and N is the number of stages in the ring oscillator. 

The calculation from our device yields a propagation delay less than 1 ms.  

 

In fact, the propagation delay is generally considered as a more “intrinsic” response 

time for inverters, since in ring oscillators each stage is driven by the spontaneous 

voltage change of the previous stage rather than forced by the dramatic switching of VIN 

from external voltage source. As demonstrated in Fig. 10.9a, the oscillation frequency 

of our ring oscillators was found to increase with increasing VDD almost linearly beyond 

a threshold value. This result is in good agreement with the transistor response time 

expression (Eqn. 9.2). The trend of frequency changing with transistor channel length 

(Fig. 10.9b) also qualitatively follows Eqn. 9.2. Further experiment with larger variation 

of channel length is required to better address this correlation. We have also tried to 

vary the thickness of the ion gel in GEL-OTFTs from 1.8 μm to 5.6 μm, which didn’t 
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lead to pronounced difference in ring oscillator operation frequency. 

 
Additionally, we have employed the transistor-loaded inverters, similar to that described 

in section 10.2, for the construction of ring oscillators. As shown in Fig. 10.10c, by 

controlling VBIAS, we were able to tune the oscillation frequency of the ring oscillator 

and optimize the output range. Fig. 10.10d shows the output voltage characteristics of 

our fastest ring oscillator, which was acquired at VDD = –2 V and VBIAS = –2.25 V. The 

output voltage switched spontaneously between –0.28 V and –1.66 V (ΔVOUT = 1.38 V) 

at a frequency of 150 Hz (i.e., the propagation delay for each inverter stage is less than 

0.7 ms). To our knowledge, reports on printed organic ring oscillators are rare.156, 223 

The performance (e.g., frequency, operation voltage, ΔVOUT/VDD, etc.) of our devices is 

comparable to or beyond the best reported values. 

Figure 10.9 Oscillation 
frequency as a function of a) 
drain-side supply voltage b) 
channel length of the 
inverter. 

b) 

a) 



Chapter 10     Printable Ion Gel Gated Circuits 
 

178 

 
We also studied the operation stability of the printed transistor-loaded five-stage ring 

oscillators by applying a constant VDD = –1.5 V and VBIAS = –2 V for a long period. As 

shown in Fig. 10.11, the device can still oscillate after 15 hours, equivalent to more than 

a million switching cycles for each inverter stage. However, the oscillating frequency 

decreased to approximately 20%, and the output range reduced by half. Further 

investigation on output voltage revealed that the degradation of the device was mainly 

caused by the reduction in VOUT (0) (see Fig. 10.11b), namely the transistor became 

more and more difficult to turn off over time. Note that this phenomenon is different 

than the decaying of VOUT with frequency as demonstrated in Fig. 10.4. It may be 

attributed to the time-dependent diffusion of {TFSI}– ions into the bulk of polymer 

semiconductors,88 which increases transistor off current and subthreshold swing that 

eventually limited the switching speed of the transistor.  

Figure 10.10 Printed five-stage ring oscillator consist of transistor-loaded 
inverters. a) Device image. b) Circuit diagram. c) Frequency and output range of 
the ring oscillator as a function of load-gate voltage. d) Output characteristics of a 
typical ring oscillator with oscillation frequency as high as 150 Hz.  
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10.6 Conclusions  

Various printed GEL-OTFT-based circuits with low operation voltage, fast switching 

speed and multiple functions have been demonstrated. These low cost, printed circuits 

may be utilized in radio frequency identification (RFID) circuits, or be integrated with 

electrochromic/light emitting devices and portable powers for active matrix displays. 

Figure 10.11 Operation stability of printed ring oscillator. a) Output characteristics of 
a five-stage ring oscillator continuously operated for 15 hours, acquired at VDD = –1.5 
V and VBIAS = –2 V. b) The degradation of output voltage and oscillation frequency 
with time. 

b) a) 
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Chapter 11  Printed P3HT Transistors and Circuits Employing 
Coplanar Gate Geometry 

 
11.1 Introduction 

In this chapter, we demonstrate that the high polarizability of the ion gel gate dielectric 

allows the gate electrodes of the GEL-OTFTs to be completely offset from the channel. 

In fact, we can print the gate electrode at the same time as the source and drain 

electrodes in a coplanar configuration. The importance of this approach relies not only 

on reducing an alignment step, but also on eliminating a whole printing layer and the 

associated processes (e.g., ink formulation, annealing, etc). Therefore, this approach 

directly decreases the cost and increase the efficiency of the multi-layer printing 

electronics fabrication. The GEL-OTFTs employing this configuration performed in a 

manner comparable to their top gated counterparts. The fabrication and characterization 

of coplanar gate inverters, NAND logic gates and ring oscillators have been discussed 

as well.   

 

11.2 Printed P3HT-based Coplanar Split Gate GEL-OTFTs 

Figure 11.1 Coplanar split gate 
GEL-OTFTs. a) Cross-section 
schematic sketch. b) optical image. 
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As shown in Fig. 11.1a and b, three sequential printing steps were utilized to construct 

all the functional layers in our coplanar-gate GEL-OTFTs. First, source and drain 

electrodes are printed on a flexible polyimide substrate to define the transistor channel 

region. This is followed by the deposition of a gate electrode with split arms extended 

on both sides of the channel. The distance between the arm and the side of the 

source/drain electrode is typically 50 μm. P3HT is then printed in between the source 

and drain electrodes as the semiconducting layer with good fidelity. Finally, a ~10 μm 

thick ion gel is printed to cover the split gate and the vacant area between them to form 

the gate dielectric layer. As sketched in Fig. 1a, when a negative gate voltage is applied, 

the positive {EMIM}+ ions are driven towards the gate electrodes, while the negative 

{TFSI}– ions are driven towards the channel. The high conductivity of these ions 

assured the quick formation of electrical double layers at both the gate/ion gel and ion 

gel/semiconductor interfaces, even with the gate electrode being more than 50 μm away 

from the channel in a coplanar fashion. 

 

Figure 11.2 illustrates the electrical characteristics for a typical coplanar split gate 

GEL-OTFT. As one can see from the transfer characteristics (ID-VG) acquired at a fixed 

drain bias (VD = –1 V) and a constant VG sweep rate of 25 mV/s, the transistor was 

turned on near VG = 0 V, and the drain current increased 5 orders of magnitude by VG = 

–1.5 V. Such low operation voltage (~ –1 V) and high output current (as high as 1 mA) 

are typical characterizatics of ion gel gated transistors, owing to the high channel carrier 

density in the devices. Note that under relatively slow operating speed (e.g., gate 

voltage sweep of 25 mV/s), an electrochemical doping process can take place in 

polymer transistors. Namely the {TFSI}– ions in the dielectric can penetrate into the 

bulk of the P3HT and hence induce a 3-dimensional instead of 2-dimensional carrier 

transport channel.88 To estimate the carrier density more accurately, we measured the 

gate current (IG) simultaneously with the drain current during the device operation. As 

also plotted in Fig. 11.2a, the gate current experienced a pronounced increase when the 

transistor was turned on, which presumably originated from a significant displacement 
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current increase (∆IDisp) due to the dynamic injection of carriers into the semiconductor 

channel.138 We obtained the injected carrier density (p) by integrating ∆IDisp versus gate 

voltage (illustrated in the red shaded region in Fig. 2a) as previously demonstrated in 

Eqn. 6.1. We calculated p under several different sweep rate (25mV/s, 50mV/s and 

75mV/s), and these results yielded a similar value of 3×1014 cm-2 under VG = –1.5 V. 

The mobility of the transistor was then calculated from Ohm’s law (See Section 6.2), 

which was approximately 0.3 cm2/Vs. Fig. 2b shows the typical output characteristics 

(drain current versus drain voltage: ID-VD), where VG modulated ID can be clearly 

observed in both the linear and the saturation regimes.  

 

Figure 11.2 I-V characteristics of a typical coplanar gate GEL-OTFTs. a) ID-VG 
(black) and IG-VG (red) characteristics acquired at a gate voltage sweep rate of 
25mV/s. The red shaded regions on the forward sweep of the IG-VG curves indicate 
the integrated area used to calculate the total injected carrier density. b) ID-VG 
characteristics acquired at a drain voltage sweep rate of 50 mV/s. 

b) a) 
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Compared to well-aligned top gated GEL-OTFTs operating under similar gate voltage, 

our coplanar gate GEL-OTFTs shows slightly lower carrier densities (3×1014 cm-2 

versus over 5×1014 cm-2) and carrier mobilities (0.3 cm2/Vs versus over 1 cm2/Vs). Such 

differences are expected since the polarization of gate dielectric relies on the transverse 

electrical field whose strength could be considerably reduced when the gate-to-channel 

distance increases from around 10 μm to over 50 μm and when the gate electrode is 

Figure 11.3 ID-VG characteristics of coplanar split gate GEL-OTFTs with a) variable 
channel length (channel width fixed at 1000 μm), b) variable channel width (channel 
length fixed at 50 μm), or c) variable gate size. d) Schematic electrical double layer 
model. The red line indicates the potential profile.  

a) b) 

c) d) 
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printed on the same plane with the channel. Therefore, the degree of motion of the 

charged ions could be lowered in our coplanar gate GEL-OTFTs, leading to lower 

accumulated carrier density. Consequently, the mobility of polymer GEL-OTFTs is also 

lowered with decreasing carrier density, which is consistent with the previous 

findings.138 Meanwhile, the current hysteresis between forward and reverse VG or VD 

sweeps (see Fig. 11.2) is generally more pronounced in coplanar gate GEL-OTFTs 

compared to their top gate counterparts. We found that the hysteresis is strongly 

dependent on the channel length, channel width, and gate area. These dependencies are 

demonstrated in Fig. 11.3. The collective results indicate that the optimized device 

performance can be achieved with large gate area to channel area ratio. Similar 

observations have also been reported by Berggren, et al.165 As illustrated in the potential 

profile in Fig. 11.3d, assuming both interface double layer have similar sheet 

capacitance, increasing the gate area to channel area ratio effectively enhances the 

potential drop at the ion gel/semiconductor interface. Larger potential drop facilitates 

the polarization and (possible) migration of the ions, which leads to better carrier 

accumulation and transport.  

 

11.3 Printed Circuits Employing Coplanar Gate Geometry 

Despite the drawbacks mentioned above, we emphasize that the coplanar gate 

GEL-OTFTs make the circuit layout and printing fabrication processes considerably 

simpler and that their electrical performance can be sufficient for many applications. 

For example, as shown in the circuit diagram in Figure 11.4, we have constructed an 

inverter by connecting our coplanar split gate GEL-OTFT with a 20 kΩ loaded resistor. 

The inset of Fig. 11.4 shows the typical input-output voltage characteristics (VIN - VOUT) 

of the inverter, acquired at the VDD = –1.5 V and input voltage sweep rate of 50 mV/s. A 

clear inverter function similar to that demonstrated in previous chapters is displayed. 

The device completely switched within 1 V of VIN variation, with the maximum gain 

(dVIN /dVOUT) as high as 5. In addition, we applied relatively high frequency 
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square-wave input voltage signal. As also shown in Fig. 3, the output signal of the 

inverter tracked well with the input signal (state “1” at –0.3 V, state “0” at –1.4 V, 

acquired at VDD = –1.5 V) up to 100 Hz. The spikes observed in VOUT upon the abrupt 

switching of VIN originated from the strong dynamic charging of the parasitic 

capacitance,219 which could be optimized by further device modification. With 

switching time as low as to 0.01s, these inverters should be fast enough to serve in the 

control circuits for some sensing, actuating and display applications.165, 220, 221 

 
Furthermore, we fabricated more complicated NAND logic gates consisting of 3 

coplanar gate GEL-OTFTs as shown in Figure 11.5. As can be seen, two square-wave 

input signals (VA and VB) of different frequencies are applied to the gate electrodes of 

Figure 11.4 100 Hz input voltage signal (black) and output voltage response (blue) 
of a inverter based on a coplanar gate GEL-OTFT and a 20 kΩ load resistor (circuit 
diagram shown in the lower right inset) at VDD = –1.5 V. The upper right inset shows 
the VIN -VOUT characteristics acquired at a VIN sweep rate of 50 mV/s. 
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the two identical GEL-OTFTs. Only when both VA and VB were held at state “1” (> 0V), 

the output signal switched to “0” (~ –1 V). Otherwise it remained at the “1” state. 

 
Finally, we constructed five-stage ring oscillators using either transistor-load or 

resistor-load invertors. Figure 11.6a shows the circuit diagram for a transistor-load ring 

oscillator, where the gate of the load-transistor are directly connected to VDD. The 

diagram of resistor-loaded ring oscillators has been demonstrated previously in Fig. 

10.8b. Fig. 5b shows the output voltage characteristics acquired at VDD = –2.5 V. The 

transistor-load ring oscillator switched between –0.1 V and –1.1 V (ΔVOUT = 1 V) at a 

Figure 11.5 NAND logic 
gate constructed by 3 
coplanar gate GEL-OTFTs. 
a) Circuit diagram. b) Logic 
sequences. c) Dynamic 
response of the NAND gate 
(bottom panel) upon two 
input voltage signals (top 
and middle panels) of 
different frequency. 

1 

1 

1 

0 

a) b) 

c) 
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frequency of 1.5 Hz (i.e., propagation delay around 70 ms), and kept oscillating for over 

two hours after which the frequency degraded to ~0.4 Hz. As shown in Fig. 5c, 

replacing the load transistors with 20 kΩ resistors increased the frequency of the ring 

oscillator to about 2.4 Hz, and ΔVOUT to over 1.7 V.  

 
In addition, it is worth mentioning that the coplanar gate GEL-OTFTs discussed here 

should not be simply considered as electrochemical transistors like the those that have 

been demonstrated by Berggren and others with similar configuration.145, 156 In an 

electrochemical transistor, the conductance of the channel is dominated by the 

reversible oxidation and reduction reactions of the functional materials, where the 

charged ions supplied by the electrolyte serve as the oxidizer or reducer. Therefore, the 

switching speed of an electrochemical transistor is mainly limited by the diffusivity of 

Figure 11.6 Printed ring 
oscillators employing 
coplanar gate geometry 
a) Circuit diagram and 
b) output voltage 
characteristics of a 
transistor-load 5-stage 
ring oscillator. c) Output 
voltage characteristics of 
a resistor-load 5-stage 
ring oscillator.

a) 

b) 

c) 
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the ions as well. Indeed, the reported oscillation frequency for ring oscillators consist of 

typical PEDOT:PSS-based electrochemical transistors (with highly diffusive metal ions 

in the electrolyte) range from 5-10 mHz.156 These frequencies are considerably lower 

compared to the frequency we observed. Although the possibility of electrochemical 

doping can not be ruled out, we argue that it is the fast electrostatic process (i.e., the 

formation of the electrical double layer at the ion gel/semiconductor interface) that 

dominates the charge transport in our coplanar gate GEL-OTFTs for high-speed 

applications such as ring oscillators and logic circuits.  

 

11.4 Conclusions  

We demonstrated the fabrication and characterization of all-printed coplanar split gate 

polymer GEL-OTFTs. By printing the gate electrode together with the source and drain 

electrodes on the same substrate, one can simplify the fabrication procedure of the 

transistors considerably. Taking advantage of the high polarization ion gel gate 

dielectric, this special coplanar gate geometry yielded transistor performances 

comparable to well-aligned top gate GEL-OTFTs. Furthermore, the coplanar 

GEL-OTFTs can also be used as the primary unit in the fabrication of all-printed digital 

(e.g. inverter, NAND and NOR gates) and analog (e.g. ring oscillator) circuits. 
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Chapter 12 Future Research 
 
12.1 High Performance, Multifunctional Printed Polymer GEL-OTFTs 

The study of electrolyte gated transistors has drawn increasing attention in recent years, 

owing to the development of high quality electrolytes and organic semiconductors, as 

well as the improvement in fabrication methods. Practically, there is still room for 

improvement in electrolyte dielectrics and device configurations. First of all, by 

optimizing the size, properties and composition of functional ions as well as their 

interaction with the polymer networks, we may expected environmentally stable 

solid-state electrolytes with larger dielectric window (i.e., the range of bias that can be 

applied without suffering dielectric breakdown), higher capacitance and faster 

polarization response134. Additionally, with appropriate electrolytes, bulk 

electrochemical doping process may be minimized for high-speed transistor applications. 

Second, methods such as scaling down device geometries, minimizing parasitic 

capacitance and applying encapsulation layers may further improve the response time 

and stability of the devices. Combinations of electrolytes and semiconductors should be 

investigated to achieve both high performance p-channel and n-channel transistors 

which are essential components to construct complementary circuits. The high output 

current commonly obtained in ion gel-based devices brings concerns about the power 

consumption. As briefly mentioned in previous text, a stand-alone single P3HT 

GEL-OTFTs consumes more than 0.1 mW, which may also cause serious heat 

dissipation problem. Complementary circuits enable more efficient power usage with 

half of their transistors always at the OFF-state.49 Other power minimization approaches 

such as increasing the load and introducing the sleep-mode in the circuit layouts should 

also be considered. Last but not least, investigation is expected to extend the application 

of our GEL-OTFTs. For example, rectifiers and memories can be made with the 

modification transistors. Based on the combination of inverters and NAND gates, more 

complicated circuits such as shifter registers (used to address the active matrix displays) 

and counters (important unit for signal detection in radio frequency identification (RFID) 

circuits) can be constructed. These circuits, along with ring oscillators and D-flipflops 
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demonstrated in previous chapters can be incorporated together for various functional 

circuits. Additionally, as shown in Fig. 12.1, upon the turn-on of GEL-OTFT, the color 

change from magenta to light-blue was commonly observed in P3HT channel. The color 

can be switched back under a positive gate bias. For a 500×500μm2 channel as shown in 

the figure, the color switching was completed within 1 second. This phenomon leads to 

promising applications for electrochromic displays. GEL-OTFTs may also work as 

sensors for various chemical and bio-chemical species. Recognition elements dissolved 

in the bulk of the gels or applied on the surface of the gate electrodes modify the ion 

motion upon the receiving of the analyte of interest, resulting in pronounced change in 

transistor performance. These devices can be incorporated into clothes, bandages, and 

etc. and hold great promise for so-called electronic textile applications. 

 
12.2 Printed Ambipolar Carbon Nanotube-based GEL-TFTs and Complement 
Circuits 
 

In last section, we addressed the importance of fabricating both p-channel and n-channel 

ion gel-based transistors. Instead of employing two types of semiconductors, holes and 

electrons transport can also be realized in the same semiconductor channel under 

different gate bias. This is known as ambipolar transistors. In fact, during device 

operation, the high specific capacitance provided by electrolyte dielectrics causes a 

Figure 12.1 Optical images showing the change of color in P3HT channel of a 
printed GEL-OTFT upon different gate voltages. The channel size is 500×500μm2. 
a) VG > 0 V, device is OFF. b) VG < 0 V, device is ON. 

a) b) 
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stronger bias-induced Fermi-level shift compared to the conventional dielectrics. This 

large scale Fermi-level shift facilitates the injection of carriers to different energy bands 

of semiconductors (i.e., known as holes and electronics). In this section, we show 

GEL-TFTs based on semiconducting single wall carbon nanotubes (CNTs) as a possible 

candidate for ambipolar transistors and complementary circuits. Since the first report in 

1988,224 single wall carbon nanotubes have been studied intensively for FET and other 

electronic applications owing to their superb electrical and mechanical properties.225-227 

A major challenge in CNT-based FETs is the efficient separation of semiconducting 

CNTs with metallic CNTs. The later, if present in the channel, significantly increase the 

OFF-current of the transistor. Collabrating with Prof. Hersam’s group at Northwestern 

University, we are able to obtain > 98% percentage of semiconducting CNTs using 

density-gradient ultracentrifugation.228 

 

Figure 12.2 a) Schematic sketch and b) optical image of printed ion gel gated CNT 
transistors c) AFM topography images of the printed CNT network. The bright edge 
in the top image represents the gold electrode. The printed CNT network is not 
uniform, with a thickness variance of 2-10 nm.  

a) 

b) c) 
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Semiconductor ink was made by mixing CNT (0.1 mg/ml) with dionized water. Sodium 

cholate (0.1% w/v) was added as surfactant to prevent the aggregation of CNT 

suspension. As shown in Fig. 12.2, the ink was printed onto the channel of the transistor 

through aerosol jet printing technique. The channels are generally 50 μm by length and 

100 μm by width. AFM topography images indicate that printed CNTs mainly formed a 

random network in the channel, with the thickness varied from 2 nm (a single wire) to 

10 nm. The coverage of CNTs can be increased by increasing the CNT concentration in 

the ink. But the presented concentration yielded best transistor performance in the 

combined concern of mobility and ON/OFF current ratio. The channel was then covered 

by the ion gel dielectric and PEDOT:PSS gate electrode similar to the printing 

procedure described previously.  

 
Fig. 12.3a shows the ID-VG characteristic of a typical printed CNT transistor acquired 

under VD = –1 V. As can be seen, at VG = 0 V, the transistor channel was OFF. Upon the 

Figure 12.3 Electrical characterization of ion gel gated CNT transistors showing 
clear ambipolar charge transport. a) Tranfer characteristics acquired at VD = –1V. 
The inset shows the same device work at VD = –0.1V, with a larger On/Off current 
ratio. b) Output characteristics. 
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negative sweeping of VG, holes started to accumulate and transport in the semiconductor 

channel, resulting in significant current increase similar to that demonstrated in P3HT 

GEL-OTFTs previously. However, current modulation was also observed with positive 

VG sweep in a nearly symmetric trend compared to the negative VG sweep. With the 

same sign, this current must be attributed to electrons injected from the drain electrode 

and transport through the channel to the source electrode. High channel conductance of 

more than 5 mS/mm was achieved for both VG = 1.5 V and VG = –1.5 V (larger than 

P3HT-based GEL-OTFTs), with ON/OFF current ratio of over 100. The inset of the 

figure shows under VD = –0.1 V, the current was modulated nearly 5 orders of 

magnitude. In addition, the calculation from Eqn. 2.15 yielded linear effective mobility 

of 68 and 67 cm2/Vs (assume C’ = 15 μF/cm2) for hole and electron transport, 

respectively, which is more than 10 times higher compared to the best hole mobility 

values obtained in polymer GEL-OTFTs.15 Ambipolar transport can also be observed 

from the output characteristics (Fig. 12.3b, under positive VD sweep) of the device. In 

this figure, with VG > 0.9V, clear linear and saturation regimes are demonstrated as ideal 

electron transport behavior. However, with VG > 0.9V (notice the critical VG for current 

minimum shifts with the applied drain voltage), instead of turning off as a normal 

n-channel transistor, the current was found to increase with decreasing gate voltage, 

indicating the injection of holes from drain electrode. In this case, increasing VD only 

lowered the injection barrier and increased the “effective” gate bias rather than 

pinched-off the channel. Therefore the drain current increased monotonically without 

saturation. Similar ambipolar transport behavior has been previously reported on a 

variety of CNT transistors gated by other electrolytes.93, 113, 157-160 The detailed 

explanation of ambipolar charge transport mechanism can be find somewhere else229 

and is out of the scope of this thesis. Nevertheless, it is worth mentioning, as shown in 

Fig. 12.4, current saturation and negative differential transconductance has been 

observed for both hole and electron transport under relatively strong gate bias in ion gel 

gated CNT transistors. Since CNT are generally considered as a wide-band material,227 

this result suggests that the commonly observed decrease in channel conductance with 
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increasing VG in electrolyte gated transistors is unlikely due to the filling of charge 

transport band upon increasing carrier density as proposed previously.115  

 
Being able to obtain both p-channel and n-channel transport, we have furthered our 

investigation on complementary circuits. For example, complementary inverters can be 

simply constructed by connecting two identical ambipolar CNT GEL-TFTs, as shown in 

the circuit diagram in Fig. 12.5a. This approach is motivated by the previous work by 

Lee, et al. on Al2O3 gated ambipolar CNT TFTs.88 During inverter operation, the 

transistor connected to the positive VDD always serves as p-channel transistor, while the 

one connected to ground always work as n-channel transistor. The two electrodes with 

pinned voltages are considered as the source electrode for each transistor, respectively. 

Therefore, when VIN holds a value close to VDD, the p-channel transistor is OFF (VGS = 

0V) while the n-channel transistor is ON (VGS > 0V), so the inverter outputs a value 

close to 0 V. Similarly, when VIN switches to 0V, the p-channel transistor is turned on 

(VGS < 0V) while the n-channel transistor is turned off (VGS = 0V), switching the output 

of the inverter to VDD. The switch behaviors have been demonstrated clearly in Fig. 

12.5a, with impressive output gain values around 30. The dynamic response of the 

inverter (Fig. 12.5b) indicates the device tracked up to 10 kHz of square-wave input 

voltage signal. Furthermore, as shown in Fig. 12.6 and 12.7, we have fabricated 

Figure 12.4 ID-VG 
characteristics of ion gel 
gated CNT transistor 
acquired under wide VG 
range. Current saturation 
and negative differential 
transconductance can be 
observed on both 
directions.  
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well-functioned five-stage ring oscillators and NAND gates based on ambipolar CNT 

GEL-TFTs as well. The ring oscillator showed a maximum oscillation frequency of 2.4 

kHz, considerably faster than the devices demonstrated in previous text based on P3HT 

GEL-OTFTs. The output characteristics of CNT-based NAND gate (Fig. 12.7c) also 

showed a fast switching time of 50 μs. This fast switching speed may be attributed to 

the larger ON-current (see Eqn. 9.2) and thinner semiconducting layer (no bulk ion 

migration) in CNT-based GEL-TFTs. However, CNT-based complementary circuits 

always shows larger transient output spikes upon VIN switching compared to P3HT 

GEL-OTFT-based circuits, presumably caused by a stronger parasitic capacitance. 

Moreover, the devices showed pronounced degradation within a few minutes of 

continuously operation. More inverstigations in required in the future to further 

understand and optimize the device performance.  

 

Figure 12.5 Electrical characterization of complementary inverters based on 
ambipolar CNT transistors. a) Input-output characteristics as well as the inverter 
gain. The insets show the circuit diagram (top) and optical image (bottom) of the 
device. b) Dynamic response of the inverter up to 10 kHz, acquired under the VIN 
switching between 0 V and 1.8 V and VDD = 1.5 V. 
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Figure 12.7 CNT based NAND logic gate a) Circuit diagram b) Logic sequence c) 
Dynamic response of the device showing proper NAND logic with switching time 
less than 50 us. 

Figure 12.6 Five 
stage CNT based 
ring oscillator with 
output buffer. a) 
Circuit diagram b) 
Output voltages with 
2.4 kHz oscillation 
frequency 
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12.3 Single Crystal OFETs with Various Gate Dielectrics 

 
The combination of organic single crystal and PDMS stamps with gap feature 

introduces numerous fundamental research opportunities. First of all, it can be used to 

study the charge transport in various novel organic materials, as well as the ion motion 

in a range of different electrolyte dielectrics. In addition, to obtain the accurate density 

of injected and trapped carriers during the charge transport under various gate 

dielectrics, improvement should made for better characterizing and analyzing the 

displament current. Theortical approaches are expected to correlated the obtained carrier 

density to the density of state distribution of the trap and transport site in the energy 

diagram of organic semiconductors. These results can be combined with the Hall effect 

measurement for a better understanding of the insight charge transport of these 

materials. Displacement current measurement also provides a plausible method to study 

the illumination- or bias stress- induced trapping effect. For example, as shown in Fig. 

Figure 12.8 Comparison of a) displacement current (IG-VG when VD = 0V) and b) 
channel drift current (ID-VG when VD = –10V) between pentacene air-gap single 
crystal OFETs operated in dark and under light. 

a) b) 
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12.8a, when exposed to light, pentacene single crystal OFETs showed a pronounced 

change in the measured displacement current. By intergrating the area difference with 

and without illumination, one may readily obtain the density of trapped light-induced 

electrons. Fig. 12.8b indicates these traps didn’t affect the effective hole mobility during 

OFET operation (similar ID-VG slope with and without illumination), hence these sites 

might be deep in energy. Similar analysis can be made on other organic single crystals 

as well. Furthermore, as demonstrated by Iwasa, et al., light emitting OFETs can be 

realized based on a variety of organic single crystals.93, 230, 231 This phenomenon is 

achieved by the simultaneous injection of holes and electrons which recombine in the 

transistor channel to emit light. Theoretically, the application of high capacitance ionic 

liquid-based dielectrics can magnify the process of carrier injection and recombination, 

which may lead to strong light emission or even organic laser.  
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