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Abstract 

Organic electronics have engendered substantial interest in printable, flexible and 

large-area applications thanks to their low fabrication cost per unit area, chemical 

versatility and solution processability. Nevertheless, fundamental understanding of device 

physics and charge transport in organic semiconductors lag somewhat behind, partially 

due to ubiquitous defects and impurities in technologically useful organic thin films, 

formed either by vacuum deposition or solution process. In this context, single-crystalline 

organic semiconductors, or organic single crystals, have therefore provided the ideal 

system for transport studies. Organic single crystals are characterized by their high 

chemical purity and outstanding structural perfection, leading to significantly improved 

electrical properties compared with their thin-film counterparts. Importantly, the surfaces 

of the crystals are molecularly flat, an ideal condition for building field-effect transistors 

(FETs). Progress in organic single crystal FETs (SC-FETs) is tremendous during the past 

decade. Large mobilities ~ 1 – 10 cm2V-1s-1 have been achieved in several crystals, 

allowing a wide range of electrical, optical, mechanical, structural, and theoretical 

studies. Several challenges still remain, however, which are the motivation of this thesis.  

The first challenge is to delineate the crystal structure/electrical property 

relationship for development of high-performance organic semiconductors. This thesis 

demonstrates a full spectrum of studies spanning from chemical synthesis, single crystal 

structure determination, quantum-chemical calculation, SC-OFET fabrication, electrical 

measurement, photoelectron spectroscopy characterization and extensive device 

optimization in a series of new rubrene derivatives, motivated by the fact that rubrene is a 
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benchmark semiconductor with record hole mobility ~ 20 cm2V-1s-1. With successful 

preservation of beneficial π-stacking structures, these rubrene derivatives form high-

quality single crystals and exhibit large ambipolar mobilities. Nevertheless, a gap remains 

between the theory-predicted properties and this preliminary result, which itself is 

another fundamental challenge. This is further addressed by appropriate device 

optimization, and in particular, contact engineering approach to improve the charge 

injection efficiencies. The outcome is not only the achievement of new record ambipolar 

mobilities in one of the derivatives, namely, 4.8 cm2V-1s-1 for holes and 4.2 cm2V-1s-1 for 

electrons, but also provides a comprehensive and rational pathway towards the realization 

of high-performance organic semiconductors. Efforts to achieve high mobility in other 

organic single crystals are also presented.  

The second challenge is tuning the transition of electronic ground states, i.e., 

semiconducting, metallic and superconducting, in organic single crystals. Despite an 

active research area since four decades ago, we aim to employ the electrostatic approach 

instead of chemical doping for reversible and systematic control of charge densities 

within the same crystal. The key material in this study is the high-capacitance electrolyte, 

such as ionic liquids (ILs), whose specific capacitance reaches ~ μF/cm2, thus allowing 

accumulation of charge carrier above 1013 cm-2 when novel transport phenomena, such as 

insulator-metal transition and superconductivity, are likely to occur. This thesis addresses 

the electrical characterization, device physics and transport physics in electrolyte-gated 

single crystals, in the device architecture known as the electrical double layer transistor 

(EDLT). A detailed characterization scheme is first demonstrated for accurate 
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determination of several key parameters, e.g., carrier mobility and charge density, in 

organic EDLTs. Further studies, combining both experiments and theories, are devoted to 

understanding the unusual charge density dependent channel conductivity and gate-to-

channel capacitance behaviors. In addition, Hall effect and temperature-dependent 

measurements are employed for more in-depth understandings of the transport 

mechanism in these unconventional devices at the extreme charge densities. Inspiringly, a 

truly metallic state is within reach of this type of device structure.  

Overall, this thesis demonstrates high mobility, high charge density and high 

performance organic single crystal transistors, with versatile fabrication techniques, 

comprehensive electrical and structural characterizations, well-developed theories and 

models and advanced transport measurements.  
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Part 1.  Background and Experimental Methods 

Chapter 1 Introduction 

1.1 Motivation of the Thesis  

Semiconductors based on silicon and other inorganic materials (such as GaAs, Ge) 

have been the foundation of the modern electronics industry, since the invention of the 

very first transistor half a century ago. The density of transistors on integrated circuits 

continuously increases following Moore’s Law, while the down-scaling of device 

dimension keeps improving the circuit performance.1 Despite the tremendous 

technological success, silicon-based electronics faces several fundamental limitations. 

For example, device fabrications are accompanied by high-temperature process and 

tedious lithographical patterning in a carefully-controlled, costly cleanroom environment, 

leading to overall high cost per unit area. Besides, the mechanical rigidity of silicon 

wafers prevent applications in large-area, flexible displays and circuits.  

Organic semiconductors, a novel class of electronic materials based on π-

conjugated polymers and small molecules, have attracted extensive research interest over 

the past decade due to their great technological potentials in low-cost, large-area, flexible 

and printable electronics.2 The discovery of electrical conduction in organic solids can be 

traced back to 1906, when the dark conductivity and photoconductivity were reported in 

anthracene crystals.3 The decade of 1960s has marked the first golden time of research in 

organic semiconductors, when tremendous efforts were devoted to the growth of 

ultrapure (impurity concentration below ppm level) non-polymeric organic crystals, 



Chapter 1    Introduction 
 

 2 

especially aromatic hydrocarbons, from the melt.4–7  With the availability of high-quality 

molecular crystals, “genuine” (i.e., non-impurity perturbed) electrical and optical 

properties were investigated in these materials.6,8–11 While systematic knowledge was 

acquired in electronic excitation, energetic transport and photochemistry during this time, 

a ground-breaking achievement was made by Alan Heeger, Hideki Shirakawa, Alan 

MacDiarmid and their co-workers in successful synthesis and electrical characterization 

of the first doped conductive polymer, polyacetylene.12 This discovery, based on which 

the Nobel Prize in Chemistry was awarded to these three researchers in 2000, has opened 

up a whole new era in organic electronics for the past thirty years. In addition to 

conductive polymers, Heeger and co-workers identified another class of organic 

conductors based on charge-transfer complex, with tetrathiafulvalene-

tetracyanoquinodimethane (TTF-TCNQ) being the first one of this kind.13 Following that, 

the first organic superconductor, di-(tetramethyltetraselenafulvalene)-

hexafluorophosphate, (TMTSF)2PF6, was synthesized and investigated by Bechgaard and 

co-workers in 1980.14 Fundamental studies in metallic transport, insulator-to-metal 

transition and superconductivity were the primary research interest in these organic 

conductors.  

Semiconducting polymers and small-molecules, on the other hand, provide 

opportunities for both fundamental and application research interest. In these materials, 

an organic field-effect transistor (OFET) forms the basic building block for organic 

electronic devices and circuits. OFETs adopt the architecture of the thin film transistors 

(TFTs), which has proved their applicability to low conductivity materials, particularly in 
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the case of amorphous hydrogenated silicon (a-Si:H). An OFET allows current to flow 

through the semiconductor layer between two contacts, named source and drain. The 

magnitude of the current is controlled by the transverse electric field, which is induced 

through a thin insulator layer (called the dielectric layer) by applying another voltage on a 

third contact called the gate. Despite the fact that the first OFET was demonstrated in 

1964,15 OFETs have only been identified as potential elements of electronic devices since 

the report by Koezuka and coworkers in 1986, in which electrochemically polymerized 

polythiophene was used as the semiconductor.16–18 Until now, a wide variety of 

polymeric materials and small-molecules have been used to fabricate OFETs, and many 

OFET-related device physics have been extensively studied, including bias stress 

stability, contact resistance, surface treatment and gate dielectric. Carrier mobility, one of 

the most important figures of merit in OFETs, spans from 10-5 cm2V-1s-1 in the first 

polythiophene OFET16 to above 20 cm2V-1s-1 in the state-of-the-art rubrene single crystal 

transistors.19  In particular, several solution-processable polymers and small-molecules 

have reached mobility of 1 cm2V-1s-1, comparable to the a-Si:H TFTs, thus facilitating the 

exciting development of many commercial products, such as active matrix displays, 

sensors, radio frequency identification tags (RFID), electronic books, organic light-

emitting diodes (OLED) and flexible organic photovoltaics (OPV).20,21  

Nevertheless, fundamental understandings of charge transport mechanism in 

organic semiconductors still lag behind, which severely limits further progress in organic 

electronics. The technologically useful organic thin films, either in polycrystalline or 

amorphous state, usually suffer from tremendous amount of structural defects and 
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chemical impurities, leading to low carrier mobility (below 1 cm2V-1s-1) in the transistor 

structure. Besides, the presence of these disorders makes it difficult to systematically 

interpret and study the intrinsic, material-related electrical properties. Therefore, it is 

important to utilize organic semiconductor single crystals for systematic studies of charge 

transport, thanks to their structural perfection and high chemical purity.22 Although 

organic single crystals are known for several decades, it was not until 10 years ago when 

single crystal based OFETs have gained wide research interest for fundamental transport 

studies.23 For instance, rubrene, one of the most studied organic crystals, shows 

benchmark room temperature hole mobility of 20 cm2V-1s-1.19 Rubrene provides the ideal 

testbed for a series of experiments for probing charge-transport related structural, optical, 

electrical and mechanical properties, and thus facilitates more comprehensive 

understandings for other organic semiconductors in general. Challenges still remain, 

however, in delineating the structure-property relationship using organic crystals for 

development of high-performance organic semiconductor, and in unifying theories of 

charge transport for organic semiconductors from experimental and theoretical 

perspectives.  

My dissertation work focuses on both challenges. In the first part, my colleagues 

and I have combined molecular design, chemical synthesis, calculation and device 

fabrication to develop several high-mobility, high-performance organic single crystal 

transistors. We have not only explored the existing organic semiconductors in the 

community and achieved high mobility through appropriate device fabrication (in the 

case of dinaphtho-thieno-thiophene (DNTT) crystals), but we have also designed and 
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synthesized new organic semiconductors and carried out extensive chemical, structural 

and electrical characterizations (in the case of rubrene-d28 and several rubrene 

derivatives). We have gained important insights in many aspects: (1) correlation of 

molecular structure with crystal structure and how to achieve optimal crystal packing 

through rational molecular design; (2) correlation of calculated band structure with solid-

state electronic properties of crystals and electrical properties in actual devices; (3) 

versatile techniques of device fabrication and optimization to achieve improved carrier 

mobility and transport properties. This part of the work provides important perspectives 

and experiences in the development of new high-performance organic semiconductors, 

especially in the area of crystal engineering and contact engineering.  

The second part of my dissertation involves a special type of organic transistor, 

called electrical double layer transistors (EDLTs). The gate dielectrics, which are usually 

oxides and polymers for conventional transistors, are comprised of electrolyte materials. 

In particular, we utilize the solvent-free electrolytes, namely ionic liquids (ILs), to serve 

as the dielectric layer. Due to the formation of electrical double layers (EDLs) in 

nanometer scale at the gate/IL and IL/semiconductor interfaces, the resulting capacitance 

is exceptionally large, typically between 1 to 10 μF/cm2. Consequently, high density of 

charge carriers (1013 cm-2 to 1015 cm-2) can be accumulated in the semiconducting 

channel, allowing examination of novel charge transport in the high-charge-density 

regime, including metallic transport, insulator-to-metal transition and superconductivity. 

The apparent advantage of using electrolyte gating in the transistor structure, compared 

with chemical doping approach, is that charge density can be systematically tuned by the 
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gate voltage in the same device, allowing reversible transitions between different 

electronic phases. My colleagues and I have carefully investigated the electrical 

properties of rubrene single crystal EDLTs combining transistor measurement, 

impedance measurement, Hall effect, and temperature-dependent transport. We have also 

developed comprehensive and novel transport models describing the charge-density 

dependent conductivity behaviors and trapping in rubrene EDLTs, while the models can 

likely find wide applications in EDLTs based on other organic semiconductors. All these 

works have important contributions to the current research community in exploring field-

induced novel transport phenomena in organic semiconductors by electrolyte gating.  

1.2 Synopsis of Thesis 

Chapter 2 introduces the basic aspects of organic field-effect transistors (OFETs), 

including their device structure, operating mechanism, electrical characterization and 

recent progress, are introduced. Special attentions are focused on single crystal OFETs 

and their progress overview in charge transport studies.  

Chapter 3 introduces the concept of electrolyte gating in organic semiconductor. 

This chapter involves the operating mechanism of electrolyte gating, electrolyte 

materials, characterization of electrolyte-gated transistor and recent progress in both 

practical applications and fundamental studies. Recent progress of transport studies in 

organic single crystal EDLTs is highlighted. These contents have been published as 

reviews in S. H. Kim, K. Hong, W. Xie, K. H. Lee, S. Zhang, T. P. Lodge, and C. D. 

Frisbie, “Electrolyte-Gated Transistors for Organic and Printed Electronics”, Advanced 
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Materials, 2012, 25, 1822-1846. and W. Xie and C. D. Frisbie, “Electrolyte Gated 

Single-Crystal Organic Transistors to Examine Transport in the High Carrier Density 

Regime”, MRS Bulletin, 2013, 38, 43-50. 

Chapter 4 summarizes experimental methods I have used in my research. Contents 

include organic single crystal growth, structural characterization, fabrication of vacuum-

gap substrates and transistors, fabrication of substrates and devices with solid dielectrics, 

fabrication of EDLTs, and methods of electrical characterization.  

Chapter 5 presents the crystallographic and temperature dependence of the field-

effect mobility for p-type dinaphtho-thieno-thiophene (DNTT) single crystals in a 

vacuum-gap structure. Temperature-independent transport behavior and weak mobility 

anisotropy are observed, with the best mobility approaching 10 cm2 V-1s-1. Structural 

characterization and simulation suggest exceptionally high-quality and high-purity DNTT 

crystals. This work has been published as W. Xie, K. Willa, Y. Wu, R. Hausermann, K. 

Takimiya, B. Batlogg and C. D. Frisbie, “Temperature-Independent Transport in High 

Mobility Dinaphtho-Thieno-Thiophene (DNTT) Single Crystal Transistors”, Advanced 

Materials, 2013, 25, 3478-3484.   

Chapter 6 discusses a comprehensive study of chemical synthesis, crystal growth, 

crystal quality, and electrical transport properties of isotopically substituted rubrene-d28 

single crystals. Intrinsic band-like transport behavior, with the benchmark hole mobility 

reached 45 cm2 V-1s-1 near 100 K, is observed in rubrene-d28 vacuum-gap transistors. 

Theoretical analysis quantitatively correlates the electrical properties with the density and 

characteristic energy of traps in rubrene-d28 crystals. This work has been published as W. 
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Xie, K. A. McGarry, F. Liu, Y. Wu, P. P. Ruden, C. J. Douglas and C. D. Frisbie, “High 

Mobility Transistors Based on Single Crystals of Isotopically Substituted Rubrene-d28”, 

The Journal of Physical Chemistry C, 2013, 117 (22), 11522-11529.   

Chapter 7 describes a collaborative study of rubrene-based single crystal organic 

semiconductors including synthesis of new rubrene derivatives, electronic structure 

calculation and charge transport properties. The major work (chemical synthesis and 

purification, solving single-crystal structure, electrochemical characterization) was done 

by Katie McGarry under the supervision of Prof. Chris Douglas in the Department of 

Chemistry at the University of Minnesota. The band structure calculation was done by 

Chris Sutton, Dr. Chad Risko in Prof. Jean-Luc Bredas group at the Georgia Institute of 

Technology. My contribution was in the vapor-growth and structural characterization of 

single crystals, fabrication of single-crystal transistors and transport studies. This 

collaboration work has been published as K. A. McGarry, W. Xie, C. Sutton, C. Risko, 

Y. Wu, V. G. Young, J.-L. Bredas, C. D. Frisbie and C. J. Douglas, “Rubrene-Based 

Single-Crystal Organic Semiconductors: Synthesis, Electronic Structure and Charge-

Transport Properties”, Chemistry of Materials, 2013, 25(11), 2254–2263. 

Chapter 8 reports contact engineering in ambipolar single crystal transistors based 

on one of the rubrene derivatives, bis(trifluoromethyl)-dimethyl-rubrene (fm-rubrene), 

whose transport properties, as described in the previous chapter, were contact-limited by 

inefficient injection from conventional Au electrodes. Employing carbon nanotube (CNT) 

electrodes significantly reduces contact resistance for both hole and electron injection, 

leading to record ambipolar mobilities of 4.8 cm2V-1s-1 for holes and 4.2 cm2V-1s-1 for 
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electrons, which is approaching its theory-predicted, intrinsic properties. This study is 

important in filling the gap between theory and experiment, pointing out fabricating good 

contacts is as critical as other approaches of achieving high-performance organic 

semiconductors, such as rational molecular design and processing methods. This work 

has been submitted to ACS Nano as W. Xie, P. Prabhumirashi, Y. Nakayama, K. A. 

McGarry, M. L. Geier, Y. Uragami, K. Mase, H. Ishii, C. J. Douglas, M. C. Hersam and 

C. D. Frisbie, “Utilizaing Carbon Nanotube Electrodes to Improve Charge Injection and 

Transport in Ambipolar Rubrene-Based Single Crystal Transistors”, 2013. 

Chapter 9 shows the comprehensive electrical characterization of electrolyte-gated 

rubrene FETs, namely rubrene EDLTs, as a function of ionic liquid composition and 

temperature. Displacement current measurements are employed to measure gate-induced 

hole densities on the order of 1013 cm-2. An important channel conductivity peak is 

presented as a general phenomenon in rubrene EDLTs gated with various ILs. Besides, 

high charge density accumulation of (6 – 7) × 1013 cm-2 has been achieved at lower 

temperatures. This work has been published as W. Xie and C. D. Frisbie, “Organic 

Electrical Double Layer Transistors Based on Rubrene Single Crystals: Examining 

Transport at High Surface Charge Densities above 1013 cm–2”, The Journal of Physical 

Chemistry C, 2011, 115 (29), 14360–14368. 

Chapter 10 depicts our further understanding of device physics and charge transport 

physics in organic EDLTs with both experimental and modeling techniques. In particular, 

two transport phenomena have been addressed: conductivity peaks as a function of hole 

densities and coupling of channel conductivity with gate-to-channel capacitance. New 
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transport model and device model have been proposed to adequately account for both 

unusual, yet important behaviors that appear to be unique properties in organic EDLTs 

(in fact, the latter is expected to be general for any EDLTs). The latter work is primarily 

led by Feilong Liu in Prof. Ruden’s group. This work has been submitted to Advanced 

Materials as W. Xie, F. Liu, S. Shi, P. P. Ruden, and C. D. Frisbie, “Charge Density 

Dependent Two-Channel Conduction in Organic Electrical Double Layer Transistors 

(EDLTs)”, 2013, and to Applied Physics Letters as F. Liu, W. Xie, S. Shi, P. P. Ruden, 

and C. D. Frisbie, “Coupling of Channel Conductivity and Gate-to-Channel Capacitance 

in Electrical Double Layer Transistors (EDLTs)”, 2013.   

Chapter 11 describes more in-depth understanding of transport physics in rubrene 

EDLTs, by measuring the Hall effect and temperature-dependent resistance. The Hall 

effect unambiguously demonstrates, for the first time in organic EDLTs, the hole 

densities above 1013 cm-2, existence of the unusual mobility peak and a non-activated, 

band-like transport at high temperatures; the low-temperature studies unprecedentedly 

reveal the approach to truly metallic transport at the mobility peak, yet the doping-

induced electrostatic disorder needs to be overcome to achieve a complete crossover from 

insulating state to metallic state in these electrostatically gated molecular crystals. This 

work has been prepared as W. Xie, S. Wang, X. Zhang, C. Leighton and C. Daniel 

Frisbie, “Hall Effect and the Approach to Insulator-Metal Transition in Electrolyte-Gated 

Rubrene Crystals”, 2013. 

Chapter 12 describes potential future work in organic single crystal research.  

There are other collaborative works that are not included in this thesis. For 
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example, I have worked with Javier Dacuna in Prof. Alberto Salleo group at Stanford 

University in understanding the trap distribution in rubrene crystals using space-charge-

limited-current (SCLC) measurement. This work has been published as J. Dacuna, W. 

Xie and A. Salleo, “Estimation of the Spatial Distribution of Traps Using Space-Charge-

Limited Current Measurements in an Organic Single Crystal”, Physical Review B, 2012, 

86, 115202. 
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Chapter 2 Organic Field-Effect Transistors 

2.1 Charge Transport in Organic Semiconductor 

There are two major classes of organic semiconductors: low molecular weight 

small-molecules and polymers. In their solid state, the adjacent molecules are bonded 

through Van der Waals interactions. Compared with inorganic semiconductors like 

silicon, whose atoms are bonded by covalent interactions, the Van der Waals bonding is 

significantly weaker and has a short range. The consequences are seen in mechanical and 

thermodynamic properties such as better flexibility and lower melting points. More 

importantly, a much weaker delocalization of electronic wavefunctions among 

neighboring molecules is expected, which has direct implications for optical properties 

and charge transport. Pope and Swenberg have summarized the experimental and 

theoretical works to understand the electronic processes in organic crystals and 

polymers.10  

2.1.1 Formation of Molecular Orbitals 

The molecular π-conjugated system is formed by the pz-orbitals of sp2-hybridized 

carbon atoms, in which the 2s electron orbital hybridizes with 2px and 2py orbitals 

resulting in three σ bonds. The remaining 2pz orbitals form the π-bond, as shown in 

Figure 2.1. As compared to the σ-bonds forming the backbone of the molecules, the π-

bonding is significantly weaker, and if carbon atoms form larger molecules, typically 

with benzene ring as the basic unit, the π-electrons become delocalized forming a π-
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system over the entire molecule. The lowest electronic excitations of conjugated 

molecules are the π-π* transitions with an energy gap typically between 1.5 and 3 eV, 

leading to light absorption or emission in the visible spectral range. 

 
Figure 2.1 Scheme of the orbitals and bonds for two sp2-hybridised carbon atoms.24 

 
Using the Hückel’s linear combination of atomic orbitals (LCAO) theory, the 

wavefunctions of the π-electron in the bonding and anti-bonding states can be calculated. 

In the case of organic molecular solids, the bonding and anti-bonding states are referred 

to as the highest occupied molecular orbitals (HOMO) (valence band) and lowest 

unoccupied molecular orbitals (LUMO) (conduction band). The π-electron density and 

distribution on isolated molecules can be mapped using quantum-chemical calculations. 

Figure 2.2(a) shows DFT-B3LYP/6-31G (d,p)-calculated HOMO and LUMO 

wavefunctions in the neutral ground-state geometry for tetracene.25  

At the microscopic level, one of the key parameters for transport in organic 

conjugated materials in the intermolecular transfer integral t, that expresses the ease of 

transfer of a charge between two interacting molecules.26,27 The transfer integral 

associated with a given microscopic level is related to the energetic splitting of that level 

when going from an isolated molecule to a system of interacting molecules, as shown in 

Figure 2.2(b) using two ethylene molecules as an example.28 The splitting of HOMO 

(LUMO) levels along given crystallographic direction describes charge transport for 
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holes (electrons) in these directions. Generally, the larger the HOMO (LUMO) 

bandwidth, the higher hole (electron) mobility is expected. Due to weak Van der Waals 

bond strength and intermolecular interaction, organic semiconductors exhibit a relatively 

narrow bandwidth typically less than 1 eV. However, in silicon crystal, the strong 

covalent bonds lead to an appreciate bandwidth of approximately 12 eV. 

Tetracene HOMO LUMO
(a) (b)

 
Figure 2.2 Formation of HOMO and LUMO. (a) Chemical structure, and DFT-B3LYP-
calculated HOMO and LUMO wavefunctions in neutral ground station of tetracene.25 (b) 
Illustration of the bonding-antibonding interactions between the HOMO-LUMO levels of 
two ethylene molecules in a cofacial configuration.28  
 

2.1.2 Charge Transfer Theories and Electronic Coupling 

The charge transport in organic semiconductor is usually described in the context 

of electron transfer from a charged molecule to an adjacent neutral molecule. In 

semiclassical Marcus electron transfer theory, the electron transfer rate, which is also 

referred to as the hopping rate, kET, can be expressed to a good approximation as29  
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where T is the temperature, λ is the reorganization energy, t is the transfer integral, and h 

and kB are the Planck and Boltzmann constants. The transfer integrals, t, reflect the 

strength of the interaction between the two molecules; the reorganization energy term, λ, 
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describes the strength of the electron-phonon interaction. The Equation (2.1) implies that 

a fast charge transfer within hopping regime (namely, higher carrier mobility) requires 

large transfer integrals and a weak coupling of the charges to the lattice vibrations of the 

conjugated backbones (phonons).  

A number of approaches exist to evaluate the electronic couplings (transfer 

integrals), which have been reviewed extensively in the literature.26,30 The electronic 

coupling is a key factor determining the extent of charge delocalization in organic 

crystals and it is also the main source of anisotropy in electrical properties (such as 

carrier mobilites). A simple approach to evaluate the transfer integrals in a single-

component system is to make use of Koopman’s theorem. Alternatively, band-structure 

calculations, in particular those based on DFT methods, can be performed on the crystals 

to evaluate the electronic couplings.30 Figure 2.3 shows evolution of calculated 

electronic splitting (transfer integrals) of the HOMO and LUMO levels in two tetracene 

molecules as a function of intermolecular separation (Figure 2.3(a)), and long-axis and 

short-axis translation (Figure 2.3(b)).27 It can be observed that the amplitudes of 

electronic coupling decays exponentially when the intermolecular distance increases. In 

contrast, the long-axis displacement leads to oscillation in the values of electronic 

coupling, which has important implication to charge transport. For instance, there are 

certain “nodes” where electronic coupling is larger for the LUMO than for the HOMO 

and hence the electrons may exhibit larger mobility than holes. Additionally, there are 

optimal values of long-axis or short-axis displacement when the strength of coupling 

reaches the maximum, as in the case of rubrene crystals.  
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Figure 2.3 Evolution of the electronic coupling of the HOMO and LUMO levels in two 
tetracene molecules as a function (a) intermolecular separation in the case cofacial dimer, 
(b) long-axis and short-axis displacement.27  
 

The electronic couplings for an organic crystal can be also calculated.  Figure 2.4 

shows the calculated band structure, density of states (DOS), effective masses and 

electronic couplings in the pentacene crystal.30–32 Important, large anisotropy in the 

electronic couplings along different crystallographic directions is present. In the case of 

pentacene, the largest electronic couplings for both electrons and holes (about 90 meV) 

are obtained along the diagonal directions (along which the molecules are packed in a 

herringbone fashion) within the a-b plane. In addition, significant couplings are also 

found along the a-direction. The anisotropic electronic structure is the cause of carrier 

mobility anisotropy in a large number of organic crystals, therefore, for a specific 

material, it is important to identify the fastest transport direction. Besides, the calculation 

indicates that a narrow bandwidth (~ 0.5 eV) and heavy effective masses are present in 

pentacene crystals.  



Chapter 2    Organic Field-Effect Transistors 
 

 17 

 

Figure 2.4 Band structure and electronic coupling in pentacene crystals. (a) Molecular 
structure and crystal structure of pentacene. (b) DFT-calculated band structure for a 
pentacene crystal. (c) Electronic couplings and effective masses along different direction 
in a pentacene unit cell.30   

2.1.3 Electron-Phonon Interaction and Polarons 

The electron-phonon interaction in a conjugated molecular system involves the 

formation of polarons. The occurrence of polarization in organic solids has been analyzed 

in detail by Silinsh and Cápek.11 A charge residing on a molecule tends to polarize its 

surrounding lattice and when the charge starts to move, the polarization cloud moves 

together with the charge, and such an electron-lattice coupling is called a polaron. This 

process is schematically illustrated in Figure 2.5. When a positive charge is placed in the 

molecule located at the center, the negatively charged π-electrons in the neighboring 

molecules sense the Columbic interaction and tend to move towards the central molecule, 

thus inducing a non-zero electric dipole.27 Characteristic polarization time associated 

with the electronic polarons is on the order of 10-15 s, much shorter than the average time 

that a charge will reside on a molecule (~ 10-14 s, estimated from the bandwidth ~ 0.1 
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eV). Consequently, the electronic polaron has long enough time to form compared with 

the time for a charge hopping from one molecule to another, and the energy levels of a 

charged molecule are significantly shifted with respect to that of a neutral molecule. In 

contrast, in inorganic semiconductors which have bandwidth ~ 10 eV, the charge 

residence time (~10-16 s) is shorter than the polarization time (~10-15 s).33 In other words, 

electrons and holes move so fast in the lattice that they don’t alter the energy levels of the 

semiconductor. Therefore, the presence of the polarons has non-negligible influences on 

the charge transport in the organic semiconductors.  

 

Figure 2.5 Formation of a polaron when a positive charge is present in the conjugated 
molecular solids.27 
 

If the spatial extent of a polaron is large compared with the lattice constant, the 

polarization of the lattice can be treated as a continuum. This type of polaron is call the 

Fröhlich polaron, which refers to the long range interaction.34,35 If the polaron has the 

size on the order of the lattice constant, it is called Holstein polaron referring to short 

range interaction.36,37 The effect of small polarons on charge transport has been analyzed 

by Yamashita and Kurosawa,38 and further developed by Holstein and Emin.39,40  
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2.1.4 Charge Transport Models 

Band Transport. Band theory has been well established in solid-state physics to explain 

the optical and electrical properties for metals and inorganic semiconductors.41 In this 

framework, atoms arranged in a highly crystalline lattice exhibit periodic potentials, and 

electrons are only allowed to have certain energy states. The electron wavefunction is 

highly delocalized in the band states, and is forbidden in the band-gap where no available 

states exist. The band-gaps for most semiconductors are on the order of one electron volt 

(eV), and at non-zero temperatures, Fermi-Dirac statistics indicate that finite number of 

electrons can be excited to the conduction band from the valence band, and these free 

electrons contribute to the electrical conduction. The intrinsic, undoped conductivity and 

charge carrier concentration are directly related to the band-gap, Eg, following 

)2/exp( TkEn Bgi −∝ . For example, silicon has Eg of 1.1 eV, resulting in ni ~ 1010 cm-3. 

However, looking at a typically organic semiconductor like anthracene, it has Eg ~ 3 eV, 

and ni ~ 1 cm-3, therefore, organic semiconductors are generally regarded as insulators 

when undoped.  

The simplest model of charge transport in delocalized states is the Drude model, 

which states that charge carriers are free to move under the applied electric field, but are 

subject to collisional scattering.42 The main source of scattering comes from phonons 

(lattice vibration) or impurities, the extent of which is temperature dependent. Simple 

electrostatics gives the expression for carrier mobility μ as  

thvm
e
*

λ
µ =                                                                                                                  (2.2) 
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where e is the elemental charge, λ is the mean free path (mean distance between two 

collisions), m* is the electron effective mass and vth is the thermal velocity 

( *3 mTkv Bth = , about 105 m/s at room temperature). The temperature dependence of 

the mobility depends on the nature of the scattering (phonons, impurities, etc). However, 

in all case, it is observed the power law dependence is present 

nTT −∝)(µ                                                                                                                      (2.3) 

The exponent n is positive in most practical case, therefore, the mobility increases 

as the temperature decreases. The “band transport” in organic semiconductors is often 

claimed when such a temperature-dependent mobility behavior (Equation (2.3)) is 

observed. Band model is usually applied to highly ordered, high mobility organic single 

crystals, including the most celebrated example demonstrated by Karl and co-workers in 

extensively purified crystals of acenes by the time-of-flight (TOF) experiments,8 and 

recent examples of several high-mobility organic single crystals FETs.19 However, 

strictly speaking, for temperatures at least above 100 K, the mean free path λ calculated 

from a field-effect mobility value of ~ 10 cm2V-1s-1 in the state-of-the-art rubrene crystal 

is around 1 nm, which is not significantly larger than its intermolecular layer distance (~ 

1 nm), implying that charge carriers are only delocalized over a few molecules. 

Therefore, “band transport” in the context of organic semiconductors is not well defined 

as it is in inorganic semiconductors and metals. The exact nature of charge transport, 

even in the high-mobility molecular crystals, still remains unclear.  

Hopping Transport. When the bonding interactions are weak or disorder is significant, 

well-defined band states cannot form and band theory is not applicable.43 Electron 
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wavefunctions become localized and electrons are considered to hop from one state to 

another. When the density of state (DOS) distribution of traps is large compared to the 

carrier density, a charge carrier can either hop over a short distance to the nearest trap site 

with the penalty of high activation energy, known as the nearest-neighbor hopping 

(NNH), or it can hop over a long distance with low activation energy, called the variable 

range hopping (VRH). Then the hopping probability from site i to site j is given by44 
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where Rij is the hopping distance, Eij is the energy difference, α indicates the effective 

wavefunction overlap between two sites. The hopping rate from Eqn.(2.4) combines the 

contribution of distance-related tunneling and energy-related hopping. Assuming a 2D 

exponential trap DOS, the mobility and conductivity exhibits Arrhenius temperature 

dependences as44  

)/exp( TkE B−∝σ                                                                                                          (2.5) 

)/exp( TkE B−∝µ                                                                                                          (2.6) 

where E is usually on the order of 0.1 eV in amorphous organic semiconductor films. The 

hopping transport predicts the mobility decreasing with decreasing temperature.  

On the other hand, by assuming a constant trap DOS, Mott et al. derived the 

conductivity following ])/(exp[ )1/(1 +−∝ n
o TTσ , where n is the dimensionality of the 

system.45 Efros and Shklovskii introduced an Coulomb gap close to the Fermi level at 
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low temperatures and modified the temperature dependence to ])/(exp[ 2/1TTo−∝σ .46 

The hopping models have been applied to understand the transport in disordered systems, 

such as amorphous silicon, polymers and inorganic nanocrystal solids.  

2.2 Organic Field-Effect Transistors (OFETs) 

2.2.1 Device Structures 

An organic field-effect transistor (OFET) comprises three main components: (1) 

an organic semiconductor layer, which can be in the form of a thin film processed from 

solution or vacuum deposition, or can be a single crystal; (2) a dielectric layer made of 

insulators such as oxides and polymers; (3) three conducting electrodes, namely, source, 

drain and gate contacts.27 Under the applied gate bias, charge carriers are accumulated in 

the semiconductor channel due to the capacitively coupled effect through the dielectric, 

and the application of the source-drain voltage makes the current flow.47 Depending on 

the relative positions of each component, an OFET can adopt four different architectures 

(Figure 2.6) in terms of bottom contact versus top contact, and bottom gate versus top 

gate.48 The role of source and drain electrodes is to inject and retract charge carriers to 

and from the semiconductor, since in general, organic semiconductors are undoped and 

have very low intrinsic charge carrier concentration. Due to the electrostatic field-effect, 

the charge carriers are accumulated in a very thin layer in the semiconductor near its 

interface to the dielectric. Therefore, conduction and charge carriers in an OFET are 

regarded as two-dimensional in nature.  
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Figure 2.6 Architecture of organic field-effect transistors (OFETs). 

 

2.2.2 Operating Mechanism 

In Figure 2.7, the operating mechanism of an OFET is explained based on a p-

type semiconductors (hole conduction) in the bottom-contact, top-gated architecture.49 At 

the gate-insulator-semiconductor junction (Figure 2.7(c), (d)), when a negative gate 

voltage VG is applied beyond a given threshold Vth, a strong electric field is produced at 

the insulator/semiconductor interface, resulting in band bending of semiconductor’s 

HOMO/LUMO levels. Such an interfacial band bending provides energetically favorable 

conditions for hole accumulation, in which the HOMO level of the semiconductor is in 

resonance with the Fermi level of the source contact. When a negative drain voltage VD is 

applied with respect to a grounded source (Figure 2.7(e), (f)), holes are injected from 

source contact, move in HOMO states across the semiconductor channel, and are 

retracted at the drain contact. The hole concentration p is modulated by the magnitude of 

VG and the capacitance of dielectric layer as p = CiVG/e, where Ci is the specific 

capacitance of dielectric layer, and the source-drain current magnitude is controlled by 
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VD. Because most organic semiconductors are intentionally undoped, OFETs are 

generally working in the accumulation regime. Despite conventional notation of “p-type” 

and “n-type” are used, these terminologies are referred to which type of carrier is more 

easily accumulated for a particular organic semiconductor, holes or electrons. For 

example, when high work-function metals are used as source/drain contacts, holes are 

more easily accumulated in materials such as pentacene, make it a  

“p-type” semiconductor;50 however, if low work-function metals are used and special 

treatments are introduced, pentacene can also conduct electrons.51 The boundary of p-

type and n-type in organic semiconductors is therefore not strictly defined. In some 

special materials, both holes and electrons can be obtained at the same time in the 

channel, which is described as the ambipolar transport.52  

2.2.3 Electrical Characterization 

The electrical performance of an OFET is usually characterized by measuring the 

drain current ID as a function of gate voltage VG (called transfer curve ID-VG), and drain 

voltage VD (called output curve ID-VD), shown in Figure 2.8. The source contact is often 

grounded, so the source-drain current ISD is used interchangeably with ID. The detailed 

derivation of ID can be found in several references.41,47,49,53 In the case of small VD (VD << 

VG –Vth), the gradual channel approximation holds and the device works in linear regime: 

]
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where W and L are channel width and length, μlin is the carrier mobility in linear regime, 

Ci is specific capacitance of dielectric (Ci = εrε0/t, εr is dielectric constant, t is the 
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dielectric layer thickness), Vth is the threshold voltage. The threshold voltage Vth is 

usually related to filling of deep traps in the semiconductor and can be extracted by linear 

extrapolation of ID to the VG-axis (Figure 2.8(a)).   
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Figure 2.7 Operation mechanism of a p-type OFET. (a),(b) Device structure with zero 
gate bias (VG = 0) and under a negative gate bias (VG < 0). (c), (d) Band alignment of 
gate-insulator-semiconductor at VG = 0 and VG < 0. (e), (f) Schematics of hole injection 
and transport under a normal device operation (VD < 0, VG < 0). 
 

The linear carrier mobility μlin can be extracted from the channel transconductance 

(gm), as shown in the relationship: 
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On the other hand, if VD > VG-Vth, the lateral electric field becomes comparable to 

or larger than the longitudinal electric field, leading to a non-uniform distribution of 

charge carriers along the channel. Close to drain contact, charge density falls to zero at 

the pinch-off point. The total drain current does not increase with further increasing of 

VD, entering the saturation regime where  

2
, )(

2 thisatsatD VVC
L

WI −= µ                                                                                              (2.9) 

and the saturation mobility μsat can be obtained by  
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Figure 2.8 Electrical characterization of OFETs. (a) Transfer curve ID - VG at different 
VD. The left axis is in linear scale, and the right axis in the same plotted in log scale. (b) 
Output curve ID – VD at different VG. The device is a vacuum-gap rubrene-d28 single 
crystal transistor.  
 

The carrier mobility μ is one of the most important figures of merit to characterize 

an OFET. The extraction of mobility from either linear regime or saturation, however, is 

not trivial. A number of non-ideal factors, such as the presence of traps and contact 
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effects, can affect the accurate determination of carrier mobility, as elaborated in the 

following section.  

Several other parameters are also important evaluations for OFETs performance. 

One is the ON-OFF ratio, defined as ION/IOFF and usually expressed in terms of 10n. The 

ON-OFF ratio denotes the ability of switching the current, and a large ON-OFF ratio is 

desirable for a good transistor performance, namely, low OFF-current and high ON-

current. Another one is the subthreshold swing, DG IVS 10log/ ∂∂= , which represents the 

sharpness of the current turn-on. The intrinsic subthreshold swing, Si = S × Ci, is usually 

used to compared between different device structures. A smaller Si is needed for a faster 

and sharper device turn-on.  

2.2.4 Non-idealities in OFETs 

Traps. One of the omnipresent non-ideal factors in OFETs is the presence of traps.54–60 

Traps may arise from a variety of sources, such as the chemical impurities and structural 

imperfections in the semiconductor, surface states at the metal/semiconductor contact, the 

interfacial discontinuities at the dielectric/semiconductor interface and environmental 

factors (moisture, oxygen, etc). Several experimental techniques have been developed to 

measure the trap densities including the concentration of chemical impurities and 

dislocation density,61–63 but more often, simulation methods combined with electrical 

measurements are employed to characterize the density and energetic distribution of 

traps. Qualitatively, the presence of traps usually leads to overall lower drain current, 

especially under a long time period of gate bias (known as the bias stress effect) and 
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current hysteresis during a cycle of VG sweep. In addition, electrons are more easily to get 

trapped than holes by a number of factors, such as oxygen and water in the environment, 

and hydroxyl groups at the surface of the dielectric layer,64 therefore, reducing electron 

traps and enabling electron transport are challenging tasks for the community in terms of 

both fundamental studies and building complementary circuits.  

Batlogg and co-workers have extensively studied the spectral density of localized 

states in the band gap, the trap density of states (DOS), for small-molecule organic 

semiconductors.65,66 As shown in Figure 2.9(a), they have compiled the trap DOS for a 

variety of materials from a large number of samples including OTFTs, SC-OFETs and 

bulk samples, which revealed different strategies to control and reduce the amount of 

traps for thin films compared with single crystals, and for surface traps compared with 

bulk traps. Combining electrical measurement, simulation and DFT calculations, Blom 

and co-workers recently explored the electron transport and trapping in a variety of 

semiconducting polymers.67 They found that the electron traps in all polymers 

investigated exhibited a Gaussian energy distribution in the bandgap with identical trap 

density and energetic location, implying that electron traps in polymer had a common 

origin, likely related to hydrated oxygen complexes. Frisbie and co-workers employed 

the gate displacement current to quantitatively determine the amount of traps during the 

VG sweeps in pentacene TFTs (Figure 2.9(b)).68,69 In their reports, the identification of 

fast traps and slow traps, the effect of thermal evaporated metal contacts on the formation 

of traps, and temperature dependent trap dynamics were systematically investigated.  
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(a) (b)
Pentacene TFT

 

Figure 2.9 Traps in organic semiconductors. (a) Trap density of states (DOS) in a wide 
variety of organic semiconductors compiled from device data obtained in OTFTs, SC-
OFETs and bulk measurement.66 (b) Displacement current to extract the amount of traps 
in pentacene TFTs.68  
 

Fringe Current. The fringe current is the extra current flow from the source contact to 

the drain contact besides the current through the channel. A transistor channel is defined 

by the width of the source/drain electrode (channel width W), and the separation between 

them (channel length L). If the semiconductor film deposited on top of the source/drain 

electrodes exceeds the area defined by the source/drain, especially in larger width, charge 

carriers can also flow outside the channel region and contribute to the current. In this 

case, the actual channel width for charge transport is underestimated, leading to 

overestimation of carrier mobility from Eqn (2.8) or (2.10). In addition, a higher OFF-

current may also result from the fringe current. Both situations can be avoided by 

appropriately patterning the semiconductor film on the channel region. In device design, 

the channel aspect ratio W/L ≥ 10 is often adopted to minimize the effect of fringe 

current. 
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Contact Effect. During the operation of an OFET, there are finite values of resistance 

(contact resistance, Rc) associated with processes of charge injection from source contact 

and charge retraction to drain contact, leading to a fraction of potential drop at both 

interfaces. The definition of “ohmic contact” refers to a small Rc compared to the channel 

resistance Rch (Rc << Rch), implying that even nominally high-resistance contact can still 

be ohmic as long as the channel is more resistive and contacts are not the bottlenecks for 

the current flow.27 Based on this definition, an important fact is that an ohmic contact for 

a given channel length may not be ohmic anymore when the channel length shrinks due 

to a decreased Rch, therefore, fabricating high-quality contacts is challenging when device 

dimension is scaled down.   

Energy level misalignment between the work function of metal contacts and 

HOMO (LUMO) levels of the semiconductor is regarded as one origin of large contact 

resistance. In this case, large energy barriers are present for charge injection into the 

HOMO or LUMO levels, which can be minimized by choosing proper metals or 

conducting materials as the electrode. However, in reality, the energetic details at the 

metal-organic semiconductor interface – for example, structural discontinuities, interface 

dipoles, or any possible charge transfer – make it more complex than the Mott-Schottky 

rule which assumes the vacuum levels of metal contact and organic semiconductor are in 

registry. Most of our quantitative knowledge of electronic structure at the metal-organic 

semiconductor interface comes from ultraviolet photoemission spectroscopy (UPS) and 

inverse photoemission spectroscopy (IPES), which allow direct measurement of HOMO 

and LUMO positions with respect to the metal contact, respectively. Other methods of 
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determining the barrier height include capacitance-voltage measurement and temperature 

dependent current-voltage measurement.41  

The values of contact resistance can be experimentally determined from electrical 

measurements.27 The first method is called the transmission line method (TLM), in which 

one measures the total resistance R as a function of variable channel length L (Figure 

2.10(a)). Since the channel resistance Rch is proportional to L, the total resistance can be 

written as R = Rch + Rc = αL + Rc (α is the proportionality). Therefore, by linear 

extrapolating R versus L, the y-axis intercept (L = 0) gives the Rc. Figure 2.10(a) shows 

an example of R – L relationship with extrapolation used to determine the width 

normalized Rc (Rc × W). Rc measured TLM contains contributions from both source and 

drain contacts, and is usually gate voltage dependent. Another widely used technique is 

the gated four-terminal measurement, which is a simplified version of Van der Pauw 

geometry. The four-terminal structure utilizes two narrow, voltage-sensing electrodes 

located between source and drain contacts and slightly protruding into the channel, as 

shown in Figure 2.10(b). These two electrodes are connected to high internal impedance 

electrometers, allowing accurate measurement of potential drop at two probe positions 

(within the channel) without passing any current. In the linear regime of device operation 

(VD << VG – Vth), the electric potential is linearly dropped across the channel (gradual 

channel approximation), and therefore, the channel sheet resistance Rch (Ω/sq) and 

contact resistance Rc (Ω) can be decoupled based on 

D
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where W and L are the channel width and length, ΔL is distance between two probes, ΔV 

is the potential difference between two probes, VD and ID are the drain voltage and drain 

current. In addition, Rc associated with source and drain contacts can be determined 

separately and details can be found elsewhere. Likewise, Rc measured by four-terminal is 

usually gate voltage dependent. An important caveat is that the four-terminal 

measurement is only valid in the linear regime OFET operation, where the channel 

potential profile is linear and uniform.  

(a) (b)

 

Figure 2.10 Determination of contact resistance. (a) Transmission line method (TLM). 
(b) Gated four-terminal measurement.27  
 

2.3 Organic Single-Crystal Field-Effect Transistors (SC-OFETs) 

Organic single crystals provide the ideal testbed for systematic studies of intrinsic, 

not trap-limited charge transport, thanks to their high chemical purity and structural 

perfection. Research progress in organic single crystals has been tremendous during the 

past decade, most of which were focused on single-crystal FETs (SC-OFETs),22,70–73 but 

also included optical,74–76 thermal77,78 and mechanical properties,79 structural and 

electronic structure characterizations,80–83 single-crystal circuits,84 and other device 
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structures such as metal-semiconductor FETs85 and Schottky gate transistors.86,87  A 

recent volume of MRS Bulletin (January, 2013, Vol.38) provides a broad overview of the 

state of the art of the field of organic single crystal materials, devices and theory.  

2.3.1 Growth of Organic Single Crystals 

The Van der Waals forces and weak intermolecular interactions in organic 

semiconductors lead to substantially different physical properties compared with the 

inorganic semiconductors. Melting points and sublimation temperatures are much lower 

in the majority of organic semiconductors, and therefore, methods of crystal growth differ 

from those used for inorganic materials. In general, organic semiconductors with very 

low decomposition/melting temperatures and decent solubility can be grown from 

solutions, whereas those with high vapor pressure can be grown from the vapor phase. 

Melt growth methods, such as zone refining, the Bridgeman or the Czochralski methods, 

have been used to grow large-size, very high purity crystals for scintillator detectors, 

however, melt growth is limited to very few kinds of materials due to the difficulty of 

forming a stable melt phase for most of organic semiconductors. The following parts 

about crystal growth are mainly adapted from a recent review by Jiang and Kloc.88  

Solution Growth. The simplest and most effective method to grow single crystals from 

solution is the solvent evaporation method (Figure 2.11(a)). Most organic crystals used 

for crystal structure determination by X-ray are grown by this method. Organic solvents, 

such as dichlorobenzene, chloroform, toluene, are used. A supersaturated solution is 

prepared and is placed in a beaker that is not tightly sealed, allowing slow evaporation of 
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the solvent. The crystal seeds spontaneously form, which can grow into larger crystals 

over longer times. This method is generally applied to materials that have large solubility, 

such as tetrathiafulvalene (TTF) and its derivatives. Similarly, crystal growth can happen 

by drop casting the solution on a pre-patterned substrate, facilitating the fabrication of 

single crystal transistors at the same time. Crystallization occurs once the solvent 

evaporates, and mobilities greater than 1 cm2V-1s-1 are reported.89,90  

If the solubility of an organic semiconductor is moderate at room temperature but 

changes significantly with temperature, the slow cooling method can be utilized (Figure 

2.11(b)). A saturated solution is prepared by dissolving the semiconductor at elevated 

temperatures, and when the temperature of saturated solution slowly decreases, organic 

semiconductor spontaneously forms nuclei and eventually grows into larger crystals. The 

process can be repeated several times around the saturation temperature in such a way 

that only a small portion of the materials dissolves and recrystallizes. For example, thin 

rubrene crystals can be grown by this method resulting in mobility up to 1.6 cm2V-1s-1.91 

The vapor diffusion method is used to grow organic semiconductors that are 

highly soluble in a particular organic solvent (called the “good” solvent) but have poor 

solubility in another solvent. As shown in Figure 2.11(c), organic semiconductors, such 

as tetrathiafulvalene-tetracyanoquinodimethane (TTF-TCNQ), are dissolved in the 

“good” solvent in a smaller beaker, which is surrounded by the poor solvent having a 

higher vapor pressure (more volatile) in a larger beaker.92 As the poor solvent evaporates, 

the solvent vapor diffuses into the organic solution leading to oversaturation. The 

nucleation and crystallization then occur. Additionally, two layers of different solvents 
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are used in the liquid-liquid diffusion method, where the solubility of organic 

semiconductor is superior in one solvent than in the other (Figure 2.11(d)). Likewise, as 

the poor solvent diffuses into the good solvent, the oversaturation of the solution causes 

crystallization at the interface where two solvents meet, such as in the case of growth of 

single crystalline micro-ribbons of triisopropyl-silylethynyl pentacene (TIPS-

pentacene).93  

 

Figure 2.11 Solution growth of organic single crystals. (a) Solvent evaporation method. 
(b) Slow cooling method. (c) Vapor diffusion method. (d) Liquid-liquid diffusion 
method. (e) Direction growth of C10-DNTT single crystalline films.94 (f) Solution 
shearing of crystalline TIPS-pentacene films for controlled lattice strain.95 (g) Double 
shot inkjet printing of single crystals of C8-BTBT.96  
 

Recently, novel techniques are developed to grow organic single-crystalline and 

high-mobility films from solution. Takeya and co-workers reported the directional 

growth of single-crystalline dialkyl dinaphtho-thieno-thiophene (C10-DNTT) films using 

an inclined liquid-holding structure (such as a piece of wafer) (Figure 2.11(e)).94 The 

method was also applied to pattern a large area of transistor arrays. The resulting films 
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exhibited large hole mobility of 11 cm2V-1s-1. Bao and co-workers introduced the idea of 

solution shearing to control the lattice strain and intermolecular distance in TIPS-

pentacene films (Figure 2.11(f)).95 At the optimal process condition, the π-π stacking 

distance in the resulting film was decrease to 3.08 Å, and due to the enhanced 

intermolecular interaction, a large hole mobility of 4.6 cm2V-1s-1 was achieved. Another 

remarkable example was demonstrated by Hasegawa and co-workers (Figure 2.11(g)).96 

They employed a double-shot inkjet printing technique in which an antisolvent mixed 

with the solution of active semiconductor triggered the controlled formation of uniform 

single crystal films of dialkyl dioctyl-benzothieno-benzothiophene (C8-BTBT). The hole 

mobility of such printed single crystals was exceptionally high, reaching 16.4 cm2V-1s-1 

on average and 31.3 cm2V-1s-1 in the best case.  

Physical Vapor Transport (PVT). The physical vapor transport (PVT), originally 

introduced by Kloc and co-workers, is the most common technique to grow high quality, 

large-sized free-standing organic single crystals.97 The experimental setup is shown in 

Figure 2.12. A temperature gradient is generated using different layers of heating 

elements, or a two-zone furnace. The temperature at the hottest zone is set at the 

sublimation temperature for the targeted organic semiconductor, and while the 

semiconductor sublimes, its vapor is transported by a stream of inert carrier gas (such as 

Ar, N2) to the downstream where the temperature is cooler and crystallization can occur 

driven by the supercooling. Importantly, organic semiconductors and impurities are 

deposited in different locations due to their different molecular weights, and therefore, 

PVT can also be used as a purification method. Rubrene crystals grown by PVT exhibits 
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hole mobility of 20 cm2V-1s-1, setting a benchmark record for organic semiconductor 

films and crystals. Currently, PVT growth provides the best results in term of the 

chemical purity, structural order, and the electrical performance of single-crystal devices. 

 

Figure 2.12 Physical vapor transport (PVT) setup for organic single crystal growth.70  
 

Temperature control is very important for the single crystal growth in PVT. The 

sublimation temperature is usually set near the melting points of the desired material, and 

parameters such as temperature gradient, gas flow rate, type of carrier gas need to be 

optimized empirically for a particular material. Generally, faster gas flow and higher 

sublimation temperature (without decomposing the material) accelerate the crystal 

growth. Additionally, a dark environment is preferred during the crystal growth to 

prevent any photo-oxidation and decomposition triggered by light.   

Melt Growth. Owing to the high vapor pressure and chemical instability of organic 

semiconductors, the melt growth approach has only been applied to a few organic 

molecules such as naphthalene, anthracene and pyrene. The Bridgeman growth method is 

one type of melt growth techniques,98 in which a sealed quartz ampoule is filled with 

powder materials. The ampoule is sealed under vacuum or with an inert gas, and then 

moves through a temperature gradient when materials are melted. At a certain 

temperature, crystal nucleation is induced at the tip of the ampoule, and the 
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crystallization front propagates through the melted materials. Alternatively, the zone 

refining method employs a series of heating elements where only a small part of the 

material is melted.99 Thermodynamics tell us that impurities are concentrated at the 

boundary of melted and un-melted materials, and as the heating zone is moving from one 

end to the other, impurities are eventually driven to the end of the ingot and can be easily 

removed. This process is usually repeated many times at extremely slow rate of moving 

the heating zone, and is therefore time-consuming. However, purity of zone-refined 

crystal is superior and is the highest among all crystal growth methods.  

2.3.2 Fabrication of Organic Single Crystal OFETs (SC-OFETs) 

The success of organic single crystal electronics is enabled by the versatile ability 

to fabricate high-performance single crystal OFETs (SC-OFETs), especially in producing 

high-quality interfaces between organic crystals and dielectrics, and between organic 

crystals and metal contacts. Depending on the position of gate electrode, the fabrication 

of SC-OFETs falls into two main categories. The first category employs the top-gate 

architecture, in which the dielectric layer and the gate electrode (and sometimes the 

source/drain electrodes as well) are deposited on top of the crystal. Due to the fragility 

and low chemical and environmental tolerance of organic crystals, the choice of dielectric 

materials deposited on crystal surface is limited. As shown in Figure 2.13(a), the most 

commonly used dielectric material is the parylene, which can form a thin, conformal, 

defect-free layer on crystal surface under favorable deposition conditions. In addition, 

parylene is transparent in the visible range of the spectrum, which is crucial for optical 
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experiments with OFETs. Another simple yet efficient method developed recently 

utilizes vacuum lamination of ultrathin dielectric membranes on top of the crystal 

(Figure 2.13(b)).100 In this method, a freestanding thin plastic film (such as Mylar®, 

Glad® wraps) is gently applied to the crystal’s surface under vacuum and preserves high-

quality single-crystal surfaces, resulting in high mobility transistors. The non-destructive 

nature and reversibility of the membrane lamination also eliminates device variability and 

large data scattering, thus highlighting the advantage of the vacuum lamination approach.  

 

Figure 2.13 Fabrication of SC-OFETs. (a) A rubrene OFET with a conformal parylene 
gate dielectric.101 (b) SC-OFETs using a thin, vacuum-laminated plastic membrane as the 
dielectric.100 (c) Flip-crystal approach to prepare a SC-OFET on SiO2 dielectric layer.102 
(d) Air-gap or vacuum-gap SC-OFETs based on PDMS transistor stamps.103  
 

A more popular single-crystal device fabrication technique is called the “flip-

crystal” approach. This method involves laminating a freestanding crystal onto the pre-

patterned substrate in bottom-gate architecture (Figure 2.13(c)).102 The crystals are 

spontaneously adhered to the substrate by the electrostatic force. Fresh grown thin 
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crystals with thickness of a few micrometers are usually selected to ensure a good 

adhesion. Importantly, using this method, crystals can be aligned between the electrodes 

with different orientations, allowing studies of anisotropic transport. By depositing 

different source/drain contact patterns on the substrate using shadow mask technique or 

standard photolithography, various transport studies – such as four-terminal 

measurement, Hall effect, TLM and mobility anisotropy – can be carried out.  The “flip-

crystal” technique has been applied to both oxide dielectrics (e.g., SiO2) and polymer 

dielectrics (e.g., polystyrene). In either case, surface treatments using self-assembled 

monolayers (SAMs) or other surface modifiers are needed in order to reduce the 

interfacial traps and to ensure a smooth crystal adhesion.  

Utilization of oxide and polymer dielectrics requires very thin crystals for good 

electrostatic bonding. Additionally, despite all the efforts of producing high quality 

dielectric/crystal interface, the interfacial defects still exist, especially the presence of 

dipolar disorder inherent to the dielectric layer. An intriguing approach adopted a free-

space dielectric, namely “air-gap” (also called “vacuum-gap”), on a rubber-like 

polydimethylsiloxane (PDMS) substrate.103 The most important advantage of this device 

structure is that the disorder from the gate dielectrics is completely eliminated and 

consequently, the intrinsic charge transport properties of the organic crystals can be 

assessed. Besides, thicker crystals with better rigidity and robustness are able to adhere to 

PDMS substrates and reversible lamination of the crystal is possible, allowing electrical 

measurements on the same crystal. As shown in Figure 2.13(d), the crystal is bridged 
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over the gap between the raised source/drain regions, and the gap, which can be made of 

vacuum, air, or any gases, serves as the dielectric layer.  

2.3.3 Charge Transport in SC-OFETs 

Anisotropic mobility and transport as a function of crystallographic direction has 

been observed exclusively in organic single crystals, from time-of-flight (ToF) 

measurement for bulk samples8 in early days to various SC-OFETs.23,104 The absence of 

grain boundaries directly facilitates the observation of mobility anisotropy, which arises 

from the asymmetric molecular packing and electronic orbital overlap along different 

directions in the crystal structure. Generally, the fastest transport occurs along the 

direction with the strongest intermolecular interaction and largest orbital overlap. The 

anisotropic properties of rubrene crystals were first studied by Sundar et al.23 The 

reversible adhesion on PDMS stamps allows the same rubrene crystal to be re-laminated 

multiple times with different orientations aligned across the channel. As shown in Figure 

2.14(a), the mobility clearly varies with the crystal orientation at the basal plane of 

rubrene, reaching the maximum when the crystal is aligned along its b-axis and the 

minimum when along the a-axis (unit cell shown in Figure 2.14(b)). The b-axis is the π-

π stacking direction in rubrene, which exhibits the largest orbital overlap compared with 

other directions such as a-axis and diagonals. Therefore, the trend of mobility variation 

with crystal orientation is consistent with rubrene’s crystal structure.105   

Xie et al. studied the mobility anisotropy in the high-mobility dinaphtho-thieno-

thiophene (DNTT) single crystals using the vacuum-gap structure.106 The fan-shape 



Chapter 2    Organic Field-Effect Transistors 
 

 42 

circularly arranged contact pattern was originally introduced by Reese and Bao.104 

Interestingly, the mobility anisotropies in DNTT crystal are very low, and the anisotropy 

ratio (the ratio of maximum mobility to minimum mobility) is only about 1.3 ~ 1.7 

(Figure 2.14(c)). This ratio, however, is about 4 for rubrene,23 5.7 for tetracene107 and 3.5 

pentacene.108 The weak mobility anisotropy in DNTT is also correlated with its packing 

structure, shown in Figure 2.14(d), in which the herringbone packing together with the 

effective intermolecular contacts through the sulfur atoms leads to overall well-balanced 

two-dimensional electronic structure. We note that the nearly isotropic in-plane transport 

of DNTT is beneficial for achieving high mobilities in single crystals, when charge 

carries obstructed by chemical impurities can easily transport in alternative pathways. It 

is also noteworthy that the shape and outline of an intact crystal directly reflects its 

crystal structure. For example, the well-defined edges in DNTT crystals in Figure 2.14(d) 

correspond to the [100] and [110] directions. In such a case, the crystal orientation can be 

easily identified by the crystal’s shape, in addition to using a more tedious method of 

using X-ray diffraction.  

Temperature dependence of carrier mobility provides one of the most important 

indications about the charge transport behavior for a particular crystal. One needs to note 

that when measuring mobility at variable temperatures, it is crucial to employ the four-

terminal structure to correct for the contact resistance, which is also temperature 

dependent and generally increases with decreasing temperature. As mentioned in Section 

2.1.4, the identification of “band-like” transport usually relies on the observation of a 

power-law temperature dependence of carrier mobility. The first example of band-like 
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transport in OFET geometries was unambiguously seen in rubrene crystals by Podzorov 

and co-workers, in the vacuum-gap structure.19 Shown in Figure 2.15(a), as the 

temperature decreases, mobilities in a rubrene crystal along both b-axis and a-axis 

increase following the power-law, which is referred to as the band-like transport. After a 

characteristic temperature (~ 175 K in rubrene), mobility starts to decrease at further 

decreasing temperature, and this regime is referred to as the trap-dominated regime where 

mobility is thermally activated. In contrast, in tetracene and pentacene SC-OFETs, only 

thermal activated transport was observed when cooling down from room temperature.  
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Figure 2.14 Mobility anisotropy in organic single crystals. (a) Mobility anisotropy in 
rubrene crystals.23 (b) Crystal packing and optical micrographs of rubrene crystals. (c) 
Mobility anisotropy in DNTT crystals. (b) Crystal packing and optical micrographs of a 
DNTT crystal.106   
 

The transition from band-like transport to activated transport in rubrene crystals 

was explained by the multiple trap and release (MTR) model. Originally introduced by 
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Horowitz,47 this model states charge carriers transport freely in the band states and 

contribute to the conduction, but in the meanwhile, carriers can be captured 

instantaneously by the shallow traps located a few kBT away from the band edge, and the 

trapped carriers do not contribute to current. The effective mobility is determined by 

trττ
τ

µµ
+

= 0                                                                                                             (2.13) 

where μ0 is the intrinsic trap-free mobility (band mobility), μ corresponds to the mobility 

measured in the OFETs, τtr is the time that carriers spent in shallow traps and τ is the time 

carriers traveling in the band. At high temperatures, τtr << τ, and as a result, the measured 

mobility is approaching the μ0, which, based on the band model, has a power law 

temperature dependence. However, at low enough temperatures, most of carriers are 

trapped by the shallow traps (τtr >> τ) and μ ~ μ0(τ/τtr) = μ0(-EA/kBT), and since the 

emission of carriers from traps into band states is thermally activated, the resulting 

mobility is also activated and becomes trap-dominated. The band-like nature of 

conduction in rubrene revealed in the transport measurement has been recently confirmed 

in ultraviolet photoelectron spectroscopy (UPS),82 in which a clear energy dispersion of 

the HOMO band (large band width ~ 0.4 eV and light effective mass of holes ~ 0.65m0 

where m0 is the bare electron mass) along π stacking direction was observed.  

Following the benchmark example of rubrene, several other single crystals have 

been demonstrated to exhibit band-like transport from the transistor measurement. One is  
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Figure 2.15 Band-like transport in organic single crystals. Temperature dependence of 
field-effect mobility in (a) rubrene crystals (p-type);19 (b) TMTSF crystals (p-type)109 and 
(c) PDIF-CN2 crystals (n-type).110  
 

the tetramethyltetraselenafulvalene (TMTSF) crystal, in which the mobility-temperature 

relation from sample to sample was found to depend on the details of shallow trap DOS 

(Figure 2.15(b)).109 Another remarkable example is the n-type crystals of N,N′-bis(n-

alkyl)-(1,7 and 1,6)-dicyanoperylene-3,4:9,10-bis(dicarboximide)s (PDIF-CN2) in Figure 

2.15(c), which stands out as the first band-like n-type single crystals.110 Interestingly, Xie 

et al. recently reported the observation of temperature-independent transport in the high-

mobility DNTT transistor.106 The room-temperature mobility of DNTT is 6.5 cm2V-1s-1 is 

about twice as large as in TMTSF and PDIF-CN2, yet the mobility remains almost 

constant with decreasing temperature. The result implies the absence of a direct 

correlation between the absolute mobility values at room temperature and the low-

temperature behavior.  

The complication of identifying band-like transport from only temperature 

dependence of mobility prompts the application of Hall effect measurement in single 

crystal transistors, which independently probes the density of free charge carriers and free 

carrier mobility. Although Hall effect is well-knows in inorganic semiconductors and 
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metals, it has only been applied to very few organic crystals and thin films due to the low 

mobility and non-ohmic contacts in general for organic semiconductors. Figure 2.16 

shows the successful demonstrations of the Hall effect in vacuum-gap rubrene111 and 

PDIF-CN2 transistors110. Since the Hall effect is derived from the band model where only 

free carriers with certain drift velocities can experience the Lorentz force in the magnetic 

field, the Hall mobility reflects the intrinsic, band mobility of the semiconductor. The fact 

that Hall mobility in p-type rubrene and n-type PDIF-CN2 increases with decreasing 

temperature reaffirms that both crystals exhibit unambiguously band-like transport. 

Additionally, in the case of rubrene (Figure 2.16(a)), the Hall mobility μH becomes larger 

than the field-effect mobility μ as the temperature decreases, indicating that shallow traps 

dominate the transport at lower temperatures, resulting in less free carriers and thus lower 

effective mobility.  

 

Figure 2.16 Hall effect in organic single crystals. (a) Hall voltage as a function of time 
and temperature-dependent Hall mobility (holes) in rubrene vacuum-gap transistors. The 
inset shows the Hall bar geometry.19 (b) Hall voltage as a function of time and field, and 
temperature-dependent Hall mobility (electrons) in PDIF-CN2 vacuum-gap transistors.110 
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The dielectric environment plays a vitally important role in the charge transport 

for organic single crystals. Except for the vacuum-gap structure where dielectric 

contribution on transport is not present, the coupling of charge carriers to the nearby 

dielectric molecules becomes more significant as the dielectric constant increases. Early 

studies by Veres et al. suggested that the “dipolar disorder” in polymeric insulators 

generated a fluctuating electrostatic potential which broaden the DOS in the organic thin 

films.112 As a result, hopping probability decreased and so was the carrier mobility. In 

rubrene crystals, Morpurgo and co-workers discovered that the carrier mobility decreased 

sharply with increasing dielectric constant εr of the insulator.113,114 For example (Figure 

2.17(a)), mobility of rubrene is about 20 cm2V-1s-1 at room temperature in vacuum-gap 

devices (εr = 1); however, in Ta2O5 gated devices (εr = 25), rubrene mobility drops 

significantly to 1 cm2V-1s-1. Moreover, the temperature dependence of mobility changes 

from band-like behavior to thermally activated with increasing εr (Figure 2.17(b)). This 

strong dependence on εr is attributed by the formation of Fröhlich polarons when the 

polarizability of the gate dielectric is significant, such as in these high-εr dielectrics. The 

Fröhlich polaron is a quasi-particle formed by the coupling of a charge carrier to the 

dielectric medium (polarization cloud). As the coupling becomes stronger, charge carriers 

tend to get localized, resulting in lower carrier mobility and activated low temperature 

transport behavior. The important implication from this study is that the low-εr dielectrics 

are desirable in achieving higher mobility and improved temperature dependence. The εr-

dependent mobility have been corroborated by other research groups in different single 

crystals, such as in TCNQ and PDIF-CN2.100,110  
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Figure 2.17 Effect of gate dielectrics on carrier mobility in rubrene crystals. (a) Rubrene 
mobility as a function of dielectric constant.113 (b) Temperature dependence of mobility 
with different gate dielectrics.114 
 

2.3.4 Optical, Thermal and Mechanical properties 

In addition to the electrical transport properties, the optical, thermal and 

mechanical properties of organic single crystals are also active research areas. Podzorov 

and co-workers investigated the exciton transport in rubrene crystals.75 They found that 

the dissociation of excitons at the surface of the crystal was the main source of 

photoconductivity and the diffusion of triplet exciton in this highly ordered molecular 

crystal was in the range of a few micrometers, suggesting that exciton diffusion 

bottleneck is not an intrinsic limitation in organic crystals. Batlogg and co-workers 

utilized a Peltier setup to measure the Seebeck coefficient in rubrene SC-OFETs as a 

function of temperature and hole density.77 They found that the Seebeck coefficient in 

rubrene crystals could be described by the electronic contribution as theories have 

predicted in conventional inorganic semiconductors, therefore charge and entropy 

transport fell within the regime of band-like transport. Recently, Briseno and co-workers 
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employed the wrinkling mechanics to directly measure the in-plane anisotropic elastic 

constants in rubrene crystals and properly correlated the mechanical properties with the 

crystal packing structure.79 Understanding the mechanical behaviors in organic 

semiconductors is important for developing future flexible and stretchable electronics.  

 

Figure 2.18 Optical, thermal and mechanical properties in rubrene single crystals. (a) 
Observation of long-range exciton diffusion in rubrene crystals.75 (b) Measurement of 
Seebeck coefficient in rubrene SC-OFETs.77 (c) Determination of in-plane anisotropic 
elastic constants in rubrene crystals using wrinkling mechanics.79  
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Chapter 3 Electrolyte Gating in Organic Semiconductors 

In conventional transistor structure, the gate dielectric is usually comprised of solid 

insulators, such as thin layers of oxides (SiO2, Al2O3, Ta2O5, etc) and polymers (PMMA, 

PS, PVA, etc). The total induced charge carrier density (cm-2) is controlled through Q = 

Ci(VG-Vth) (Ci = εrεo/t, εr is the dielectric constant of the gate insulator, εo is the vacuum 

permittivity, t is the insulator thickness). For the commonly used SiO2 insulator, total 

charge density is not more than 2 × 1013 cm-2 at best due to its breakdown field Eb = 10 

MV/cm and εr = 3.9. In order to boost capacitance, several research groups have 

employed ultrathin self-assembled monolayers (SAMs) or cross-linked polymer films as 

gate insulators.115,116 Another strategy has been to employ complex oxide ferroelectrics 

with field dependent εr near 300 at room temperature.117 Although carrier concentrations 

near 1014 cm-2 have been realized in the best case outcome in these reports, device 

fabrication is tedious and high charge densities are not easy to achieve under favorable 

circumstances. This chapter describes a novel technique of employing high-capacitance 

electrolytes (on the order of μF/cm2) as the gate dielectrics which has facilitated 

accumulation of high charge densities (1013 cm-2 to 1015 cm-2) in a wide variety of 

semiconductors. There has been tremendous progress in applying electrolyte gating in 

both fundamental transport studies and printable/flexible electronics applications. In the 

fundamental side, novel transport phenomena and electronic phase transition at high 

charge densities, such as insulator-to-metal transition and superconductivity, can be 

systematically explored with the help of electrolyte gating in transistor structure. In the 
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application side, the high capacitance of electrolyte gating promotes low voltage 

operation (< 3 V), high current density and potential connections with bio-systems. This 

chapter will focus on the electrolyte gating in fundamental studies, mainly in organic 

semiconductors. These contents have been published as S. H. Kim, K. Hong, W. Xie, K. 

H. Lee, S. Zhang, T. P. Lodge, and C. D. Frisbie, “Electrolyte-Gated Transistors for 

Organic and Printed Electronics”, Advanced Materials, 2012, 25, 1822-1846. and W. 

Xie and C. D. Frisbie, “Electrolyte Gated Single-Crystal Organic Transistors to Examine 

Transport in the High Carrier Density Regime”, MRS Bulletin, 2013, 38, 43-50.  

 

3.1 Operating Mechanism of Electrolyte Gating 

Figure 3.1 displays the scheme of an electrolyte-gated transistor (EGT) in which 

an ionically conducting and electrically insulating electrolyte serves as the gate insulator. 

There are two basic operation mechanisms for EGTs. In the case where the 

semiconductor is impermeable to ions of the electrolyte, application of a gate voltage 

causes migration and accumulation of ions at the gate-electrolyte and semiconductor-

electrolyte interfaces as shown (Figure 3.1(b)). The ions at these interfaces screen the 

charges in the gate metal and cause accumulation of charge carriers in the semiconductor 

channel. The result is that “electric double layers” (EDLs) are formed at each interface. 

At steady-state (quasi-static operation), nearly all the applied gate potential is dropped 

across the double layers and there is little drop in the bulk of the electrolyte (Figure 

3.1(a)). Ideally, at steady state, the ionic current from the gate to source/drain electrodes 
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is near zero and once the EDLs are established, the driving force for ion migration in the 

bulk is eliminated. 

Importantly, the EDLs at the interfaces can be considered as nanometer-thick 

capacitors. The specific capacitance, Ci, of each double layer may be estimated by the 

Helmholtz equation, Ci ~ εrεo/λ, where εr is the effective dielectric constant of the EDL, εo 

is the vacuum permittivity, λ is the thickness of the double layer (Debye screening 

length). With λ on the order of 1 nm, and εr ~ 10, a Ci value well above 1 μF/cm2 is 

readily achievable, which is at least an order of magnitude larger than the Ci values 

obtained with conventional dielectrics. If the two EDL capacitances are equal (C1 = C2 = 

Ci), the total capacitance (Ctotal) of the gate-electrolyte-semiconductor junction is one half 

of Ci: Ctotal = (C1
-1 + C2

-1)-1 = Ci/2. In many cases, however, the semiconductor-electrolyte 

interface typically exhibits small Ci values and thus dominates Ctotal.  

Double layer charging at flat, impermeable semiconductor interfaces is similar to 

the gating process in field-effect transistors, i.e., the polarization of the electrolyte 

produces a large electric field at the surface of the semiconductor which induces charge 

carrier accumulation (or depletion). In this case (Figure 3.1(a)), the advantage of 

electrolyte gating is essentially analogous to employing a nano-capacitor for large 

capacitance. Recent consensus refers to this type of EGTs as the “electrical double layer 

transistors”, or EDLTs. Semiconductors used in EDLTs are typically single crystals and 

highly ordered epitaxial films, such as rubrene single crystals118 and single-crystalline 

ZnO119 and SrTiO3.120 As is the case with any dielectric, there is a breakdown voltage 

associated with electrolytes, typically near 3 ~ 5 V depending on the electrolytes and 
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temperature, above which leak currents will be significant. Therefore, transistor operation 

needs to be confined within the gate voltage stability window.  

 

Figure 3.1 Operation Mechanisms of Electrolyte Gating. (a) Comparison of potential 
profile at the gate-insulator-semiconductor junction for conventional dielectrics and 
electrolyte gates. (b) Charge carrier accumulation in the case of double-layer charging 
and electrochemical charging. (c) Charge carrier depletion in the degenerately doped 
semiconductor.  
 

With ion permeable semiconductors, such as conjugated polymers and some 

small-molecule thin films, an EDL can still form at the gate/semiconductor interface 

upon the application of the gate voltage; however, ions on the semiconductor-electrolyte 

side diffuse into the semiconductor film and compensate induced charge carriers (Figure 

3.1(b)). This process is regarded as the electrochemical doping, which has been well 

established for polymer semiconductors in contact with electrolyte. EGTs with permeable 

semiconductors are termed electrochemical transistors, or ECTs.121 ECT operation 
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proceeds by the reversible electrochemical doping and de-doping of the semiconductor 

upon application and removal of gate bias, respectively. For example, if the 

semiconductor is hole-conducting (p-type), it is intuitive that anions (negatively charged 

ions) will penetrate the film and induce holes. However, there is ample evidence that both 

ions can penetrate the semiconductor and therefore, the choice of both anions and cations 

influences the channel conductivity (Figure 3.1(b) is the simplified version).122,123 

Understanding the effect of ion compositions on the transistor performance in ECTs 

remains an important research area. Recent work on “unipolar” electrolytes, where only 

one type of ions is mobile and the other type is fixed, may help address the role of ion 

penetration in EGTs.124  

The schemes in Figure 3.1(b) depict EGT operations in accumulation mode, 

where the semiconductor is originally insulating and un-doped, as is the case for the 

majority of organic semiconductors. Depletion mode operation is also possible in ECTs 

(Figure 3.1(c)). The example is seen in ECTs based on degenerately doped p-type 

semiconductors, such as poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) 

(PEDOT:PSS).125 Application of positive gate bias leads to cation migration into the film 

and de-doping of the semiconductor, which results in the decrease of channel current, 

turning the normally-ON devices OFF. This mode of operation has generated significant 

interest in the area of chemical and biological sensing, primarily because PEDOT:PSS is 

stable in water.126 

In general, electrochemical doping in ECTs introduces structural changes in the 

organic semiconductor film (e.g., swelling), and disorder can be anticipated. For EDLTs, 
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disruption of the semiconductor structure is avoided and charge accumulation occurs in 

two-dimensional. Consequently, EDLTs could be more useful than ECTs for fundamental 

transport studies since the influence of ion penetration on the semiconductor is 

eliminated. However, ECTs have the intriguing feature that the semiconductor channel 

can be three-dimensional (the channel is thicker) and the drive currents can be enormous, 

leading to high channel conductivity and transconductance, which is an advantage in 

specific high current applications.125,127  

Figure 3.2 displays the energy band diagrams for three principle states of 

operation for p-type EDLTs and ECTs: depletion, flat-band (FB), and accumulation 

modes. In each diagram, the locations of the EDLs are shown. For EDLTs, the double 

layers are at the gate/electrolyte and semiconductor/electrolyte interfaces. When VGS > 

VFB, a large energy barrier at the source/semiconductor interface prevents injection of 

electrons (depletion mode). On the other hand, when VGS < VFB, holes can be injected into 

the HOMO or valence band of the semiconductor and accumulate at the 

electrolyte/semiconductor interface (accumulation mode), as is typical in any p-type 

OFETs. For ECTs, one double layer is at the gate/electrolyte interface, but the other one 

moves to the semiconductor/source interface because the electrolyte ions can penetrate 

the semiconductor. Depletion mode again occurs because of large energy level offsets at 

the semiconductor/source interface. In accumulation mode, holes are injected into the 

HOMO band and in contrast to the EDLT, bulk electrochemical doping (oxidation) of the 

electrolyte-permeated semiconductor occurs. The difference in hole distributions in 

EDLTs versus ECTs are indicated schematically in the Figure 3.2.  
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Figure 3.2 Energy band diagrams in p-type EDLTs and ECTs. Three principal states of 
gate/electrolyte/semiconductor interfaces (flat-band, depletion and accumulation) are 
schematically shown.  
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3.2 Figures of Merit in Electrolytes 

The figure of merit describing the polarization time of electrolytes is the RC time 

constant, which is the product of the electrolyte ionic resistance (R in Ohms) and the 

double layer capacitance (C in Farads). A small RC time constant is desirable for device 

operation because it means that high capacitance double layer can be established quickly. 

In terms of intrinsic parameters of an electrolyte, RC = lCi/σ = (l/λ)(εrε0/σ), where σ is the 

ionic conductivity, l is the electrolyte layer thickness, Ci is the double layer specific 

capacitance and λ is the thickness of the double layer, typically on the order of 1 nm. For 

common electrolytes, σ is 10-5 ~ 10-2 S/cm and Ci ~ 10 μF/cm2.128 With a film thickness 

of 1 μm, the polarization time can be as small as 0.1 μS, implying that one can ideally 

operate an EGT at 10 MHz. If the film thickness is reduced, the polarization time can be 

even smaller. Whether the MHz-operation is attainable in actual devices depends on 

additional factors such as the source-drain channel length, source/gate and drain/gate 

areal overlap, carrier mobility and whether ions can penetrate into the semiconductor (ion 

diffusion leads to increased channel formation time).  

Another key figure of merit for electrolytes, and dielectric materials in general, is 

the loss tangent, or dissipation factor, defined as129 

''

'

'

''

tan
Z
Z

==
ε
ε

δ                                                                                                                (3.1) 

where ε´, ε´´, Z´ and Z´´ are the real and imaginary parts of complex permittivity and 

electrical impedance, respectively, and (π/2) – δ is the phase angle on the complex plane 

between current and voltage. The dissipation factor quantifies the electrical energy 
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dissipated versus the energy stored in a system during AC operation (e.g., charging and 

discharging a capacitor), and it is inherently frequency dependent. Approximating the 

gate-electrolyte-semiconductor junction as a resistor (Z´ = R) and capacitor (Z´´ = 1/ωC) 

in series gives 

RC
C

R
ω

ω
δ ==

)/1(
tan                                                                                                     (3.2) 

Therefore, a smaller RC time constant is not only desirable for faster switching of 

an EGT, as discussed above, but also because it reduces the dissipation factor. 

Nevertheless, the electrical behavior of electrode/electrolyte interfaces is usually more 

complicated than that of an ideal capacitor, resulting in inaccurate prediction for 

dissipation factor from Equation (3.2). Very slow ion motion and current density 

inhomogeneity caused by electrode roughness and ion specific absorption lead to broad 

distributions of RC time constants along electrode/electrolyte interfaces.130 In most cases, 

simply RC series circuit breaks down. This can be clearly seen in a Nyquist plot (Z´´ 

versus Z´) where Z´ becomes frequency dependent. For example, in an ion gel based on 

ionic liquids and block copolymers, at 1 kHz frequency, the phase angle (π/2) – δ reaches 

only ~ 850 (for an ideal capacitor, phase angle is at 900), corresponding to tanδ values 

near 0.1 ~ 0.15. This means that electrolytes are more “lossy” than more conventional 

dielectrics, such as SiO2 (tanδ < 0.001 at 1 kHz), Al2O3 (tanδ = 0.005 at 1 kHz), PMMA 

(tanδ = 0.055 at 1 kHz) and PS (tanδ = 0.003 at 1 kHz). However, it is also clear that 

electrolytes exhibit far larger capacitance. Therefore, the decision to employ electrolytes 

will depend on which of the figures of merit are most crucial for a given application.131  
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3.3 Electrolyte Materials 

Conventional solid electrolytes are usually obtained by dissolving inorganic salts 

in flexible, ion containing polymers such as polyethers. One of the earliest and most 

extensively studied electrolytes within this class consists of poly(ethylene oxide) (PEO) 

doped with a lithium salt (e.g., LiClO4).132 In these electrolytes (Figure 3.3(a)), the 

oxygen lone pairs on the PEO chains coordinate with the Li+ cations, resulting in coupled 

ionic motion with the polymer backbone. The reason that ions can move in the solid state 

stems from the flexibility of the PEO chain. Due to the low glass transition temperature 

(Tg) of PEO (ca. -60 oC),133 ionic motion is boosted by the relaxation of PEO chains at 

temperature far above Tg. Therefore, ion transport in these electrolytes depends greatly on 

both temperatures and the Tg of the polymer. Additionally, ionic conductivity in these 

electrolytes shows a maximum versus salt concentration due to the increase of Tg in the 

system with the addition of lithium salt. Extensive modifications to the initial 

PEO/lithium salt system have also been reported, such as using crosslinked polymer 

network or block copolymers containing short chains of PEO to replace PEO 

homopolymers.134 The ionic conductivity of these systems, however, remains in the low 

range of 10-5 to 10-4 S/cm.  

More recently, ionic liquids and ionic liquid-based gels exhibiting higher ionic 

conductivity have been adopted as alternative high capacitance gate insulators for faster 

switching EGTs.135 Figure 3.3(c) displays several common classes of component ions. 

Ionic liquids show a unique combination of properties, including negligible volatility, 

non-flammability, exceptional thermal, chemical and electrochemical stability, and high 
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ionic conductivity.136 These properties make ionic liquids good electrolytes for a number 

of electrochemical devices, such as dye-sensitized solar cells,137 electrochemical 

actuators,138 lithium ion batteries139 and printed low-voltage circuits.140 A typical example 

is 1-ethyl-3-methyl imidazolium bis(trifluoromethylsulfonyl)imide ([EMI][TFSA]), 

which has an ionic conductivity of 9.2 mS/cm at room temperature.141 Additionally, the 

numerous choices of component ions provide flexibility in materials design for different 

requirements.  

 

Figure 3.3 Electrolyte Materials. (a) Schematic of Li+ ion coordination with a PEO chain 
in PEO/LiClO4. (b) Chemical structures of several polyelectrolytes. (c) Representative 
component ions for ionic liquids. (d) Self-assembly of an ABA triblock copolymer in an 
ionic liquid to form an ion gel.  
 

From an application standpoint, it is desirable to provide ionic liquids with 

mechanical integrity without too much compromise on ion transport. Both low molecular 

weight gelators142 and polymers143 have been used to achieve this goal, forming solid 
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electrolytes termed “ion gels”. Gelation using low molecular weight gelators is often of a 

physical nature, e.g., intermolecular hydrogen bonding between the gelator and the ionic 

liquid. In terms of polymeric ion gels, however, both chemical144 and physical145 cross-

linking methods have been reported. The Watanabe group reported the first chemically 

cross-linked polymeric ion gels composed of 6 wt% or more poly(methyl methacrylate) 

(PMMA) in [EMI][TFSA].146 In the case of physical cross-linking, block copolymers are 

especially versatile candidates due to the ease in tuning morphologies and properties 

through variations of block length and sequence. In particular, using the self-assembly of 

ABA triblock copolymers with ionic liquid compatible B blocks and incompatible A 

blocks in ionic liquids (Figure 3.3(d)), soft gels can be formed with the addition of as 

little as 4 wt% polymer.147,148 Figure 3.4 shows optical images of several commonly 

employed ion gels that are transparent, flexible and mechanically robust.  

 

Figure 3.4 Optical images of ion gels. (a) A chemically cross-linked 
PMMA/[EMI][TFSA] ion gel.143 (b) A physically cross-linked poly(styrene-b-ethylene 
oxide-b-styrene) (SOS)/[EMI][TFSA] ion gel with 10 wt% SOS.149 (c) A solvent-cast ion 
gel film composed of poly(vinylidene fluoride-co-hexafluoropropylene) (P(VDF-HFP)) 
and [EMI][TFSA] with 20 wt% P(VDF-HFP).150  
 

Another interesting class of solid polymer electrolytes is polyelectrolytes, or 

polymers having backbones with pendant substituents containing ionic functionalities, as 

shown in Figure 3.3(b). As discussed above, both cations and anions likely penetrate into 
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the semiconductor film in ECTs. This can be prevented or mitigated by employing 

polyelectrolytes where only small-sized ions are mobile. For example, in p-type 

semiconductor, application of a negative gate bias can cause mobile cations to move 

towards the gate electrode, leaving the bulky polyanions at the semiconductor/electrolyte 

interface for charge accumulation. These polyanions are less likely to diffuse into the 

semiconductor.151 More recently, poly(ionic liquid)s (PILs), or polyelectrolyte 

synthesized with ionic liquid monomers instead of solid salt monomers, have been 

developed as novel polyelectrolytes.152 Generally, because the ions are incorporated in 

the polymer backbone, the lower the Tg, the higher the ionic conductivity.  

 
3.4 Determination of Charge Density and Carrier Mobility 

In an EDLT or an ECT, determination of charge density and carrier mobility in 

device operation is not a trivial problem. Unlike conventional dielectrics where the 

capacitance value is a constant in a particular device (the ratio of dielectric permittivity to 

layer thickness ( tC ori εε= )), the capacitance of an electrolyte layer is a function of both 

operating frequency and gate voltage regardless of the layer thickness, due to the double 

layer nature at the electrolyte/semiconductor and gate/electrolyte interfaces. A 

misjudgment of capacitance values and charge densities in EGTs will lead to incorrect 

assessment of carrier mobility, thus making it difficult to compare experimental results 

among different research groups. Generally, there are three experimental techniques 

developed to address the issue of accurately determining charge density.  
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The first technique is to directly measure the capacitance of an EGT as a function 

of frequency (C-f) or gate voltage (C-V) using AC impedance technique. A broadband 

impedance analyzer or an LCR bridge is commonly used in this type of measurement. 

The C-f relations can be measured either in a metal-electrolyte-metal (metal-insulator-

metal, MIM) structure, or in a metal-electrolyte-semiconductor (MIS) structure as part of 

a transistor. In either case, one can use the capacitance obtained at low frequencies (such 

as 10 Hz, close to dc limit) to extract carrier mobility directly from Equation (2.8) (linear 

regime) or Equation (2.10) (saturation regime). Figure 3.5(a) shows an example of C-f 

plots for several ionic liquids (ILs) tested in the MIM structure, with low-frequency 

capacitance approaching 10 μF/cm2.118 It is also noteworthy from Figure 3.5(a) that the 

capacitance is strongly dependent on frequency and it decreases with increasing 

frequency, where the high-frequency capacitance values (a few nF/cm2) are close to the 

geometrical capacitance of ILs with a particular layer thickness and effective dielectric 

constant. Therefore, it is important to use the low-frequency capacitance values (the real 

double layer capacitance) for charge density and mobility calculations.  

On the other hand, in the transistor structure, by grounding both source and drain 

contacts, a MIS structure is formed and specific capacitance Ci can be measured versus 

gate voltage VG (Ci-VG) at low frequencies (important!), as shown in Figure 3.5(b). 

Charge density can be obtained by integrating capacitance versus gate voltage, following 

G
i dVe

Cp ∫=                                                                                                                  (3.3)  

where p is total charge density (cm-2). Carrier mobility μ can then follow 
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epV
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D

D=µ                                                                                                                    (3.4) 

where L and W are channel length and width, ID and VD are drain current and drain 

voltage. The mobility determined from Equation (3.4) is usually referred to as the 

effective carrier mobility and it is likely VG-dependent. As seen from Figure 3.5(b), a 

sharp increase of Ci corresponds to the device turn-on, similar to the C-V behavior in a 

classical MOSFET device in accumulation mode. A baseline (usually assigned as the 

OFF-state capacitance) needs to be subtracted when carrying out the integration.  

 

Figure 3.5 Determination of capacitance in EGTs. (a) Capacitance-frequency (C-f) plots 
in the metal-electrolyte-metal structure for several ILs. (b) Capacitance-voltage (C-VG) 
plot at 50 Hz in a rubrene EDLT gated with ILs. (c) Gate displacement current in a 
rubrene EDLT gated with ILs at sweep rate of 0.59 V/s.118 
 

A more rigorous technique is to measure the gate displacement current while 

sweeping the gate voltage, with source and drain contacts grounded (MIS structure). 

Similar to the process of charging/discharging an ideal capacitor and measuring the 

charging/discharging current, the displacement current trace can be divided into regions 

of opening (ON-state) and closing (OFF-state) of the conductive channel.68,153 Figure 

3.5(c) shows one example of a displacement current plot in an IL-gated rubrene EDLT.118 

The forward sweep corresponds to charge injection (charging a capacitor), and the 
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reverse sweep corresponds to charge retraction (discharging a capacitor). Charge density 

is determined by integrating the displacement current of the forward sweep with respect 

to the gate voltage via 

eAr
dVI

eA
Qp

V

Gdisp∫==                                                                                                         (3.5) 

where Idisp stands for the displacement current (A), rv is the gate voltage sweep rate 

(dVG/dt) (V/s), and A is the active channel area (cm2). Likewise, integration baseline is 

usually assigned as the OFF-state current trace. The displacement current measurement is 

a quasi-static DC measurement and therefore, compared with the C-V or C-f methods 

which are carried out in AC, results from the displacement current are more consistently 

correlated with the transistor operations. Both techniques have been successfully applied 

to determine the charge densities in a wide variety of ECTs and EDLTs.121,122,154 

The third technique, which is the most accurate yet most difficult to perform, is 

the Hall effect. It is a classical method to measure the free charge carrier density in 

metals and semiconductors, but application of Hall effect to OFETs is challenging due to 

the general low carrier mobility (below 1 cm2V-1s-1) for most organic semiconductors. 

Only in recent years have Hall measurements been carried out in high mobility p- and n-

type organic crystals for transport studies (not electrolyte gated, however).110,111 Using 

the Hall effect to measure charge density above 1013 cm-2 in organic EGTs would be 

extremely interesting. Recently, Frisbie, Leighton and co-workers reported the first 

demonstration of Hall effect measurement in electrochemically gated P3HT transistors.155 

Analysis of the hopping conduction as a function of charge density up to 0.2 holes per 
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monomer revealed that the suppression of insulator-metal transition was due to the 

doping-induced disorder (ion penetration). However, at the highest doping levels, a clear 

Hall effect with expected field, temperature and gate voltage dependencies was observed 

(μHall ~ 0.3 cm2V-1s-1, pHall ~ 8 × 1020 cm-3). On the other hand, although Hall effect in 

organic single-crystal EDLTs has not been reported to date, carrier mobility in rubrene 

EDLTs reached up to 3.2 cm2V-1s-1 by carefully selecting the IL composition.118 It is 

therefore not too ambitious to envision Hall measurement in organic single crystal 

EDLTs for direct measurement of high charge densities in the near future. 

 

3.5 Transport Studies at High Charge Densities 

Free charge carrier density is one of the key parameters controlling the electronic 

properties and phase behavior of insulators, semiconductors and superconductors.156,157 

One clear effect of mobile charge density is the giant span of electrical conductivity from 

metals (~ 107 S/m) to insulators (~ 10-22 S/m). In organic semiconductors, the role of free 

carrier density on electronic properties is not as well understood as it is in more 

conventional electronic materials. In particular, significant charge carrier correlations can 

be anticipated in these materials because they are characterized by low dielectric 

constants (low charge screening) and relatively narrow bandwidths. Figure 3.6 

summarizes the near zero-temperature electronic properties of several prototype organic 

materials that have been investigated as a function of their free carrier concentrations. A 

noteworthy example is C60 which exhibits a superconducting phase when each fullerene 

molecule is doped by three alkali metal atoms, but converts back to an insulating state at 



Chapter 3    Electrolyte Gating in Organic Semiconductors 
 

 67 

higher or lower doping levels.158 As in other electronically correlated materials, it is clear 

that systematic control of charge density over a wide range is of great importance to 

observing exciting and desirable electronic properties in organic semiconductors. In the 

past few years, most of the significant achievement is focused in correlated electron 

systems, such as ZnO,119 SrTiO3,120 ZrNCl,159 MoS2,160 due to their rich electronic 

phases. Nevertheless, progress in organic EDLTs (mainly single crystal based) and ECTs 

(mainly polymer based) is also impressive, making the exploration of novel transport 

phenomena in organic semiconductor promising in the next few years. This section will 

mainly focus on recent progress in organic semiconductor EGTs. 

 

Figure 3.6 Illustration of several electronic properties of organic semiconductors near 
zero temperature as a function of their free charge densities.  
 

3.5.1 Transport in Organic EDLTs 

Depending on the choice of electrolyte materials, various methods of organic 

single crystal EDLT device fabrication are available, as shown in Figure 3.7. Generally, 

the fragile crystals are first carefully laminated on a rigid substrate (i.e., silicon wafer) or 

a flexible substrate (i.e., poly(dimethylsiloxane), or PDMS). In the case of polymer 
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electrolytes (Figure 3.7(a)), top-contact top-gate geometry has been adopted, and 

electrolyte can be directly drop cast and cured on the crystal surface.161 However, due to 

the presence of solvent, a thin buffer layer is needed between the crystal and electrolyte 

to ensure functioning and reproducible devices. Use of solvent-free ILs does not impose 

such concerns of degrading crystal surfaces. One could simply put a drop of liquid on top 

of crystals and insert a metal wire/mesh into the liquid as the gate electrode. Otherwise, 

to confine the liquid within the channel area, the pioneering idea of laminating crystals on 

a PDMS rubber substrate to form vacuum-gap transistors could be borrowed. Instead of a 

vacuum dielectric, ILs are filled into the channel beneath the crystal by capillarity such 

that a clean liquid/crystal interface could be formed (Figure 3.7(b)).162 In another 

strategy (Figure 3.7(c)), a thin smooth layer of ion gel has been spun cast before 

lamination of crystals on top.163 Symmetric or asymmetric contacts are then evaporated 

on crystal surface by shadow mask technique. Whichever fabrication method is 

employed, a high-quality smooth electrolyte/crystal interface needs to be realized for a 

high-performance EDLT device. 

Electrolyte gating of organic crystals started to appear only a few years back. The 

benchmark material, rubrene single crystal, which exhibits room temperature hole 

mobility above 20 cm2V-1s-1, has been gated with polymer electrolytes in several 

reports.161,164,165 Due to the high capacitance of electrolytes used (above 10 μF/cm2), 

devices are operated with a few volts of gate voltage, and enormous hole densities 

(although not accurate) about 1013 cm-2 to 1015 cm-2 are achieved. The clear advantage of 

electrolytes for high charge density accumulation is evident by comparison with SiO2 
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gated devices (Ci ~ 10 nF/cm2) in which the gate voltages larger than 10 V are applied 

but maximum charge density is only one tenth of charge achieved in electrolyte gates. 

Other p-type (e.g., tetracene) and n-type (e.g., TCNQ, PDIF-CN2) crystals have been 

investigated with ionic liquids gates.161,166,167 Specifically, Ono, et al. reported electron 

mobility up to 5 cm2V-1s-1 in IL-gated PDIF-CN2 single crystal transistors (Figure 

3.8(a)),167 a value that was comparable to the highest electron mobility in the same 

material with poly(methyl methacrylate) (PMMA) gates.168 

 

Figure 3.7 Organic EDLT Device Structures. (a) Organic crystals gated with a polymer 
electrolyte.161 (b) Schematic and optical micrograph of IL-gated rubrene EDLT on PDMS 
stamps.162 (c) Ion-gel gated ambipolar single crystal EDLTs. (d) Molecular structure of 
rubrene.163  
 

More detailed transport studies have been carried out mostly on rubrene crystals 

gated with ILs on PDMS stamp substrates. Ono, et al. measured the carrier mobility in 
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rubrene gated with various types of ILs that exhibit different capacitance values (Figure 

3.8(b)).169 A decrease of mobility with increasing capacitance was shown, a similar trend 

to that discovered a few years earlier in rubrene crystals gated with solid dielectrics.113,114 

Frisbie and co-workers systematically compared the transport in rubrene single-crystal 

and poly(3-hexylthiophene) (P3HT) thin-film transistors with vacuum gap and liquid 

gates, such that gate-induced charge densities were tuned over a large range from 1010 

cm-2 to 1013 cm-2.162 A striking difference in the carrier mobility-charge density (μ-p) 

relationship was reported (Figure 3.8(c)). For single crystals of rubrene, the carrier 

mobility was not a strong function of charge density, but depended strongly on the 

dielectric constant (capacitance) of the insulator, in keeping with previous results from 

Ono and Morpurgo.114,169 On the other hand, for polymer semiconductors that had a more 

significant disorder than single crystals, carrier mobility increased strongly with 

increasing carrier concentration due, perhaps in part, to the continuous filling of traps. 

Employing different gate dielectrics including high capacitance ILs was able to reveal a 

dramatically distinct transport behavior in single crystals versus thin films due to 

different states of disorder.  

A limitation of operating organic EDLT devices is the finite electrochemical 

window of the electrolytes. That is, significant redox reaction at the electrolyte/crystal 

interface may happen if the applied gate voltage is beyond a certain range. For example, 

at room temperature, the operating voltages of single crystal EDLTs reported are 

typically not higher than -2 V to prevent irreversible device degradation. This problem 

can be overcome by decreasing the temperature at which the device is operated, such that 
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the electrochemical activity of the electrolyte is greatly suppressed. Another apparent 

advantage is that a larger gate voltage can be applied before device breakdown, resulting 

in potentially even higher charge densities. ILs meet the need of low melting point (Tm) 

but more importantly, even if the ILs are in their glassy state, ions are still mobile for 

effective charge carrier accumulation. Therefore, IL-gated EDLTs can in fact be operated 

to the glass transition temperatures (Tg). For 1-ethyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide ([EMI][TFSI]), Tm = 258 (K) and Tg = 181 (K).136  

 

Figure 3.8 Progress in Organic Single Crystal EDLTs. (a) Conductance as a function of 
gate voltage in an IL-gated PDIF-CN2 EDLT.167 (b) Mobility-capacitance relation in 
rubrene EDLTs gated with several ILs.169 (c) Comparison of mobility-charge density 
relationship in single crystals and polymers gated with ILs.162 (d) Displacement current in 
a rubrene EDLT at 210 K.118 (e) Ion-gel gated ambipolar rubrene and pentacene single 
crystal EDLTs.163  
 

Frisbie and co-workers took advantage of lowering the temperature in EDLTs 

gated with ILs for high density charge accumulation in rubrene.118 The obtained 

maximum charge density reached 0.33 holes per rubrene molecule (6.3 × 1013 cm-2) at VG 
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= -3.5 V at 210 K with 1-butyl-1-methylpyrrolidinium 

tris(pentafluoroethyl)trifluorophosphate ([P14][FAP]) gate, confirmed by the 

displacement current measurements (Figure 3.8(d)). In the same report,118 the authors 

also carried out a systematic transport study of rubrene EDLTs gated with various ILs. 

Carrier mobility at room temperature up to 3.2 cm2V-1s-1 was achieved by choosing the 

appropriate type of liquid, and it was speculated that if gated with even larger-sized 

anion, carrier mobility in rubrene could be further improved (as will be discussed below). 

Displacement current measurement and C-VG measurement were employed to obtain 

consistent results of gate-induced hole densities at (2.0 ~ 3.5) × 1013 cm-2 at room 

temperature. The temperature dependence of carrier mobility exhibited a thermally 

activated behavior, i.e., mobility decreased with decreasing temperature, which was 

consistent with prior results done in the same group. As a result of high-capacitance ILs, 

the rubrene conductivity obtained was as high as 120 S/cm, comparable to the 

conductivity in doped conductive polymers and organic charge-transfer salts. 

High charge densities with electrolyte gates have also been used to induce 

ambipolar transport in rubrene crystals, i.e., both holes and electrons are accumulated in 

the channel. Takenobu reported ion-gel gated rubrene and pentacene single crystal 

ambipolar transistors that were operated in the sub-3V regime (Figure 3.8(e)).163 A spin-

cast molecularly flat ion gel film was used to gate organic crystals with symmetric (either 

Au or Ca) or asymmetric (Au-Ca) contacts. Significantly, the summation of electron and 

hole threshold voltages corresponded with the band gaps of respective molecules, 

indicating a new method for investigating HOMO-LUMO gap energies of organic 
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materials. Light-emitting ion-gel gated organic crystal EDLTs were also anticipated with 

further optimizations of device performance, for the purpose of ultimately realizing 

electrically driven organic lasers.  

A remarkable observation in rubrene crystals gated with electrolytes is that the 

channel conductivity exhibits a pronounced peak at a certain gate voltage (charge 

density), i.e., a negative transconductance.118,170 This behavior, which is independent of 

IL composition and is not an artifact of contact effect or gate leakage, appears at charge 

densities around (1.5 ~ 2.5) × 1013 cm-2 (0.1 holes per rubrene molecule). As seen from 

Figure 3.9(a), the stable and reproducible EDLT performance also implies that a high-

quality rubrene/liquid interface is maintained. In fact, the occurrence of conductivity 

peaks is not uncommon in electrolyte-gated organic thin-film transistors.171,172 However, 

ion penetration in organic films is very likely to occur that introduces extra complexity in 

understanding this unusual behavior. On the other hand, conductivity peak was not 

observed in electrolyte-gated inorganic semiconductors such as ZnO when induced 

charge densities were even in the vicinity of 1015 cm-2.119  

 

Figure 3.9 Unusual Conductivity Peaks. (a) Transfer curve in an IL-gated rubrene 
EDLT.118 (b) Model results of free charge density pf and channel conductance σ as a 
function of the ion density (proportional to gate voltage) in rubrene EDLTs.170   
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Frisbie, Ruden and co-workers proposed a two-dimensional percolative transport 

model to explain the peak conductivity in rubrene crystals based on the fact that rubrene 

has a low dielectric constant (εr ~ 3) and a narrow HOMO bandwidth (~ 0.5 eV).170 As a 

result, the binding interaction between anions and holes at the rubrene/electrolyte 

interface is so strong that carrier localization occurs, leading to a decrease in carrier 

mobility. The model results are shown in Figure 3.9(b), in which the free charge 

densities tend to saturate at increasing ion density (higher VG) indicating the trapping of 

carriers. A decrease in mobility compared with the bulk mobility is also inherently 

predicted by this model. The authors speculated that the lowering of effective carrier 

mobility was a general phenomenon in any narrow band, low εr semiconductor at high 

charge densities. However, the mobility lowering effect might be tuned or mitigated by 

employing a large-sized anion to reduce the ion-binding interaction, as revealed by 

several studies of IL-dependent mobility. Although all these exciting findings exist, 

further studies are required to better understand the conductivity behavior and mobility 

lowering effect at high charge densities.  

3.5.2 Transport in Organic ECTs 

By employing different polyelectrolytes with either bulky, immobile cations or 

anions, Berggren and co-workers were able to operate various low-voltage, high-current 

p-type and n-type ECTs.124,151,173,174 In particular (Figure 3.10(a)), by changing the work 

function of the gate metals (from Au to Ca), they systematically controlled the threshold 

voltage in polyelectrolyte-gated P3HT transistors, making these devices of great interest 

in logic circuits.174 Frisbie and colleagues employed polymer electrolytes, ionic liquids 
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(ILs) and ion gels to gate various polymer transistors.121–123,171,172,175–177 They have 

extensively studied the charge transport in P3HT ECTs, including the transistor 

performance (Figure 3.10(b)),121,172 formation of polarons from infra-red 

spectroscopy,122,123 displacement current and capacitance behavior,172,177 

electrochemistry,172 ultralow contact resistance178 and unusual conductivity peaks at high 

charge densities.171,172 Remarkably, Frisbie, Leighton and their colleagues investigated 

the low-temperature hopping transport in P3HT ECTs as a function of electrochemically 

induced hole density.155 They revealed that despite extremely high hole density (near 1021 

cm-3), the insulator-metal transistor was not achieved due to doping-induced disorder. 

Nevertheless, they reported for the first time in polymer transistor, a clear Hall effect with 

the expected field, temperature and gate voltage dependencies (Figure 3.10(c)).  

 
 
Figure 3.10 Progress in Organic ECTs. (a) Polyelectrolyte-gated P3HT transistors with 
various gate metals to control the threshold voltage.174 (b) Device performance of ion-gel 
gated P3HT transistors.177 (c) Observation of Hall effect in ion-gel gated P3HT 
transistors.155 
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3.5.3 Transport in Inorganic EDLTs 

Iwasa and co-workers have extensively explored the novel transport phenomena 

in a wide variety of correlated electron systems at charge densities of 1014 cm-2 to 1015 

cm-2 using IL gating (device structure in Figure 3.11(a)). Their findings include the 

insular-to-metal transition in ZnO (Figure 3.11(b)), NdNiO3 and VO2,119,179,180 field-

induced superconductivity in SrTiO3 (Figure 3.11(c)), ZrNCl, KTaO3 and 

MoS2,120,159,160,181 ambipolar transport in graphene, Bi2Te3 and MoS2,160,182,183 and field-

induced ferromagnetism in cobalt-doped TiO2 (Figure 3.11(d)).184 Other research groups 

who are also active in this area include Friend, Goldman, Morpurgo, Natelson and 

Parkin.  

 
 
Figure 3.11 Progress in Inorganic EDLTs. (a) Device structure of IL-gated correlated 
electron materials.182 (b) Insulator-to-metal transistor in ZnO.119 (c) Field-induced 
superconductivity in SrTiO3.120 (d) Field-induced ferromagnetism in cobalt-doped 
TiO2.184  
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Chapter 4 Experimental Methods 

4.1 Growth Conditions of Organic Single Crystals 

In my PhD research, I have been growing various kinds of organic single crystals, 

using the physical vapor transport (PVT) technique. The PVT setup has been described in 

Section 2.3.1 and also can be found elsewhere.97 In particular, as shown in Figure 4.1, I 

have been using Pyrex for the insulation tubes and gas flow tubes, and quartz for the 

crystal growth tubes. Two grounded joints are used at both ends for air-tight seal in the 

gas flow tubes. The heating elements are purchased from Omega Engineering Inc, 

including two different types: (1) a 6”-long heating tapes (OMEGALUX, part # FGR-

060), which is wrapped outside the insulation tubes to generate the temperature gradient; 

(2) resistance wire (80% Ni-20% Cr alloy, part # NI80-015-200), which is wrapped 

around the gas flow tubes for the primary heating. Thermocouples (Omega, K-type, part 

# 5SC-GG-K-30-36) are taped to these glass tubes to monitor the temperatures. The 

heating power is provided by the Powerstat Variac 3PN116 Variable Transformers. 

Ultrapure (99.9%) grade Ar is used as the carrier gas without extra purification steps. Gas 

flow rate is crudely monitored by the oil bubbler.  

 

 
Figure 4.1 Physical vapor transport (PVT) setup for crystal growth. 
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Figure 4.2 Molecular structures of organic single crystals grown by PVT. 
 

Figure 4.2 and Table 4.1 display the molecular structures, growth conditions, 

hole/electron mobilities and optical images for 13 different single crystals I have grown. 

In general, the growth conditions (sublimation temperature Ts, temperature gradient ΔT, 

flow rate, growth time, etc) are empirical for a given material, and need to be optimized 

for a particular application. For example, in the case of rubrene, thicker crystals (> 10 

μm, sometimes > 100 μm) are obtained after 2 ~ 6 days’ growth in dark at Ts = 280 ~ 290 

oC and these thick crystals are suitable to be laminated on PDMS substrates for low-

temperature transport measurement. On the other hand, thin and flexible crystals (200 nm 

~ 1 μm) are obtained after 1 ~ 3 hours’ growth in dark at Ts = 300 ~ 310 oC with faster 
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gas flow rate, and these thin crystals are used to stick to rigid substrates like PMMA-, 

Cytop-, or Au-coated silicon wafers. Likewise, as a general rule of thumb for other 

materials, only very thin, clean and fresh crystals can stick well on rigid/hard substrates 

(such as silicon, Kapton), while PDMS substrates are perfectly suitable for thick crystals. 

Sometimes only certain regions of a crystal appear smooth; in this case, the crystal can be 

manually trimmed using razor blade and the smooth region is kept for device fabrication. 

 Name Ts (oC) ΔT (oC) μ (cm2V-1s-1) Comments Optical Images 

1 Anthracene 140 ~ 150 60 N/A 

Very high vapor 
pressure and fast 

growth within hours, 
easy to obtain large-

sized plate-like 
crystals; decent surface 

smoothness; crystals 
“vaporize” completely 

in vacuum. 

2 mm
 

2 Tetracene 160 ~ 180 50 ~ 60 μh ~ 2.0 (300 K) 

Forms mainly light-
yellow, plate-like 
crystals after 2 ~ 6 

days’ growth; usually 
have crystals on top of 
another and difficult to 

separate; excellent 
surface smoothness 

within certain regions; 
slightly bendable. 

3 mm

 

3 Pentacene 270 ~ 290 50 ~ 60 μh ~ 2.5 (300 K) 
 

Forms both dark, plate-
like and needle-like 

crystals after 1 week’s 
growth; visible 

terraces/steps on crystal 
surface; slightly 

bendable. 
1 mm

 

4 Rubrene 280 ~ 300 40 ~ 60 
μh ~ 10-20 (300 

K) 
    ~ 40 (87 K) 

Growth at higher 
temperatures and fast 
gas flow for shorter 

times results in thin and 
flexible crystals easy to 

adhere to rigid 
substrates; thick 

crystals are rigid, brittle 
and suitable for low-
temp experiments; 
excellent surface 

smoothness. 

2 mm
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5 
Rubrene-

d28 
270 ~ 290 40 ~ 60 

μh ~ 10-20 (300 
K) 
    ~ 45 (90 K) 

Optically the same 
color and appearance as 
rubrene, but growth is 
slower, usually take 
days; tend to form 

needle-like crystals; 
excellent surface 

smoothness. 

300 μm

 

6 

Rubrene-5  

(fm-

rubrene) 

240 ~ 260 60 ~ 70 μh ~ 4.8 (300 K) 
μe ~ 4.2 (300 K) 

Thick crystals after a 
few days’ growth tend 
to have non-uniform 

surface; usually grow at 
260 oC for a few hours 

to obtain thin, clean 
and stand-alone 

crystals; much less 
brittle than rubrene, 
slightly bendable. 

200 μm

 

7 Rubrene-6 250 ~ 270 50 ~ 60 
μh ~ 0.10 (300 
K) 
μe ~ 0.013 (300 
K) 

Mainly plate-like and 
square-shape crystals, 
small in size; form less 

crystallization sites 
than rubrene and 
rubrene-5; decent 

surface smoothness. 
300 μm

 

8 Rubrene-7 245 ~ 260 60 ~ 70 
μh ~ 0.63 (300 
K) 
μe ~ 0.22 (300 
K) 

Grow fast, sometimes 
resulting in bundles of 

needle-like and thin 
crystals that are hard to 
separate; an individual 
crystal has excellent 
surface smoothness. 

300 μm

 

9 DNTT 275 ~ 290 40 ~ 60 μh ~ 8.9 (300 K) 
  ~ 10.0 (270 K) 

Takimiya’s molecule; 
take ~ 4 days to grow; 
mostly plate-like and a 

few crystals can be 
mm2 in size; thin 

crystals exhibit much 
better surface 

smoothness than thick 
crystals; extremely 

fragile, cracks under a 
slight tension. 

500 μm
 

10 Picene 300 50 μh ~ 1.0 (300 K) 
 

A newly reported 
superconductor (Tc ~ 

18 K).185 Take ~ 2 
weeks to grow; 

Crystals tend to bundle 
together; difficult to 
separate individual 
crystals; extremely 
soft; strong static 

electricity; most are 
flake-like. 

2 mm
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11 TCNQ 200 50 ~ 60 μe ~ 1.5 (300 K) 

Yellow, needle-like 
crystals after 1 week’s 
growth; strong static 
electricity; surface is 
smooth only within 

small regions; visible 
terraces either on top or 

inside the crystal.  
1 mm

 

12 PDIF-CN2 270 ~ 280 50 ~ 60 μe ~ 1.0 (300 K) 

Dark-red, plate-like 
crystals after a week’s 

growth; strong 
tendency to stick to 

glass tube; often forms 
bundles of crystals; 

usually cut the crystal 
edges and use the 

center part with better 
surface smoothness.  

200 μm
 

13 C60 550 ~ 600 ~250 N/A 

Requires very large ΔT 
to grow, takes ~ 2 

weeks; the amount of 
crystallized materials is 
always much less than 
the source materials; 
most of crystals are 
tiny, pyramid-like, 

occasionally obtained 
larger needle crystals. 

1 mm
 

 
Table 4.1 Growth conditions, descriptions and optical micrographs of 13 different vapor-
grown organic single crystals (molecular structure shown in Figure 4.2). 
 

4.2 Structural Characterization 

The quality of the obtained vapor-grown crystals needs to be examined before the 

device fabrication. The techniques I employed were the Atomic Force Microscopy 

(AFM) and X-ray Diffraction (XRD). Using tapping-mode AFM (Bruker Nanoscope V 

Multimode SPM), the surface morphology, including the surface roughness and 

molecular steps, can be investigated. For an ideal crystal surface, a series of molecular 

steps are usually observed, and the step height corresponds to the intermolecular distance 

along the out-of-plane axis of the unit cell, which gives important indication of indexing 

the crystal surface for a given material. Considering that the charge transport occurs on 
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the crystal surface in transistors, information provided by AFM measurement is usually 

crucial and indicative.  

The XRD technique (PANalytical X’pert Pro with monochromatic Cu Kα 

radiation, wavelength 0.154 nm) I use includes several modes: (1) wide-angle θ-2θ scans, 

indicating the index of the surface planes and their homogeneity; (2) ω-scan, or the 

rocking curve, whose full-width-at-half-maximum (FWHM) is known as the mosaicity 

spread; the smaller the FWHM is, the more ordered the surface planes are aligned with 

respect to each other; (3) grazing incidence X-ray diffraction (GIXD), or in-plane 

diffraction, in which the in-plane structure is probed. The single crystallinity and crystal 

quality are deduced from the collective results of all three measurement modes.  

 

4.3 Fabrication of Vacuum-Gap SC-OFETs and Organic EDLTs 

Vacuum-Gap PDMS Stamp Fabrication: 

1. A clean environment is strongly recommended for the whole process. 

2. Mask design with desired electrode patterns (e.g., ICED, AutoCAD); Bright-field 

chrome mask should be chosen, in which the areas covered with chrome will turn out to 

be the source/drain contact regions in finally PDMS stamps.  

3. Fabricate the master (mold) wafers (3’’ or 4’’ silicon wafers, double-side polished, 

wafer specification not important) for PDMS stamp using photolithography. The detailed 

procedures are as follows: 

• Deep clean the wafers with piranha solutions (H2SO4:H2O2) for 5 ~ 10 mins. 

Rinse with DI water and blow dry. 

• Pre-bake: 65 ˚C for 1 min. 

• Spin coating SU8-2005 (negative photoresist) at 30 sec, 2500 rpm, resulting in ~ 

5 μm in thickness. 
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• Soft bake: 95 ˚C for 2 mins. 

• Exposure (total dose needed is 105 mJ/cm2, soft contact, gap 25 μm, expose for 9 

secs if using the MA-BA-6 Karl Suss contact aligner with 12 mJ/cm2 lamp 

intensity). 

• Post-exposure bake: 95 ˚C for 3 mins.  

• Develop with SU8 developer for 50 ~ 55 secs.  

• Rinse with IPA thoroughly for 2 ~ 3 mins and nitrogen dry. 

• Hard bake: 150 ˚C for > 5 mins. 

Note: if gap thickness other than 5 μm is needed, there are other SU8 series photoresist 

available for smaller or larger thickness (for example, SU8-2010 gives ~ 23 μm 

thickness; the photolithograph parameters need to be adjusted accordingly.) 

4. Check the thickness of the gap using surface profilometry. This thickness is the 

approximate height of the rising regions of the PDMS stamp. In other words, it is the 

thickness of vacuum gap.  

5. PDMS stamp making: 

• Put the master wafer a clean petri-dish with the patterned side facing up.  

• Mix (stir > 5 mins) PDMS prepolymer (Sylgard 184, Dow Corning) and curing 

agent (10:1 wt%) and fill them into the petri-dish. The thickness of the PDMS 

stamp depends on the amount of polymer poured in.  

• Degas (get rid of air bubbles) in the vacuum chamber (equipped with rough 

pump) for overnight.   

• Bake in oven at 80 ˚C for at least 3 hours. 

• Take the stamp out of the petri-dish and peel off the master (wafer) (with a razor 

blade if needed) 

6. 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) 
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7. 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 firmly onto the glass spontaneously.  

8. Prior to loading into evaporator, remove all the Scotch tapes.  

9. E-beam evaporation Cr/Au (30/170 Å), 1 Å/sec. Shadow mask is not required. 

Chamber temperature will rise by ~ 15 ˚C after the evaporation is done. Allow an extra 

15 mins for the cooling before venting the chamber.  

start with a piece of wafer spin-coat photoresist
exposure and develop 
under the photomask

cast PDMS with curing 
agent; degas in vacuum 
and cure in ovenpeel-off the PDMS stampdeposit Cr/Au contact

source drain

gate

PDMS stamp

single crystal

vacuum gap

Laminate the crystal onto PDMS stamp A rubrene vacuum-gap SC-OFET 

200 μm

A rubrene EDLT

Ionic Liquid

 
 
Figure 4.3 Schematic cartoons of fabrication steps and optical images for single crystal 
vacuum-gap transistors and EDLTs.  
 

Rubrene vacuum-gap transistors on freshly-made PDMS stamps always suffered 

from serious contact issues, manifested as low drain current, sub-linear ID-VG at large VG, 

and current degradation after multiple sweeps. This is not caused by the crystal 

deterioration, since the same crystal laminated on older PDMS worked perfectly. The 

most likely reason for this phenomenon is due to the residue solvent (compositions 
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unknown) in these freshly-made PDMS that can degrade the contact and obstruct charge 

injection. Options to solve this problem include (1) bake the freshly-made PDMS in oven 

at 120 ˚C for three hours before using them for device fabrication; (2) leave in drawer in 

ambient conditions for at least 1 month.  

 

Vacuum-Gap Silicon Substrates Fabrication: 

1.    Cleanroom environment is required. 

2.    Dark-field mask should be chosen, in which the areas not covered with chrome will 

turn out to be the source/drain contact regions in finally silicon substrates. 

3.    Use 3’’ or 4’’ silicon wafers with 300 nm thermal oxide (one-side polished, wafer 

specification not important). The oxide layer is for electrical insulation. Carry out the 

photolithography procedures as follows: 

• Deep clean the wafers with piranha solutions (H2SO4:H2O2) for 5 ~ 10 mins. 

Rinse with DI water and blow dry. 

• Pre-bake: 95 ˚C for 1 min. 

• Spin-coat Microposit S1818 (positive photoresist) at 30 sec, 3000 rpm, resulting 

in ~ 2.5 μm thickness, which will be the vacuum-gap depth. 

• Soft bake: 105 ˚C for 1 mins. 

• Exposure (total dose needed is 120 mJ/cm2, soft contact, gap 35 μm, expose for 

10 secs if using the MA-BA-6 Karl Suss contact aligner with 12 mJ/cm2 lamp 

intensity). 

• Develop in H2O:351 Developer (5:1) for 20 secs.  

• Rinse with DI water thoroughly for 2 ~ 3 mins and nitrogen dry. 

• Inspect under optical microscope.  

4.    E-beam evaporate Cr/Au (30/200 Å), 1 Å/sec, forming electrically isolated source, 

drain and gate contacts. Essentially the patterned photoresist pads are used to define the 

extruded and recessed regions, similar to the PDMS vacuum-gap structure.  
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Fabrication of Electrical Double Layer Transistor (EDLT): 

1.    At first, fabricate a vacuum-gap transistor on PDMS.  

2.    Put a small drop of ionic liquid (IL) on PDMS using a syringe needle tip, next to the 

crystal and the channel. Make sure the PDMS surface is clean.  

3.    Use a clean probe tip to drag the IL towards the channel, and once the IL touches the 

edge of the crystal, the liquid will quickly fill the entire channel by capillarity (see Figure 

4.3). A vacuum is usually needed to remove any bubbles inside the liquid.  

 

4.4 Lift-Off Process 

Fabrication of Lift-off Electrodes: 

1.    Start with Au-back gated wafers (300 nm thermal oxide SiO2, highly p-doped).  

2.    Deep clean the wafers with piranha solutions (H2SO4:H2O2) for 5 ~ 10 mins. Rinse 

with DI water and blow dry. 

3.    Prebake for 1 min. 

4.    Vapor deposit HMDS for 2 ~ 4 mins to enhance the photoresist adhesion. 

5.    Spin-coat Shipley 1818 photoresist (positive) for 30 secs at 3000 rpm. 

6.    Soft-bake at 115 ˚C for 1 min.  

7.  Expose on MA6 or MA-BA-6 with designed photomask (dark-field), with soft 

contact, 10 secs exposure, gap 35 μm. (Total dose needed is 120 mJ/cm2 and MA6 has 

the lamp intensity of 12 mJ/cm2). 

       If using a Kapton or PET substrate instead of wafer, use 80 μm gap.  

8.    Develop in H2O:351 Developer (5:1) for 20 secs. Rinse with DI water for 2 ~ 3 mins 

and nitrogen dry. Inspect under the optical microscope. 

9.    E-beam evaporate (CHA) Cr/Au (30/300 Å) at 1 Å/sec. 

10.  Lift-off soak in acetone for overnight (room-temperature), followed by a thorough 

acetone rinse to remove most of the Au flakes, and then sonication (50% power) in 

acetone. 

11.    Clean with acetone, methanol and IPA. Nitrogen dry.  
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Fabrication of Back-Gated Wafer: 

1.    Start with highly p-doped Si wafers with 300 nm thermal SiO2 layer.   

2.    Prebake for 1 min. 

3.    Spin Shipley 1818 photoresist on the front side (the polished side) of the wafer for 30 

secs at 3000 rpm. Hard bake for 3 mins. 

4.    Spin again Shipley 1818 photoresist (same side) for 30 sec at 3000 rpm. Hard bake 

for 3 mins.  

5.    Soak the wafers in 10:1 BOE to remove the oxide layer on the back side (etch rate ~ 

513 Å/min, etch 7 ~ 8 mins). 

6.    Rinse the wafers with DI water or spin rinser. DO NOT heat.  

7.    E-beam evaporate 100/750 Å Al/Au in CHA on the back-side of the wafers. 

8.   Soak in acetone overnight to remove the S1818. Then sonicate in acetone for 15 mins. 

Rinse with acetone, methanol and IPA. Nitrogen dry.  

9.    Preclean rapid thermal annealing machine (RTA) with dummy wafer. RTA at 450 ˚C 

for 1 min with 20 sec ramping (Place the Au-side up). 

 

4.5 Fabrication of SC-OFETs with Solid Dielectrics 

1.    Start with sliced, smaller pieces of Au-back gated, highly p-doped Si wafers with 300 

nm thermal SiO2 layer. Clean in acetone, methanol and IPA sonication for 20 mins.    

2.    For CytopTM (εr = 2.2) (CTL-809M, Asashi Glass Co., LTD): 

• Prepare a well-mixed 1:10 (by volume) solution of CTL-809M : CT-solvent. 

• Spin-coat at 2000 rpm for 60 sec. PTFE filters (0.45 μm) are used before 

dispensing the solution on the wafer.  

• Post-bake at 120 ˚C for 1 hour.  

• Examine the thickness by ellipsometer. Using the recipe above, the resulting 

Cytop thickness is about 30 ~ 40 nm. The thickness can be varied by different 

solution concentration and spin-coat speed.  

      For PMMA (εr = 3.9) (MW = 350 k, Sigma-Aldrich): 
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• Prepare beforehand a well-mixed solution of PMMA (10 mg/ml) in anhydrous 

1,2-dichloroethane. The solution is usually stirred at 60 ˚C for overnight for 

complete dissolution. 

• Spin-coat at 3000 rpm for 60 sec. PTFE filters (0.45 μm) are used before 

dispensing the solution on the wafer.  

• Post-bake at 120 ˚C for 1 hour.  

• Examine the thickness by ellipsometer. Using the recipe above, the resulting 

PMMA thickness is about 90 nm. The thickness can be varied by different 

solution concentration and spin-coat speed.   

 

Figure 4.4 shows the schematic cartoons and optical micrographs of SC-OFETs with 

solid dielectrics in both bottom-contact and top-contact geometries.  

Solid Dielectric
Au

SiO2

Si(p++)

AuCrystal

VD

VG

Crystal

200 μm

Source Drain

Cytop

source drain

300 μm

crystal

PMMA

(a)

(b)

 

Figure 4.4 Cross-sectional schematics and optical images of SC-OFETs with solid 
dielectrics in (a) bottom-contact geometry and (b) top-contact geometry.  
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4.6 Electrical Characterization 

The electrical and transport measurement of SC-OFETs are carried out in either a 

Dessert Cryogenics (Lakeshore Inc., US) vacuum probe station located in a N2-filled 

glovebox, or in a Janis cryostat equipped with a superconducting magnet (±9 T) in Prof. 

Leighton’s lab. Homemade LabVIEW programs are used to control the measurement. 

Typical electrical measurements employed in my SC-OFET research are (Figure 4.5): 

• FET measurement: Keithley SMUs and multimeters (236, 237, 6517A, 2612, 

2400, 2000, 2002), Lakeshore 331 temperature controller.  

• Hall effect: Keithley SMUs and multimeters, Lakeshore 370 AC bridge, 

Lakeshore 330 temperature controller, Oxford IPS power supply for the 

superconducting magnet.  

• Impedance measurement: EG&G 7260 Lock-in amplifier, HP 4192A impedance 

analyzer, Keithley SMUs and multimeters. 

 

Figure 4.5 Key equipment in SC-OFET research. (a) Cryogenic probe-station (4 probes 
with back gate). (b) Thermal evaporators for metals and organics (base pressure 7 × 10-7 
Torr). (c) Janis cryostat equipped with a superconducting magnet (± 9 Tesla) (in Prof. 
Leighton lab). (d) Various AC and DC electrical measurement units. 
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Chapter 5 Temperature-Independent Transport in High Mobility 

Dinaphtho-Thieno-Thiophene (DNTT) Single Crystal Transistors 

The development of future printable and flexible electronics requires the 

development of high-performance, high-mobility organic semiconductor materials. We 

start our efforts by exploring and characterizing the existing materials in the community. 

In this chapter, the angular and temperature dependence of field-effect mobility are 

investigated for p-type dinaphtho-thieno-thiophene (DNTT) single crystals in the 

vacuum-gap structure. Temperature-independent transport behavior and weak mobility 

anisotropy are observed, with the best mobility approaching 10 cm2V-1s-1. The DNTT 

source materials are provided and were first synthesized by Prof. Kazuo Takimiya and 

co-workers at the Hiroshima University. Kristin Willa, Roger Häusermann and Prof. 

Bertram Batlogg at ETH Zurich carried out the simulation studies for the trap DOS. 

Yanfei Wu at the University of Minnesota contributed the AFM measurement. This work 

has been published as W. Xie, K. Willa, Y. Wu, R. Hausermann, K. Takimiya, B. 

Batlogg and C. D. Frisbie, Advanced Materials, 2013, 25, 3478-3484.   

 

5.1 Introduction 

Fundamental transport studies in organic electronics have seen substantial progress 

in the past decade since the successful fabrication of high-performance single crystal 

organic field-effect transistors (SC-OFETs).22,73 The current benchmark example is the 

rubrene single crystal OFET with “band-like” transport behaviour.19 Because of their 



Chapter 5    Temperature-Independent Transport in High Mobility DNTT Transistors 
 

 92 

excellent properties, rubrene single crystal OFETs have been the testbed for a variety of 

other transport studies.59,75,118 Despite the great success in rubrene crystals, charge 

transport in organic single crystals remains an unresolved experimental and theoretical 

challenge, partially due to the unavailability of high mobility materials. Only a handful of 

other single crystal organic semiconductors besides rubrene have exhibited field-effect 

mobilities in excess of 1 cm2V-1s-1, and even fewer single crystals have shown clear non-

activated transport.109,110 It is therefore of great fundamental importance to discover and 

characterize other examples of high mobility organic semiconductors by combining 

methods of molecular design, crystal growth, device fabrication, and temperature-

dependent transport measurements. 

Recently, thienoacenes consisting of ladder-type fused thiophene rings and 

highly-extended π-systems have been intensively studied as potential high mobility p-

type organic semiconductors for FET applications.186 Some of these thienoacenes, such 

as the dialkyl derivatives of [1]benzothieno[3,2-b][1]benzothiophene (BTBT)187 and 

dinaphtho[2,3-b:2’,3’-f]thieno[3,2-b]thiophene (DNTT),188 are typically characterized by 

superior air stability, easy solution processability, and they form highly crystalline thin 

films with large hole mobilities well above 1 cm2V-1s-1. For example, a Hall mobility of 

11 cm2V-1s-1 was obtained for directionally-grown didecyl-DNTT (C10-DNTT) films, and 

its temperature dependence from 300 K to 260 K suggested a band-like mechanism.94 In 

another report, the mobility of solution-grown dioctyl-BTBT (C8-BTBT) crystals, with 

maximum mobility of 9.1 cm2V-1s-1, showed an increasing mobility with decreasing 

temperature.189 Remarkably, the hole mobility of double-shot inkjet-printed single 
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crystalline films of C8-BTBT is reported to reach 31 cm2V-1s-1 at room temperature, but 

to our knowledge the temperature dependencies of these samples have not been 

reported.96  

0 [100]

[010]

β

(c)

(b)

0
a

c

b

(a)

 

Figure 5.1 Crystal Structure of DNTT. (a) Molecular structure of DNTT. (b) The a-b 
plane unit cell showing the herringbone packing in the transport plane. β = 1020 is the 
angle between the diagonals. (c) Three-dimensional monoclinic unit cell.  
 

While the dialkyl thienoacene derivatives processed from solution have attracted 

lots of research interest, the temperature dependent transport properties of the parent, 

unsubstituted molecules in the SC-FET architecture are as yet under-explored. This is 

despite recent reports of hole mobilities near 1 cm2V-1s-1 for DNTT films and crystals 

determined by Hall measurements,190 and a higher mobility of 8.3 cm2V-1s-1 in an 

optimized DNTT single crystal device.191 In this work, we report a record hole mobility 

approaching 10 cm2V-1s-1 in vapor-grown DNTT single crystals with the vacuum-gap 
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FET architecture (DNTT structure shown in Figure 5.1, unit cell parameters: space group 

P21, a = 6.187 Å, b = 7.662 Å, c = 16.208 Å, α = 90.00, β = 92.50, γ = 90.00). Importantly, 

our careful four-terminal variable temperature measurements reveal temperature 

independent behavior of the hole mobility below room temperature. Weak mobility 

anisotropy and very low trap density of states are also observed for DNTT. Combining a 

comprehensive study of structural properties, temperature dependent electrical 

measurements, and simulations, we find DNTT single crystals to be a very promising 

platform for future fundamental studies of charge transport in organic semiconductors. 

 

5.2 Structural Characterization of DNTT Crystals 

DNTT single crystals were grown by the horizontal physical vapor transport 

technique.97 Platelet-like, yellow and thin (less than 1 μm) crystals were obtained after a 

few days of growth. We first examined the quality of the crystals using X-ray diffraction 

(XRD) and atomic force microscopy (AFM). Figure 5.2(b) shows the out-of-plane 2θ-ω 

coupled scan pattern for a typical DNTT crystal. A series of narrow and high intensity 

peaks are observed, corresponding only to the family of (00l) planes. This confirms the 

surface of the vapor-grown crystal is the a-b plane on which the charge transport occurs, 

and its crystal structure is identical with that reported for solution-grown ones. Figure 

2(c) is an out-of-plane ω-scan pattern (rocking curve) when 2θ is fixed at 5.45o, the Bragg 

diffraction angle for the (001) plane. The full-width-at-half-maximum (FWHM) of the 

rocking curve in Figure 5.2(c), known as the mosaicity spread, is only 0.022o, indicating 

highly ordered alignment of (001) planes in the out-of-plane direction. This measured 
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mosaicity in DNTT is comparable with the previously reported values in rubrene 

crystals.80 
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Figure 5.2 Structural Characterization of DNTT Crystals. (a) Geometry for the out-of-
plane and in-plane X-ray diffraction. 2θ is the angle between incident beam and 
diffracted beam; ω is the angle between incident beam and sample surface; φ is the 
sample rotation. (b) Out-of-plane 2θ-ω coupled scan. (c) Out-of-plane ω scan (rocking 
curve) at 2θ = 5.440. (d) In-plane φ scan when 2θ is fixed at 18.410, 28.830 and 23.190 
respectively. (e) AFM height image on DNTT crystal surface.  
 

The in-plane (a-b plane) crystallinity was evaluated by performing grazing 

incidence X-ray diffraction (GIXD), where the incident beam was set at a grazing angle 

such that the beam is nearly parallel to the crystal surface with very little bulk 

penetration. In this mode, the diffraction intensity is measured as a function of sample 

rotation (φ angle) when 2θ is fixed at different Bragg angles (Figure 5.2(d)). We find 

only two peaks separated by Δφ = 180o of sample rotation when 2θ is fixed at the 
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diffraction angles of either (200) or (020), whereas if 2θ is fixed at the diffraction angle 

of (110), four peaks appear separated by 78o and 102o. The observations in GIXD match 

the monoclinic in-plane unit cell of DNTT shown in Figure 1(b), thus confirming the 

single crystalline nature of the millimeter region irradiated by X-rays. The molecularly 

flat surface, as revealed in the AFM height image (Figure 5.2(e)), with step height ~ 16.7 

Å corresponding to the interlayer distance along c-axis, reaffirms the high structural 

quality necessary for efficient charge transport on the crystal surface. 

 

5.3 Device Performance of DNTT Vacuum-Gap SC-OFETs 

To explore the intrinsic charge transport properties of DNTT crystals, we adopted 

the pioneering vacuum-gap structure to fabricate SC-OFETs in which disorder from the 

gate insulator is avoided. Besides employing the commonly used elastomeric 

poly(dimethylsiloxane) (PDMS) substrates, we have also developed methods to fabricate 

vacuum-gap transistors on silicon substrates (see Section 4.3 in Chapter 4). This is 

because, as will be discussed in later sections, a large difference in thermal expansion 

coefficient between the crystal and PDMS prevented the devices from surviving 

significant cooling during variable temperature measurements. After evaporation of 

Ti/Au contacts onto PDMS or silicon substrates, the thin crystals were then laminated 

across the channel (crystal long-axis parallel to channel) and spontaneously adhered to 

the contacts (Figures 5.3(a), 5.3(d)). The gold contacts on both substrates were smooth 

and continuous on a large scale which ensured the high quality of the contacts. 
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Figure 5.3 Device performance on (a) – (c) PDMS substrate (5 μm gap) and (d) – (f) 
silicon substrate (2.5 μm gap). (a), (d), Cross-sectional structure and optical micrograph 
of typical DNTT single crystal FETs on (a) PDMS and (d) silicon. Channel length in both 
cases is 50 μm. (b), (e), Transfer (ID-VG) curves for devices on (b) PDMS and (e) silicon: 
(left axis) ID versus VG at different VD in linear scale; (Right axis) same ID-VG data plotted 
in semi-log scale. (c), (f), Output (ID-VD) curves for devices on (c) PDMS (VG from -10 V 
to -50 V in 5 V step) and (f) silicon (VG from -5 V to -30 V in 5 V step). Device 
dimensions: (PDMS) W = 300 μm, L = 50 μm; (silicon) W = 200 μm, L = 50 μm. 
 

DNTT vacuum-gap SC-FETs on both PDMS and silicon substrates perform like 

ideal long-channel transistors. In the transfer curve (Figure 5.3(b), 5.3(e)), the device 

turns on at gate voltage VG = 0 V and the channel current is enhanced by 5 – 6 orders of 

magnitude when the device is fully ON. No hysteresis is observed between the forward 

and reverse sweeps showing the absence of slow traps which indicates a very pristine 

crystal/vacuum interface. The transfer curves at high VG exhibit excellent linear behavior, 
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implying a gate-voltage independent mobility and thus an efficient charge injection from 

the Au contact and negligible carrier trapping. In the output curve (Figure 5.3(c), 5.3(f)), 

drain current tends to saturate at large drain voltages (VD), and the current-voltage 

relation exhibits an apparent ohmic behavior in the low bias region. This corroborates the 

formation of ohmic contacts on both substrates, despite the large ionization potential (~ 

5.4 eV) of DNTT192 compared with the work function of Au (~ 5.1 eV). The contact-

corrected four-terminal mobility in the linear regime (VD << VG) is extracted using  
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p ∆

∆
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4

σ
µ                                                                                            (5.1) 

where σs is the sheet channel conductance (S), Ci is the specific capacitance of the 

dielectric (F/cm2), W is the channel width (μm), ID is the drain current (A), ΔL  and ΔV 

are the distance and potential different between the two voltage sensing probes.  Similar 

values of μ4p are obtained regardless of the substrate type, reaching up to 9.4 cm2V-1s-1 at 

room temperature (average is (6.5 ± 1.5) cm2V-1s-1). This mobility value is more than 

three times that of the best DNTT thin-film transistors,190,192 and to our best knowledge, 

this is also the highest mobility achieved so far for DNTT single crystals.191,193,194 Full 

statistics of device performance can be found in Figure 5.4(b). The extraction of the full 

VG-dependence of contact resistance and mobility (Figure 5.4(a)) confirms a low contact 

barrier and VG-independent mobility. Devices on both substrates have also shown 

excellent dynamic and static bias stress stability when vigorous gate voltage sweeps or 

fixed large gate bias are applied for extended periods of time (Figure 5.5). Taken 

together these results suggest the realization of high performance DNTT vacuum-gap SC-
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FETs on both elastomeric PDMS and rigid silicon substrates, and thus the availability of 

another organic semiconductor for systematic charge transport studies.  
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Figure 5.4 DNTT SC-OFETs Device Statistics. (a) (Left axis) Normalized contact 
resistance as a function of VG for PDMS (black squares) and silicon (red circles) 
substrates; (Right axis) μ4p versus VG for the best device on PDMS and silicon substrate. 
(b) Histogram of mobility for all devices tested on both substrates.  
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Figure 5.5 Bias Stress Stability in DNTT SC-OFETs. Transfer curve (σs – VG) measured 
consecutively over 6 hours (32 curves overlaid together) for DNTT transistors on (a) 
PDMS and (b) silicon substrates. Both forward and reverse sweeps are included for each 
sweep. The insets show σs as a function of time when a large VG = -40 V is applied, and 
device cross-sectional structures. 
 

5.4 Mobility Anisotropy 

Anisotropic properties (electrical, mechanical, optical, etc) are commonly 

observed in organic semiconductors due to the anisotropic molecular packing and 
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intermolecular coupling in different crystallographic directions.79,104 We explore the 

anisotropic transport of DNTT crystals using fan-shaped contact patterns circularly 

arranged on PDMS, such that the electrical measurements can be performed on the same 

crystal without laminating and delaminating the sample multiple times.104 The orientation 

of the crystals can be recognized easily from the well-defined facets of crystalline edges 

(Figure 5.6(a)). This assignment of the crystallographic axes has been confirmed also by 

GIXD. Figure 5.6(b) summarizes the direction dependence of the field-effect mobility 

for two representative DNTT crystals, where 0 degree is assigned as the [100] direction. 

Overall the mobility anisotropies are very low, and the anisotropy ratio (the ratio of 

maximum mobility to minimum mobility) is only about 1.3 ~ 1.7. This ratio, however, is 

about 4 for rubrene,23 5.7 for tetracene,107 and 3.5 for pentacene,108 and can even reach ~ 

1000 for quasi one-dimensional metals.13 The angular dependence of mobility and its 

weak anisotropy is in fact correlated with the herringbone packing structure of DNTT in 

the a-b plane, where two types of intermolecular pairs can be identified (Figure 5.1(b)): 

the edge-to-edge pair along [100], and the edge-to-face pair along [110]. In contrast with 

conventional hydrocarbons such as pentacene, in which the edge-to-edge coupling is less 

efficient due to less effective intermolecular contacts, the sulfur atoms with large HOMO 

coefficients in DNTT can interact effectively across molecules. As a result, a well-

balanced two-dimensional electronic structure is realized. Although this has been 

suggested formerly by the calculated intermolecular electronic couplings and effective 

mass,195 the quasi-2D transport behavior shown in DNTT is unambiguously certified by 

our experimental investigations, in line with an earlier result by Takeya and co-workers 
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in a different device structure.194 We note that the nearly isotropic in-plane transport of 

DNTT is beneficial for achieving high mobilities both in single crystals, when charge 

carriers obstructed by chemical impurities can easily transport in alternative pathways, 

and in polycrystalline films, where intra-grain transport can be greatly enhanced as long 

as inter-grain electronic connection is decent. Based on the crystal packing motif, we 

anticipate that the weak mobility anisotropy is a general property for other dialkyl 

derivatives of DNTT and BTBT.  
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Figure 5.6 Mobility Anisotropy in DNTT Crystals. (a) Optical micrographs of two 
DNTT vacuum-gap SC-FETs. The orientations of the crystals are labeled. The enlarged 
images show the angles between well-defined edges (1290 is the angle between [100] and 
[110] or [1-10], and 1020 is the angle between [110] and [1-10]. (b) Mobility as a 
function of crystallographic direction for the DNTT crystals shown in (a). 0 degree is 
assigned as [100] direction. 
 

5.5 Temperature Dependence of Mobility 

Crystals laminated on PDMS inevitably suffered from cracking upon cooling, and 

therefore we carried out variable temperature measurements on vacuum-gap devices 

made on silicon substrates. Figure 5.7(a) shows the channel sheet conductance σs as a 
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function of gate voltage VG for Sample A that went through the broadest temperature 

range. Extracted from the σs-VG relations, the four-terminal mobility μ4p is plotted as a 

function of temperature for two different samples (Figure 5.7(b)). In Sample A, the 

mobility starts to increase from the room temperature value of 6.8 cm2V-1s-1 upon cooling. 

We obtain a maximum mobility of 9.9 cm2V-1s-1 at 270 K, after which the mobility 

decreases slowly, and remains at a large value of 8.0 cm2V-1s-1 at 200 K. In another 

sample (Sample B), mobility remains almost constant near 7.5 cm2V-1s-1 at higher 

temperatures and then decreases very slowly. Despite the fact that a negative temperature 

coefficient of mobility (dμ/dT < 0) was observed in some devices over a narrow 

temperature range, by comparing the entire set of mobility-temperature relations for all 

devices in Figure 5.7(c), we conclude that the mobility was nearly independent of 

temperature. This behavior was somewhat unexpected considering the high mobility 

exhibited by DNTT crystals; however, this unusual observation may also have significant 

implications in further understanding the charge transport.   

For example, an interesting aspect arises when comparing the DNTT results with 

other high mobility crystals with clear band-like transport (dμ/dT < 0 over a wide 

temperature) such as TMTSF and PDIF-CN2.109,110 We found that the room temperature 

mobility we obtained for DNTT (6.5 cm2V-1s-1) was approximately twice as large as in 

these other materials, yet the mobility remained almost constant with decreasing 

temperature. Even within all the DNTT samples we examined, there is no clear 

correlation between the sign of dμ/dT and the absolute value of µ at room temperature. 

This implies the absence of a direct correlation between absolute mobility values at room 
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temperature and the lower temperature behavior. Indeed, there have been examples of 

other high-performance OFETs exhibiting activated transport behavior (dμ/dT > 0) even 

with very large room temperature mobilities ranging from 1 cm2V-1s-1 to above 10 cm2V-

1s-1.196,197 These systems, and DNTT, may not be as intrinsic as rubrene and other band-

like crystals. It is still unclear to what degree extrinsic disorder is present in individual 

DNTT crystals and its origin. More theoretical and experimental work is required for 

DNTT to understand the nature of the temperature-independent transport including, for 

example, Hall measurements to measure free carrier density and mobility as a function of 

temperature, and angle-resolved photoelectron spectroscopy (ARPES) to map out the 

band dispersion.  
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Figure 5.7 Temperature dependence of mobility in DNTT. (a) σs as a function of VG at 
different temperatures in Sample A. (b) Temperature dependence of μ4p for two different 
DNTT crystals. (c) Temperature dependence of μ4p for a number of DNTT crystals. 
 

5.6 Trap Density of States (DOS) 

Finally, to connect the excellent DNTT device performance with intrinsic 

properties of the semiconducting material, we analyzed the trap density of states (trap 

DOS) of two DNTT FETs (Samples A and B in Figure 5.7(b)). The transfer curves were 
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simulated with a computer program developed by Oberhoff et. al.,198 which was found to 

be reliable to quantify the trap density.65,66 The program calculates the transfer curves for 

a given density of states (localized and delocalized) involving only the assumption of a 

specific energy separating localized from mobile states. The trap DOS is adjusted until 

the simulated curves agree with the measured ones at all temperatures (Figure 5.8(a)). 

The resulting density of states for both samples A and B are shown in Figure 5.8(b). 

Overall, we find a very low trap DOS. Given this low value, the DOS profile can be 

chosen within some range with about equal fidelity in reproducing the transfer curves. 

This range is indicated by a shaded region in the figure. In any case, the DOS is well 

represented by two exponential parts: one near the mobility level (“band edge” E = 0) 

falling rapidly by 5-6 orders of magnitude to 1017 eV-1cm-3 within 50 meV and the other 

one decreasing slowly to ≈ 1016 eV-1cm-3 at 0.4 eV. The region where the second 

exponential decay starts is well defined but further away from the valence band the 

uncertainty increases to one order of magnitude. Sample A has more traps than sample B, 

which might appear surprising as Sample A shows dμ/dT < 0 until 270 K, whereas the 

mobility of Sample B is constant with temperature (Figure 5.7(b)). For comparison, 

representative curves of a rubrene single crystal66 and of a pentacene thin film and single 

crystal199 are plotted together with the DNTT trap DOS. Obviously, DNTT single crystals 

have a lower trap DOS than pentacene thin films and are well within the range of 

benchmark single crystals of other organic semiconductors. Thus this quantitative 

analysis relates the impressive device performance directly to the extremely low trap 

DOS which reveals the potential of DNTT as a high performance organic semiconductor. 
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(b)(a)

 

Figure 5.8 Trap DOS of the DNTT Crystals. (a) Transfer characteristics measured at 
different temperatures for sample A and B (solid lines) and the simulated curves (dotted 
lines). (b) Trap DOS in DNTT crystals (Sample A and B). Rubrene66 and pentacene 
crystals and pentacene thin films199 are shown as comparison. 
 

5.7 Conclusions 

We report extensive structural and electrical characterization of vapor-grown 

DNTT single crystals. Weak mobility anisotropy is revealed, consistent with DNTT’s 

crystal packing structure. The best hole mobility of 9.9 cm2V-1s-1 at 270 K sets a new 

record for this material. The temperature-independent mobility implies that there is no 

correlation between the absolute values of room-temperature mobility and its low 

temperature behavior. Furthermore, simulation studies demonstrate very low and shallow 

trap DOS in DNTT comparable with other benchmark high-mobility single crystals. 
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Chapter 6 High Mobility Transistors Based on Single Crystals of 

Isotopically Substituted Rubrene-d28 

This chapter describes extensive chemical, structural and electrical 

characterizations of single crystals based on a rubrene derivative, the isotopically 

substituted rubrene-d28, which is the first material in the series of new rubrene congeners 

synthesized at the University of Minnesota (Prof. Chris Douglas group at the Department 

of Chemistry). Rubrene-d28 (C42D28) is the per-deuterated version of rubrene and has the 

potential applications in spin-electronic (spintronics) devices. We have shown that the 

vapor-grown crystals of rubrene-d28 maintain the remarkable transport properties 

manifested by rubrene crystal. In this work, I carried out the crystal growth, structural 

and electrical characterization of rubrene-d28 crystals. Katie McGarry and Prof. Chris 

Douglas carried out the chemical synthesis, purification and IR/NMR characterization of 

rubrene-d28. Feilong Liu and Prof. Paul Ruden performed the theoretical studies of trap 

density and energetic distribution. This work has been published as W. Xie, K. A. 

McGarry, F. Liu, Y. Wu, P. P. Ruden, C. J. Douglas and C. D. Frisbie, The Journal of 

Physical Chemistry C, 2013, 117 (22), 11522-11529.   

6.1 Introduction 

Organic single crystals provide an excellent platform for systematic 

understanding of the charge transport mechanism in testbed devices such as organic field-

effect transistors (OFETs). A current benchmark material is the single crystal of rubrene 

(5,6,11,12-tetraphenylnaphthacene, C42H28), with room-temperature hole mobility as 
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large as 20 cm2V-1s-1 and bandlike transport.19,111 The research efforts on rubrene crystals, 

as well as in crystals of other small molecules,109,110 have provided important baseline 

understanding of charge transport in highly ordered organic semiconductors and suggest 

strategies for rational design of materials with better performance. 

On the other hand, the spin nature of charge carriers and the weak spin-orbit 

interaction in carbon-based materials have facilitated the emergence of organic 

spintronics: injection, transport and detection of spin-polarized charge carriers in organic 

semiconductors.200–202 Organic spintronics has become an active research area in recent 

years, since the first demonstration of spin-valve devices based on Alq3 thin films.203 

Spin diffusion length, a key figure of merit in spin devices, was determined to be tens of 

nanometers in typical organic thin films.203–205 Although it was speculated that the spin 

diffusion could even reach millimeter length scales in single crystals because of their 

highly ordered molecular packing, spin valves based on organic single crystals have yet 

to be realized. In another report by Vardeny and co-workers,206 the chemical versatility of 

organic semiconductors was utilized for the systematic comparison of spin response of 

protonated (H-) and deuterated (D-) polymer thin films, due to the different strength of 

hyperfine interactions (HFI) in protons and deuterons. Particularly, the polymer 

containing deuterium, which had a weaker HFI strength, was shown to exhibit longer 

spin diffusion and significantly larger magnetoresistance in spin valve devices. It is of 

great importance to elucidate the presence of the isotope effect on spin transport in other 

examples of organic semiconductors, and particularly, in their single crystalline forms.  

Motivated by both the isotope effect on spin response and expected macroscopic 
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spin diffusion length in organic single crystals, our study here focuses on the deuterated 

counterpart of rubrene single crystals (protonated rubrene will be denoted as H-rubrene). 

We have successfully synthesized rubrene-d28 (D-rubrene) and extensively characterized 

the structural and electrical properties of vapor-grown D-rubrene single crystals. 

Vacuum-gap FETs fabricated from D-rubrene crystals exhibited room-temperature 

mobility of 16 cm2V-1s-1 and bandlike transport behavior where mobility reached 

45 cm2V-1s-1 at low temperatures, suggesting that deuterium for proton exchange in 

rubrene does not impact its electrical transport properties. We also established a detailed 

correlation of trap density of states with the temperature dependence of mobility and 

threshold voltage. Collectively, these results suggest that the high-quality D-rubrene 

crystals, together with H-rubrene crystals, are promising platforms for future 

investigations in organic single crystal based spin devices. 

6.2 Chemical Synthesis and IR Spectrum 

The detailed synthesis scheme is beyond the scope of my thesis. One can refer to 

the corresponding publication for more information.207 Nevertheless, the deuterium 

incorporation was calculated from the 1H NMR spectrum and was found to be 97.2%.  

Comparison of H-rubrene and D-rubrene via IR (KBr pellet) shows the anticipated shift 

from 3077 cm-1 for C-H stretch in H-rubrene to 2266 cm-1 for C-D stretch in D-rubrene 

(Figure 6.1), corroborating the high level of deuterium incorporation. 
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Figure 6.1 Infra-red (IR) spectra of protonated rubrene (H-rubrene, black lines) and 
rubrene-d28 (D-rubrene, red lines). The inset shows molecular structure of rubrene-d28.  
 

6.3 Structural Characterization   

Qualities of the crystals grown from the vapor phase were examined using X-ray 

diffraction (XRD) and Atomic Force Microscopy (AFM), before they were tested in 

transistors. Figure 6.2(b) shows a typical wide-angle out-of-plane 2θ-ω diffraction 

pattern (coupled scan) for a D-rubrene crystal. A series of narrow and high intensity 

peaks are observed (peak width about 0.01°), corresponding to the family of (002) planes. 

Figure 6.2(c) is an out-of-plane ω-scan pattern (rocking curve) when 2θ is fixed at 6.58°, 

the Bragg diffraction angle of (002) plane. The full-width-at-half-maximum (FWHM) in 

the rocking curve, known as the mosaicity spread, is only 0.031°, indicating highly 

ordered alignment of crystal planes in the out-of-plane direction. This value is consistent 

with the previously measured FWHM of rocking curves in rubrene crystals.80  
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Figure 6.2 Structural characterization of D-rubrene single crystals. (a) Cross sectional 
geometry for out-of-plane and in-plane X-ray diffraction. (b) Wide-angle out-of-plane 2θ-
ω coupled scan. (c) Out-of-plane ω scan (rocking curve) (linear scale) when 2θ is fixed at 
6.58° (diffraction angle of (002) plane). (d) In-plane φ scan (semi-log scale) when 2θ is 
fixed at 12.26° (diffraction angle of (200) plane). (e) AFM height image. Step height 
matches the interlayer distance along c-axis.  
 

To further confirm the single crystalline nature of the sample, we carried out 

grazing incidence X-ray diffraction (GIXD), or in-plane diffraction, where the incident 

beam was set at a grazing angle at the crystal/air interface so that the beam was incident 

nearly parallel to the crystal surface with very little penetration into the bulk. In this way, 

the in-plane crystal structure (in this case, a-b plane) could be analyzed. Figure 6.2(d) 

shows the in-plane φ-scan of a D-rubrene crystal, in which 2θ is fixed at 12.26°, the 

Bragg diffraction angle of the (200) plane, while the sample is rotated (φ angle). We 
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observe only two peaks separated by Δφ = 180° of sample rotation, which corresponds 

with the in-plane rectangular lattice in an orthorhombic unit cell. Collectively, these 

diffraction results indicate the vapor-grown D-rubrene crystal is a macroscopic single 

crystal for the millimeter area irradiated by the beam. In addition, the diffraction data also 

imply that the D-rubrene maintains the same crystal structure and unit cell parameters as 

the H-rubrene crystal. The molecularly flat surface, as shown in the AFM height image 

(Figure 6.2(e)), with step height ~ 13.6 Å corresponding to the interlayer distance along 

c-axis, reaffirms the crystal’s high quality necessary for efficient charge transport.  

 

6.4 Room Temperature Electrical Properties 

Figure 6.3(c) shows the transfer characteristics (ID-VG) of a typical vacuum-gap 

D-rubrene FET at room temperature, with device structure shown in Figure 6.3(a) and 

6.3(b) (source is grounded, i.e., VS = 0). The device exhibits p-type operation, in which 

the channel is turned on at VG = 0 V and the channel current is enhanced by 6 – 7 orders 

of magnitude at VG = -70 V. No hysteresis is observed between the forward and reverse 

sweeps, implying very little carrier trapping at the crystal/dielectric interface. This is 

clearly the advantage of using a “free-space” dielectric where the commonly observed 

surface traps and dipolar disorder inside the dielectric layer (such as SiO2 or polymers) 

are not present. A hysteresis-free and perfectly linear transfer curve is indicative of a 

high-quality single crystal and pristine crystal/vacuum interface. The drain current ID in 

the linear regime is determined by the standard FET equation: 
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where Ci is about 0.18 nF/cm2 for 5 μm vacuum gap, and μ is the two-terminal carrier 

mobility (μ2p). Vth is determined by the intercept of linear extrapolation of ID to the 

horizontal axis (VG axis). The device shown in Figure 6.3(c) has a μ2p of 13.9 cm2V-1s-1 

and Vth of -5 V, which are typical values among all D-rubrene devices tested.  

To correct for the effect of contact resistance on the channel conduction, we have 

employed a four-terminal structure (Figure 6.3(a)), in which the actual channel potential 

drop is measured by the two extra probes that are inserted into the channel, and the 

contact-corrected four-terminal mobility (μ4p) was calculated by  
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where σs is the sheet channel conductance, ΔL is the distance between the two voltage 

sensing probes and ΔV is potential difference at these two probes.  The four-terminal 

mobility of the same device in Figure 6.3(c) is 14.5 cm2V-1s-1, not too far from its two-

terminal mobility of 13.9 cm2V-1s-1. In fact, the contact resistance of this device 

(normalized with channel width) measured at room temperature is only ~ 7 kΩ-cm. This 

indicates a reasonably efficient carrier injection from the Au contact to D-rubrene 

crystals, which ensures the observed high-performance of the single crystal devices. 

Typical μ4p of all devices are in the range of 12.2 cm2V-1s-1 to 16.5 cm2V-1s-1. 



Chapter 6    High Mobility Transistors Based on Single Crystals of Rubrene-d28 
 

 113 

-80 -60 -40 -20 0 20
0.0

0.2

0.4

0.6

0.8

1.0

-60 -50 -40 -30 -20 -10 0
-3

-2

-1

0

 

-I D
 (µ

A
)

VG (V)

10-14
10-13
10-12
10-11
10-10
10-9
10-8
10-7
10-6
10-5

(b)

(c)

-1 V

-2 V

I D
 (A

)VD = -5 V

(a)

Drain

V1

Source

Gate

V2

(d)

I D
 (µ

A
)

D-Rubrene
Source Drain

Gate

PDMS stamp

Vacuum

 

 

VD (V)  

Figure 6.3 Room-temperature device performance. (a) Optical micrograph of a vacuum-
gap D-rubrene single crystal FET on a PDMS substrate in a four-terminal configuration. 
V1 and V2 are the voltage sensing probes. Source-to-drain distance is 300 μm, probe-to-
probe distance is 180 μm and each probe is 10 μm wide. Vacuum-gap is 5 μm in depth. 
(b) Cross section of the device structure. V1 and V2 probes are omitted here for 
simplicity. (c) Room-temperature transfer (ID-VG) characteristics of a vacuum-gap D-
rubrene single crystal. Both forward and reverse sweeps are shown. (Left axis) ID-VG in 
linear scale at three different drain voltages; (Right axis) the same data plotted in semi-
log scale. (d) Output (ID-VD) characteristics of the same device at gate voltages from -10 
V to -50 V in 5 V step. This device has a dimension of W = 240 μm and L = 300 μm. 
 

Figure 6.3(d) shows the output characteristic (ID-VD) at different gate voltages. 

Well-defined current saturation is observed at large VD, a behavior expected for a long-

channel transistor. The carrier injection at the contacts exhibits an apparently ohmic 

behavior, as is evidenced by the linear ID-VD relation in the low bias region. This result 

further confirms the existence of a low hole injection barrier at the contact, consistent 

with the low contact resistance measured in the four-terminal geometry. In conclusion, 



Chapter 6    High Mobility Transistors Based on Single Crystals of Rubrene-d28 
 

 114 

the high performance exhibited by D-rubrene FETs at room temperature is consistent 

with results reported for H-rubrene based FETs. 

 

6.5 Temperature Dependence of Mobility and Threshold Voltage 

To elucidate the transport behavior of D-rubrene crystals, we have carried out 

systematic electrical measurements of vacuum-gap FETs at variable temperatures in the 

four-terminal configuration. The μ4p is extracted from the σs-VG plot at each temperature 

shown in Figure 6.4(a), according to Equation (6.2). A number of crystals broke apart 

during the cooling process; for others that did not crack, the mobility returned to its 

original value when the temperature returned back to 300 K, indicating the devices did 

not suffer any degradation during the thermal cycle. This ensures the validity of the 

measured mobility-temperature relation. Here we present the results of μ4p-T and Vth-T 

from three different devices (denoted as Samples A, B, and C, shown in Figure 6.4(b) 

and Figure 6.4(c)), representative of three types of behaviors summarized from all 14 

devices tested at variable temperatures.  

Mobilities in all three samples at room temperature were ~ 15 cm2V-1s-1. As the 

temperature decreased, the mobility first increased, exhibiting an unambiguous bandlike 

behavior (in fact, all 14 devices tested showed bandlike transport without any 

exceptions). The μ4p(T) curves in all three samples were overlapping until ~ 240 K, after 

which mobility still kept increasing but then specific μ4p(T) relations became sample-

dependent. In Sample B and C, mobility decreased slowly on further cooling below a 

particular temperature, thus entering a regime that is regarded as the shallow-trap 
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dominated regime. This characteristic transition temperature, T*, as suggested by 

Morpurgo and co-workers,109 is an indication of how much static disorder is present in 

the sample when the vacuum gap structure is employed (if other dielectrics are used, the 

dipolar disorder from the insulator layer tends to shift T* to higher temperatures). For 

Sample B, T* = 135 K, and for Sample C, T* = 170 K. In H-rubrene crystals, this 

transition temperature was shown to be around 175 K.19 Remarkably, in Sample A, we do 

not observe mobility rolling off even down to 90 K, although the mobility seems to 

saturate at a large value of 45.0 cm2V-1s-1. In other words, intrinsic transport in Sample A 

persists to at least 90 K. In the bandlike transport regime, we can fit the μ4p-T relation 

with the equation nT −∝µ , and obtain values of n = 1.17, 1.21 and 0.90 for A, B and C, 

respectively. In the trap-dominated regime, we fit the μ4p-T relation instead with the 

Arrhenius equation )/exp( TkE BA−∝µ , and we get EA = 29.6 meV for C (for B, 

mobility remains rather constant in this regime without a well-defined EA). This 

activation energy, representing the upper limits of EA for all the devices tested, is 

significantly lower than the EA reported for other organic single crystals and thin 

films,50,107,208 implying a remarkably narrow band of tail states in the D-rubrene crystals. 

We will revisit the band tail states in detail in a later discussion. 
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Figure 6.4 Temperature Dependent Properties of D-rubrene SC-OFETs. (a) (Left axis) σs 
– VG (linear scale) at various temperatures; (Right axis) ID (at VD = -1 V) plotted in semi-
log scale a function of VG at each temperature. Sample A has a dimension of W = 320 μm 
and L = 300 μm. (b) μ4p – T and (c) Vth – T for three different D-rubrene single crystal 
FETs under investigation. The solid lines and dashed lines represent the results from the 
model fit described in the text, using either constant distribution (solid lines) or Gaussian 
distribution (dashed lines) of shallow traps.  
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Figure 6.5 Temperature Dependent Properties of H-Rubrene SC-OFETs. (a) μ4p – T and 
(b) Vth – T for three different H-rubrene crystals.  
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The exceptional transport properties manifested by Sample A, namely, very large 

mobility of 45.0 cm2V-1s-1 and T* ≤ 90 K, has not been demonstrated in any other organic 

single crystals including H-rubrene. Given this fact, it is worthwhile to understand 

whether the kinetic isotope effect (due to deuterium substitution for protons in rubrene) 

has played a role in modifying the charge transport properties in D-rubrene crystals. We 

addressed this problem by fabricating H-rubrene vacuum-gap single crystal FETs and 

perform a variable temperature measurement (Figure 6.5). The growth, purification and 

device fabrication of H-rubrene crystals were carried out in the same way as the D-

rubrene crystals. It turns out that the H-rubrene crystals we tested exhibited similar 

temperature dependence of mobility as that observed in D-rubrene crystals. In different 

samples, mobility either monotonically increased with decreasing temperature (down to 

87 K) such that T* ≤ 87 K, or showed a transition of bandlike-to-activated transport at 

around 160 K (T* = 160 K). We are therefore not able to find any noticeable difference in 

terms of electrical properties in D-rubrene compared with H-rubrene. It is noteworthy 

that the C-H or C-D vibrational transition is much larger than kBT at room temperature or 

below and is not strongly activated. Even if the vibrational mode were activated, it is still 

not clear what role this mode would have on modifying the intermolecular transfer 

integrals, and so it is not surprising that there is no observable isotope effect on the hole 

transport properties. The remarkable transport behavior exhibited by D-rubrene crystals is 

more likely due to the crystal’s high structural quality and high chemical purity.  

 



Chapter 6    High Mobility Transistors Based on Single Crystals of Rubrene-d28 
 

 118 

 Sample A Sample B Sample C 

Nc (cm-2eV-1) 5.4 × 1014 2.0 × 1014 3.7 × 1013 

Ec (meV) 17 30 65 

 

Ng (cm-2eV-1) 8.4 × 1014 3.3 × 1014 5.9 × 1013 

Eg (meV) 6.5 11.2 24.5 

 

Total shallow trap 
density (cm-2) 9.2 × 1012 6 × 1012 2.4 × 1012 

 

ND (cm-2eV-1) 1.6 × 1011 2.9 × 1011 3.6 × 1011 

ED (meV) 130 150 190 

δED (meV) 110 110 110 

 

ΔΦ (meV) 6.37 8.57 9.55 

 

Table 6.1. Values of parameters from the model fit as discussed in the text.  The values 
of α is the same for all three samples, and α = 1.8 × 106 cm2K2V-1s-1 for both the constant 
and Gaussian distributions of shallow traps. At room temperature (300 K), this gives the 
intrinsic mobility μ0 = α/(300 K)2 = 20 cm2V-1s-1, consistent with the FET measurement.  

 

The temperature dependence of threshold voltage, Vth, for the same three samples 

is also shown in Figure 6.4(c). We observe an almost linearly increasing |Vth| with 

decreasing temperature, consistent in all three samples. Since Vth is generally related to 

the filling of deep trap states (traps that are lying more than a few kBT away from the 
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band edge), an increasing |Vth|  implies that more shallow traps now become deep traps at 

lower temperatures. In a simple argument, we can assume an energy independent density 

of deep traps, Ntr (cm-2 eV-1) given by  

T
TV

ek
CN th

B

i
tr ∂

∂
=

)(
                                                                                                          (6.4) 

in which Ci is the specific capacitance of the dielectric (0.18 nF/cm2 for 5 μm vacuum 

gap). By fitting Vth(T) with T,  we can extract the trap density Ntr = 8.5 ×1011 cm-2eV-1, 

1.6 ×1012 cm-2eV-1, and 2.2 ×1012 cm-2eV-1 for Samples A, B and C, respectively. These 

values are comparable with the deep trap density extracted in H-rubrene crystals by 

Podzorov et al.19  

A more rigorous understanding of μ4p(T) and Vth(T) relations can be achieved by 

using a phenomenological model originally developed by Morpurgo and co-workers.109 

This model has been successfully applied to analyze the transport behavior of other high 

performance single crystal FETs.110 In this multiple trapping and release (MTR) model, 

transport of holes is assumed to occur in the valence band with density of states N0 for 

energy E > 0. Traps states induced by disorder also exist at E < 0, and consist of shallow 

traps with density of states NS(E) and deep traps ND(E) that are well-separated in energy. 

Only those carriers transporting in the band states contribute to channel current, and their 

intrinsic mobility follows the temperature dependence of μ0(T) = αT-2, in which α is a 

material-dependent parameter. We can use either a constant distribution of shallow traps 

(NS(E) = NC = constant if EC < E < 0, and NS(E) = 0 otherwise), or a Gaussian distribution 

(
2)2/()( gEE

gS eNEN −= ). As a constraint, the total density of shallow traps (integrated 
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over energy) is kept the same for the constant and Gaussian distributions. For the deep 

traps, we use a “square” distribution (ND(E) = ND = constant if ED-δED/2 < E < ED+δED/2 

and zero otherwise). The simulation results are overlaid with the experimental data in 

Figure 6.4(b) and 6.4(c), with all fitting parameters summarized in Table 6.1.  

As we can see, the model is in reasonable agreement with the experimental data. 

Looking at the temperature dependence of mobility, we can conclude that although 

different types of distributions for shallow traps (constant versus Gaussian) lead to almost 

identical mobility-temperature relationships, the widths of the trap distributions play a 

significant role in determining not only the magnitude of mobility, but also the 

characteristic temperature T* where mobility changes from bandlike to activated 

behavior. The narrower the width of shallow traps, the closer the EF is to the edge of 

delocalized states in the band, and the larger the mobility will be while T* tends to shift to 

lower temperature values (meaning a broader temperature range in which bandlike 

transport occurs). In the best cases (Sample A), almost all shallow traps are lying within 

20 meV of the valence band edge, a value comparable to kBT. Compared with other high 

performance single crystals such as p-type TMTSF109 and n-type PDIF-CN2,110 here, a 

much narrower trap distribution is found in D-rubrene crystals. The result that EC = 3Eg 

within 10% accuracy confirms the internal consistency of this model, given the fact that 

99% of shallow traps are included between E = 0 and 3Eg in the Gaussian distribution.  

The temperature behavior of Vth is only determined by the details of the energy 

distribution of deep traps, which are lying at energies between 80 meV and 240 meV 

(Table 6.1). Modifying the distribution of these deep traps does not affect the magnitude 
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of the mobility nor its temperature dependence, i.e., mobility is independent of deep traps 

once they are filled ( thG VV >> ). However, the extraction of the density of states 

associated with deep traps (about 1012 cm-2eV-1) from Equation (6.4) seems to be 

overestimated compared to our analysis here, and is also inaccurate because deep traps 

are generally not energy-independent. From the Vth(T) behaviors in all three samples, we 

find that the center energy (ED) and total density (integration of ND over δED) of deep trap 

distribution are two determinants for the magnitude of Vth and its temperature 

dependence. These traps may originate from the chemical impurities lying deep in the 

energy bandgap of the crystal, such as rubrene peroxide formed in ambient conditions. 

 It is also important to understand the correlation between the mobility-

temperature relationship and threshold voltage. As Morpurgo and co-workers have 

pointed out,109 the TMTSF single crystal seems to be the only example so far in which 

the μ4p(T) and Vth are correlated. In their proposed mechanism of electrostatics, random 

potential fluctuations ΔΦ are generated due to the charge carriers immobilized by the 

deep traps. These potential fluctuations, estimated from 
r

e

roεπε4
=∆Φ (εr is the dielectric 

constant of the semiconductor, which has a typical value of 3; r is the average distance 

between the carriers frozen in the deep traps), have energies that are comparable to the 

shallow trap energies Eg. This in turn affects the charge carriers captured by the shallow 

traps, and therefore correlates with the mobility. In our D-rubrene crystals, by estimating 

r from the deep trap densities and thus ΔΦ, we find that the magnitude of ΔΦ compares 

well with the characteristic energy Eg of shallow traps. Although not conclusive, this 
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finding is supportive of Morpurgo’s assumption in which slowly varying electrostatic 

potential lowers the energy of band states close to the edge, resulting in undistinguishable 

shallow traps states and delocalized band states around E = 0.109 The similarity of the 

trapping behavior in two different molecular crystals seems to suggest an analogous 

nature of shallow trap states, although more examples need to be established in other 

organic single crystal materials.  

6.6 Conclusions 

In conclusion, the deuterated rubrene single crystals have maintained the 

benchmark transport behavior that protonated rubrene crystals manifest, including hole 

mobility above 10 cm2V-1s-1 and the bandlike transport persisting to very low 

temperatures when mobility reaches 45 cm2V-1s-1. These remarkable observations are a 

direct result of the crystal’s structural high quality, and also derive from the very narrow 

tail of impurity states at the band edge such that the majority of charge carriers are 

mobile. We anticipate that single crystals of two isotopic rubrenes will very likely find 

important applications in systematically tuning the spin response in macroscopically-

sized organic spin valve devices. 
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Chapter 7 Crystal Engineering and Charge Transport Properties in 

New Rubrene-Based Single-Crystal Organic Semiconductors 

This chapter describes a comprehensive study in a series of rubrene derivatives, 

synthesized at the University of Minnesota (Prof. Chris Douglas group at the Department 

of Chemistry), which combines chemical synthesis, crystal engineering, electronic 

structure calculation and charge transport studies. The leading author of this work, Katie 

McGarry in Prof. Chris Douglas group, carried out the chemical synthesis, purification, 

single crystal X-ray to solve unit cell dimensions and electrochemical characterization. 

Chris Sutton and Dr. Chad Risko in Prof. Jean-Luc Bredas (Georgia Tech) performed the 

electronic structure calculation. I contributed the XRD and AFM measurements of vapor-

grown crystals, and device characterization. This work has been published as K. A. 

McGarry, W. Xie, C. Sutton, C. Risko, Y. Wu, V. G. Young, J.-L. Bredas, C. D. Frisbie 

and C. J. Douglas, “Rubrene-Based Single-Crystal Organic Semiconductors: Synthesis, 

Electronic Structure and Charge-Transport Properties”, Chemistry of Materials, 2013, 

25(11), 2254–2263.   

7.1 Introduction 

Rubrene has intrigued materials chemists for years because of its exemplary field-

effect transistor properties.19,111 Despite the achievement, a number of fundamental 

aspects governing charge transport are not yet fully understood. Specifically, the effect of 

molecular structure on solid-state packing and resulting charge-carrier transport in 
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rubrene has not been fully established. Structure-property relationship studies on rubrene 

derivatives would provide some clarity; however, limited studies have examined both 

molecular and packing structure in rubrene derivatives209,210 and we know of only one 

study that has explored rubrene derivatives in the SC-OFET architecture.197 Our work 

addresses this gap by using chemical synthesis (not shown in this thesis) to systematically 

manipulate the chemical structure of rubrene in order to develop a functional model for 

crystal engineering. We then correlate solid-state packing with charge-carrier transport 

characteristics of the synthesized rubrenes, in the test-bed of SC-OFETs.  

The details about the chemical synthesis, electrochemical characterization (cyclic 

voltammetry) and computational methodology are beyond the scope of this thesis, and 

can be found in the corresponding publication.154 

7.2 Crystal Structure and Electronic Structure 

The large mobility measured for rubrene (numbered as 1) have been attributed to 

the packing motif (Orthorhombic, Cmca space group), which exhibits enough spatial 

overlap of the π-conjugated tetracene backbone so as to lead large wave function overlap 

and significant intermolecular electronic couplings along the π-stacking direction (the b-

axis, Figure 7.1(b)). In addition, the surrounding layers of π-conjugated molecules down 

the crystallographic long-axis (a-axis, Figure 7.1(c)), importantly, can polarize in the 

presence of a charge moving along the b-axis, an effect that has been suggested to 

suppress the transport. Lessening the effect of this polarization, possibly achievable by 

increasing the distance between the layers, may be a way to improve the carrier mobility. 
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Therefore, our efforts focus on two aspects of the crystal structure: maintaining the π-

stacking and efficient electronic overlap of the tetracene backbones, and expanding the 

long-axis interlayer distance.   

b

c

a

c

(a)  (b)                                                             (c)

 
 
Figure 7.1 Packing Structure of Rubrene. (a) Molecular structure. The green arrow is the 
short molecular axis and black arrow is the long molecular axis. (b) Crystal packing in 
the b-c plane; green arrows indicate π-stacking direction. (c) Crystal packing in the a-c 
plane; blue arrows indicate the long-axis interlayer distance.  
 
 

Several rubrene derivatives have been synthesized, among which three derivatives 

have maintain the planar tetracene backbone and the important π-stacking motif. They are 

numbered as rubrene 5, 6, and 7 (rubrene 2, 3 and 4 exhibit twisted backbone and do not 

π-stack, therefore, these derivatives will not be discussed in the context of this thesis). 

Figure 7.2 summarizes the 2D projections of crystal packing in rubrene 1, 5, 6 and 7 

showing the π-stacking and long-axis interlayer distance. Table 7.1 lists their crystal 

structure, space group and unit cell dimensions. Indeed, the crystal structures for 5 

(orthorhombic, Pbcm), 6 (orthorhombic, Pbcm) and 7 (orthorhombic, Pnma) display the 

preferential stacking of the π-conjugated cores along one crystallographic axis (a-axis), 

similar to the solid-state structure of rubrene, where π-stacking occurs along the b-axis 

(Figure 7.2(a)). Upon closer inspection, we find that the long-axis interlayer distance has 

expanded for all three compounds as compared to 1: (i) 5, which has substituents in both 
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para-positions, exhibits the largest interlayer distance increase and the most significant 

tightening of the π-stacking distance (Figure 7.2(b)); (ii) 7, having only two phenyls 

bearing a para-substituent, exhibits the smallest increase to the interlayer distance (Figure 

7.2(d)); (iii) 6, having both para- and meta-substituents, has the least significant 

tightening of the π-stacking distance (Figure 7.2(c)). These trends indicate that the steric 

interactions play a large role in the expansion of the interlayer distance; however, 

electrostatic interactions may be the key determinant in the backbone stacking distance. 

We now turn to how these changes in the packing structure influence the 

intermolecular electronic couplings. Methods previously discussed in detail26 were used 

to evaluate the transfer integral (electronic coupling), t, for for π-stacked dimers of 

molecules 1, 5, 6, and 7, and reveal electronic couplings in the newly-synthesized 

molecules that are slightly larger than that of rubrene. The largest t’s are obtained, as one 

might expect, for the molecules along the stacking direction: the b-axis in 1 (100 meV for 

holes and 53 meV for electrons) and the a-axis in 5 (134, 82 meV), 6 (95, 79 meV), and 7 

(126, 71 meV). Small couplings are noted for the edge-to-face dimers along the b-axis for 

5, 6, and 7 (< 20 meV). This trend is not surprising as the intermolecular wavefunction 

overlap is expected to be larger for the dimers with substantial overlap between the 

tetracene backbones and in closer proximity to one another. Indeed, the change in 

coupling along the different axes suggests these molecules will display the anisotropic 

mobility characteristic of rubrene, i.e., the charge transport is expected to preferentially 

proceed along the b-axis for 1 and the a-axes in 5, 6 and 7.    
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Figure 7.2 Crystal packing structures in rubrene 1, 5, 6, and 7. The green arrows indicate 
the π-stacking distance and blue arrows indicate the long-axis interlayer distance. 
 
Compound 1 (Ref105) 5 6 7 
Empirical 
formula  C42H28 C46 H30 F6 C48 H34 F6 C44 H26 F6 

Crystal 
system  Orthorhombic Orthorhombic Orthorhombic Orthorhombic 

Space 
group  Cmca Pbcm Pbcm Pnma 

Unit cell 
dimensions  

150 K 
a = 26.775(4) Å 

α = 90° 
b = 7.1680(10) Å 

β = 90° 
c = 14.258(2) Å 

γ = 90° 

123 K 
a = 7.1443(6) Å 

α = 90° 
b = 14.0510(12) Å 

β = 90° 
c = 34.143(3) Å 

γ = 90° 

123 K 
a = 7.5317(10) Å 

α = 90° 
b = 14.634(2) Å 

β = 90° 
c = 32.424(4) Å 

γ = 90° 

123 K 
a = 7.1162(5) Å 

α = 90° 
b = 31.179(2) Å 

β = 90° 
c = 14.2075(10) Å 

γ = 90° 
Z 4 4 4 4 

 
Table 7.1 Crystal structure and unit cell dimensions for rubrene 1, 5, 6 and 7. 
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Full (periodic) electronic band structure calculations were carried out for the 

crystal structures of 1, 5, 6, and 7 to provide a further prediction of the transport 

properties along the high-symmetry points in reciprocal space. The results of the 

electronic coupling are corroborated by the three dimensional band structure (Figure 7.3) 

and computed effective masses m/m0 (m0 being the rest electron mass) (Table 7.2). For 5, 

6, and 7, the top of the valence band and bottom of conduction band are found at the Γ-

point, indicating a direct band gap in these materials. The π-π coupling in the a-direction 

is represented by the X direction in the Brillouin zone and has a bandwidth of 410 (360) 

for 5, 610 (360) for 6, and 580 (320) meV for 7 for the valence (conduction) bands. These 

values are approximately 4t, as one might expect from a simple tight-binding 

approximation. Negligible band dispersions were observed in the Y(0,1,0) and Z(0,0,1) 

directions of the Brillouin zone (corresponding to b and c components (short molecular 

axis)), respectively, which again suggests these derivatives will exhibit anisotropy in 

mobility similar to that of rubrene 1. Therefore, the band structure and intermolecular 

electronic coupling calculations in total suggest that 5, 6, and 7 should have similar, or 

even in some cases improved, intrinsic charge-carrier properties relative to 1. 

Table 7.2 also displays the computed adiabatic ionization potential (AIP) and 

adiabatic electron affinity (AEA), and experimentally (by cyclic voltammetry) measured 

half oxidation potential (E1/2ox), half reduction potential (E1/2red) and band gap (Eg) for 

rubrene 1, 5, 6, and 7. The important indication from these results is that rubrene 5, 6, and 

7 maintain the same bandgap as compared to 1 (~ 2.3 eV), yet both their HOMO and 
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LUMO levels are deeper by ~ 0.15 eV than 1. We anticipate that the observed changes in 

the energy levels (HOMO and LUMO) will reflect in the SC-OFET device performance 

in terms of charge injection properties, as elaborated in the following sections. 

 

 
Table 7.2 B3LYP/6-31G(d,p)-determined electronic properties and redox potentials 
determined via cyclic voltammetry in rubrene 1, 5, 6, and 7.  
 
 

 

Figure 7.3 Electronic band structures along the Y à Γ direction for (a) 1 and the X à Γ 
direction for (b) 5, (c) 6, and (d) 7. The conduction band (CB) and valence band (VB) are 
labeled. 
 

Rubrenes AIP (eV) AEA (eV) t (meV) 
(HOMO) 

t (meV) 
(LUMO) m/m0 (parallel to) 

E1/2ox 

(V) 
E1/2red 

(V) 
Eg 

(V) 

1 5.71 -1.06 100 53 0.58 (b), 1.15 (a) 0.36 -2.03 2.39 

5 5.93 -1.34 134 82 0.62 (a), 1.07 (b) 0.44 -1.89 2.33 

6 5.89 -1.35 95 79 0.71 (a), 4.61 (b) 0.43 -a -b 

7 5.99 -1.41 126 71 0.60 (a), 1.15 (c) 0.49 -1.91 2.39 

aEvent was not measured. bCould not be calculated 
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7.3 Structural Characterization and Device Measurements of SC-OFETs  

For device fabrication, single crystals of rubrene 1, 5, 6, and 7 were grown via 

horizontal physical vapor transport using ultrapure Ar as the carrier gas,97 in which thin 

and plate-like crystals (a few hundred nanometers in thickness, Figure 7.4(a)) were 

collected. No further purification of the source materials was performed. Before device 

studies, as-grown crystals of compounds 5, 6, and 7 were structurally characterized by 

High-resolution XRD and AFM techniques to confirm the solid-state packing matched 

the previous single-crystal analysis (Figure 7.4 (b) – (e)). 
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Figure 7.4 Structural Characterization of Vapor-Grown Rubrene 5 – 7 Crystals. (a) 
Optical image of a rubrene 5 crystal. (b) Wide-angle XRD patterns. (Left) 2θ-ω scans for 
(002) or (020) peaks. The long-axis interlayer distances are labeled for each crystal, 
determined from the peak positions. (Right) Rocking curves (ω scan). FWHM is about 
0.03o. (c) – (e) AFM height images for (c) 5, (d) 6 and (e) 7. Step height profiles are 
shown in the insets.  
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Figure 7.4(b) shows the results of wide-angle 2θ-ω coupled scan (left plot) and 

ω-scan rocking curve (right plot) for single crystals of 5, 6, and 7; 1 is included for 

comparison. Only the first-order peaks ((002) for 5 and 6, (020) for 7) are shown for 

clarity; however, other high order peaks in the same family can also be repeatedly 

observed. The peak position shift, from which the d-spacing of the (002) or (020) planes 

(i.e., the layer-layer distance in the long axis of unit cell) are determined, indicate the 

interlayer expansion of 5, 6, and 7. These values are consistent with the results measured 

from single crystal XRD in Figure 7.2, suggesting that the vapor-grown crystals maintain 

their as-synthesized orthorhombic structure. The full-width-at-half-maximum (FWHM) 

of the rocking curve analysis for different crystals is about 0.02 degrees to 0.03 degrees, 

indicating those crystals preserve high-quality well-aligned surface planes. The AFM 

height images of 5 – 7 in Figure 7.4 (b) – (e) reveal molecular steps, with the step height 

corresponding to the interlayer spacing, reaffirming the crystal’s high quality necessary 

for good charge transport. 

As an initial attempt, we tested our single crystals 5 – 7 in the benchmark vacuum 

gap architecture with bottom-contact. However, results of these measurements were 

unsatisfactory (see the discussions below), after which we turned to an alternate device 

structure in which the top-contact strategy was employed. Single crystal OFETs (SC-

OFETs) were constructed with top-contact, bottom-gate geometry with PMMA as the 

dielectric layer and Au as the source/drain contacts (Figure 7.5(a), (b)). Source/drain 

electrodes were patterned such that the channel was aligned along the most favorable 
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direction for transport in the crystal, namely, along the b-axis for 1, and along the a-axis 

for 5 – 7. All devices were fabricated in air, but electrical measurements were taken in the 

dark at atmospheric pressure in a N2-filled glovebox.  

SiO2/Si(++)

PMMA Au Au

Single Crystal

-100 -50 0 50 100 150
10-9

10-8

10-7

10-6

10-5

10-4

Rubrene 5

VD = +100 V

 

I D
 (A

)

VG (V)

VD = -100 V

0

1

2

3

4

5

6

(I D
)1/

2 (×
10

-3
 A

1/
2 )

(a)

-100 -50 0 50 100 150
10-12
10-11
10-10
10-9
10-8
10-7
10-6
10-5
10-4

Rubrene
(I D

)1/
2 (×

10
-3
 A

1/
2 )

 

I D
 (A

)

VG (V)

VD = +60 V

VD = -60 V

0

1

2

 
(c)

Rubrene 6 Rubrene 7

source drain

300 μm

crystal

PMMA

(b)

(f)

(d)

(e)

 

Figure 7.5 Device Performance of SC-OFETs (top-contact, PMMA-gated) based on 
Rubrene 1, 5, 6 and 7. (a) Schematic of device structure. (b) Optical micrograph of an 
actual device. (c) – (e) Transfer curves for (c) 1, (d) 5, (e) 6 and (f) 7. (Left axis, open 
circles) ID – VG plotted in log-scale. (Right axis, solid lines) ID

1/2 – VG in linear-
scale.(Black) VD = -100 V; (Red) VD = 100 V.  Device dimensions: for 1, W = 300 μm, L 
= 500 μm; for 5, W = 700 μm, L = 500 μm; for 6, W = 500 μm, L = 500 μm; for 7, W = 
550 μm, L = 500 μm. 
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Rubrene 1 was first measured in this architecture. Hole accumulation occurred 

with negligible hysteresis when a negative gate voltage (VG) was applied (at a drain 

voltage (VD) of  60 V), resulting in a hole mobility of 0.83 cm2V-1s-1 and a threshold 

voltage (Vth) very close to 0 V. Although much smaller than the benchmark mobility of 

20 cm2V-1s-1 seen in vacuum-gap devices, this hole mobility agrees with previously 

reported values measured in similar device structures (with PMMA gate dielectric).211,212 

Conversely, electrons were barely accumulated in 1 even as a large positive VG was 

applied (electron mobility 0.0077 cm2V-1s-1). This small electron mobility likely results 

from the fabrication of these devices in air, which allows electrons to be trapped by water 

and oxygen. The large hysteresis in the electron accumulation sweep (at VD = 60 V) and 

large electron threshold voltage (Vth,e = 110 V) are also indicative of electrons being 

trapped. Alternatively, diminished electron mobility may be due to the large electron 

injection barrier present caused by the misalignment of the Au work function (5.1 eV) 

and rubrene 1 LUMO (3.2 eV). The measurements on 1 provide a point of comparison 

for our studies.  

For devices built from compounds 5, 6 and 7, the transfer curves exhibit the V-

shape characteristic of ambipolar transport, with one arm indicating electron transport 

and the other indicating hole transport (Figure 7.5 (c) – (e)). For negative (positive) drain 

bias, only holes (electrons) were accumulated in the semiconductor channel at the largest 

negative (positive) gate voltages, which are referred to as the unipolar regimes. In spite of 

using symmetric Au contacts and exposure of the crystals to air, 5 - 7 demonstrate fairly 
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well-balanced and large hole and electron mobilities, which compare well with the results 

for 1 (Table 7.3). For example, compound 5 has hole mobility of 1.54 cm2V-1s-1 and 

electron mobility of 0.28 cm2V-1s-1. Although compound 5 had negligible hysteresis in 

the transfer curve for both hole and electron transport, large threshold voltages (Vth,h = -

25 V and Vth,e = 90 V) imply that a significant number of traps still exist at the 

crystal/insulator interface, which may be explained by photooxidation of the molecules at 

the crystal surface. Compounds 6 and 7 had similar hole/electron threshold voltages 

compared with 5 (for 6, Vth,h = -23 V and Vth,e = 78 V; for 7, Vth,h = -25 V and Vth,e = 82 

V), but the hysteresis was more pronounced. Nevertheless, the observed mobilities are 

comparable to the best ambipolar wide band-gap molecular crystals to date,52,163,211–213 

suggesting these derivatives have maintained important solid-state properties necessary 

for charge transport.    

To understand the resulting transport properties of these derivatives, we now 

correlate the measurements to the previously discussed electronic properties. Compounds 

5 - 7 have improved injection efficiencies for electrons from the high workfunction Au 

contact over 1, resulting in appreciable electron mobilities and improved threshold 

voltages. This can be explained in part by the larger electron affinities of 5 - 7 vs. 1, 

which lower the injection barriers for electrons in the derivatives by about 0.2 - 0.3 eV, 

regardless of the possible presence of interface dipoles that may change the barrier 

height. The energy stabilization of the electron affinity (LUMO) in 5 - 7 also facilitates 

the operation of electron transport even though all devices were exposed to the air during 
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fabrication. From the perspective of intermolecular electronic coupling, electron 

mobilities were expected to be improved in the derivatives since the transfer integrals of 

5 - 7 are about 20 - 30 meV larger than that of 1 (Figure 7.6) due to the closer stacking of 

the tetracene backbones and enhanced wave-function overlap.  

 

 
Table 7.3 Summary of device characteristics for SC-OFET based on 1, 5 - 7 in PMMA 
gated, top contact architecture.  
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Figure 7.6 Correlation of hole and electron mobilities of rubrenes 1, 5, 6, 7 with their 
respective calculated transfer integral values. These mobilities are measured in a bottom 
gate (Au), top contact (Au) structure with PMMA dielectric. The red dots stand for maxi-
mum values while the black squares are the average values with one standard deviation. 

Rubrenes  
(top-contact, 

PMMA-gated) 

Hole Transport Electron Transport 

µh (cm2V-1s-1) µh, max  Vth,h (V) µe (cm2V-1s-1) µe, max  Vth,e (V) 

1 0.43 ± 0.27 0.83 -4.1 ± 5.2 0.0038 ± 
0.0035 0.0077 79.4 ± 18.5 

5 0.42 ± 0.40 1.54 -25.8 ± 4.3 0.091 ± 0.07 0.28 69.0 ± 23.5 

6 0.074 ± 0.02 0.10 -22.9 ± 6.9 0.008 ± 0.005 0.013 68.7 ± 10.8 

7 0.25 ± 0.19 0.63 -25.5 ± 4.4 0.12 ± 0.09 0.22 73.5 ± 7.2 
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The hole mobility of 5 - 7 was also expected to be comparable or even exceed the 

hole mobility of 1 (see Table 7.2, for holes, t is 100 meV, 134 meV, 95 meV and 126 

meV for rubrene, 1, 5, 6, and 7, respectively), provided the electronic coupling is a 

dominant factor in determining the carrier mobility. Indeed, as seen from Figure 7.6, the 

hole mobilities roughly trend with the transfer integrals for all four rubrene compounds in 

this particular structure with PMMA insulator. We note that the broad distribution of 

mobility is inherently due to the staggered top-contact structure we employed, in which 

an extra access resistance is introduced and mobility is thus strongly dependent on the 

crystal thickness.27 However, it is difficult to conclude at this point whether the interlayer 

expansion, as discussed before, also plays a role in controlling the hole mobility. These 

unexceptional mobility values, although comparable to the literature, prompted us to 

examine the best derivative in a different architecture. 

Given the established fact that single crystal mobility is strongly dependent on the 

dielectric constant of the gate insulator,114 we posited that the hole mobility of compound 

5 will increase in a vacuum-gap architecture, wherein the intrinsic mobility of the crystal 

can be potentially measured (the low reproducibility of electron transport with vacuum-

gap precludes a systematic study of dielectric material dependence). We addressed this 

problem by making both bottom-contact and top-contact vacuum-gap singe crystal FETs 

(bottom-gate) based on rubrene 1 and 5 (Figure 7.7). Rubrene 1 exhibited ideal transistor 

behaviors with negligible hysteresis and large hole mobility, regardless of the contact 

geometry (15.9 cm2V-1s-1 for bottom-contact device and 9.56 cm2V-1s-1 for top-contact 
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device). However, vacuum-gap device performance of rubrene 5 is far from satisfactory. 

In the bottom-contact structure, devices required application of large VD and VG to carry 

charge, resulting in low hole mobility ~ 0.03 cm2V-1s-1 and low device reproducibility. 

Top-contact devices performed substantially better, yet the highest mobility was only 

0.66 cm2V-1s-1. These unsuccessful efforts in achieving higher hole mobility of rubrene 5 

in vacuum-gap architecture seems to suggest other factors besides the electronic coupling 

need to be taken into account when single crystal mobility is measured. 

One such important factor is the charge injection efficiency from Au to rubrenes 5 

- 7 compared to rubrene 1. While the substituents on the arylenes lead to packing motifs 

that increase the electronic coupling for holes and/or electrons, they also influence the 

ionization potential and electron affinity through inductive effects that in turn impact 

hole/electron injection from the same metal contact. As we previously mentioned, the 

stabilization of both HOMO and LUMO (while maintaining the bandgap) in rubrenes 5 - 

7 is advantageous for electron transport but increases the hole injection barrier when 

symmetric Au contacts are used. The presence of a large hole injection barrier and large 

contact resistance from Au may ultimately limit the hole transport in 5 – 7 such that the 

hole mobility measured in the current device structure as well as in vacuum-gap structure 

is significantly lower than the intrinsic values. SC-OFETs with more suitable electrodes 

and/or contact modifications may provide a better route to investigating the intrinsic hole 

and electron-transport mobilities in these new derivatives. Despite the encountered 

challenges, we have been able to demonstrate a series of rubrenes in which the fine 
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tuning of molecular and crystal structure were shown to have a large impact on the 

electronic structure and the charge transport properties. 

(a)

(b)

(c)

(d)

(e)

(f)

 

Figure 7.7 Comparison of Rubrene 1 and 5 vacuum-gap devices in bottom-contact and 
top-contact architectures on PDMS. (a) – (c) Bottom-contact architecture: device 
structure in (a); transfer curve of 1 in (b) with μh of 15.9 cm2V-1s-1 and transfer curve of 5 
in (c) with μh of 0.03 cm2V-1s-1. (d) – (f) Top-contact architecture: device structure in (d); 
transfer curve of 1 in (e) with μh of 9.56 cm2V-1s-1 and transfer curve of 5 in (f) with μh of 
0.66 cm2V-1s-1.  
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7.4 Device Optimization in Rubrene-5 SC-OFETs 

The fact that rubrene 5 SC-OFETs are contact-limited, as discussed in the 

previous section, prompts us to carry out further systematic optimizations for enhanced 

charge transport properties, which are targeted for both the crystal/dielectric interface 

(controlling charge transport) and the crystal/metal interface (controlling charge 

injection). Device architectures employed are shown in Figure 7.8. Top-contact (Au) 

geometry as is chosen for both vacuum-gap structure (εr = 1) (Figure 7.8(a)) and solid 

dielectric-gate structure (Figure 7.8(b)). In the latter case, three dielectric materials are 

used: CytopTM (εr = 2.2), PMMA (εr = 3.6) and P(VDF-HFP) (εr = 11.4). For both 

scenarios, an interlayer (including F4-TCNQ, MoO3 and TTF-TCNQ) can be deposited at 

the metal/crystal interfaces, which is used to modify the charge injection properties.  

SiO2/Si(p++)

PR
Crystal

AirGap (21 μm)

Au (500 nm)

Cr/Au(30 nm)

SiO2/Si(p++)

Cytop/PMMA/P(VDF-HFP)
Crystal

InterlayerAu (50 nm)
Interlayer

Source Drain

300 μm

Source Drain

Gate 200 μm

Crystal

Dielectric

Crystal

(a) (b)

 

Figure 7.8 Device architectures for optimizing rubrene 5 SC-OFETs transport properties. 
(a) Top-contact, vacuum-gap structure. (b) Top-contact, solid dielectric-gated structure, 
which includes CytopTM (εr = 2.2), PMMA (εr = 3.6) and P(VDF-HFP) (εr = 11.4). In 
both cases, an interlayer (such as F4-TCNQ, MoO3, TTF-TCNQ) can be deposited at the 
metal/crystal interfaces to modify the charge injection properties. 
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The effect of dielectric materials on the device properties is first investigated, 

without the presence of the interlayer. It is well-known that the single crystal mobility is 

strongly dependent on the dielectric constant εr, and specifically, the mobility of some 

benchmark crystals has been observed to decrease with increasing εr.100,110,114 On the 

other hand, using high-εr dielectrics may facilitate charge injection and/or filling up trap 

states due to larger gate capacitance, which are both likely to improve carrier mobility 

and transport properties. Top-contact with Au electrodes is chosen in all cases.  
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Figure 7.9 Effect of dielectric materials on top-contact (Au) rubrene 5 SC-OFETs 
performance. (a) Transfer curve and (b) Output curve in a rubrene-5 SC-OFET gated with 
CytopTM (εr = 2.2); this device has hole mobility of 0.98 cm2V-1s-1 and electron mobility 
of 0.14 cm2V-1s-1. (c) – (e) Summary of rubrene 5 SC-OFETs hole transport properties as 
a function of dielectric constant: (c) Hole mobility (average and maximum values); (d) 
threshold voltage Vth, and (e) Average hole mobility for both rubrene and rubrene 5.  
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Figure 7.9 (a), (b) display the transfer and output curves of a top-contact (Au) 

rubrene 5 SC-OFET gated with CytopTM (εr = 2.2). Ambipolar transport is observed, with 

the best hole mobility of 0.98 cm2V-1s-1 and electron mobility of 0.14 cm2V-1s-1. 

However, looking at the output curve in Figure 7.9(b), the non-linear ID-VD behavior at 

low bias region implies that the contacts are not ohmic, indicating that charge injection 

from Au contacts to rubrene 5 crystals is not efficient and yet needs optimization. Figure 

7.9 (c), (d), (e) summarize the hole transport properties of rubrene 5 SC-OFETs as a 

function of dielectric constants (Table 7.4(a)). By looking at Figure 7.9(c) and (e), an 

interesting observation is that the hole mobility of rubrene 5 is independent of the 

dielectric constant, which is distinctly different from the behavior in rubrene where its 

hole mobility decreases strongly with increasing εr (see Figure 7.9(e)), same trend as 

Morpurgo and co-workers reported previously in a different device structure.113,114 The 

observed absence of μh - εr dependence implies that rubrene 5 crystals are significantly 

contact-limited, and consequently, the measured hole mobility is far from its intrinsic, 

contact-independent values. As mentioned in the previous section, this is likely due to the 

deepening of HOMO levels in rubrene 5 compared with rubrene, leading to larger hole 

injection barriers. Improving the charge injection is, therefore, critical to rubrene 5. On 

the other hand, it can be seen from Figure 7.9(d) that the Vth for holes improves (close to 

0 V) with increasing εr, where Vth reaches 0 V when using P(VDF-HFP) (εr = 11.4), 

indicating that larger gate dielectric capacitance is indeed beneficial for filling the trap 

states at the crystal/dielectric interface (since Vth is related to filling of deep traps).  
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Next, the effect of inserting an interlayer between Au contact and rubrene 5 

crystals is investigated. I started by thermally evaporating thin layers of MoO3 and F4-

TCNQ on the contact regions through shadow mask, after which 50 nm Au was 

evaporated as the primary conducting electrodes. CytopTM (εr = 2.2) is used as the 

dielectric. The idea of using MoO3 originates from the fact that hybrid MoO3/Au 

electrode exhibits larger work function than Au, a strategy that has been widely employed 

in OLED community. The idea of using F4-TCNQ is based on the work by Koch et al,214 

in which they found that depositing a strong electron acceptor (such as F4-TCNQ) layer 

on Au increased its work function, which was beneficial for hole injection. In addition, 

other researchers have shown that F4-TCNQ can locally dope p-type organic 

semiconductors, an effect that is also likely to enhance charge injection for holes.215–217 

Unfortunately, both MoO3 and F4-TCNQ interlayers do not improve the hole mobility, 

nor the charge injection properties (qualitatively seen from the output curves) for rubrene 

5 SC-OFETs. Result summaries are shown in Table 7.4(b). These unsuccessful attempts 

may be due to several reasons: (i) unsatisfactory film morphology on crystal surface, such 

as discontinuities, clusters; (ii) un-optimized film thickness; (iii) the interlayer molecules 

are not “activated” such that they cannot effectively dope or interact with crystals, 

leading to expected improvement in injection; annealing these interlayers after deposition 

may be useful. 

Finally, TTF-TCNQ is used as the interlayer and the effect on device performance 

is investigated. The idea of using TTF-TCNQ is borrowed from several reports in which 
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TTF-TCNQ interlayer was found to decrease the contact resistance and improve injection 

for several OTFTs by Hasegawa and co-workers.218–220 Likewise, I started by thermally 

evaporating TTF-TCNQ with different thicknesses on the contact regions through 

shadow mask, after which 50 nm Au was evaporated as the primary conducting 

electrodes (Figure 7.10(a)). CytopTM (εr = 2.2) is used as the dielectric.  

Figure 7.10 (b) shows the morphology of evaporated TTF-TCNQ on crystal 

surface. As seen from this SEM image, TTF-TCNQ forms quasi one-dimensional micro-

ribbons with length ~ 10 μm and width ~ 1 μm which are lying down on crystal surface 

(due to the subsequent Au layer on top). Their coverage can be controlled by the 

thickness readings from the QCM, categorized into 0% (bare Au), 20%, 50% and 100% 

(all TTF-TCNQ). Figure 7.10 (c), (e) show the transfer and output curves for the 20%-

devices, in which not only ambipolar mobilities are improved (hole mobility of 4.01 

cm2V-1s-1, electron mobility of 0.52 cm2V-1s-1), so is the charge injection for holes, as 

seen from the ID-VD behavior at low bias region. Despite the ID-VD behavior is not 

entirely linear, it has seen substantial improved compared with bare Au. Figure 7.10 (e), 

(f) show the hole and electron mobility, and hole contact resistance Rc, as a function of 

TTF-TCNQ coverage. For the hole transport, overall, we find that the hole mobility 

increases with increasing TTF-TCNQ coverage until 20% coverage is reached, after 

which hole mobility remains almost constant (best hole mobility 4.01 cm2V-1s-1). The Rc 

for holes, however, exhibits a non-monotonic dependence on the coverage. Nevertheless, 

a low Rc value is reached at 20% coverage (14.7 kΩ-cm at VG = -80 V and VD = -40 V).  
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Figure 7.10 Effect of TTF-TCNQ interlayer on device performance of rubrene 5 SC-
OFETs gated with Cytop (εr = 2.2). (a) Optical image of device. (b) SEM image of TTF-
TCNQ on crystal surface with 20% coverage. (c) Transfer curve and (d) Output curve of 
a rubrene 5 SC-OFET with 20% TTF-TCNQ; this device has hole mobility of 4.01 cm2V-

1s-1 and electron mobility of 0.52 cm2V-1s-1. (e) Hole mobility (black) and electron 
mobility (red), and (f) Hole contact resistance Rc, as a function of TTF-TCNQ coverage. 
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(a) Top-contact rubrene 5 SC-OFETs with different dielectrics 

Dielectrics 
Hole Transport Electron Transport 

µh (cm2V-1s-1) µh, max  Vth,h (V) µe (cm2V-1s-1) µe, max  Vth,e (V) 

Vacuum Gap 
(εr = 1) 0.40 ± 0.23 0.66 -42.2 ± 10.5 N/A N/A N/A 

Cytop  
(εr = 2.2) 

0.67 ± 0.29 1.03 -11.7 ± 8.5 0.070 ± 0.054 0.14 63.8 ± 11.2 

PMMA 
 (εr = 3.6) 

0.44 ± 0.41 1.54 -25.6 ± 4.3 0.070 ± 0.091 0.28 69.0 ± 23.5 

P(VDF-HFP) 
(εr = 11.4) 0.34 ± 0.18 0.61 2.5 ± 8.1 0.011 ± 0.007 0.02 72.9 ± 14.1 

(b) Top-contact, CytopTM-gated rubrene 5 SC-OFETs with MoO3, F4-TCNQ interlayers + Au electrodes, 
and printed PEDOT:PSS electrodes  

 
Hole Transport Electron Transport 

µh (cm2V-1s-1) µh, max  Vth,h (V) µe (cm2V-1s-1) µe, max  Vth,e (V) 

Au 0.67 ± 0.29 1.03 -11.7 ± 8.5 0.070 ± 0.054 0.14 63.8 ± 11.2 

Au + 5 Å  
F4-TCNQ 

0.41 ± 0.27 0.96 -8.3 ± 5.0 0.072 ± 0.071 0.22 68.3 ± 10.5 

Au + 5 nm  
F4-TCNQ 

0.35 ± 0.24 0.66 -15.0 ± 3.0 N/A N/A N/A 

Au + 10 nm 
F4-TCNQ 0.35 ± 0.19 0.58 -13.2 ± 3.2 N/A N/A N/A 

Au + 10 nm 
MoO3 

0.19 ± 0.15 0.51 -18.1 ± 6.7 0.006 ± 0.008 0.015 71.2 ± 36.2 

Printed 
PEDOT:PSS 

0.84 ± 0.78 2.91 -16.2 ± 9.0 0.124 ± 0.118 0.33 85.4 ± 7.8 
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Table 7.4 Summary of device properties of top-contact rubrene 5 SC-OFETs with 
different optimization techniques. (a) Effect of dielectrics. (b) Effect of MoO3, F4-TCNQ 
interlayers + Au electrodes, and printed PEDOT:PSS electrodes. (c) Effect of TTF-
TCNQ interlayers + Au electrodes.  
 
 

On the other hand, looking at the electron transport, we find that electron mobility 

peaks at 20% coverage, with the best value of 0.52 cm2V-1s-1. Electron mobilities with 

50% and 100% coverage are comparable and even worse than those with bare Au 

electrodes. However, due to the lack of Rc for electrons (Rc measurement by transmission 

line method was unsuccessful for electrons, because the total resistance for electrons was 

not scaling with channel length), further analysis was hard to carry out. Table 7.4(c) 

shows the result summary of device performance with TTF-TCNQ interlayers.  

From these preliminary results, we conclude that incorporating a small portion of 

TTF-TCNQ (optimal coverage is 20%) between Au and crystal, at the charge injection 

interface, can decrease the contact resistance for holes by a factor of 10, resulting in more 

efficient hole injection and improvement of hole mobility. With the same 20% coverage, 

(c)  Top-contact, CytopTM-gated rubrene 5 SC-OFETs with TTF-TCNQ interlayers + Au electrodes 

TTF-TCNQ 
coverage 

Hole Transport Electron Transport 

µh (cm2V-1s-1) µh, max  Vth,h (V) Rc (kΩ-cm) µe (cm2V-1s-1) µe, max  Vth,e (V) 

0 %  
(bare Au) 

0.67 ± 0.29 1.03 -11.7 ± 8.5 256.6  0.070 ± 0.054 0.14 63.8 ± 11.2 

20 % 1.78 ± 0.86 4.01 -15.5 ± 6.5 14.6 0.423 ± 0.286 1.02 79.3 ± 9.5 

50 % 1.82 ± 0.77 3.42 -15.4 ± 6.4 64.3 0.1 ± 0.094 0.32 78.3 ± 8.5 

100 % 1.55 ± 1.03 3.46 -21.2 ± 3.4 98.5 0.018 ± 0.031 0.082 N/A 
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electron mobility is enhanced by a factor of 10 compared with Au electrodes; however, 

other percentage coverage of TTF-TCNQ do not seem to increase the electron mobility. 

To fully understand the mechanism of TTF-TCNQ on the charge injection for both holes 

and electrons, further studies are needed: (i) measurement of contact resistance for 

electrons; (ii) temperature dependence of hole/electron mobility; (iii) closer look at the 

TTF-TCNQ/rubrene 5 interface using, for example, Kelvin probe microscope, to examine 

any possible change in the work function compared with bare Au.  

7.5 Conclusion   

We have successfully synthesized a series of rubrene derivatives whose π-

stacking structures are maintained and long-axis interlayer distances are systematically 

expanded. The stacking present in rubrene 5 - 7 leads to enhanced electronic couplings 

vs. the parent rubrene 1. These enhanced electronic couplings manifest themselves in SC-

OFETs, although the mobility values have yet to reach the best reported for rubrene. The 

work herein begins to scratch the surface on the use of molecular design to influence the 

electronic properties of the crystalline solid-state. Such efforts, if successful, could help 

create a clear path towards enhanced organic semiconductors for use in FETs. Future 

investigations will closely examine steric and electrostatic effects that impact molecular 

packing configurations which in turn influence the macroscopic material properties and 

device design (e.g., choice of electrodes and device architecture). 
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Chapter 8 Utilizing Carbon Nanotube Electrodes to Improve Charge 

Injection and Transport in Bis(trifluoromethyl)-dimethyl-rubrene (fm-

rubrene) Ambipolar Single Crystal Transistors 

This chapter describes extensive contact engineering in ambipolar single crystal 

transistors based on bis(trifluoromethyl)-dimethyl-rubrene (fm-rubrene) (known as 

rubrene 5 in Chapter 7), whose transport properties were contact-limited by inefficient 

charge injection from conventional Au electrodes. The approach is to use carbon 

nanotube (CNT) electrodes for enhancement of charge injection for holes and electrons as 

well as the low-temperature transport, so as to approach to fm-rubrene’s theory-predicted, 

intrinsic electrical properties. In this work, Prad Prabhumirashi and Michael Geier in 

Prof. Mark Hersam group (Northwestern University) provided the CNT solutions. Yasuo 

Nakayama, Yuki Uragami, Prof. Kazuhiko Mase and Prof. Hisao Ishii (Chiba University) 

carried out the UPS measurement. Katie McGarry in Prof. Chris Douglas group 

(University of Minnesota) provided the source materials of fm-rubrene. This work has 

been submitted to ACS Nano as W. Xie, P. Prabhumirashi, Y. Nakayama, K. A. 

McGarry, M. L. Geier, Y. Uragami, K. Mase, H. Ishii, C. J. Douglas, M. C. Hersam and 

C. D. Frisbie, “Utilizaing Carbon Nanotube Electrodes to Improve Charge Injection and 

Transport in Ambipolar Rubrene-Based Single Crystal Transistors”, 2013. 
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8.1 Introduction 

Charge carrier injection from metal contacts into organic semiconductors is a 

critical process controlling the performance of OFETs. Large energetic barriers for hole 

or electron injection can be present when an offset exists between the metal work 

function and the highest occupied molecular orbital (HOMO) or the lowest unoccupied 

molecular orbital (LUMO) of the organic semiconductor. Under these circumstances, 

charge injection becomes the limiting factor for the subsequent device operation, often 

manifested by large contact resistance and non-ohmic current-voltage behavior, 

consequently resulting in an underestimate of the intrinsic electrical properties of the 

semiconductor. Efficient charge injection is, therefore, particularly important in OFETs 

based on organic single crystals, which is the ideal system to probe the intrinsic charge 

transport and structure-property correlation of the semiconductor material.  

Several techniques have been developed to address the charge injection problem 

for one type of carrier, either holes or electrons, in organic electronic devices. One 

general strategy employs surface modifiers to change the metal work function through 

interface-dipole induced vacuum-level shifts in order to align the Fermi energies with the 

energy levels of the semiconductor. For example, different thiol-type self-assembled 

monolayers (SAMs) have been used to modulate the work function of Au and Ag.221 

Recently, the aliphatic amine-functionalized polymers have been found to greatly reduce 

the work functions for a wide variety of conductors including high work function metals 

(e.g., Au, Ag), transparent conductive metal oxides and conducting polymers, thereby 
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providing an excellent alternative to low work function metals (e.g., Ca, Al) for n-type 

organic semiconductor devices.222 Another option utilizes chemical doping of the 

semiconductor to increase its local conductivity and/or to fill up the interfacial traps, and 

thus decrease the injection barrier height. For p-type organic semiconductors, strong 

electron acceptors such as F4-TCNQ and FeCl3 have often been used as dopants.215–217 

However, the exact nature of the doping mechanism along with the knowledge about the 

dopant concentration and its location remains unclear. Alternative approaches have 

involved depositing other conducting or semiconducting films, often ultrathin metal 

oxides, as the charge transport layer or tunneling layer between the metal contact and 

semiconductor.223,224 Nevertheless, the deposition of oxide films is often performed under 

less favorable conditions, usually accompanied by high-temperature processes and 

tedious patterning steps.  

The techniques described above have been successfully applied to organic thin 

film devices, but are less used in single crystals. In fact, most carefully-studied high-

mobility p-type (e.g., rubrene, TMTSF)19,109 or n-type organic crystals (e.g., PDIF-

CN2)110 do not seem to experience charge injection difficulties with commonly used Au 

electrodes. One apparent reason is that their respective HOMO or LUMO levels align 

close to the Au work function (5.0 eV). As described in Chapter 7, the SC-OFETs built 

on bis(trifluoromethyl)-dimethyl-rubrene (previously known as rubrene 5, molecular 

structure shown in Figure 8.1(a)), which we will refer to as fm-rubrene, exhibit 

ambipolar transport behavior with high hole mobility of 1.5 cm2V-1s-1 and electron 
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mobility of 0.28 cm2V-1s-1. Neverthelss, the fm-rubrene SC-OFETs have yet to reach 

their expected intrinsic electrical performance, based on band structure calculations 

which suggest superior ambipolar transport properties over the parent molecule, 

rubrene.154 We speculated that this was due to the deeper HOMO and LUMO levels, 

which had an adverse impact on the hole injection when using the same Au electrodes. 

Electron injection was easier than in rubrene, as seen in our previous report,154 but was 

still not optimized. As a result, SC-OFETs built on fm-rubrene using Au electrodes suffer 

from suboptimal charge injection. Engineering the contacts is therefore critical for this 

novel ambipolar crystal to realize its true transport potential as predicted by theory.  

In this work, we demonstrate a universal approach, rather than simply modulating 

the work function of the electrode material, to enhance the ambipolar injection 

characteristics in CytopTM-gated, bottom-contact ambipolar fm-rubrene SC-OFETs, 

utilizing single-walled carbon nanotube (CNT) electrodes. The optimized fm-rubrene SC-

OFETs show hole transport properties comparable to, and electron transport properties 

greatly exceeding those of rubrene SC-OFETs in the current device structure. Our present 

work advocates the utility of CNTs as efficient contacts to alleviate the injection 

difficulties regardless of charge carrier polarity in organic optoelectronic devices. 

8.2 Ultraviolet Photoelectron Spectroscopy (UPS) Measurements 

The single crystals (fm-rubrene, rubrene) utilized in this work were grown by 

physical vapor transport. The vapor-grown fm-rubrene crystals belong to the Cmca space 

group (the same space group as rubrene), with lattice parameters of a = 34.197 Å, b = 
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7.1577 Å, c = 14.052 Å, α = β = γ = 90o. These crystals are in fact polymorphic to the 

solution-grown crystals reported previously which belong to Pbcm space group,154 and 

the unit cell dimensions and interlayer distances for the two polymorphs are the same. 

The space group conservation and the preserved distances, in particular the π-stacking 

distance, validate the comparison of fm-rubrene to its parent molecule, rubrene, in the 

following single-crystal device studies.   
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Figure 8.1 UPS measurement of fm-rubrene crystals. (a) Molecular structures of rubrene 
and fm-rubrene. (b) Photoelectron yield spectroscopy (PYS) spectra of rubrene (black, 
open circles) and fm-rubrene crystals (red, open circles). (c) Energy level diagram. (d) 
UPS spectra (normalized by incident photon flux) of rubrene (black lines) and fm-rubrene 
crystals (red lines) around the HOMO peak. Binding energy (B.E.) with respect to the 
Fermi level (EF) is taken as the x-axis. Incident photon energy is 30 eV. 

The solid-state electronic structure of fm-rubrene single crystals was examined 

using ultraviolet photoelectron spectroscopy (UPS). Details of the photoelectron 
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experimental setup can be found elsewhere.82,83,225 Before the UPS measurement, the 

ionization energy (Is) of a fm-rubrene crystal was determined using photoelectron yield 

spectroscopy (PYS), which probes the total photoemission current as a function of the 

incident photon energy, hν.82,83 As shown in Figure 8.1(b), Is of fm-rubrene and rubrene 

(used for comparison) can be extracted around the onset of photoelectron yield (Y) by 

least-square fitting with the following relation, 3)( sIhY −∝ ν . The evaluated Is of 

rubrene and fm-rubrene are 4.90 eV and 5.94 eV, respectively. The result for the rubrene 

crystal is consistent with previously reported values.82 On the other hand, the fm-rubrene 

crystal exhibits a strikingly deeper-lying HOMO level of 5.9 eV. By simply 

functionalizing the rubrene molecule with short trifluoromethyl/methyl groups, an 

astonishing deepening of the energy levels as large as 1 eV was obtained (bandgap ~ 2.3 

eV determined from redox potentials remains unchanged154), highlighting the pronounced 

impact that the molecular structure has on the electronic structure. As a result, a large 

hole injection barrier is expected between fm-rubrene and Au (Figure 8.1(c)), 

presumably resulting in large contact resistance and underestimation of hole mobility, 

thereby supporting our previous conjecture of contact-limited charge transport in fm-

rubrene SC-OFETs with Au electrodes.154 The closer LUMO position to the Au work 

function is also in line with good electron transport in fm-rubrene transistors; however, an 

electron injection barrier as large as 1.4 eV still exists (deduced from Mott-Schottky rule 

of vacuum level alignment in Figure 8.1(c)).  
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We note that in the solution phase, when the intermolecular interaction is 

negligible, the measured oxidation potential of fm-rubrene is only ~ 0.1 eV larger than 

rubrene.154 Calculations also predict a slightly larger adiabatic ionization potential (~ 0.2 

eV) in the gas phase of fm-rubrene over rubrene.154 These results indicate that the 

contribution of the aryl substituents to the energy level shift is relatively minor for 

individual rubrene molecules. As noted above, however, in the solid state, a significantly 

(~ 1 eV) deeper energy level was observed for fm-rubrene, as compared to rubrene, while 

rubrene exhibited similar HOMO levels measured in both solution phase and solid-state 

(~ 4.9 eV). We propose that the extra contribution to the energy level deepening arises 

from the large surface dipoles (due to the trifluoromethyl groups) leading to an increase 

in the work function. As seen in Figure 8.2, the surfaces of rubrene and fm-rubrene 

crystals both correspond to the π-stacking planes (for both rubrene and fm-rubrene, the b-

c plane). The long axes of the unit cells (a-axis) are perpendicular to the crystal surfaces. 

As a result, the –CF3 and –CH3 substituted phenyl side groups in the first molecular layer 

of fm-rubrene extend out from the surface, and a non-zero dipole moment is present at 

the surface. This can lead to a work function increase, i.e., the surface dipoles provide an 

extra deepening of the HOMO level compared with a non-polar surface in the case of 

rubrene, analogous to the increase in the work function of Au when coated with 

fluoroalkyl type SAMs.221 Testing this hypothesis will help us to gain further insights 

into more rational molecular design for high-performance organic semiconductors with 

desired crystal packing and efficient charge injection.  
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Figure 8.2 Proposed surface dipole effect in fm-rubrene crystals. (a), (c) Crystal packing 
for (a) rubrene and (c) fm-rubrene crystal. (b), (d) Alignment of side functional groups on 
the surface of (b) rubrene and (d) fm-rubrene crystals.  
 

Figure 8.1(d) shows the UPS spectra of rubrene and fm-rubrene crystals in the 

HOMO region plotted with respect to the Fermi level (EF). The HOMO density of states 

(DOS) of fm-rubrene is nearly identical to the HOMO DOS of rubrene (i.e., not affected 

by the functionalization of the side groups), yet it is apparent that the HOMO edge of fm-

rubrene is further away from the EF than that of rubrene. The HOMO peak width of 0.4 

eV in fm-rubrene (as estimated by a single Gaussian fit) is also in good agreement with 

prior calculations.154 A direct observation of valence band dispersion in the fm-rubrene 

crystal by angle-resolved photoelectron spectroscopy (ARPES) was prevented by 

spectrum broadening and insufficient spectral quality, likely due to sample charging. As a 

consequence, a quantitative analysis of the bandwidth and effective mass in fm-rubrene 

was difficult to carry out. Nevertheless, these photoelectron measurements have provided 

a baseline understanding of the solid-state electronic structure of fm-rubrene crystals, 
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suggesting the importance of a suitable device fabrication strategy for realizing its 

intrinsic electrical properties.   

8.3 Room-temperature Device Characteristics of fm-rubene SC-OFETs 

SC-OFETs of fm-rubrene were constructed in a bottom-gate, bottom-contact 

architecture using CytopTM as the insulator layer (Figure 8.3(a)). CytopTM has been 

widely used as a high-quality dielectric material for OFETs due to its good bias-stress 

stability and low interfacial trap density.226 The bottom-contact geometry was selected to 

prevent any undesired surface damage in the crystals during the fabrication of top 

contacts. Besides, we have previously shown that fm-rubrene transistors have better 

performance in top-contact geometry as compared to the bottom-contact geometry, thus 

making bottom contact a challenging structure with which to work (Figure 7.7 in Chapter 

7). We started with bare Au electrodes as the source and drain contacts (denoted as Au 

electrode) upon which thin fm-rubrene crystals were laminated across. Simultaneously, as 

a control group, thin films of CNTs were deposited onto the Au electrodes before the 

crystal lamination. The CNTs were dispersed in an aqueous solution of 1-2 wt% sodium 

cholate (SC). The deposition process was carried out via aerosol jet printing (AJP) in 

ambient conditions. AJP has been applied to a wide variety of conductor, semiconductor 

and dielectric solutions and is a powerful technique to print high-resolution, large-area 

flexible electronic devices and circuits.140,227 As shown in the SEM image in Figure 

8.3(b), the printed CNTs form a thin network of randomly oriented tubes (average length 

of a few μm) on top of the Au contacts and also extend slightly (< 5 μm) into the channel. 
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A direct bridging of CNTs between two electrodes was prevented due to the long channel 

length of typically 500 μm. The CNT coverage onto the Au electrode was controlled by 

varying the concentration of the CNT solution and was categorized into low (2-4 

CNTs/μm), medium (5-15 CNTs/μm) and high (> 20 CNTs/μm) density CNT/Au 

electrodes. Additionally, a dense network of CNTs was printed as a stand-alone 

source/drain contact (denoted as CNT electrode, Figure 8.3(c)).  
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Figure 8.3 (a) Cross-sectional device structure (top) and optical micrograph (bottom) of a 
bottom-contact, CytopTM-gated fm-rubrene SC-OFET. (b),(c) SEM images showing the 
CNT morphology for (b) the high-density CNT/Au electrode (> 20 CNTs/μm)  and (c) 
the CNT electrode. 

 
Figure 8.4(a) shows the log-linear transfer characteristics of an fm-rubrene SC-

OFET with Au electrodes showing ambipolar behavior. The saturation mobilities were μh 

= 1.34 cm2V-1s-1 and μe = 0.062 cm2V-1s-1, respectively, consistent with our earlier 

results.154 Both μh and μe show a fairly broad variation among all devices tested, which is 

likely due to the inefficient and obstructed injection process from the Au contacts. A 

large hysteresis in the electron current may result from the presence of electron traps due 

to air exposure during the device fabrication, but may also arise from poor electron 

injection properties. Furthermore, the output curves shown in Figure 8.4(b) are 
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characterized by significant non-ohmic behavior in the low-bias regime for both hole and 

electron currents, indicative of the existence of Schottky-type injection barriers and are 

qualitatively in good accordance with the relative energy level alignment shown in Figure 

8.1(c). The electron current does not show saturation behavior at large drain bias. 

Overall, we find poor and unsatisfactory performance in fm-rubrene SC-OFETs with 

bottom-contact Au electrodes.  

On the other hand, fm-rubrene SC-OFETs with CNT/Au electrodes exhibit 

substantially enhanced performance. As shown in Figure 8.4(c), the hole and electron 

currents ID in the saturation regime (drain voltage VD = -100 V and 100 V) are 1-2 orders 

of magnitude higher than those in the Au-electrode device (Figure 8.4(a)), leading to a 

remarkable μh of 4.8 cm2V-1s-1 and μe of 4.2 cm2V-1s-1. This electron mobility is already 

one of the highest values compared with unipolar n-type organic crystals,103,110 not to 

mention an equally large hole mobility. To the best of our knowledge, these devices set a 

new record for ambipolar mobility in wide bandgap, conjugated organic 

semiconductors.213,52,228 Additionally, as displayed in Figure 8.4(d), on the hole transport 

side, ID-VD behavior in the low bias region becomes nearly ohmic, although not entirely- 
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Figure 8.4 Device characteristics of CytopTM-gated fm-rubrene transistors with CNTs at 
the contacts. (a),(b) Au electrodes. (c),(d) high-density CNT/Au electrodes. (e),(f) CNT 
electrodes In all cases,  ID-VG and (ID)1/2-VG are shown at VD = -100 V (black) and VD = 
100 V (red); ID-VD are shown at several negative and positive VG (in 10 V step). 
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linear, and the same improvement is also prominent in the ID-VD curve for electron 

transport. Furthermore, the hole/electron current hysteresis becomes almost negligible, 

indicative of lower concentration of interfacial traps at the fm-rubrene/CNT interface 

since the fm-rubrene/CytopTM interface is unchanged. The output curves for holes and 

electrons are generally accompanied by negligible noise and current saturation at large 

VD, indicating an overall superior performance over devices with Au electrodes.  

In the case of the CNT electrodes (Figure 8.4(e),(f)), fm-rubrene transistors 

performed similarly to the devices with CNT/Au hybrid electrodes, with nearly ohmic 

behavior for both hole and electron injections, and enhanced ambipolar mobilities (μh of 

4.2 cm2V-1s-1 and μe of 3.8 cm2V-1s-1). Another apparent advantage of applying CNT/Au 

or CNT electrodes was considerably higher ambipolar currents (10-7 A to 10-6 A), making 

these fm-rubrene devices potentially promising for high-performance light-emitting 

transistor applications.  

8.4 Measurement of Contact Resistance 

The contact resistance (RC) for hole and electron injection in fm-rubrene SC-

OFETs was measured by using the transmission line method (TLM). For the untreated 

Au electrodes, on the hole-transport side, the total channel resistance (R × W, normalized 

by width) roughly scales with channel length; however, the electron channel resistance 

exhibits totally random, anomalous scaling behavior (Figure 8.5(a)). In both cases, RC 

associated with hole and electron injection are enormous (RC is ~ 2741 kΩ-cm for holes 

at VG = -80 V, VD = -40 V and RC is ~ 498500 kΩ-cm for electrons at VG = 120 V, VD = 
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100 V). In the case of devices with medium-density CNT/Au electrodes in Figure 8.5(b), 

we find a nearly linear scaling relation between the total channel resistance, R × W, and 

the channel length L, for both hole and electron transport. RC for holes and electrons are 

decreased by several orders of magnitude, where RC is as low as 7.0 kΩ-cm at VG = -80 V 

(VD = -20 V) for holes and 109.1 kΩ-cm at VG = 120 V (VD = -60 V) for electrons. The 

measured RC for fm-rubrene OFETs with CNT/Au electrodes are, overall, low for 

bottom-contact single crystal devices, although more improvement is needed to achieve- 
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Figure 8.5 Transmission line method (TLM) for measuring contact resistance. Total 
channel resistance R × W (normalized by width) as a function channel length L for hole 
transport and electron transport in a fm-rubrene SC-OFET with (a) Au electrode (VG in 2 
V step, VD = -40 V for holes and VD = 100 V for electrons); (b) medium-density CNT/Au 
electrodes (VG in 2 V step, VD = -20 V for holes and VD = 60 V for electrons).  
 

an entirely linear and ohmic behavior in low bias ID-VD characteristics. The RC values 

determined from TLM have been confirmed by separate gated four-terminal 

measurements, which show good agreement between the contact-corrected four-terminal 

mobility and the saturation mobility (Figure 8.6). Based on the reduced RC, we conclude 

that incorporating CNTs as contacts improves the hole and electron injection efficiency 
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simultaneously for wide-bandgap fm-rubrene crystals, leading to enhanced transistor 

performance and nominally larger, less contact-limited mobility. 
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Figure 8.6 Four-terminal measurement in a fm-rubrene SC-OFET with high-density 
CNT/Au electrodes. (a) hole transport; (b) electron transport. In both case, (top) contact 
resistance Rc as a function of VG. (bottom) (left axis, black circles) ID – VG curves; (right 
axis, solid lines) V1 and V2 as a function of VG. The device shown here has μ4p(hole) = 3.9 
cm2V-1s-1 and μ4p(electron) = 1.8 cm2V-1s-1, while μsat(hole) = 4.0 cm2V-1s-1 and 
μsat(electron) = 2.1 cm2V-1s-1. 
 

8.5 Comparsion of fm-rubrene and rubrene SC-OFETs 

In addition, we have fabricated rubrene SC-OFETs using the same device 

structure as a direct comparison to the fm-rubrene devices (Figure 8.7). Even with Au 

electrodes, rubrene devices show ideal transistor behavior, and devices using either 
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CNT/Au or CNT electrodes performed equally well, including formation of ohmic 

contacts as displayed by linear ID-VD behavior in the output curves, low contact resistance 
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Figure 8.7 Summary of room-temperature rubrene SC-OFETs properties (CytopTM-
gated, bottom contact). (a) Transfer curves (VD = -100 V in black, VD = 100 V in red) and 
(b) Output curve (VG in 10 V step) of a rubrene transistor with medium-density CNT/Au 
electrode. This device has a hole mobility of 8.2 cm2V-1s-1. (c) Summary of all rubrene 
transistors performance with different contact conditions, (black) saturation hole mobility 
μsat; (red) hole contact resistance Rc (at VG = -80 V and VD = -20 V); (blue) hole threshold 
voltage Vth, as a function of electrodes.  
 

for holes (RC ~ 2.1 kΩ-cm at VG = -80 V) and large average μh ~ 7.1 cm2V-1s-1 (best 

mobility was 10.3 cm2V-1s-1) (see Figure 8.7(a),(b)). This is likely because the hole 

injection and transport properties of rubrene are already outstanding with Au contacts, 
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presumably due to optimal band alignment, therefore the effect of CNT treatment is 

marginal (Figure 8.7(c)). Electron transport was barely observed for any case in rubrene 

transistors (Au, medium-density CNT/Au, CNT electrodes), probably due the presence of 

a large electron injection barrier (~ 2.4 eV) that was difficult to surmount. Our strategy of 

employing CNT electrodes has enabled fm-rubrene to obtain hole mobility up to 4.8 

cm2V-1s-1, which is only a factor of two lower than the best hole mobility of rubrene in 

the present device structure, while the electron mobility (4.2 cm2V-1s-1) has undoubtedly 

surpassed rubrene as well as many other small-molecule single crystals.103,110  

Figure 8.8 and Table 8.1 summarize the fm-rubrene SC-OFETs electrical 

properties (threshold voltage Vth in Fig. 8.8(a), contact resistance Rc in Fig. 8.8(b) and 

saturation hole/electron mobility μsat in Fig. 8.8(c)) as a function of contact conditions, 

including Au electrodes, low, medium and high-density CNT/Au electrodes and CNT 

electrodes. Overall, an increase in the CNT density leads to a systematic improvement in 

the device performance up to a CNT density of 5-15/µm. CNT densities exceeding this 

value do not lead to any additional improvement. Looking at the hole transport, the hole 

mobility steadily increases as the CNTs are incorporated into the electrodes, and a four-

fold increase in the average mobility is finally achieved when using CNT electrodes. A 

100-fold decrease in contact resistance for holes with CNT electrodes supports the hole 

injection barrier reduction, resulting in the mobility enhancement. Meanwhile, the 

threshold voltage for hole transport has a favorable shift from -20 V with Au electrodes-  
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Figure 8.8 Summary of room-temperature fm-rubrene SC-OFETs properties (CytopTM-
gated, bottom contact). (a) Threshold voltage Vth, (b) contact resistance Rc and (c) 
saturation mobility μsat as a function of contact conditions. Au: Au electrodes; CNT: CNT 
electrodes; Low, Med, High: low-density (2 ~ 4 CNTs/μm), medium-density (5 ~ 15 
CNTs/μm) and high-density (> 20 CNTs/μm) CNT/Au electrodes. In the mobility panel 
(c), each round dot represents the individual mobility value for a single device, where 
solid lines refer to the average mobility values from about 20-40 devices. 
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fm-rubrene SC-OFETs 

 

Hole Transport Electron Transport 

μsat average 
(cm2V-1s-1)  

μsat, 
max 

RC 
(kΩ-
cm)a 

Vth (V) μsat average 
(cm2V-1s-1) 

μsat, 
max 

RC (kΩ-
cm)b Vth (V) 

Au 0.66 ± 0.44 2.03 2741 ± 
1050 

-19.2 ± 
8.2 

0.017 ± 
0.023 0.096 

498500 
± 

138400 

67.9 ± 
10.1 

Low 
CNT/Au 1.29 ± 0.58 2.30 119.5 

± 13.4 
-12.5 ± 

4.2 0.55 ± 0.38 1.61 709.0 ± 
138.6 

59.4 ± 
10.6 

Medium 
CNT/Au 2.78 ± 0.85 4.11 12.2 ± 

6.7 
-7.7 ± 

4.5 1.24 ± 0.89 3.84 167.3 ± 
53.5 

58.7 ± 
12.8 

High 
CNT/Au 2.86 ± 1.11 4.83 15.7 ± 

7.0 
-7.0 ± 

3.4 1.26 ± 0.98 4.20 83.9 ± 
39.7 

60.9 ± 
10.4 

CNT 2.57 ± 0.64 4.20 31.4 ± 
19.2 

-0.7 ± 
4.9 1.37 ± 0.84 3.89 322.8 ± 

168.4 
64.3 ± 
10.1 

rubrene SC-OFETs 

 

Hole Transport Electron Transport 

μsat average 
(cm2V-1s-1) 

μsat, 
max 

RC (kΩ-
cm)c Vth (V) μsat average 

(cm2V-1s-1) 
μsat, 
max 

RC (kΩ-
cm) Vth (V) 

Au 6.65 ± 1.04 8.15 2.1 ± 
0.7 

6.4 ± 
3.4 N/A 

Medium 
CNT/Au 6.79 ± 1.61 9.46 2.5 ± 

1.5 
10.0 ± 

3.5 N/A 

CNT 7.07 ± 1.77 10.3 2.6 ± 
0.6 

4.2 ± 
6.2 N/A 

Table 8.1 Summary of room-temperature device properties for bottom-contact, CytopTM-
gated fm-rubrene and rubrene SC-OFETs. 
 
aRC measured at VG = -80 V and VD = -20 V for holes in fm-rubrene SC-OFETs (except for Au electrodes, 
where RC is measured at VG = -80 V and VD = -40 V). 
bRC measured at VG = 120 V and VD = 60 V for electrons in fm-rubrene SC-OFETs (except for Au 
electrodes, where RC is measured at VG = 120 V and VD = 80 V). 
cRC measured at VG = -80 V and VD = -20 V for holes in rubrene SC-OFETs.  
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to almost 0 V using CNT electrodes. The threshold voltage is generally attributed to the 

amount of deep traps at semiconductor/insulator interface, but since the crystal/CytopTM 

interface does not change, this finding implies the increased injection efficiency can also 

benefit an earlier and easier device onset. On the other hand, the electron transport has a 

dramatic improvement with CNT electrodes. In the best case, average electron mobility 

increases almost 100 times while contact resistance is reduced by four orders of 

magnitude, despite a less significant improvement in the threshold voltage. Additionally, 

narrower distributions of both hole and electron mobility are clearly seen when using 

CNT electrodes, indicating consistent and reproducibly efficient charge injection 

processes. Our study unambiguously points out that substantially more effective injection 

processes for both holes and electrons have been realized by the use of CNT electrodes, 

the extent of which increases but eventually saturates with increasing CNT density (i.e., 

interfacial area of CNT and fm-rubrene). Due to better contacts, the measured hole and 

electron mobilities have increased significantly, more closely reflecting the intrinsic 

properties of fm-rubrene crystals.  

8.6 Temperature Dependence of Ambipolar Mobilities  

To elucidate the transport mechanism of fm-rubrene crystals, we have performed 

variable temperature measurements in devices with engineered contacts. Figure 8.9 

shows the temperature-dependent hole and electron mobility for fm-rubrene SC-OFETs 

with Au electrodes, medium-density CNT/Au electrodes and CNT electrodes, and a 

rubrene SC-OFET with medium-density CNT/Au electrodes as a comparison. Four-
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terminal mobility (μ4p) was adopted to correct for the temperature-dependent Rc, except 

for the case of fm-rubrene transistor with Au electrodes where Rc was too large to apply 

the four-terminal structure (μsat is used). In the rubrene transistor, the hole mobility 

appears to increase slightly with decreasing temperature, implying a possible band-like 

transport behavior (dμ/dT < 0) although further evidence (such as Hall effect) is needed. 

In the fm-rubrene transistor with Au electrodes, hole and electron mobility decrease 

steadily with decreasing temperature, i.e., they exhibit thermally activated transport with 

activation energy (EA) of 50 meV and 59 meV for holes and electrons, respectively. 

Comparatively, the hole/electron mobilities of the fm-rubrene transistor with CNT/Au 

and CNT electrodes stay nearly constant with temperature above 220 K, and in the best 

case a slight mobility increase is observed, after which mobility starts to decrease with 

further decreasing temperature. Interestingly, EA in this regime is also around 50 meV for 

both holes and electrons, implying that this energy may correspond to the intrinsic 

shallow trap depth of fm-rubrene crystals, regardless of the injection properties. 

Temperature-independent transport has been previously observed in other high-mobility 

organic crystals and thin films.106,196 Despite the unclear origin of this mobility behavior, 

the low-temperature ambipolar transport properties in the fm-rubrene device with 

CNT/Au or CNT electrodes are appreciably improved as compared with Au-contact 

devices. We anticipate that an intrinsic, band-like transport is likely to be realized in fm-

rubrene crystals in the benchmark vacuum-gap structure in which higher mobility is 

expected (it is known that single crystal mobility is strongly dependent on the dielectric 
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constant of the insulator layer),114 provided efficient charge injection can also be 

achieved in the vacuum-gap structure using CNT electrodes.  
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Figure 8.9 Temperature dependence of hole and electron mobilities for fm-rubrene SC-
OFETs with Au electrodes (magenta), CNT electrodes (red) and medium-density 
CNT/Au electrodes (blue). A rubrene SC-OFET with medium-density CNT/Au 
electrodes (black) is also shown. 
 

8.7 Mechanism of CNTs to Enhance Ambipolar Charge Injection 

The utilization of CNTs to improve charge injection has been the subject of 

research in various organic electronic devices including OLEDs and thin film transistors 

(OTFTs), in the form of individual CNTs,229,230 random or aligned CNT networks,231–234 

or CNT/polymer composites.235,236 For example, Zaumseil and co-workers have 

investigated the enhancement of charge injection and light emission in bottom-contact, 

top-gated polymer ambipolar TFTs, in which CNTs were dispersed within the polymer 
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film at a dilute concentration.236 Martel and co-workers have reported using embedded 

hairy CNT contacts for better injection efficiency in bottom-contact n-type and ambipolar 

PCBM TFTs.232 In Khondaker’s work, lithography-patterned aligned CNT arrays with 

tunable density have been used as the injection electrodes for high-performance 

pentacene TFTs.233,234 Our present experimental studies are the very first application of 

CNT electrodes to free-standing organic single crystals, in which the contact fabrication 

techniques are limited due to mechanical fragility and low chemical and environmental 

tolerance of organic crystals. The extent of improvement in ambipolar charge injection 

and carrier mobility we have observed in fm-rubrene is unprecedented. Our approach to 

prepare the CNT-based electrodes by printing is also advantageous due to its simple and 

lithography-free, room-temperature process. The fact that the CNT-electrode strategy is 

also successful in organic single crystals suggests that CNTs present a universal 

mechanism to enhance the injection properties for both types of carriers in a wide variety 

of organic semiconductor devices. 

One explanation for the remarkable and extensive success of the CNT-based 

electrodes could be related to the different work function of CNTs compared with Au. 

Despite a lack of direct PYS measurements for the CNT film, a work function of ~ 4.8 

eV for single-walled CNTs is assumed based on the literature reports.237–239As shown in 

the energy level diagram in Figure 8.1(c), for Au electrodes, we can roughly estimate the 

barrier heights (assuming no interfacial states) for fm-rubrene of Φh ~0.9 eV with respect 

to HOMO level, and of Φe ~1.4 eV with respect to LUMO level. Our experimental 
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observations (see Table 8.1) corroborate easier hole injection than electron injection, but 

both with large Schottky barriers from Au. While a slightly lower work function of CNTs 

could possibly explain the improved electron injection in fm-rubrene SC-OFETs using 

CNT/Au or CNT electrodes, it does not explain the improvement in hole injection, since 

such a low work function would only increase the hole injection barrier. In the case of 

CNT electrodes, large Schottky barriers can be presumed, roughly Φh ~1.1 eV for holes 

and Φe ~1.2 eV for electrons by assuming Mott-Schottky vacuum level alignment. Yet, 

the improvement in ambipolar injection properties suggests that the presence of CNTs at 

the injection interface leads to electrically transparent barriers for both holes and 

electrons.  

In contrast to transistors with ohmic contacts, in which the channel conduction 

relies on the gate modulation, for contact-limited transistors, the overall performance is 

also controlled by the electric field at the contact.240 As a result, charge injection 

properties and device performance can be dramatically different by varying the contact 

geometry. The Au-electrode is better described by using two dimensional (2D) 

electrostatics, which has little influence on the local electric field at the contacts (and thus 

band bending) in the presence of large Schottky barriers. This leads to the absence of 

tunneling current through the barrier, as manifested by a non-linear ID-VD characteristic 

and a large RC. In contrast, due to the form factor of the nanotubes, the CNT-electrode is 

associated with one-dimensional (1D) electrostatics. In such a scenario, the electric field 

can be greatly enhanced at the contact region. Simulation results from prior studies have 
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shown the enhancement in the electric field by 1-2 orders of magnitude along the 

nanotubes and at the tube tips.236 Therefore, even with large Schottky barriers, nearly 

ohmic ID-VD behavior and reduced contact resistance are achievable due to strong charge 

carrier tunneling across the barrier, and since the tunneling process is independent of the 

carrier type, the improvement of injection is effective for both holes and electrons. These 

conclusions are in line with the observed superior device performance in fm-rubrene SC-

OFETs with CNT electrodes as compared to the devices with Au electrodes. Collectively, 

we speculate that besides CNTs, any low-dimensional conductors such as metal 

nanowires are also likely to improve the injection properties for holes and electrons in 

these organic electronic devices whose performance are limited by large Schottky 

barriers.  

8.8 CNTs as the Top-contact in fm-rubrene SC-OFETs 

In addition to the studies described above, in which CNTs were printed as the 

bottom-contact electrodes, I have also printed CNTs as the top-contact electrodes, i.e., 

CNTs on top of the crystal surface, and then Au as the main conductive layer (Figure 

8.10(a)). In this process, CNTs were first AJP-printed on top of the crystal surface, then a 

gentle DI water rinse removed the surfactant, and finally a free-standing Au film (500 nm 

in thickness) was laminated on the CNT-treated contact region (Figure 8.10(b)). Figure 

8.10(c) shows the SEM image of printed CNTs on crystal surface, in which a thin layer of 

random network is observed (CNT density is not controlled and not quantified). Due to 
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the difficulty of fabricating the TLM or four-terminal electrode patterns in this 

architecture, contact resistance has not been measured. 

Figure 8.10 (d), (e) show the transfer and output curves for a top-contact fm-

rubrene transistor with Au electrodes. Saturation hole mobility is 0.98 cm2V-1s-1 and 

electron mobility is 0.14 cm2V-1s-1 in this device (average hole mobility is 0.63 ± 0.35 

cm2V-1s-1  and average electron mobility is 0.047 ± 0.046 cm2V-1s-1). As seen from the 

output curve in Figure 8.10 (e), the ID – VD behavior at low bias region is not ohmic, 

indicating the existence of injection barriers. By incorporating CNTs between Au and 

crystal at the injection interface, the drain current ID for both holes and electrons is 

enhanced by a factor of 10, as seen in Figure 8.10 (f), the transfer curve for a top-contact 

fm-rubrene transistor with CNT electrodes.  Consequently, saturation hole mobility 

increases to 3.45 cm2V-1s-1 and electron mobility to 1.65 cm2V-1s-1 for this device 

(average hole mobility is 1.76 ± 0.88 cm2V-1s-1  and average electron mobility is 0.62 ± 

0.44 cm2V-1s-1). In addition, the ID – VD curves at low bias region in Figure 8.10 (g) 

becomes very close to ohmic behavior, although not entirely linear for either hole or 

electron current. Despite the lack of contact resistance results, it is anticipated that CNTs 

as top-contact electrodes can also enhance the charge injection for both holes and 

electrons in fm-rubrene crystals, leading to larger, and presumably being closer to 

intrinsic mobilities.  
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Figure 8.10 Device performance of top-contact, Cytop-gated fm-rubrene transistors with 
CNTs electrodes. (a) Device structure. (b) Optical image. (c) SEM image of CNT 
morphology on crystal surface. (d) Transfer (e) Output curves of a fm-rubrene transistor 
with Au electrode. (f) Transfer (g) Output curves of a fm-rubrene transistor with CNT/Au 
electrode, where CNT density is not quantified.  
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8.9 Conclusion 

In summary, efficient charge injection, improved transport properties and 

benchmark hole/electron mobilities have been achieved in ambipolar SC-OFETs based 

on fm-rubrene by employing CNT electrodes. Due to the great enhancement of the 

electric field along the nanotube in the contact region, holes and electrons can effectively 

tunnel through the large Schottky barriers formed at the fm-rubrene/electrode interface, 

leading to a substantial decrease in the contact resistance and nearly ohmic characteristics 

for both the charge carriers. With engineered contacts, fm-rubrene SC-OFET device 

performance is approaching its intrinsic, theory-predicted, transport properties. Large and 

balanced ambipolar mobilities (4.8 cm2V-1s-1 for holes and 4.2 cm2V-1s-1 for electrons) 

and high ambipolar output currents make potential applications of fm-rubrene crystals 

promising in light-emitting transistors. Considering the rise in research interest devoted to 

developing new high-performance organic semiconductors, we point out that fabricating 

good contacts and optimizing the charge injection are as critical to achieving the ultimate 

electrical performance of the semiconductor material as rational molecular design and 

proper semiconductor processing methods. 
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Chapter 9 Electrical Characterizations in Rubrene Electrical Double 

Layer Transistors (EDLTs) at Surface Charge Densities above 1013 cm-2 

This chapter describes extensive electrical characterizations in rubrene electrical 

double layer transistors (EDLTs) at surface hole densities above 1013 cm-2, when gated 

with ionic liquids (ILs). Dependencies of IL composition and temperature on hole 

mobility and densities are investigated. Displacement current measurement is employed 

to determine the hole densities in these non-conventional transistors, where the gate 

capacitance is a function of frequency and gate voltage. This work has been published as 

W. Xie and C. D. Frisbie, “Organic Electrical Double Layer Transistors Based on 

Rubrene Single Crystals: Examining Transport at High Surface Charge Densities above 

1013 cm-2”, The Journal of Physical Chemistry C, 2011, 115 (29), 14360–14368. 

9.1 Introduction 

Free carrier density is a key parameter controlling the electronic properties and 

phase behavior of insulators, semiconductors, and superconductors. By tuning charge 

density levels, novel transport phenomena have been observed in a wide category of 

materials, for example, superconductivity in alkali-doped C60 and picene, and field-

induced superconductivity in SrTiO3.158,185,120 Electric-field tuning of charge density in a 

field-effect transistor (FET) platform is becoming an increasingly attractive option 

compared with chemical doping for exploring electronic phase transitions and transport 

because it is convenient and minimizes structural and chemical disorder. However, it is 

important to be able to achieve as high a carrier density as possible. For conventional 



Chapter 9  Electrical Characterization of Rubrene EDLTs  
 

 178 

dielectrics with dielectric constants less than 10, it is difficult to obtain carrier densities 

above 1013 cm-2. Several research groups have employed ultrathin self-assembled 

monolayers (SAMs) or cross-linked polymer films as gate insulators,115,116 but still charge 

densities above 5 × 1013 cm-2 are difficult to reach before dielectric breakdown. Another 

strategy has been to employ complex oxide ferroelectrics with field dependent dielectric 

constant near 300 at room temperature and in these cases, carrier concentrations in the 

vicinity of 1014 cm-2 have been realized in favorable circumstances.117  

Recently, electrolyte gating in FETs has become a promising technique to raise 

the charge density level into a much higher regime, on the order of 1013 - 1015 cm-2. The 

working mechanism of electrolyte gating, especially in electrical double layer transistors 

(EDLTs), has been introduced in Section 3.1 in Chapter 3. There is substantial research 

interest in extending electrolyte gating to organic semiconductors. However, studies of 

transport physics at high charge densities in organic semiconductors gated with 

electrolyte are limited, which significantly impedes the realization of novel electronic 

phenomena on organic surfaces and interfaces.  

In this work, we have carried out a systematic study of transport behavior in 

rubrene single crystal EDLTs gated with different ionic liquids (ILs) (IL composition in 

Figure 9.1(a)), particularly at holes densities larger than 1013 cm-2 (device structure in 

Figure 9.1(b)). Specifically, we characterize and compare the gate-induced hole 

densities, carrier mobility and dielectric capacitance of rubrene EDLTs gated with 

different ILs via displacement current measurement (DCM). We have achieved large hole 

mobility of 3.2 cm2V-1s-1 by choosing appropriate IL composition, and large hole 
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densities of 6.3 × 1013 cm-2 at lower temperatures when high gate voltage can be applied. 

These results are the important first-step in understanding the charge transport and device 

physics in organic EDLTs.   

 
 
Figure 9.1 (a) Several ILs employed in this study. (b) Device structure of rubrene EDLT.  
 

9.2 Impedance Characterization of Ionic Liquids  

The capacitances of pure ILs can be examined in an Au/liquid/Au (MIM) 

structure using AC impedance. Figure 9.2(a) shows the specific capacitances of all the 

ionic liquids employed in this study measured as a function of frequency from 10 Hz to 1 

MHz. Capacitances of various liquids show similar trends, remaining almost constant at 

low frequency and decreasing sharply at frequencies larger than 0.1 MHz. Importantly, 

the capacitance for all ILs reaches a maximum of 10 μF/cm2 at 10 Hz, which is much 

larger than conventional dielectric layers. If the double layer thickness is considered to be 

a few nanometers, the dielectric constants of the ILs are ~10, which is consistent with 

previous findings.241 As a consequence of the high capacitance, it can be estimated that a 

charge concentration above 1013 cm-2 can be achieved easily with the application of less 
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than 1 V gate bias. Also, the capacitance remains near 1 μF/cm2 at 0.2 MHz, suggesting 

rapid double layer formation within a few μs. 
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Figure 9.2 Impedance characterization of ILs. (a) Capacitance-frequency (C-f) relation of 
ILs in an Au/IL/Au test structure. (b) Temperature dependence of C-f relation in an 
Au/[EMI][FAP]/Au structure. 5 μm gaps are used in all cases. 
 

The temperature dependence of the capacitance-frequency (C-f) response of 

different ionic liquids also exhibits similar trends, shown in Figure 9.2(b) with 

[EMI][FAP] as an example. It can be seen that liquid capacitance decreases 

monotonically with temperature, and the capacitance roll-off frequency shifts to smaller 

values at lower temperature. This trend has been reported for spin-coated ion gel films 

and room temperature ionic liquids,242–244 but the capacitance decrease with decreasing 

temperature is contrary to a traditional electrolyte that obeys the Gouy-Chapman 

model.245 One possible reason is related to more ion-pairing (stable cation-anion 

aggregates) and the enhanced dissociation of ion pairs at elevated temperature,244,246 

which would increase the free ion concentration and contribute to thinner electrical 

double layers. The observation of smaller capacitance and capacitance-frequency shifts at 
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lower temperature implies that double layer formation is strongly impeded at higher 

frequency and lower temperature due to slower ion motion. At both high frequency and 

low temperature, ionic liquids will behave like conventional dielectric materials in which 

dipolar relaxation dominates. For example, with dielectric constant of 10 and thickness of 

5 μm, the specific capacitance of [EMI][FAP] is only 2 nF/cm2, which corresponds well 

with the capacitance value at high frequency (1 MHz) and low temperature (225 K). 

Overall, the experiments on MIM test structures provide baseline understanding of the 

capacitance behavior of ionic liquids employed in this study.  

9.3 Electrical Characterizations of Rubrene EDLTs.  

Figure 9.3 shows the transfer (ID-VG) and output (ID-VD) characteristics, as well 

as the gate current measured simultaneously of a typical rubrene EDLT gated with 

[P13][TFSI]. The EDLT device can be operated at less than one volt because of the high 

capacitance of the liquid, with field-effect current modulation of more than three orders 

of magnitude. Gate leakage current, less than 1 nA in this device, is significantly smaller 

than channel current (ID), which guarantees the device performance is not affected by the 

gate leakage. In the transfer curve, a remarkable observation is that the channel 

conductance is not a monotonic function of gate voltage, but exhibits a pronounced 

maximum resulting in negative transconductance (i.e. dID/dVG < 0). The reproducibility 

of the current maximum and the nearly hysteresis-free characteristics over multiple 

sweeps imply that this phenomenon is not related to trap filling or device degradation. In 

fact, all five ionic liquid-gated EDLTs show significant peaks of channel current in a 
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reproducible manner as gate voltage is swept (see Figure 9.4). The generality and 

reproducibility of the conductance peak in organic single crystal EDLTs is one of the 

major findings of this work. However, we have proposed a model for this behavior 

previously,170 in which we hypothesized that the binding interaction between electrolyte 

ions and charge carriers at the semiconductor/electrolyte interface would cause strong 

charge localization and lower carrier mobility. 
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Figure 9.3 Electrical characterizations of a typical rubrene EDLT gated with 
[P13][TFSI]. (a) Transfer characteristics: ID-VG (top) and IG-VG (bottom), VD= -0.1 V. (b) 
Output characteristic ID-VD. Sweep rate is 50 mV/s. Device dimension: W=320 μm and 
L=500 μm. 
 

It can be seen that the peak channel current in the [P13][TFSI] gated EDLT 

(Figure 9.3(a)) is 130 nA at VG = -0.5 V, equivalent to a sheet conductance of 2 μS. 

Additionally, the highest sheet conductance among all tested rubrene EDLTs (which was 

gated with [P14][FAP], not shown here) reaches 12 μS at VG < -1 V at room temperature, 

which exceeds the maximum attainable conductance in OFETs gated with high-k 
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dielectrics or ultrathin self-assembled monolayers (SAMs).115,116 This sheet conductance 

corresponds to a conductivity of 120 S/cm (assuming a 1 nm thick accumulation layer), 

which is comparable to the conductivity of doped conductive polymers (100 S/cm ~ 500 

S/cm)12 and organic charge-transfer salts (250 S/cm ~ 1000 S/cm).13 The high surface 

conductivity suggests that an insulating rubrene surface may ultimately reach a metallic 

state by high capacitance charging. We address this intriguing possibility with variable 

temperature transport measurements discussed in the following sections.  

The output characteristics plotted in Figure 9.3(b) show the saturation behavior 

of drain current at large VD as expected, which is a clear sign of channel pinch-off in a 

typical long-channel transistor. However, the saturated drain currents in rubrene EDLTs 

do not scale as (VG-Vth)2, contrary to what has been observed in vacuum-gated rubrene 

transistors. This is simply caused by the unusual channel conductance roll-off, or 

mobility lowering effect at large VG in rubrene EDLTs, seen from Figure 9.3 and Figure 

9.4 for rubrene EDLTs gated with all five ILs. 
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Figure 9.4 Electrical characterizations of rubrene EDLTs gated with four other ILs. (a) 
[EMI][TFSI], (b) [P14][TFSI], (c) [EMI][FAP] and (d) [P14][FAP]. In all cases, VD = -
0.1 V and gate voltage sweep rate is 50 mV/s.  
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9.4 Displacement Current Measurement 

The charge injection properties are characterized using gate displacement current 

measurement. In this technique, the source and drain contacts are connected to ground 

while the gate voltage is swept at a fixed rate.68,69,153 The displacement current measured 

from source/drain contacts (equivalent to that measured from the gate contact) is plotted 

as a function of gate voltage at a particular sweep rate, as is shown in Figure 9.5(a). The 

non-zero current at positive VG (OFF-state) comes mainly from the parasitic capacitance 

that is related to the device structure. The forward sweep indicates the charge injection 

process, where there is a sharp onset at around VG = 0.2 V corresponding to the device 

turn-on in the ID - VG curve (Figure 9.3(a)), and the reverse sweep indicates the charge 

extraction. The injected charge density can be calculated from the forward displacement 

current sweep as follows: 

eAr
dVI

eA
Qp

V

Gdisp∫==                                                                                                        (9.1) 

where Idisp stands for the displacement current, rV is the sweep rate (dVG/dt), e is the 

elemental electronic charge, and A is the channel area. The integration is performed from 

the baseline (namely, the OFF-state current) as indicated by the dotted line in Figure 

9.5(a). Injected charge density is then plotted as a function of gate voltage, and increases 

monotonically with VG, reaching 2.5 × 1013 cm-2 at VG = -1.0 V (Figure 9.5(a)). Effective 

carrier mobility is calculated by dividing channel current by the charge density as 

D

D

epV
I

W
L

=µ                                                                                                                   (9.2) 
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and is also plotted versus gate voltage in Figure 9.5(b). It should be noted that the 

mobility value is only meaningful when the device is fully ON. The initial increasing 

mobility with VG is commonly observed in organic FETs and is usually ascribed to trap 

filling. However, mobility decreases strongly with VG after reaching a peak value, and 

again we attribute this to the strong binding interaction of anions and holes at the 

rubrene/liquid interface that localizes charge carriers.170 The maximum mobility of 

[P13][TFSI] gated rubrene EDLT device reaches 2.2 cm2V-1s-1, comparable to the best 

mobility values reported for organic EDLT devices.163,167,169 Figure 9.5(c) shows the 

histogram of maximum carrier mobility of 18 rubrene EDLT devices gated with 

[P13][TFSI], with an average value of 1.9 cm2V-1s-1. 
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Figure 9.5 Hole density and mobility from DCM in rubrene EDLTs gated with 
[P13][TFSI]. (a) Gate displacement current taken at a sweep rate of 0.59 V/s. Dotted lines 
indicate the integration baseline. The inset shows an equivalent circuit for the double 
layer structure. (b) Carrier mobility as a function of VG. (c) Histogram of maximum 
mobility of 18 rubrene EDLTs gated with [P13][TFSI]. 
 

Figure 9.6(a) shows the displacement current of the same EDLT device taken at 

different sweep rates. The capacitance related to the EDLT can be extracted from the 

relationship of displacement current and sweep rate through 
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dt
dVAC

dt
CVd

dt
dQI G

i
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disp ===
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where Ci is the specific capacitance, A is the channel area and (dVG/dt) is the sweep rate 

rV. The slope of Idisp-rV curve then gives the capacitance values at a particular gate 

voltage (Figure 9.6(b)). Unlike conventional insulators (e.g., SiO2) whose capacitance 

values are only determined by the dielectric constant and layer thickness, the double layer 

capacitance increases with gate voltage from 2.6 μF/cm2 at VG = 0 V to about 4.5 μF/cm2 

at VG = -1 V. This trend with VG may have several causes. First, there are probably more 

compact ion accumulations at the rubrene/liquid interface at high transverse fields (high 

VG), and second, it may reflect the Gaussian-like density of states (DOS) of the rubrene 

surface as the Fermi level is moving towards the valence band (HOMO) with increasing 

VG. 
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Figure 9.6 Sweep-rate dependent displacement current. (a) Gate displacement current 
taken at various sweep rates for the [P13][TFSI] gated rubrene EDLT. (b) Displacement 
current versus sweep rate at different VG. The inset shows extrapolated capacitance as a 
function of VG.  

Capacitances for the rubrene/IL interface, inset in Figure 9.6(b), are also found to 

be somewhat lower compared to those for the Au/IL interface (Figure 9.2(a)), which can 
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be anticipated because (1) the time scales of two capacitance measurements are different. 

The impedance measurements for Au/IL/Au are typically slower than the displacement 

current measurements for Au/IL/rubrene structures. (2) More importantly, there are 

inherent differences in the electronic DOS for rubrene vs. Au. For example, rubrene has a 

molecular density of 1.8 × 1021 cm-3 and a valence band width ~ 0.5 eV, corresponding to 

an effective DOS of 3.6 × 1021 cm-3eV-1; whereas in Au, the DOS at the Fermi level is on 

the order of 1022 cm-3eV-1.42 We should also note that the validity of the displacement 

current measurements in rubrene EDLT devices is also verified by capacitance-voltage 

(C-V) measurements, which demonstrates that both techniques generate very similar 

values for charge density, carrier mobility and specific capacitance.  

Importantly, the displacement current of rubrene EDLTs (Figure 9.6(a)) behaves 

similarly as an ideal capacitor with distinct charging and discharging regions, indicating a 

pure electrostatic charge accumulation with little electrochemical doping. This 

strengthens our previous argument that the crystal surface is not compromised by 

electrolyte gating.162,170 The previously reported displacement current for electrolyte 

gated polymer thin-films, however, exhibited behaviors more like electrochemical 

devices where ion penetration was likely to occur.122 On the other hand, a continuously 

increasing displacement current for rubrene EDLTs is observed in the ON-state region, 

whereas in an oxide gated OFET, a constant displacement current is expected once the 

device is fully ON because of the fixed oxide capacitance value.68,69 The slope of IG-VG 

likely comes from the fact that besides the double layer capacitance, the IL bulk also has 

finite resistance, and as a result, the Au/IL/rubrene structure can be simplistically 
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regarded as a resistor and a capacitor in series (see inset of Figure 9.5(a)). This gives an 

overall gentle slope to both the charging and discharging portions of the displacement 

current trace at the give scan rate.  

Table 9.1 summarizes rubrene EDLT device performance gated separately by all 

five ionic liquids, namely, [EMI][TFSI], [P14][TFSI], [P13][TFSI], [EMI][FAP] and 

[P14][FAP]. It should be pointed out that although the viscosity of various ionic liquids 

employed here affects the ionic conductivity and thus the double layer formation time, 

the impact on our measurements is negligible as the devices are operated at very low 

frequency (~ 0.01 Hz). It is found that the selection of cations and anions has a 

remarkable influence on carrier mobility, namely, by gating with [P14][FAP] compared 

with [EMI][TFSI], the maximum carrier mobility has four-fold enhancement, from 0.8 

cm2V-1s-1 to 3.2 cm2V-1s-1. It has been reported previously that carrier mobility has a 

strong inverse dependence on the polarizability (dielectric constant) of both conventional 

and electrolyte gates, that is, larger capacitance commonly leads to smaller 

mobility.113,114,169 However, carrier mobility of rubrene EDLTs studied here, with all 

different ionic liquid gates, depends weakly on the capacitance of each liquid. We 

suggested previously that the interaction of holes and anions at the rubrene/liquid 

interface was significant due to the nanometer EDL thickness and the narrow bandwidth 

of organic crystals.170 Therefore, increasing anion-hole separation could be an effective 

route to recover the carrier mobility by decreasing this interaction. [FAP]- has an 

effective ionic radius of 4.0 Å, larger than that of [TFSI]- ions (3.4 Å).241,247 We speculate 

that upon double layer formation at the rubrene/liquid interface, holes accumulated on the 
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rubrene surface are less strongly bound to [FAP]- ions in the IL side because the [FAP]- 

radius is larger, therefore improving the mobility. We note that just as the polarizable 

nature of the dielectric layer plays an important role in controlling device mobility in 

conventional FETs, properties of the double layer at the electrolyte/semiconductor 

interface may also be a dominant factor in the charge transport in EDLTs. 

 
Table 9.1 Summary of transport properties of rubrene EDLTs gated with different ionic 
liquids at room temperature. Error bars stand for one standard deviation. 
 

At room temperature, up to (2 ~ 3) × 1013 cm-2 charge carriers can be accumulated 

on the rubrene surface, which may be limited by the IL electrochemical stability 

windows. All types of EDLT devices have a positive turn-on voltage, which means the 

rubrene surface is slightly p-doped with a normally ON-state. A more positive bias is 

needed to deplete holes from the transport channel, resulting in an insulating OFF-state. 

Interestingly, EDLTs gated with [FAP]- containing ILs have a more positive turn-on 

Ionic Liquids 
Max Mobility 

(cm2V-1s-1) 

Charge 
Densitya 

(× 1013 cm-2) 

Capacitance 
(μF/cm2)b 

Leakage Current Density 
(A/cm2)c 

Turn-On Voltage 
(V) 

[EMI][TFSI] 0.8 ± 0.4 
3.5 ± 1.2 

(2.5 ± 0.7)d 
8.0 ± 2.2 (3.1 ± 1.7) × 10-6 0.15 ± 0.10 

[P14][TFSI] 1.4 ± 0.6 
2.1 ± 0.4 

(1.8 ± 0.6) 
5.7 ± 1.5 (1.1 ± 0.4) × 10-6 0.10 ± 0.15 

[P13][TFSI] 1.9 ± 0.5 
2.2 ± 0.7 

(1.5 ± 0.3) 
4.8 ± 0.9 (1.3 ± 0.5) × 10-6 0.30 ± 0.15 

[EMI][FAP] 2.3 ± 0.6 
2.5 ± 0.4 

(1.5 ± 0.5) 
5.6 ± 1.1 (1.5 ± 0.6) × 10-6 0.55 ± 0.10 

[P14][FAP] 3.2 ± 0.4 2.4 ± 0.5 
(1.8 ± 0.6) 4.0 ± 0.6 (0.8 ± 0.3) × 10-6 0.60 ± 0.15 

aCharge density at VG = -1 V.           bSpecific capacitance at VG = -1 V.                                                                 
cLeakage current density at VG  = -1 V.    dCharge density at drain current peaks. 
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voltage than EDLTs gated with [TFSI]- salts. Detailed reasons of the early onset are still 

under careful investigation. Also, among all the ionic liquids, [P14][FAP] has the 

smallest gate leakage current, which may be because [FAP]- anion is the most 

hydrophobic and has less water contamination.248  

9.5 Low-temperature Transport of Rubrene EDLTs  

[P14][FAP] is chosen to gate rubrene EDLTs for low-temperature transport 

because of its large electrochemical stability window and the high hole mobility that 

[P14][FAP] gated EDLTs display. To eliminate contact effects, the channel conductance 

is investigated using a four-probe measurement at variable temperature. Figure 9.8(a),(b) 

show the temperature dependence of channel conductance, drain current and gate leakage 

current in a typical [P14][FAP] gated rubrene EDLT device. It can be seen that charge 

accumulation is still realized even down to 210 K, where the liquid remains in a 

supercooled state. At lower temperatures, the ion motion is gradually slowed, and a larger 

hysteresis can be observed in the ID-VG traces below 240 K (not shown here). It is evident 

in Figure 9.8(a) that the channel conductance as well as drain current decrease 

monotonically upon cooling, while conductance peaks are still observed within the entire 

temperature range. Gate leakage current, on the other hand, is greatly reduced at low 

temperature, as can be seen from Figure 9.8(b), which shows that it decreases by more 

than one order of magnitude from 300 K to 210 K. This may be due to suppressed 

electrochemical reaction at the liquid/rubrene interface at lower temperatures. At each 

temperature, the device does not show any degradation over multiple sweeps, and device 
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performance restores to its initial state when ramping back to 300 K after more than 12 

hours at low temperature (see Figure 9.7(a)). 
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Figure 9.7 Stability of rubrene EDLTs gated with [P14][FAP] at low temperatures. (a) 
Transfer curves before and after 12 hours’s temperature cycling. Device dimension: 
W=390 μm, L=300 μm. Sweep rate is 50mV/s. (b) Charge density as a function of gate 
voltage at 210 K, which indicates charge injection is not sweep rate limited. 
 

Charge density can be extracted from the gate displacement current, using the 

same method employed in the last section. As is shown in Figure 9.8(c), the amount of 

charge accumulated at the double layer is gradually reduced at lower temperature, from 

3.2 × 1013 cm-2 at 300 K to about 2.1 × 1013 cm-2 at 210 K (at VG = -1 V) when the liquid 

starts to freeze. This is similar to what has been observed in ZnO EDLTs gated with IL, 

in which the decrease in charge density was attributed to larger IL bulk impedance and 

less potential drop at the double layer at lower temperature.119 The same temperature 

dependence of capacitance is observed in the Au/IL/Au test structure (Figure 9.2(b)), 

which can be qualitatively ascribed to decreased free ion concentrations at lower 

temperature. This may also contribute to the trend observed here. It is noteworthy that 

although the threshold voltage is shifted to more negative values upon cooling 
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presumably due to increased filling of shallow traps at low temperatures, charge densities 

corresponding to the channel conductance peaks remain constant at 1.8 × 1013 cm-2 (0.1 

holes per rubrene molecule) at different temperatures. Even at 210 K when the liquid 

becomes very viscous and ion motion is sluggish, displacement current at a wide range of 

sweep rates (from 2.83 V/s to 0.06 V/s) yields almost the same charge densities (less than 

4% difference) (see Figure 9.7(b)), which indicates the transport at low temperature is 

still not limited by slower ion movement.  

Carrier mobility, on the other hand, is plotted as a function of temperature at 

variable charge densities, and it shows a thermally activated behavior with activation 

energy of 30 meV in Figure 9.8(d). This implies the charge transport at densities larger 

than 1013 cm-2 in rubrene EDLTs is dominated by shallow traps, which is consistent with 

the previous findings in ionic liquid gated rubrene and pentacene EDLTs.162 Although 

room temperature mobility of the rubrene EDLT reaches 3 cm2V-1s-1, a value with which 

diffusive band-like transport is likely to occur, a metallic temperature dependence of 

mobility, namely, dμ/dT < 0, is still not observed. This result is not completely surprising 

because of strong coupling between charge carriers in rubrene and ions in the ILs. We 

speculate that rubrene EDLTs gated with even larger size anions (than [FAP]-) may result 

in further increases in mobility.   
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Figure 9.8 Low temperature transport of rubrene EDLTs gated with [P14][FAP]. (a) 
Temperature dependence of channel conductance (left axis) and drain current (VD= -0.1 
V, right axis). Only forward sweeps are shown. (b) Gate leakage current as a function of 
temperature. Sweep rate is 50 mV/s. (c) Charge density as a function of temperature at 
different VG. The open stars indicate charge densities at channel conductance peaks. (b) 
Mobility as a function of temperature at different carrier concentrations. Device 
dimension: W=400 μm and L=1000 μm. 
 

It is also interesting to speculate whether at the high carrier densities achievable 

on the order of 1013 cm-2, an insulator-to-metal transition can be observed in organic 

EDLTs, which are 2D electron systems. In some dilute, low-disorder 2D systems (Si, 

GaAs/AlGaAs, etc.), a crossover from insulating behavior (dR/dT < 0) to metallic 

behavior (dR/dT > 0) has been observed at a critical carrier density, and at this critical 
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density, the sheet resistance was found to be temperature independent and of the order of 

quantum resistance, h/e2 ~ 25.6 kΩ.249 However, the minimum sheet resistance in the 

[P14][FAP] gated rubrene EDLT studied here is 125 kΩ, which implies that the crossover 

point between insulating state and metallic state requires further increases in surface 

conductivity. A larger charge concentration and higher carrier mobility are needed to 

further increase the maximum attainable conductivity in organic EDLTs. Furthermore, a 

better understanding of the factors leading to mobility (conductivity) lowering at high 

gate voltages is also required. 

9.6 High Density Charge Accumulation  

The maximum attainable charge densities at room temperature can be limited by 

gate leakage and the electrochemical window of the ILs so that only up to -1 V or -1.5 V 

gate bias can be applied. However, at lower temperature where the IL electrochemical 

activity is suppressed, higher gate biases can be applied and potentially more charge 

carriers can be accumulated. It is of great importance to investigate the maximum charge 

density that can be obtained in organic EDLTs. To explore the possibility of inducing 

more charges, we first fabricated rubrene EDLTs with gate areas much larger than the 

channel area. In this experiment, a larger drop of ionic liquid was used to fill the channel 

area, while another piece of clean glass slide was laminated close to the crystal to hold 

the excess liquid. We expect that if the capacitance of gate/IL interface (with larger area) 

dominates over IL/rubrene interface, the majority of gate potential drop would be at the 

IL/rubrene interface, resulting in larger carrier accumulations on the rubrene surface. To 
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our surprise, we did not find any substantial difference between normal gate and large 

gate EDLT devices in terms of charge density and channel current (not shown). In 

hindsight, this result is fully consistent with our previous finding that the Au/IL interface 

has higher capacitance (because of the larger DOS of Au) than the rubrene/IL interface, 

thus increasing the gate/IL area is not necessary.  

 
Figure 9.9 Charge accumulation of the [P14][FAP] gated rubrene EDLT at 210 K. 
Displacement current (open symbols, left axis) is taken at 0.12 V/s. Charge densities 
(solid symbols, right axis) are plotted versus VG at both 210 K and 300 K (as a 
comparison). 
 

Figure 9.9 shows the gate voltage dependence of charge density at 210 K and 300 

K (used as a comparison) as well as displacement current taken at 210 K. It can be seen 

that at lower temperature up to -3.5 V of gate bias can be applied while the displacement 

current can be measured in a stable and reversible manner. Charge densities as high as 

6.3 × 1013 cm-2 are accumulated at VG = -3.5 V, corresponding to 0.33 holes per rubrene 

molecule. This doubles the amount of the charge density induced at room temperature 

(3.1 × 1013 cm-2). Further increase in gate voltage beyond -3.5 V is prevented by 
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increased leakage current and device degradation. Unlike in ZnO EDLTs where up to 6 V 

of gate bias could be applied at lower temperature,119 the organic surface may be more 

vulnerable to large electric fields or trace amounts of water contamination which prevent 

the rubrene EDLT device from being operated at such high biases. The situation could be 

potentially improved by extensive purification of organic crystals and further dehydration 

of ionic liquids to reduce the interface trap densities and enlarge the IL electrochemical 

window.  

9.7 Conclusion 

We have characterized the electrical transport properties of organic EDLTs based 

on rubrene single crystals and several imidazolium and pyrrolidinium ionic liquids. 

Displacement current measurement, which is a powerful approach to study the dynamic 

charging and discharging behavior in a FET structure, provided us a detailed 

characterization of charge density and dielectric capacitance, and thus carrier mobility in 

rubrene EDLTs at high charge densities above 1013 cm-2. We identified the ionic liquid 

that gives the best EDLT performance so far and investigated variable temperature 

transport and high charge carrier accumulation in rubrene EDLTs. We demonstrated that 

a conductivity peak occurs near a surface charge density at (1.5 ~ 2.5) × 1013 cm-2, 

reaffirming our prior results. This conductance peak appears to be a general phenomenon 

for organic EDLTs when gating with ILs. The liquid-gated rubrene EDLTs also exhibited 

thermally activated transport behavior, and the electrostatically accumulated charge 

decreases with decreasing temperature while the charge density at the channel 
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conductance maximum remains the same. The maximum induced charge concentration of 

6.3 × 1013 cm-2 occurs at the freezing point of the ionic liquid (~ 210 K) with gate bias of 

-3.5 V, when more than one third of rubrene molecules are oxidized. These findings are 

potentially important for ongoing efforts to understand the charge transport and device 

physics in organic EDLTs. 
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Chapter 10 Charge Transport in Organic Electrical Double Layer 

Transistors (EDLTs): Two-Channel Conduction and Conductivity-

Capacitance Coupling 

This chapter describes combined experimental and theoretical approaches to 

investigate the charge transport and device physics in organic EDLTs. Specifically, two 

unusual transport phenomena in rubrene EDLTs have been identified: two channel 

conductivity peaks as a function of hole densities, and coupling of channel conductivity 

with gate-to-channel capacitance. The former is expected to be general in EDLTs based 

on narrow bandwidth organic semiconductors, while the latter can be applied to any 

EDLTs.  Feilong Liu and Sha Shi (Prof. Paul Ruden) developed the transport models and 

device equivalent circuit models. I performed the electrical measurement in rubrene 

EDLTs. These works have been submitted to (1) Advanced Materials as W. Xie, F. Liu, 

S. Shi, P. P. Ruden, and C. D. Frisbie, “Charge Density Dependent Two-Channel 

Conduction in Organic Electrical Double Layer Transistors (EDLTs)”, 2013. and 

Applied Physics Letters (2) F. Liu, W. Xie, S. Shi, P. P. Ruden, and C. D. Frisbie, 

“Coupling of Channel Conductivity and Gate-to-Channel Capacitance in Electrical 

Double Layer Transistors (EDLTs)”, 2013.   

10.1 Introduction 

The electrolyte gating technique provides valuable opportunities to probe charge 

transport in organic semiconductor single crystals in the high-density regime.157 Despite 
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the increasing interest in tuning electronic phase transitions in electrolyte-gated organic 

semiconductors, the role of free carrier density on electrical properties is not as well 

understood as it is in more conventional electronic materials. In particular, significant 

charge carrier correlations can be anticipated in these materials because they are 

characterized by low permittivity (low charge screening) and relatively narrow 

bandwidths. Besides, the presence of bulky electrolyte ions in the vicinity (~ 1 nm) of 

charge carriers at the semiconductor/electrolyte interface can introduce a large 

Coulombic effect that in turn influences the charge transport. One recent experimental 

observation possibly reflecting such effects was that in electrolyte-gated polymer 

films171,172 and small-molecule single crystals,118 the channel conductivity showed a 

significant peak as a function of increasing charge density, rather than a monotonic 

dependence as in organic transistors gated with conventional dielectrics.   

In addition, device physics and electrical properties of EDLTs are yet not well 

understood as those in conventional FETs, primarily due to the lack of well-established 

device models.  For example, it is known that the gate-to-channel capacitance in EDLTs 

is strongly dependent on the frequency, presumably because the formation of EDLs relies 

on the ion diffusion to the interfaces; however, whether the ion motions also have any 

effect on the channel conduction in the semiconductor remains unclear. Moreover, the 

gate voltage and frequency dependencies of channel conductivity and gate-to-channel 

impedance characteristics in EDLTs have not been systematically investigated before. 

These unresolved questions, plus the generality of the unusual conductivity peak among a 
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wide category of organic semiconductors, prompt us to perform systematic experimental 

and theoretical investigations.  

In this work, we address two important observations in rubrene EDLTs: (1) 

channel conductivity exhibits two pronounced peaks as a function of hole densities up to 

6 × 1013 cm-2; (2) channel conductivity (measured by DC four-terminal) is correlated with 

the high-frequency gate-to-channel capacitance measured by AC impedance. In (1) 

(Section 10.2 ~ 10.4), a transport model based on hole-density dependent trapping and 

two-channel conduction is proposed to properly explain the conductivity peaks. This 

model is expected to be general in EDLTs based on narrow bandwidth organic 

semiconductors. In (2) (Section 10.5 ~ 10.6), a device equivalent circuit model is 

presented to attribute the internal correlation of conductivity and capacitance, which is 

anticipated to be a general property in any EDLTs. We believe all these efforts are 

important contributions to EDLT community, and can eventually help us to achieve 

further progress in exploring novel transport phenomena organic EDLTs.  

10.2 Observation of Two Conductivity Peaks in Rubrene EDLTs 

Rubrene EDLTs were fabricated following previously established procedures.162 

An air-gap transistor was first made by laminating a rubrene crystal on a pre-patterned 

poly(dimethylsiloxane) (PDMS) substrate, and a small drop of IL was subsequently 

injected into the channel by capillarity filling up the entire space of air-gap, forming a 

rubrene EDLT (Figure 10.1(a)). Critical to the success of this study, which involves 

device operation at large gate bias for an extended period of time, was a careful selection 
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of IL (We use [1-butyl-1-methyl pyrrolidinium][tris(pentafluoroethyl)trifluorophosphate], 

or [P14][FAP], molecular structure shown in Figure 10.1(b)) as well as operating the 

device at lower temperatures slightly above the freezing point of the liquid (around 230 

K).118 Consequently, a larger gate voltage window for the EDLT was achieved, allowing 

hole accumulation up to (6 – 7) × 1013 cm-2 (~ 0.33 holes/rubrene) before device failure, 

as identified by the gate displacement current measurement (see Section 9.6, Figure 9.9 in 

Chapter 9). The transfer characteristic is shown in Figure 10.1(c), where the four-

terminal sheet conductance σs is plotted as a function of the gate voltage VG 

(
V

I
W

L D
s ∆

∆
=σ , where W is the channel width, ΔL and ΔV are the distance and voltage 

difference between two voltage-sensing probes, respectively,  ID is the drain current). As 

VG is swept forward towards large negative values, the channel conductivity (used 

interchangeably with sheet conductance σs) exhibits two pronounced peaks which not 

only appear robust and repeatable over multiple VG sweeps, but are also reproducible 

when VG is swept backward. The hysteresis loop during a VG-sweep cycle is likely due to 

the slow ion motion at low temperatures, and can be negligibly small at elevated 

temperatures. Looking only at the forward sweeps in over 20 rubrene EDLTs, we find the 

first conductivity peak occurs at hole density p = (2.0 ± 0.2) × 1013 cm-2 (~ 0.11 

holes/rubrene) and the second peak at p = (5.2 ± 0.5) × 1013 cm-2 (~ 0.27 holes/rubrene). 

The effective hole mobility μ (= σs/ep, e is the elemental charge) shows a non-monotonic 

VG-dependence as well in Figure 10.1(d), with a maximum mobility reaching 2 – 3 

cm2V-1s-1. Compared with the value at the first peak, the hole mobility at the second peak 
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is significantly smaller, typically below 1 cm2V-1s-1. This unusual conductivity and 

mobility behavior at hole densities beyond 1013 cm-2 in rubrene EDLTs have, to our best 

knowledge, not been observed in any OFETs gated with conventional dielectrics,19,114,100 

or inorganic EDLTs gated with electrolytes.119,120  
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Figure 10.1 Two conductivity peaks in rubrene EDLTS. (a) Cross-sectional device 
structure. (b) Molecular structure of rubrene and [P14][FAP]. (c) (left axis, filled circles) 
sheet conductance σs as a function of gate voltage VG over three consecutive sweeps for a 
rubrene EDLT gated with [P14][FAP] taken at 225 K. Sweep rate is 50 mV/s; (right axis, 
red open circle) hole density as a function of VG. (d) Hole mobility as a function of VG for 
the same EDLT device.   
 

A series of control experiments were performed to confirm the validity of the 

conductivity peaks. One was to employ the four-terminal architecture to correct for 

contact resistance and to extract the sheet conductance, which is already included in 

Figure 10.1(c). In Figure 10.2(a), contact resistance Rc is displayed together with channel 



Chapter 10 Charge Transport in Organic EDLTs: Two-Channel Conduction and 
Conductivity-Capacitance Coupling 

 

 204 

resistance Rch in the VG sweep. The result shows that Rc is typically a fraction of, or on the 

same order of magnitude as, Rch, as is generally observed in other electrolyte-gated 

organic transistors.178,250 Secondly, gate leakage current (not shown) obtained 

simultaneously with the transfer curve was at least three orders of magnitude lower than- 
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Figure 10.2 More transistor measurements in rubrene EDLTs. (a) The measured contact 
resistance Rc and the channel resistance Rch at 230 K as a function of the gate voltage VG. 
(b) Transfer characteristics of rubrene EDLTs using different ILs at 230 K. The 
molecular structures for the ILs are shown on the right. (c) The dependence of ID-VG 
curves on the sweeping rates of VG at 230 K.  
 

the drain current, confirming that the device did not suffer any irreversible degradation 

due to strenuous gating. Besides the [P14][FAP] liquid that generally contributed to 

higher mobility and better device stability, rubrene EDLTs were also gated with other 
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types of ILs, in which two conductivity peaks were likewise observed for similar hole 

densities (Figure 10.2(b)). Finally, the two conductivity peaks (with the same peak 

height) reproducibly appeared regardless of the VG sweep rate (Figure 10.2(c)), implying 

that the double-layer formation process through ion diffusion to the interfaces was not 

limiting the rubrene channel conduction.  
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Figure 10.3 Lock-in measurement in rubrene EDLTs. (a) Schematic cross sectional 
device structure. The AC oscillation is set at 100 mV and 10 Hz. (b) (Left labels, black 
squares) Two-terminal DC drain current ID as a function of VG measured at VD = -0.1 V. 
(Right labels, red circles) Phase angle θ between ID and VG as a function of VG for the 
same device. Sharp transitions from θ = 0° to θ = 180° indicates the occurrence of the 
conductivity peaks. The temperature for both measurements is 230 K. 
 

In addition, a lock-in setup was developed to examine the phase response θ 

between the drain current ID and VG as a function of hole densities, especially around the 

peak regions. Our experimental setup is shown in Figure 10.3(a). A sweeping DC VG 
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superimposed by a small AC oscillation (100 mV) is applied to the gate electrode. The 

AC frequency is kept at 10 Hz or below to ensure the IL can respond in a quasi-steady 

state. A fixed DC bias (-0.1 V) is applied to the drain electrode. The magnitude and phase 

of the current ID (which is DC plus AC) with respect to VG are measured at the source 

electrode at the lock-in frequency. The value of the obtained phase angle, θ, is an 

indication of the sign of differential transconductance, ∂(ID)/∂(VG). For example, θ = 90° 

means a pure capacitive behavior when the transistor channel is OFF; θ = 0° means a 

pure resistive behavior when the transistor channel is fully ON, as well as the positive 

differential transconductance (PDT), i.e., ID increases monotonically with increasing VG, 

as normally observed in conventional field-effect transistors. For θ = 180°, the device 

exhibits a negative resistivity, or a negative differential tranconductance (NDT), i.e., ID 

decreases with increasing VG. A transition from PDT to NDT directly reflects the 

occurrence of a peak in the ID-VG plot.  

The results are shown in Figure 10.3(b). θ starts from 90° when the device is 

OFF (purely capacitive) and changes to almost 0° once the device is turned on (at VG ~ 

1.0 V), indicating that a conducting channel is formed. θ stays at 0° before the first peak 

(PDT) (before VG = 0 V), and changes to 180° immediately after the peak  (between VG = 

0 V and -1.0 V), reflecting the occurrence of the NDT and confirming the first peak.  The 

slight deviation of θ from 180° between VG = -1.0 V and -2.0 V is due to the gentle slope 

variation in ID-VG plot in this region, but still the NDT is indicated. θ changes back to 0° 

(PDT) when ID increases again after VG = -2.0 V, and finally shifts to 180° (NDT) after 
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the second peak. This lock-in measurement provides another qualitative consistency 

check for the validity of the unusual two-peak conductivity in rubrene EDLTs. 

10.3 Percolation Model Evaluated in Effective Medium Approximation (EMA) 

As pointed by our previous work on the first conductivity peak, a key 

consideration in these EDLT devices (compared to devices gated with conventional 

dielectrics) is the role played by discrete ions at the rubrene-IL interface.170 Due to the 

low dielectric constant (εr ~ 3) and narrow bandwidth (~ 0.5 eV) of rubrene, a strong 

interaction of negatively charged anions in the IL with the positively charged holes at the 

rubrene surface is anticipated, resulting in trapping of holes. This important concept, as 

elaborated in the following, provides baseline guidance of understanding the charge 

transport in any EDLTs based on organic semiconductors at high charge densities. 

Apply VG
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Figure 10.4 Schematic cartoon of hole transport in the vicinity of first ion layer of IL at 
the rubrene/IL interface. A trap site is comprised of an anion clustered with its four 
neighboring anions, with shared cations at the boundary. Hole conduction occurs mainly 
between neighboring free sites and between neighboring trap sites, as indicated by red 
arrows in the picture.  
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We assume that the positive and negative ions in the ILs (no solvent) are strongly 

correlated by their mutual Coulomb interactions. In equilibrium, as the overall IL is 

charge-neutral, the minimization of the Coulomb energy leads to a checkerboard 

arrangement of oppositely charged ions in each monolayer (Figure 10.4). (More 

discussion of the ion arrangements is presented in the following, Section 10.4.) The 

application of VG leads to a rearrangement of the ions at both EDL interfaces. When a 

negative voltage VG is applied to the rubrene/IL interface, some positive ions are replaced 

by the same number of negative ions. If we assume that the number of substituted ions 

per unit area is N, to maintain charge neutrality, 2N holes in the semiconductor are 

introduced to the interface forming a conduction channel. Due to their Coulombic 

interaction with the ions, holes close to the interface see an electrostatic potential profile 

that is determined primarily by the first monolayer of the ions in the liquid. The N extra 

negative ions form “anion clusters” with their nearest neighbors of negative ions (Figure 

10.4). Due to their greater Coulomb attraction, a hole that enters in close proximity to the 

cluster is likely to be “trapped”. The density of trapped holes is denoted by Pt. On the 

other hand, holes moving over the rest of unclustered negative ion sites are considered 

“free”, with a density of Pf. The charge neutrality requirement yields: 

NPP tf 2=+                                                                                                                 (10.1) 

The positive ion sites are inaccessible to holes because of the Coulomb repulsion. 

Therefore, the potential landscape at the semiconductor/electrolyte interface exhibits a 

(random) muffin-tin type structure (This is consistent with our previous work for the first 
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peak where the charge-neutral (unpaired) sites are a combination of the same number of 

positive and negative ions.170). We assume that double occupancy of any anion sites is 

suppressed by the holes’ mutual Coulomb repulsion. At steady state, capture and 

emission of holes from the traps have to balance. If the total number of ions per unit area 

is M, and the capture (emission) rate is proportional to the amounts of free (trapped) holes 

and the unoccupied trap (free) sites, the following relationship is obtained: 

)()2( fttf PNMePPNcP −
−

=−
τ

γ                                                                                 (10.2) 

where 1/τ is the fraction of ion sites accessible to holes in the absence of traps, γ/τ 

characterizes the number of such sites included in each trap, and γ is the spatial extent of 

the trap in terms of total number of cations and anions in the trap. Generally the values of 

γ and τ depend on the specific ion arrangement near the semiconductor/electrolyte 

interface. In the absence of specific information, a square lattice is assumed (Figure 10.4). 

For this case, τ is equal to 2 as only 1/2 of the ions (negatively charged) are accessible to 

holes, and γ/τ equals 4, assuming that the trap extends over nearest neighbor sites (γ = 8). 

The 2N term on the left-hand side indicates that each trap can accommodate two holes. c 

and e are the capture and emission kinetic coefficients. By detailed balance their ratio, F 

= e/c = exp(-ΔE/kT), is determined by the energy difference ΔE between the free and trap 

levels. Normalizing Equation (10.2) by M, a simple quadratic equation is obtained: 

0)1(2)]21([)1(2 =
−

−+
−

+−
τ

γ
τ

γ nFnnnFpFp ff                                                        (10.3) 
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The lower case letters denote normalized densities, e.g., n = N/M. The normalized 

free hole concentration pf from Equation (10.3), and the fraction of free holes to the total 

holes, are plotted as a function of the total hole concentration, p = 2N (proportional to the 

gate voltage VG), in Figure 10.5(a), (b), respectively. Results are shown for different 

emission/capture ratios, F. 
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Figure 10.5 Model results for hole trapping at high densities (high VG). (a) Free hole 
density pf and (b) fractions of free holes and trapped holes relative to the total holes (for F 
= 0.1), as a function of the total hole concentration p. The hole densities pf and p are 
normalized with respect to the total areal density of ions, M. In panel (a), results are 
shown for different F values: F = 0.1 (solid line), F = 0.01 (dashed line), F = 0.001 (dash-
dotted line). 
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At small hole concentration (small VG), the trap density is small and the number 

of free sites is large, hence pf increases with p because an increase of gate voltage induces 

more holes to the interface. At large enough hole concentration (large VG), the trap 

density becomes significant and a further increase of the gate voltage brings more 

negative ions to the interface, which reduces the fraction of free sites and leads to a 

decrease of pf. When F increases, the emission of holes from trap to free states becomes 

easier and hence pf becomes larger. These results, consistent with our previous study,170 

imply that carrier localization is inevitable at high charge densities due to a strong 

correlation between holes and anions at the rubrene/IL interface. 

Transport in this system involves hole transitions between free sites, between trap 

sites, and between traps and free sites. The system is mapped onto a two-dimensional 

square lattice and is treated as a bond percolation problem.251 At equilibrium, no 

additional ions are present, and this lattice has M/τ nodes (per unit area). When N ions are 

exchanged, the lattice has M/τ – N(γ/τ) free nodes and N trap nodes. The fraction of 

normalized trap concentration is 

)1(1
−−

=

τ
γ

τ
n

nf t                                                                                                           (10.4) 

A bond that describes the hole transport from free to free sites has the probability 

of bf = (1-ft)2. Similarly, the bond fraction for hole transport between trap sites is bt = ft
2, 

and the bond fraction between a trap and a free site is btf =2ft(1-ft). The three normalized 

bond fractions bf, bt, and btf are plotted as a function of the total hole concentration 
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(proportional to VG) in Figure 10.6. For the checkerboard ion arrangement, τ = 2 and γ = 

8. The free-free bond dominates at low hole concentrations where few traps are induced.  

The trap-trap bond dominates at high hole concentrations where most of the lattice is 

occupied by traps.  The trap-free bond dominates at intermediate hole concentrations, 

however, bft ≤ 0.5, the percolation threshold, throughout the range. The plot terminates at 

a hole concentration p = 0.25 because the maximum allowed trap density (when all sites 

are filled) is 1/γ = 0.125 and each trap introduces two holes. 
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Figure 10.6 Normalized fractions of the three types of bonds as a function of the 
normalized total hole concentration, p. 
 

When n ions are exchanged, the lattice has m/τ – n(γ/τ) free nodes and n trap 

nodes, hence the relative occupations of free nodes, qf, and trap nodes, qt, are given by: 

n

p
q f

f

τ
γ

τ
−

=
1

                                                                                                                (10.5) 

n
pq t

t =                                                                                                                          (10.6) 
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qf and qt at different emission/capture ratios F are plotted in Figure 10.7.  
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Figure 10.7 Relative occupations by holes of (a) free sites, qf, and (b) trap sites, qt, as a 
function of the normalized total hole concentration, p. Results are shown for different 
emission/capture ratios F.  
 

The relative occupation is determined by both p and F. When no gate voltage is 

applied, p = 0 and therefore qf and qt are both 0. When p increases, qt increases faster 

than qf because trap occupation is energetically favored. Eventually, when p reaches its 

maximum, all sites qf = 1 (but no free sites remain), and qt = 2 (each trap can 

accommodate two holes). The values of F are determined by the relative energy 

difference between free and trap states; hence an increase of F leads to an increase of qf 

and a decrease of qt. 

The hole transition rate within a specific type of bond network is proportional to 

the transition rate through a single bond, the densities of holes in the network where the 

transition starts, and the density of available sites in the network where the transition ends.  

Therefore, the transition rates for holes from free to free sites, wf, from trap to trap sites, 

wt, from trap to free sites, wtf, and from free to trap sites, wft, can be written as: 
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)1(0 ffff qqww −=                                                                                                       (10.7) 

)2(0 tttt qqww −=                                                                                                          (10.8) 

)1()1( 00 ftftfttftf qFqwqqww −=−=                                                                            (10.9) 

tftfftft wqqww =−= )2(0                                                                                            (10.10) 

where wtf and wft are equal because the densities of free and trapped holes are stable at 

steady state. The subscript "0" denotes the transition rate prefactor. The obtained left 

hand side values are subsequently denoted as the effective single-bond transition rates for 

a given occupation profile and for the specific percolation network.   

The effective hole transition rate combining all types of bonds can be calculated 

analytically through an effective medium approximation (EMA).252,253 This essentially 

consists of replacing the random distribution of different bond transitions by a single 

effective bond transition that is the same for the whole lattice, but yields the same 

macroscopic properties as the original random distribution. Once the effective transition 

rate, wm, is determined, the bond conductivity, gbm, (equivalent to the macroscopic 

channel conductivity in rubrene EDLTs) is given by:254 

mbm w
kT
eg

2

=                                                                             (10.11) 

where e is the unit charge, k is the Boltzmann constant, and T is the temperature.  For the 

lattice involving three types of bonds wm is given by,253  
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Solving the cubic Equation (10.12) yields only one physical (positive) solution for wm: 
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where tftf wwwBCBT 2792 3
1 −−= , CBT 32

2 −= , 
( ) ( ) ( ) tftftftttfffftft wbbbwbbbwbbbB −++−++−+= , and 
( ) ( ) ( ) tfftffttfttftftftftf wwbbbwwbbbwwbbbC −−+−−+−−= . 

 

Before looking at the general solution in Equation (10.13), it is good to check the 

cases where only one type of bond network is allowed for percolation. Suppose the holes 

can only transport through free sites, i.e., wt0 = wft0 =wtf0 = 0.  Combining Equations 

(10.7) ~ (10.11), the effective transition rate, wmf, is: 

)1)1(2)(1( 2
0 −−−= tfffmf fqqww                                                                             (10.14) 

Similarly consider the case where only trap to trap transition is allowed, the 

effective transition rate, wmt, is given by: 

)12)(2( 2
0 −−= ttttmt fqqww                                                                           (10.15) 

The results for wmf and wmt as a function of the total hole concentration are shown 

in Figure 10.8. The values assumed for the prefactors are wf0 = 1.0 for wmf and wt0 = 0.5 

for wmt. It can be seen that percolation through free sites contributes to conductivity at 

low hole densities (the first peak) and that through trap sites makes a contribution at high 

hole densities (the second peak). Corresponding hole densities at the percolation 

thresholds are exhibited for the termination through free sites (~ 0.155/ions) and the onset 

through trap sites (~ 0.225/ions). 
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Figure 10.8 Channel conductivity contributed by transitions only between free sites (wmf) 
and only between trap sites (wmt) as a function of p.  
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Figure 10.9 Overall channel conductivity as a function of the total hole concentration p 
(normalized with respect to the total areal density of ions, M). The total hole density is 
proportional to VG in rubrene EDLTs. Two peaks in the conductivity are observed. 
Results are shown for different F values: F = 0.1 (solid line), F = 0.01 (dashed line), F = 
0.001 (dash-dotted line). 
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Finally, we consider all types of bond network from Equation (10.13). In the 

numerical results, the values assumed for the prefactors are wf0 = 1.0 for wmf and wt0 = 0.5 

for wmt. The prefactor, wft0, which accounts for the non-zero conductivity between the two 

peaks, is taken to be 10-2. It is reasonable that wft0 is small compared to wf0 and wt0 since 

the latter two correspond to resonant processes but the former does not.  

The calculated channel conductivity is displayed in Figure 10.9 for different 

emission/capture ratios, F. Two pronounced peaks are clearly accounted for by the 

proposed theory, in good agreement with our experimental observations. The first peak is 

attributed to the conduction of free holes. When the magnitude of VG is small, the density 

of trap sites is below the percolation threshold, therefore holes can only travel in the 

rubrene channel via free sites. As the magnitude of VG increases, the conductivity initially 

increases because pf increases, and subsequently decreases because the increasing density 

of traps blocks the percolation path through free sites. The second peak is contributed by 

the conduction of trapped holes. As the magnitude of VG further increases beyond the 

complete obstruction of free sites, the percolation path through trap sites starts to form 

and the conductivity again increases. Eventually the conductivity decreases because most 

of the trap sites are filled and few sites are unoccupied as needed for hole transitions. The 

non-zero conductivity in the region between the two peaks is due to the free-to-trap and 

trap-to-free transitions.  However, this transition is relatively weak since the free-to-free 

and trap-to-trap transitions correspond to resonant processes but the former processes do 

not. The range of the hole concentration involving the two peaks predicted by the model 
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depends on the specific arrangement of ions, i.e., the values of τ and γ. It is noteworthy 

that the two-channel conduction is more of a strong coupling effect between the holes in 

the rubrene and anions in the IL, rather than being dependent on any specific properties 

of rubrene itself. As a result, we expect this peak behavior of conductivity to be a general 

phenomenon in EDLTs based on any low dielectric constant and narrow bandwidth 

semiconductors. However, we note also that in the system explored here the areal 

densities of IL molecules and organic semiconductor molecules are very similar. 

10.4 Analysis of Bond Conductivity for Homo-polar Ion Layer Packing 

It is possible that the ion arrangement in the IL starts in a homo-polar ion packing 

structure with anions and cations separated into distinct layers, rather than a 

checkerboard-like structure mostly discussed in this manuscript (see schematics in 

Figure 10.10). This arrangement may happen when a built-in voltage exists in the device, 

i.e., a non-zero gate voltage is needed for the device to achieve flatband (no charge in the 

semiconductor). Related literature studies about ion packing structures in ILs can be 

found elsewhere.255 For this case, similar arguments can be made for an explanation of 

the double-peak conductivity. 

Assuming that the first layer of ions at the rubrene/IL interface are all anions (τ = 

1), application of extra gate voltage leads to ion replacement in the second layer 

composed of cations. An anion substituted for a cation leads to the formation of a trap 

state for holes in the rubrene. Modeling the IL ions in each layer as densely packed 

spheres and again assuming that the trap extends over nearest neighbors, one expects γ = 
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7. Applying the same procedures with new values of τ and γ, similar results to those 

shown in the Section 10.3 are obtained. Figure 10.11(a) shows the free hole densities and 

Figure 10.11(b) shows the calculated wm. A two-peak conductivity is again observed, 

albeit for slightly different hole densities. 
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Figure 10.10 Cross-sectional schematics of ion packing in neutral state at the rubrene/IL 
interface for cases of (a) checkerboard ion layer packing and (b) homo-polar ion layer 
packing. 
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Figure 10.11 Percolation model results in the case of homo-polar ion layer packing. (a) 
Free hole densities pf as a function of the normalized total hole concentration, p. (b) The 
effective bond conductivity as a function of the normalized total hole concentration, p. 
Results are shown for different F values.  
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10.5 Equivalent Circuit Model Describing EDLTs 

After the investigation of conductivity peaks in rubrene EDLTs using the 

percolation model, let’s put aside the discussion for organic EDLTs for the time being. 

We continue our exploration by introducing the equivalent circuit model for general 

EDLTs, which exhibit distinctly different working mechanism compared with 

conventional FETs. In particular, the formation of EDLs at the interfaces and the 

negligible bulk polarization of electrolytes (such as ILs), to the first approximation, make 

the equivalent circuit model of EDLTs unique and more complex than simply a capacitor 

structure as seen in conventional dielectrics. 

Figure 10.12 introduces the equivalent circuit model for EDLTs. Similar to 

conventional FETs, there exists a geometric capacitance, Cgeo, which is defined as the 

(intermediate frequency) permittivity of the electrolyte multiplied by the area of the 

gate/electrolyte interface and divided by the thickness of the electrolyte layer.  As the 

electrolyte has non-zero conductivity, its resistance is finite and denoted as RE.  The key 

parts of the equivalent circuit model are the gate/electrolyte and the electrolyte/ 

semiconductor interfaces where the EDLs form.  Because opposite charges accumulate at 

these interfaces, the effect can be viewed as two capacitances, CME and CES, both much 

greater than Cgeo. The resistance of the gate contact is negligible but that of the 

semiconductor is not. Therefore the gate/electrolyte interface is approximated as a single 

element, CME, while the electrolyte/semiconductor interface is modeled as a distributed 

network between CES and the semiconductor resistance RS.  
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Figure 10.12 Equivalent circuit model for EDLTs.  Cgeo is the geometric capacitance 
between the gate and conduction channel, RE is the electrolyte resistance, CME and CES are 
the two interfacial double-layer capacitances, RS is the semiconductor channel resistance.   
 

The impedance of this coupled network defines the ZES shown in the lower part of 

Figure 10.12.  The conduction channel in the semiconductor is described by n resistors.  

Each resistor has the value of the channel resistance RS divided by n.  The interfacial 

capacitance CES is described by n + 1 capacitors.  Each capacitor is equal to CES / (n + 1).  

We assume that the source and drain terminals are connected (short circuit).  In this case, 

the frequency-dependent impedance ZES can be calculated analytically following a 

transmission-line-approach256  by letting n → ∞:
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where ω is the (angular) frequency.  In the low frequency limit, 
12

1 S

ES
ES

R
Cj

Z +→
ω

.  Its 

imaginary part reduces to the interfacial capacitance CES, which is the expected 

equivalent capacitance.  Its real part can be written as (1/4) × RS / 3.  The RS / 3 part 

derives from the effect of the network, where the resistors near the middle have a smaller 

current flow than those near the source/drain.  There is a factor 1/4 because the source 

and drain are connected together and the whole network can be viewed as two “half 

devices” in parallel.  In the high frequency limit, 
ES

S
ES Cj

RZ
ω2
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→ .  If the equivalent 

capacitance is determined in this limit, the result is 
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equation exhibits a key finding of our study, namely, that the equivalent capacitance at 

high frequency displays a dependence on the semiconductor channel resistance.  The 

predicted coupling between the channel resistance and the gate-to-channel capacitance 

highlights a unique property of EDLTs.  For conventional FETs, however, because of the 

relatively large channel conductance and small capacitance, this transmission-line effect 

is not significant unless the device is probed at very high frequency.257  The full 

expression for the admittance between the gate and the source/drain can be written as: 
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10.6 Coupling of Channel Conductivity and Gate-to-Channel Capacitance 

To verify the theoretical arguments, organic EDLTs based on rubrene 

crystals and ionic liquids (ILs) were fabricated as described in the previous section.  

The source, drain and gate contacts were made from Au.  The ionic liquid employed 

in this study was again [P14][FAP], which was selected to ensure a high carrier 

mobility (~ 3 cm2V-1s-1) and stable device operation for a wide range of gate bias 

and temperature (see Section 10.2 and Chapter 9). Variable temperature admittance 

measurements and transistor measurements were then carried out. Measurement 

configurations are shown in Figure 10.13.  In the transistor measurement (Figure 

10.13(a)), the channel sheet conductance, σS (= RS
-1), was measured as a function of 

gate voltage, VG, with a four-terminal structure. For the admittance measurement 

(Figure 10.13(b)), both source and drain contacts were grounded, effectively 

resulting in a gate-IL-channel structure, and the gate-to-channel total admittance Y 

and phase angle θ were measured as a function of VG and frequency f (the small 

signal modulation amplitude was 100 mV.). An equivalent gate-to-channel 

capacitance Ceq was extracted from the imaginary part of Y (Ceq = Im(Y) / ω). 

 
Figure 10.13 Schematics of experimental rubrene EDLT configuration for transistor 
measurement (a) and for admittance measurement (b). VG and VD are DC voltage biases. 
vg is an AC signal. 
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The frequency-dependent admittance measurement was first performed on a 

rubrene EDLT with the DC voltage bias VG set to zero.  The transfer curve at 300 K (not 

shown) of this device indicated that the channel was fully “ON” when VG = 0 V 

(threshold voltage VT ~ 1.0 V), with a sheet resistance of ~ 130 kΩ.  The admittance 

results are shown in Figure 10.14 for both 250 K (red circles) and 300 K (black 

diamonds). Figure 10.14(a), (b) show the real part, Re(Y), and the imaginary part, Im(Y), 

respectively. Figure 10.14(c) shows the equivalent gate-to-channel capacitance Ceq.  

Figure 10.14(d) shows the phase angle of Y.  The EDLT measured has a channel length 

of 300 µm, a channel width of 340 µm, and the distance between the gate and rubrene 

(i.e., the thickness of ionic liquid layer) is 5 µm.  The corresponding solid lines are 

calculated results from the equivalent circuit shown in Figure 10.12 with the following 

parameters: gate/electrolyte capacitance CME = 1.1 × 10-5 F/cm2, 

electrolyte/semiconductor capacitance CES = 1.7 × 10-6 F/cm2, and rubrene channel 

resistance RS = 1.3 × 105 Ω.  The ionic liquid resistance RE decreases with increasing 

temperature. The values used in the calculation are: RE (250K) = 6.7 × 104 Ω and RE 

(300K) = 7.5 × 103 Ω. 

 The calculated results agree well with the experiments.  Looking at the 

capacitance-frequency plots in Figure 10.14(c), at low frequency (≤ 102 Hz), the 

equivalent capacitance Ceq reaches a maximum, the value of which is consistent with the 

electrolyte/semiconductor interfacial capacitance CES.  This is attributed to the ions 

having enough time to move and reach a steady state forming two double-layer charges at 
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the gate/electrolyte and electrolyte/semiconductor interfaces.  The former is usually 

larger due to the small Thomas-Fermi screening length in Au. Therefore, the equivalent 

capacitance Ceq = (CESCME) / (CES + CME) ≈ CES.  At high frequency (~ 106 Hz), Ceq 

reaches a minimum, the value of which is approaching the geometric capacitance, Cgeo.  

In this case, the ion motion does not follow the rapidly changing field, and the IL behaves 

essentially like a conventional dielectric.  The strong frequency dependence of the 

capacitance in rubrene EDLTs is in qualitative accordance with the behavior of a metal-

IL-metal structure. For the phase angle plot in Figure 10.14(d), a 90o phase means the 

system is capacitive and a 0o phase means that it is resistive.  At low frequency (≤ 102 

Hz), the double-layer interfacial capacitance is the dominant element and the system is 

capacitive (~ 86o).  As the frequency increases, the electrolyte conductivity starts to play 

a role but the effect of the geometric capacitance is still negligible, therefore the system 

becomes resistive resulting in a decreasing phase angle approaching 0o. When the 

frequency is very high (~ 106 Hz), eventually the geometric capacitance becomes 

dominant and the phase increases again, as clearly seen in the curve at 250 K.  

Additionally, a gentle change in slope is observed in the phase plot (see the 104 Hz ~ 106 

Hz region in the 300 K plot).  This is controlled by the ratio of the semiconductor to 

electrolyte resistance, RS / RE.  RE decreases significantly with temperature while RS does 

not.  At 250 K, RS / RE is relatively small and the phase plot is smooth. At 300 K, the 

decrease of RE leads to a more prominent effect of RS.  As the overall resistive component 

in the circuit decreases, the phase angle increases and its frequency dependence becomes 
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non-smooth.  The satisfactory agreement between the calculated and experimental results 

over these subtle changes validates the proposed equivalent circuit model.  

 
Figure 10.14 Gate-to-channel admittance of EDLTs at 250 K (red) and 300 K (black) as 
a function of frequency. The dots are experimental results from a rubrene/[P14][FAP]/Au 
device (VG = 0).  The lines are calculation results from the model shown in Figure 10.12.  
(a) Real part of admittance. (b) Imaginary part of admittance. (c) Equivalent gate-to-
channel capacitance Ceq = Im(Y)/ω.  (d) Phase of admittance. 
 

Now let us consider an alternative equivalent circuit model for EDLTs. For the 

model in Figure 10.12, the double-layer charge interface is modeled as a single capacitor 

at the gate/electrolyte interface (lumped element), and as a capacitor/resistor network at 

the electrolyte/semiconductor interface (distributed element). The bulk electrolyte is 

represented by a single resistor (lumped element). Obviously, this is not the only choice. 

Figure 10.15(a) shows an alternative equivalent circuit model that expresses all circuit 
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elements as distributed. The calculated equivalent capacitance and the phase of 

admittance for both models are shown in Figure 10.15(b). They coincide at low 

frequency but deviate at high frequency. Both equivalent circuit models share some 

degree of inaccuracy when representing the real device.  For the model in Figure 10.12, it 

is assumed that beyond the first monolayers of ions at the electrolyte/semiconductor 

interface, the electrostatic potential is equal everywhere. For the model in Figure 

10.15(a), the constraint of equal potential is eliminated, but at the same time it prohibits 

current flow in the electrolyte in the direction parallel to the interface.  However, for the 

discussions of EDLTs in this work, the model in Figure 10.12 is found to be adequate. 

(a)

(b)

Fig.10.12

Fig.10.12

Fig.10.15 Fig.10.15

 
Figure 10.15 An alternative equivalent circuit model for EDLTs. (a) The model with all 
circuit elements in a distributed type. (b) The calculated equivalent gate-to-channel 
capacitance (left) and the phase of admittance (right) as a function of frequency at 235 K.  
The black solid lines are from the equivalent circuit model in Fig.10.12. The red dashed 
lines are from the model in Fig.10.15(a) with the same parameters. 
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Next, VG-dependent admittance measurements were performed for different 

frequencies, together with transistor measurements on a different rubrene EDLT (VT ~ 0.3 

V).  The measured equivalent capacitance as a function of VG is shown in Figure 10.16 

(open circles) at frequencies from 10 Hz to 104 Hz. The temperature is 235 K. The red 

solid lines are corresponding calculations from the equivalent circuit model using the 

same CES and CME parameters as shown above.  The ionic liquid resistance RE (235 K) is 

set to 5 × 105 Ω in the calculation.  The rubrene channel conductance σS is VG-dependent 

and approximately frequency-independent. (For the frequency range discussed here, the 

equivalent circuit model using a frequency-independent RS is sufficient to obtain good 

agreement with the experiments.)  The measured σS as a function of the gate voltage is 

plotted as the black dashed lines in Figure 10.16, and is used in the calculation (for the 

parameter RS).  It can be seen that the channel conductance in rubrene EDLTs exhibits a 

pronounced peak as a function of VG. This unusual behavior has been extensively 

discussed in previous work and is beyond the scope of this study.118,170 Nevertheless, the 

novel, non-monotonic σS-VG relationship happens to provide an excellent example to 

demonstrate the internal correlation between conductance and capacitance in EDLTs.  

The model calculation agrees well with the experimental results. When the device 

is turned on (VG ≤ 0.3 V), we observe that the equivalent gate-to-channel capacitance 

decreases with increasing operating frequency, consistent with results in Figure 10.14(c).  

The important observation is that at low frequency (e.g., 10 Hz), the measured 

capacitance is independent of the gate voltage and its maximum value (~ 1.5 μF/cm2) is 
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in accordance with the double-layer interfacial capacitance CES. As the frequency 

increases, the capacitance shows non-monotonic VG dependence and starts to exhibit a 

peak. At f = 10 kHz the capacitance-voltage characteristics reflect the conductance-

voltage characteristics satisfactorily. Both the double-layer capacitance limit at low 

frequency and the coupling of the capacitance to the channel conductance at high 

frequency agree with the prediction in Equation (10.16). 

 
Figure 10.16 Equivalent gate-to-channel capacitance-voltage characteristics of EDLTs at 
235 K at different frequencies.  The dashed lines are channel conductance as a function of 
the gate voltage (the same for the four subplots).  The open circles are experimental 
results from a rubrene/[P14][FAP]/Au device. The solid lines are corresponding 
calculation results from the model shown in Figure 10.12. 
 

The next question is whether one can find a characteristic frequency, fC, for the 

transition between the two distinct Ceq vs. VG relationships. Physically, the measurement 

of the equivalent capacitance can be viewed as a charging/discharging process. If the 
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holes in the rubrene channel have enough time to reach a steady state distribution 

corresponding to the voltage applied (f < fC), the measured capacitance result should be 

equal to the double-layer interfacial capacitance, and the charging process is complete.  If 

the holes in the rubrene channel do not have enough time to charge the ion liquid/ rubrene 

interface (f > fC), the charging process is incomplete. The charge level reached in the 

process is proportional to the rubrene conductance, and it is expected that the capacitance 

follows similar voltage dependence as the conductance. A rough estimate of fC may be 

obtained from the RC constant τ defined by the rubrene resistance, RS/12 (see discussions 

for equation (10.16)), multiplied by the electrolyte/semiconductor capacitance CES. For 

this device, fC = (2πτ)-1 ≈ 4 × 103 Hz.  This agrees with the results of Figure 10.16. For 

organic EDLTs fC is low due to the large interfacial capacitance and the relatively small 

channel conductance. On the other hand, since the model does not involve any specific 

properties of the semiconductor, it can be readily extended to EDLTs based on inorganic 

semiconductors. In this case, (e.g., ZnO channel119) we expect the characteristic 

frequency to be greater (~ 105 Hz) due to the smaller channel resistance. 

10.7 Conclusion  

In summary, two important transport phenomena in IL-gated rubrene EDLTs are 

addressed. First, a charge transport model is proposed to explain the experimentally 

observed and unusual conductivity peaks as a function of hole densities above 1013 cm-2. 

We attribute the results to hole conduction in a free-site channel at low hole density, and 

in a trap-site channel at large hole density. Charge carrier trapping arising from the strong 
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interaction between holes and negatively charged ions is the key concept for 

understanding the transport behavior in these unconventional transistors. The results 

suggest that in order to overcome the conductivity peak and further enhance the 

conductivity, the electrical potential landscape at the rubrene/IL interface has to be 

smoothed. This can possibly be achieved by the use of semiconductor crystals with larger 

dielectric constant, or perhaps by enlarging the anion and/or cation radius to reduce the 

Coulombic interaction with holes. Second, an equivalent circuit model is proposed to 

explain the experimental observation of coupling between the channel conductivity and 

the gate-to-channel capacitance at high frequency. We anticipate this coupling is a 

unique property due to the double layer nature, and can be extended to any EDLTs in 

general. Both works are important to the current research community exploring novel 

transport phenomena in organic semiconductors through electrolyte gating.  
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Chapter 11 Hall Effect and the Approach to Insulator-Metal Transition 

in Electrolyte-Gated Rubrene Crystals 

This chapter describes more transport physics in rubrene EDLTs, by measuring 

the Hall effect and temperature-dependent resistance. Both measurements are substantial: 

the Hall effect unambiguously demonstrates the free hole densities above 1013 cm-2 and 

existence of the unusual mobility peak; the low-temperature studies unprecedentedly 

reveal the approach to truly metallic transport at the mobility peak, yet the doping-

induced electrostatic disorder needs to be overcome to achieve a complete crossover from 

insulating state to metallic state in these electrostatically gated molecular crystals. These 

works are significant extension to, and are correlated with, the work in previous two 

chapters. I fabricated the rubrene EDLTs, and performed transport measurement with 

Shun Wang and Xin Zhang. A manuscript has been prepared as W. Xie, S. Wang, X. 

Zhang, C. Leighton and C. Daniel Frisbie, “Hall Effect and the Approach to Insulator-

Metal Transition in Electrolyte-Gated Rubrene Crystals”, 2013.  

11.1 Introduction 

Tuning the transitions of electronic ground states (semiconducting, metallic, and 

superconducting, etc.) in organic crystals remains an active research area after a four-

decade effort.11 Among the many techniques to induce charge carriers, the chemical 

doping approach has facilitated most of the advances including the noteworthy example 

of alkali-metal doped C60 superconductors258 and the recent development in alkali-metal 

doped linear hydrocarbon superconductors such as picene185 and phenanthrene259. 
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Another method utilizes the charge transfer induced large conductivity between an 

electron acceptor and an electron donor, forming the so-called charge-transfer complex 

(for example, the quasi-one dimensional metal TTF-TCNQ and superconductor 

(TMTSF)2PF6).13,14 Alternatively, recent studies revealed that charge transfer was 

achieved at the interface of two physically laminated insulators, an acceptor and a donor 

crystal, where interfacial metallic conduction was feasible in the best case outcome.260  

The electrostatic gating in the field-effect transistor (FET) geometry, on the other 

hand, is an ideal approach for such studies as it enables systematic and reversible tuning 

of carrier concentration within the same crystal, without introducing external (e.g., 

structural) disorder.156 Inspiringly, a crossover to band-like transport has been lately 

detected on the electrostatically gated surface layers of organic single crystals such as 

rubrene, exemplified by a phonon-limited temperature dependence of mobility,19 and a 

consistent Hall mobility with the mobility extracted from the gate voltage dependent 

resistance.111 Yet, the realization of such field-induced band-like transport only occurs at 

temperatures close to room temperature, and it requires a special vacuum-gap architecture 

where the crystal surface is not perturbed by the disorder arising from the gate dielectrics. 

Consequently, despite carrier mobility is larger than 10 cm2V-1s-1, the channel sheet 

resistance remains in the ~ MΩ range due to very low carrier concentration on the order 

of 1010 cm-2, thus a truly metallic transport, i.e., finite conductivity as T → 0, has not 

been observed in these single crystal devices. Further exploration of the ultimate limits on 

conductivity and mobility in organic crystals will enable a myriad of possibilities in 
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expanding our understandings in molecular conductors and advancing the control of 

electrostatic-based, new transport phenomena.   

In this work, we exploit the electrolyte gating techniques to study electrostatically 

doped rubrene single crystals at sheet hole densities up to 6 × 1013 cm-2, that is, 0.32 

holes per molecule, in the electrical double layer transistor (EDLT) structure. A robust 

Hall signal is observed with expected field, temperature and gate voltage dependencies, 

consolidating the free hole densities on the order of 1013 cm-2, the unusual mobility peak 

and a non-activated, band-like transport at high temperatures. Low-temperature 

measurements reveal distinctly different transport mechanism at different side of the 

peak, an effect that can be traced back to the doping-induced electrostatic disorder on the 

surface of rubrene. Nevertheless, a truly metallic transport is within reach for the first 

time in field-effect-gated molecular crystals, opening up a multitude of opportunities in 

organic electronics.  

11.2 Rubrene EDLT Electrical Performance 

Rubrene EDLTs were constructed on PDMS stamps similar to Chapter 9 and 10, 

in a four-terminal bottom-contact Hall bar geometry using room-temperature ionic liquids 

(ILs) as the electrolyte (Figure 11.1(a),(b)). Critical to the success of this study, which 

involved cryogenic transport measurements over a wide range of hole densities in the 

same device, was a careful selection of the IL composition (we chose [P14][FAP], as in 

previous chapters), as well as the rational development of device designs and fabrication 

methods, leading to reproducible transport properties under strenuous gating, and over 
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long time periods and multiple temperature cycles. The transfer characteristic of a 

rubrene EDLT (Device #1) at 240 K is shown in Figure 11.1(c), where the device is 

turned on at gate voltage VG = 1.1 V with ON/OFF ratio of 103 and gate leakage current 

(~ 0.4 nA at VG = -1.0 V) considerably smaller than the drain current ID. The current 

hysteresis loop over a VG cycle is likely due to the slow ion motions at low temperatures, 

and is negligibly small at elevated temperatures. The important observation is that ID 

exhibits a pronounced, reversible, and robust peak as a function of VG, which can be 

traced back to the VG-dependent hole density p and mobility μ shown in Figure 11.1(d). 

The gate displacement current is recorded as a simple measure of p, which increases 

monotonically with increasing |VG| and reaches 3 × 1013 cm-2 at VG = -1.0 V. The 

effective mobility is calculated following μ = 1/(peR) (R is the four-terminal channel 

sheet resistance, e is the elemental charge). As a result, μ displays a peak versus VG, and 

this mobility peak is considered as the primary cause to the ID peak. In fact, the 

observation of the mobility peak is not new, but has been limited to electrolyte-gated 

organic semiconductors (crystals and polymer thin films). In particular, for the case of 

rubrene EDLTs, the mobility peak was previously suggested (see Chapter 10 and 

Reference170) to arise from the carrier localization at the double layer close to rubrene/IL 

interface due to the strong Coulombic interaction of anions and holes. Despite the 

preliminary explanations, extending the types of electrical measurements is anticipated to 

provide more insights in elucidating this unusual, yet intriguing and important 

phenomenon.  
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Figure 11.1 Rubrene EDLT electrical performance at 240 K. (a) Cross-sectional device 
structure. (b) Optical micrograph of a rubrene EDLT in Hall-bar configuration. (c) 
Transfer characteristics of Device #1 at 240 K; sweep rate is 50 mV/s; VD = -0.1 V. (d) 
VG-dependent hole density p (left axis, red) and mobility μ (right axis, black). p is 
measured from the gate displacement current.  
 

11.3 Hall Effect in Rubrene EDLTs 

By fixing VG while lowering the temperature to 200 K, the IL becomes frozen 

such that the electrostatically accumulated holes on rubrene surface are free from the 

influences of ion motions, when the isothermal Hall effect is measured using an AC 

resistance bridge at 13.7 Hz to improve the signal-to-noise ratio. Figure 11.2(a) shows 

the time evolution of magnetic field μ0H and Hall voltage VHall at VG = -0.5 V in Device 

#1. VHall has the expected magnitude and response to sign reversal of the current and 

magnetic field with negligible drift over time. Such a robust Hall signal has been 

observed over the entire operational window of the device, from VG = 0.2 V to -1.0 V. 
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Figure 11.2(b) displays the zero-field-value subtracted Hall resistance RHall versus field 

for VG = 0.2 V and VG = -0.75 V. It is apparent that RHall is linear with μ0H, and yields a 

positive Hall coefficient (RH) at all VG values, consistent with the hole transport. In 

addition, RH is found to decrease with increasing |VG|, indicating larger free hole 

concentration at higher |VG|. Qualitatively, these observations are hardly correlated with 

the Hall effect in the framework of hopping between localized states, in which very small 

VHall and an anomalous sign for RH were found in relatively few examples of hopping 

transport in conventional semiconductors.261–264  
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Figure 11.2 Hall effect in the rubrene EDLT (Device #1) at 200 K. (a) VHall (black 
circles) and μ0H (red lines) versus time at VG = -0.5 V and source current of 100 nA. (b) 
RHall versus field for VG = 0.2 V (black circles) and VG = -0.75 V (red triangles). RHall has 
been bin-averaged and subtracted from zero-field values. (c) Hole density measured from 
the Hall effect (pHall) and the displacement current (pGate), (d) Hall mobility (μHall) and (e) 
four-terminal channel resistance (R) as a function of VG.  
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The results are more clearly shown in Figure 11.2(c), where hole densities 

measured from Hall effect (pHall) and from displacement current (pGate) are compared. 

Despite all the previous efforts to measure hole concentration – for example, using the 

displacement current and the capacitance measurement118 – free hole densities on the 

order of 1013 cm-2, which increases with increasing |VG|, is unambiguously verified for the 

first time from the Hall effect in organic EDLTs. A linear fitting of pHall – VG gives a 

specific capacitance Ci ~ 2.5 μF/cm2, in accordance with the double layer capacitance. 

Furthermore, we find a good consistency between pHall and pGate for |VG| ≤ -0.5 V. At |VG| 

> -0.5 V, pHall tends to become larger than pGate, yet pHall ≈ pGate still holds within a 

reasonable confidence. The hole transport, therefore, can be best described as diffusive 

band-like transport in delocalized states around the temperatures (200 K) the Hall effect 

is measured. The μHall – VG plot in Figure 11.2(d) further validates the mobility peak as a 

function of VG or equivalently, pHall. Indeed, the μHall – pHall plots for all five different 

devices fall well within a universal relationship and the peak is evidently seen in any case 

(Figure 11.3). The μHall is first detected once it reaches 1 cm2V-1s-1 (at pHall ~ 1.0 × 1013 

cm-2), a quasi-universal value which was argued to be the boundary between band and 

hopping transport,265 and vanishes above pHall ~ 6.0 × 1013 cm-2 when RH becomes 

unmeasurably small. The peak value of μHall, which is about 4 cm2V-1s-1, occurs 

consistently at pHall ~ 2.5 × 1013 cm-2 (0.13 holes/rubrene). Importantly, the μHall – pHall 

peak is not symmetric: the increase of μHall with pHall from 1.0 to 2.5 × 1013 cm-2 is more 

rapid than the decrease of μHall with pHall above 2.5 × 1013 cm-2. To the first 
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approximation, the valence band of rubrene is likely to evolve with such extreme levels 

of doping, resulting in an asymmetric density of states (DOS). In addition, dissimilar low-

temperature transport behaviors on different sides of the peak are implied by the fact that 

the regime where pHall becomes larger than pGate at |VG| > -0.5 V coincides with the μHall 

roll-off. 
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Figure 11.3 Mobility peak verified by the Hall effect in five different rubrene EDLTs. 
 

The unambiguous justifications of free hole densities above 1013 cm-2 and the 

mobility peak in rubrene EDLTs from the Hall effect highlight one of the central results 

in this study. We continue with the temperature dependent measurements, motivated by 

better understanding the transport mechanism at different stages of the peak, the 

possibility of a persisting band transport to lower temperatures, and whether the 

insulator-metal transition is ultimately attainable in light of the low channel sheet 

resistance R ~ 60 kΩ at the mobility peak (Figure 11.2(e)).  
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11.4 Temperature Dependent Properties in Rubrene EDLTs 

The temperature dependence of R was measured at 8 distinct pHall values between 

1.0 × 1013 cm-2 to 6.0 × 1013 cm-2 in Device #2, using DC source/measure units and high-

impedance multimeters. Extensive checks were made for self-heating and Ohmic 

response, particularly at low temperatures. The μHall – pHall characteristic for Device #2 is 

shown in Figure 11.4(a), with each pHall value numbered from a to h for the convenience 

of discussion. The data are plotted in Figure 11.4(b) as R (log scale) versus T, down to 8 

K, the extent of which is limited by the departure from the contact ohmicity. 

Nevertheless, this is still quite remarkable considering that measurements below 40 K 

have not yet been reported in vacuum-gap devices.19,109 We deduce that backfilling the 

gate/crystal gap with ILs tends to mechanically stabilize these EDLTs with respect to 

thermal expansion/contraction mismatch over multiple temperature cycles. Closer look at 

R(T) plots in Figure 11.4(b) reveals a crossover from positive dR/dT at high temperatures 

to negative at low temperatures, with the transition temperatures T* being dependent on 

pHall. For instance, at the mobility peak, e (pHall = 2.73 × 1013 cm-2), T* is as low as 110 K. 

A positive dR/dT in combination with the equivalence of pHall with pGate seen in Figure 

11.2(c) strengthens the argument of diffusive, non-activated, band transport in the 

vicinity of 200 K in rubrene EDLTs at these large hole densities. Looking at the regimes 

when dR/dT becomes negative, on the ascending side of the peak, the increase of pHall 

from a to d, while systematically reducing the 250 K resistance, leads to less insulator-

like T-dependence at low temperatures. Remarkably, this progression eventually results 
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in a very weak T-dependence of R at the mobility peak, e, signaling the possible onset of 

the metallic conduction. Somewhat surprisingly, with further increase of pHall from f to h, 

while the 250 K resistance remains almost identical, the expected crossover to metallic 

transport does not emerge. Instead, the R(T) returns to the insulating behavior with 

apparently distinct T-dependence compared with a to d. That the μHall changes from being 

activated at c with activation energy ~ 14 meV, to temperature-independent at e, and back 

to activated behavior at g with energy ~ 48 meV, corroborates such an unusual transition 

when the mobility peak is traversed (insets of Figure 11.4(a)). 

0 1 2 3 4 5 6 7
0

1

2

3

4

0 50 100 150 200 250
104

105

106

107

108

109

0 50 100 150 200 250 0 50 100 150 200 250

40 80 120 160 200
0

1

2

3

4

540 80 120 160 200
0
1
2
3
4
5

40 80 120 160 200
0
1
2
3
4
5

h
g

f

e

d

(b)

0.370
pHall (hole/rubrene)

0.310.260.210.11 0.16

 

µ H
al

l (
cm

2 V
-1
s-1

)

pHall (×1013 cm-2)

0.05

200 K

(a)

c

b

a

e

f

d

c

b

 

pHall (×1013 cm-2)
 a_1.34 
 b_1.60 
 c_2.08 

R
 (O

hm
)

T (K)

a

g

 

pHall (×1013 cm-2)
 d_2.44
 e_2.73
 f _3.49

 

T (K)

pHall (×1013 cm-2)
 g_4.88
 h_5.84

h

  

T (K)

 

µ H
al

l (
cm

2 V
-1
s-1

)

T (K)

e

 

µ H
al

l (
cm

2 V-1
s-1

)

T (K)

c g

 

µ H
al

l (
cm

2 V-1
s-1

)
T (K)

 
Figure 11.4 Temperature dependence of resistance and mobility. (a) μHall (pHall) relation 
in Device #2 at 200 K. Each pHall is numbered from a to h. The insets show μHall(T) at c 
(before peak), e (peak) and g (after peak).  (b) R(T) at each pHall shown in panel (a). 
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The divergence from a complete crossover is better understood with the 

quantitative analysis of R(T) in Figure 11.5, where R (log scale) is either plotted versus 

T‒1 or T (log scale). For a and b in Figure 11.5(a), log(R) is linear in T‒1 over the entire T 

range (when dR/dT is negative), following )/exp( 00 TTRR = , with R0 being the T → ∞ 

value of R and EA = kBT0 being the activation energy. For the case of c, d, e and f, log(R) 

is linear in T‒1 only at high T, being rather linear in T‒n at low T where n lies between 0.5 

to 0.7, except in the case of e, where R is so weakly dependent on T that a well-defined 

exponential regime at low T is not present. On the other hand, the exponential T-

dependence of R is not applicable in any temperature ranges for g and h. Instead, the 

power law dependence nominally describes R(T) at T <  80 K to a good extent following 

mTRR −= 00  with R00 being the pre-factor, m ≈ 4.0 for g, and m ≈ 7.0 for h, as shown in 

the log(R) – log (T) plots in Figure 11.5(b). Verification of these deduced T exponents 

and powers is achieved via the logarithmic derivative method,266 where W = -

d(lnR)/d(lnT) is plotted as a function of lnT to linearize xTTRR )/exp( 00= , yielding –x 

directly from the slope; whereas in power law dependence, slope –x is zero resulting in m 

= W (Figure 11.6). Additionally, extraction of EAs in the T‒1 regimes (force fitting for e, 

g and h) gives a non-monotonic dependence on pHall (the inset of Fig. 11.5(a)), where EA 

almost vanishes at the mobility peak e (close to metallic state), yet re-emerges at higher 

hole densities. The approach to metallic transport at the mobility peak is also seen from 

the plot of channel conductance G = R-1 as a function of T in linear-linear scale (the inset 

of Fig. 11.5(b)). The insulating side of the metal-insulator transition (such as d, f) is 
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manifested by G = 0 when extrapolating T towards 0 K; whereas at e, whether G is finite 

at T → 0 K is not entirely conclusive from simple extrapolation.   

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14
104

105

106

107

108

109

1010

1 2 3 4 5 6
0

10

20

30

40

50

10 100
104

105

106

107

108

109

1010

0 20 40 60 80
0

5

10

15

20
(b)

e

d
f

h
g

f

e

d

c

a

                                pHall (× 1013 cm-2)
 a_1.34   b_1.60   c_2.08   d_2.44
 e_2.73   f_3.49    g_4.88   h_5.84

 

 

R
 (O

hm
)

1/T (K −1)

b

(a)

 

 

E
A
 (m

eV
)

pHall (× 1013 cm-2)

50 300 

 

R
 (O

hm
s)

T (K)
20 

G
 (µ

S
)

T (K)

 
Figure 11.5 The approach to the insulator-metal transition. (a) ln(R) versus T-1 for Hall 
density a through e. The inset shows the activation energy EA as a function of pHall. (b) 
ln(R) versus ln(T) for Hall density f through h. The inset shows sheet conductance G (in 
linear scale) as a function of T for three most conductive states, namely, d, e, and f.  
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Figure 11.6 Quantitative analysis of exponents and powers in R(T) dependence using via 
the logarithmic derivative method, where W = -d(lnR)/d(lnT). 
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On the ascending side of the peak, the T‒1 behavior can be readily identified as the 

nearest-neighbor hopping (NNH). The T‒n behavior at low T in c, d and f with 0.5 < n < 

0.7, however, implies a gradual transition to variable-range hopping (VRH) transport, and 

in particular, conventional 2D Efros-Shklovskii (ES) VRH267 or inter-cluster hopping.268 

To clarify the origin of the transition to T‒1/2 behavior, magnetoresistance measurements 

were performed with the magnetic field perpendicular to the device plane (Figure 11.7). 

Large positive magnetoresistance was obtained with the expected field and temperature 

dependence ( 7.1))0(/)(ln( HRHR ∝ and 2.2))0(/)4(ln( −∝ TRTR ), in reasonable 

agreement with the theory for ES VRH where in the weak field limit, 

5.1
0

422 )/()/())0(/)(ln( −∝ TTLHchetRHR c , with t = 0.0015.267 We thus expect ES VRH 

is eventually reachable at even lower temperatures, in which Coulomb interaction leads 

to the formation of a “soft gap” in the DOS at the Fermi level EF. The adherence to 

conventional models of hopping on the ascending side of the peak suggests that the 

additional effects, such as the charge carrier-lattice or polaronic effect, are negligibly 

weak in affecting the transport behavior in such a highly doped molecular crystal. On the 

descending side of the peak, namely, g and h, the power law T dependence (with such 

large values of m) instead of exponential is quite uncommon, suggesting that charge 

transport occurs beyond the context of any conventional hopping models. Despite the 

sporadic reports about power law dependence of resistivity,269,270 we rather interpret this 

as the convoluted effects due to a possibly chaotic, turbulent, and percolation-type current 

flow.  
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Figure 11.7 Temperature- and field-dependent magnetoresistance at pHall = 2.08 × 1013 
cm-2. (a) Log-log plot of ln(R(H)/R(0)) versus μ0H at different temperatures. The solid 
line has a slope of 1.7. (b) Log-log plot of ln(R(4T)/R(0)) versus T. The solid line has a 
slope of -2.2. 
  

11.5 Doping-induced Electrostatic Disorder 

We propose that the doping-induced electrostatic disorder on the surface of 

rubrene crystal is the key to understand the anomalous doping dependence of R(T), and 

the closely correlated mobility peak. Such an electrostatic disorder, as suggested in our 

previous models,170 arises from the strong Coulomb interactions between holes and 

anions in rubrene EDLTs, particularly because of the inherent low dielectric constant of 

rubrene (εr ~ 3) and the close proximity of holes and anions at the interface (~ 1 nm). 

With the positively charged cations that are repelling to holes, the electrostatic potential 

landscape on the surface of rubrene is therefore not smooth, and becomes significantly 

corrugated at higher hole densities, leading to hole density dependent trapping. The 
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picture is consistent with the experimental observation. At low doping levels (< 0.13 

holes/rubrene) when the disorder is relatively minor, hole transport occurs via thermal 

energy assisted hopping to the nearest states at intermediate T, and at sufficiently low T, 

this evolves to hopping to spatially further states due to Coulomb penalty. At high doping 

levels (> 0.13 holes/rubrene), electrostatic disorder becomes so strong that hole trapping 

is ubiquitous, resulting in a percolated transport behavior through the trap states, 

decreased mobility, disruption of Coulomb gap collapse, and therefore, the suppression of 

the insulator-metal transition. Nevertheless, for the first time in electrostatically doped 

molecular crystals, we are at the verge unprecedentedly close to true metallic transport.  

11.6 Conclusion 

In summary, the successful measurement of Hall effect unifies several important 

properties in electrolyte-gated rubrene crystals: the hole density above 1013 cm-2, the 

existence of mobility peak, and a diffusive band-like transport over the entire device 

operational window at high temperatures. Temperature-dependence resistance reveals 

that the insulator-metal transition is restrained by the doping-induced electrostatic 

disorder on the surface of rubrene. The disorder can be mitigated by smoothing the 

potential landscape, possibly by use of semiconductor crystals with larger dielectric 

constant, or perhaps by enlarging the anion and/or cation radii to reduce the Coulombic 

interaction with holes. The results indicate that truly metallic transport is likely within 

reach in molecular crystals. 
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Chapter 12 Future Work 

12.1 Contact Engineering and New Organic Semiconductors 

Depsite all the achievement in improving the ambipolar charge injection in fm-

rubrene (or rubrene 5) crystals by employing CNT electrodes, as shown in Chapter 8, the 

contact for either hole or electron injection is still not fully optimized. In other words, 

more efforts need to be devoted to achieve a truly Ohmic contact, and consequently, a 

truly diffusive band-like transport with phonon-limited temperature dependence of 

mobility. In order to accompolish this objective, I am proposing to combine multiple 

contact engineering approaches in addition to the CNT approach. A literature search has 

revealed several previously employed methods (see the Introduction in Chapter 8) to 

improve the contacts, and since these methods are targeted for only one type of carriers 

(holes or electrons), the hole injection and the electron injection will have to be tackled 

separately. Specifically, two device structures are proposed as displayed in Figure 12.1. 

Figure 12.1(a) shows the structure for optimizing hole injection, by combining 

F4-TCNQ doping and CNT electrodes. A thin layer of F4-TCNQ (~ 1 nm) can be 

themally evaporated on top of the crystals through shadow mask, and its morphology can 

be carefully examined by AFM and SEM. Considering the previous results in Chapter 8, 

in which F4-TCNQ did not seem to play any effect, an extra “activation” step may be 

needed to make the charge transfer process between the crystal (host) and F4-TCNQ 

(dopant) more effectively. This can be possibly achieved by elevating the substrate 

temperature during the F4-TCNQ deposition and/or employing a post-deposition anneal 
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step with optimized conditions (temperature, time, etc). The 2-terminal current-voltage 

characteristics (no gate) of the crystal can be measured before and after the incorporation 

of F4-TCNQ, to examine whether the doping is effective. Subsequently, CNT electrodes 

are deposited by printing, with a final layer of Au as the main conduction layer. In the 

case that F4-TCNQ is still not useful, alternative strong electron acceptor (for hole 

doping) can be employed, such as FeCl3.  

(a) (b)

SiO2/Si(p++)

Cytop
Crystal

CNTs

Au

F4-TCNQ doped region

PEIE

Si(p++)

Cytop
SiO2

Crystal

Hole Transport Electron Transport

 

Figure 12.1 Proposed contact engineering approaches in fm-rubrene crystals. (a) 
Optimization of hole injection: combining F4-TCNQ doping and CNT electrodes. (b) 
Optimization of electron injection: combining PEIE-treated Au electrodes and CNT 
electrodes. The molecular structure of PEIE is also shown. 

 

Figure 12.1(b) shows the structure for optimizing electron injection, by 

combining PEIE-treated Au electrodes and CNT electrodes. PEIE is an amine-containing 

polymer, which has been demonstrated by Kippelen and co-workers222 as a potent surface 

modifier to greatly decrease the work function for a wide variety of conductors. For 

example, PEIE-treated Au electrodes exhibit work function of 3.90 eV (untreated value 

of Au is 5.1 eV), which, from the simple energetic point of view, is sufficient for an 

efficient electron injection from PEIE/Au to fm-rubrene crystals (LUMO level of 3.6 eV). 
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The CNT electrodes can be subsequently deposited, and the crystals are finally laminated 

across the channel, making a bottom-contact device. A further improved electron 

injection and transport is expected in this device structure. 

R = alkyl chain  

Figure 12.2 Molecular structures of perfluorinated rubrene and tetracene derivatives. 
 

While all these contact engineering knowledge are acquired, more rubrene 

derivatives will be synthesized in collaboration with Prof. Douglas group, followed by 

systematic band structure calculation and device studies. One of the highlights in this 

project is the perfluorinated rubrene (C42F28) (Figure 12.2), which is anticipated to be an 

air-stable, deep-LUMO and high-mobility n-type semiconductor.  For instance, the 

perfluorinated pentacene has been demonstrated to exhibit large electron mobility ~ 0.1 

cm2V-1s-1 in the thin-film structure.271 Preliminary studies showed that the chemical 

synthesis of perfluorinated rubrene was extremely challenging. Nevertheless, once the 

source materials are successfully obtained, a series of crystal growth, structural 

characterization, device fabrication and optimization will be followed. Addtionally, 

another ongoing project is to develop new tetracene derivatives, especially end-
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substitued alkyl tetracene. The correlation of molecular structure, crystal structure, band 

structure and transport properties will be systematically investigated.  

12.2 Electrolyte Gating in Organic Semiconductors 

One of the principal future works is to continue the high-density electrolyte gating 

in organic semiconductors, including single crystals and films of carefully-selected π-

conjugated polymers, small molecules and charge-transfer complexes. My preliminary 

work in ionic liquid (IL) gated rubrene crystals has been quite inspiring and suggests the 

truly electrostatic-based metallic transport in molecular crystals is within reach of our 

experimental techiniques. Further work, including materials selection and device design, 

will improve our understandings of transport at extreme carrier densities (~ 1014 cm-2), 

and will enable exploration of the ultimate limits on conductivity and mobility in 

molecular conductors.  

DTT-DPP PBTTT

Picene
C60

FAP-based ILs

R = C2F5
= C3F7
=C4F9

 

Figure 12.3 Candidate materials for electrolyte gating in organic semiconductors. 
 

The first major aspect is to select and optimize the electrolyte materials for high-

mobility, high-charge-density transport. Factors such as cation and anion size, and 
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winden of the VG stability window at lower temperatures will be systematically studied. 

Ionic liquids and IL-based gels will continue to be the primary choice of electrolyte for 

these studies. However, as my thesis work (and other works) have suggested, the IL 

composition is playing an important role in determining the device performance, such as 

stability, carrier mobility, and charge density. Specifically, it is critical to reduce or 

minimize the doping-induced electrostatic disorder on the surface of organic single 

crystals, which is caused by the Coulomb interaction between the ions and carriers. I am 

proposing to employ ILs containing large-sized ions, which can enlarge the ion-carrier 

distance at the interface and consequently, result in an improved mobility, despite a 

possible compromise in the gate capacitance (charge density).  One of the candidates are 

the ILs containing larger FAP anions (larger than the ethyl-FAP) (Figure 12.3), such as 

propyl-FAP and butyl-FAP, with the pyrrolidinium-type cations (such as [P14]). The 

[P14][ethyl-FAP] has advanced the majority of the achievement in my electrolyte gating 

work, therefore, propyl-FAP and/or butyl-FAP, whose synthesis protocols have been 

reported,272 are expected to smooth the interfacial electrical potential corrugation, leading 

to the smear-out of the mobility peak, enhanced mobility, lower channel resistance, and 

eventually, the insulator-metal transition. Detailed electrical characterizations (I-V, C-V, 

displacement current, etc), Hall effect and low-temperature measurements will be 

performed in the testbed of rubrene EDLTs.  

Another integral part is to apply all these newly-honed techniques to other 

crystalline and polymer systems, moving beyond the extensively studied rubrene. In 

particular, target materials include picene, TTF, TCNQ, and C60 (Figure 12.3), i.e., 
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systems that have known metallic and/or superconducting states when chemically doped. 

The goal will be to determine whether electrolyte gating can induce the same phase 

transitions in 2D as chemical doping can achieve in 3D, but in an entirely reversible, fine-

tuned manner. For example, the superconducting K3C60 indicates the necessity to 

accumulate 3 electrons per C60 molecule,258 namely, 4.2 × 1014 cm-2 electrons (the (111) 

surface has a molecular density of 1.4 × 1014 cm-2). Application of the EDLT approach to 

these varied systems will provide exceptional and unprecedented opportunities for 

discovery and control of novel organic electronic phase transitions. Additionally, it is also 

extremely important to investigate other electrolyte-gated high-performance polymer 

systems besides the extensively studied P3HT. Recently developed polymers such 

PBTTT,273 DPP and DTT,196 whose mobilities have reached 1 ~ 10 cm2V-1s-1, open up a 

multitude of opportunites to explore the insulator-metal transition, or potentially even a 

superconducting transition in these optimized ECTs. While metallic transport has been 

observed in a highly limited number of bulk polymers, such phenomena have not yet 

been observed in polymer thin film transistors. The large gate-induced conductivities (~ 

100 Ω-1cm-1), ultrahigh 3D electrochemically induced charge densities (~ 1021 cm-3), and 

minimized contact resistance make these studies in polymer ECTs extremely promising. 

Nevertheless, the doping-induced structural disorder in ECTs needs to be overcome. 
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Figure 12.4 Electrical performance of IL-gated CNT transistors. (a) Device structure. (b) 
Transfer curves at different tempertures. VD = -0.1 V. (c) Capacitance-voltage (100 Hz) at 
different temperatures. (d) The unusual conductivity peak at high VG.     

 

The very high mobility and rich electronic phases in carbon-based organic 

semiconductors, such as CNT, graphene, have made high-charge-density electrolyte 

gating techniques in these materials another exciting research area. I have carried out 

some preliminary work in IL-gated CNT transistors, in which the CNTs were prepared by 

AJP (Figure 12.4). The IL-gated CNT transistors exhibited ambipolar operations with 

ON/OFF ratio ~ 105 and OFF-region ~ 0.8 V wide. Capacitance-voltage characteristics 

were measured at 100 Hz to determine the hole and electron densities, which were 

achieved to be (1 ~ 5) × 1013 cm-2. The hole and electron mobilites were quite balanced, 

both around 15 cm2V-1s-1 at room temperature. Importantly, the channel conductivity 

peak has also been observed at large VG at lower temperature (Figure 12.4(d)), both for 



Chapter 12   Future Work 
 

 254 

hole and electron transport. These results suggest that CNT transistors gated with 

electrolytes can be potentially another model system for novel transport studies. Further 

efforts can be devoted to optimization of CNT morphology and physical properties (such 

as aligned CNTs versus random CNTs, single tube versus arrays, tubes with different 

diamaters), selection of appropriate electrolyte materials, and extensive 

electrical/magnetic measurements (low-temperature, Hall effect, etc).    
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