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Abstract 

    This dissertation focuses on fundamental research on the frontier of organic electronics, 

aiming to find answers to some long-standing puzzles related to electrical conduction in 

the benchmark single crystal organic semiconductor known as rubrene. Emphasis is on 

determining the intrinsic charge transport mechanism in rubrene single crystals, as the 

crystalline order in these samples facilitates better understanding of fundamental structure-

property relationships. To further explore the conduction limits in rubrene single crystals, 

high densities of charge carriers are injected using the liquid-gating technique, and 

intriguing and unusual physical phenomena, such as negative transconductance and 

cooling-rate-dependent charge transport, have been observed. 

    Chapters 1-4 summarize the background information for this dissertation. Chapter 5 

focuses on the isotope effect on field-effect mobility in rubrene single crystals to determine 

the best theoretical model for charge transport in high mobility organic semiconductors. 

Chapter 6 explains why very few organic semiconductors exhibit intrinsic, band-like 

transport by revealing correlated electronic and structural disorder using scanning Kelvin 

probe microscopy. Chapter 7 focuses on the use of dipolar liquid to accumulate charge at 

rubrene crystal surfaces while maintaining the high mobility. Chapter 8 explores charge 

transport phenomena near the maximum conductivity of rubrene single crystals and 

proposes the limiting factors for charge transport. Overall, this work helps to better 

understand intrinsic charge transport mechanisms and conduction limits in high mobility 

organic semiconductors. 

 



iii 
 

Table of Contents 
 

Acknowledgement ............................................................................................................... i 

Abstract ............................................................................................................................... ii  

List of Tables ..................................................................................................................... vi 

List of Figures ................................................................................................................... vii  

Chapter 1 Introduction ........................................................................................................ 1 

1.1 Motivation for thesis ................................................................................................. 1 

1.2 Overview of thesis ..................................................................................................... 4 

Chapter 2 Organic Semiconductors and Organic Field-Effect Transistors ........................ 7 

2.1 Charge transport in organic semiconductors ............................................................. 7 

2.1.1 Delocalized molecular orbitals and intermolecular bonding .............................. 7 

2.1.2 Charge transfer and charge-phonon interaction .................................................. 9 

2.1.3 Band transport and hopping transport .............................................................. 11 

2.1.4 Dynamic disorder (transient localization) model ............................................. 13 

2.2 Organic field-effect transistors (OFETs)................................................................. 15 

2.2.1 Device structure and operating mechanism ...................................................... 15 

2.2.2 Electrical characterization ................................................................................ 18 

2.2.3 Reliable extraction of carrier mobility .............................................................. 20 

2.3 Organic semiconductor single crystals .................................................................... 24 

2.3.1 Crystal growth .................................................................................................. 24 

2.3.2 Device fabrication ............................................................................................. 28 

2.3.3 Charge transport in single crystal OFETs ......................................................... 31 

2.3.4 Molecules exhibiting delocalized, band-like transport ..................................... 35 

Chapter 3 Electrolyte-Gated Transistors (EGTs) .............................................................. 37 

3.1 Concept of electrolyte gating .................................................................................. 37 

3.2 Electrolyte materials ................................................................................................ 41 

3.3 Device fabrication and characterization .................................................................. 45 

3.3.1 Fabrication of EGTs ......................................................................................... 45 

3.3.2 Extraction of charge density and mobility ........................................................ 48 

3.4 Charge transport in EGTs ........................................................................................ 52 

3.4.1 Insulatorïmetal transition ................................................................................. 53 



iv 
 

3.4.2 Superconductivity ............................................................................................. 55 

3.4.3 Ferromagnetism ................................................................................................ 57 

3.4.4 Ambipolar transport .......................................................................................... 58 

3.4.5 Other interesting phenomena ............................................................................ 60 

Chapter 4 Experimental Methods ..................................................................................... 62 

4.1 Crystal growth ......................................................................................................... 62 

4.2 Structural characterization....................................................................................... 64 

4.3 Device fabrication ................................................................................................... 65 

4.4 Electrical characterization ....................................................................................... 67 

Chapter 5 Negative Isotope Effect on Field-effect Hole Transport in Fully Substituted 
13C-Rubrene ...................................................................................................................... 69 

5.1 Introduction ............................................................................................................. 70 

5.2 Structural and electrical characterization ................................................................ 72 

5.3 Isotope effect and theoretical explanation ............................................................... 78 

5.4 Conclusions ............................................................................................................. 82 

5.5 Experimental methods ............................................................................................. 82 

Chapter 6 Scanning Kelvin Probe Microscopy Reveals Planar Defects Are Sources of 

Electronic Disorder in Organic Semiconductor Crystals .................................................. 86 

6.1 Introduction ............................................................................................................. 86 

6.2 Observation of electronic disorder .......................................................................... 88 

6.3 Structural origin of electronic disorder ................................................................... 92 

6.4 Conclusions ............................................................................................................. 99 

6.5 Experimental methods ........................................................................................... 100 

Chapter 7 Rubrene Single-Crystal Transistors with Perfluoropolyether Liquid Dielectric: 

Exploiting Free Dipoles to Induce Charge Carriers at Organic Surfaces ....................... 102 

7.1 Introduction ........................................................................................................... 103 

7.2 Displacement current measurements and transistor characteristics ...................... 104 

7.3 Hall effect and RïT measurements........................................................................ 110 

7.4 Conclusions ........................................................................................................... 114 

7.5 Experimental methods ........................................................................................... 115 

Chapter 8 Anomalous Cooling-Rate-Dependent Charge Transport in Electrolyte-Gated 

Rubrene Crystals ............................................................................................................. 117 

8.1 Introduction ........................................................................................................... 117 



v 
 

8.2 Cooling-rate-dependent RïT measurements ......................................................... 120 

8.3 Possible explanations ............................................................................................ 126 

8.4 Conclusions ........................................................................................................... 129 

8.5 Experimental methods ........................................................................................... 129 

Chapter 9 Future Work ................................................................................................... 131 

9.1 In-operando probe of the rubrene/IL interface by synchrotron X-ray .................. 131 

9.2 Reducing interfacial electronic disorder by inserting a spacer layer .................... 135 

Bibliography ................................................................................................................... 138 

Appendix ......................................................................................................................... 155 

A1 Supporting information for Chapter 5 ................................................................... 155 

A2 Supporting information for Chapter 6 ................................................................... 157 

A3 Supporting information for Chapter 7 ................................................................... 162 

A4 Supporting information for Chapter 8 ................................................................... 167 

 

 

 

 

 

 

 

 

 

 

 



vi 
 

List of Tables 

Table 2.1 Organic semiconductors exhibiting band-like transport ...................................36 

Table 6.1 Unit cell parameters of FM-rubrene as a function of temperature  ...................96 

 

Table A1.1 Crystal structure of 13C-rubrene ...................................................................155 

Table A1.2 Statistical data of mobility............................................................................156 

Table A1.3 Confidence intervals on the mean values of mobility ..................................156 

Table A2.1 FM-rubrene in-plane diffraction peaks ........................................................158 

Table A2.2 Unit cell parameters of rubrene as a function of temperature  .....................158 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



vii 
 

List of Figures 

Figure 2.1 Schematics for molecular orbitals .....................................................................8 

Figure 2.2 Electronic coupling in organic semiconductors.................................................9 

Figure 2.3 Formation of a polaron ....................................................................................10 

Figure 2.4 Schematics for charge transport models ..........................................................12 

Figure 2.5 Architectures of organic field-effect transistors (OFETs) ...............................16 

Figure 2.6 Operating mechanisms of p-type and n-type OFETs ......................................17 

Figure 2.7 Illustrations of linear and saturation regime ....................................................19 

Figure 2.8 Transfer curves of a rubrene single crystals OFET .........................................20 

Figure 2.9 Non-linearities in OFET transfer curves .........................................................21 

Figure 2.10 Device geometries for gated 4-probe measurement and Hall effect 

measurement ......................................................................................................................23 

Figure 2.11 Melt growth of organic crystals .....................................................................25 

Figure 2.12 Solution growth of organic crystals ...............................................................26 

Figure 2.13 Vapor growth of organic crystals ..................................................................28 

Figure 2.14 Fabrication of OFETs based on single crystals .............................................29 

Figure 2.15 Mobility anisotropy in organic single crystals ..............................................31 

Figure 2.16 Band-like transport and Hall effect in organic single crystals .......................33 

Figure 2.17 Influence of gate dielectrics on mobility in rubrene crystals .........................35 

Figure 2.18 Molecular structures of organic semiconductors exhibiting band-like 

transport .............................................................................................................................36 

 

Figure 3.1 Operation mechanisms of electrolyte gating ...................................................38 

Figure 3.2 Schematics for electrostatic charging and electrochemical charging ..............40 

Figure 3.3 Electrolyte materials ........................................................................................42 

Figure 3.4 Ionic liquids and ion gels .................................................................................44 

Figure 3.5 Device architectures of electrolyte-gated transistors (EGTs) ..........................46 

Figure 3.6 EGTs integrated with other functionalities ......................................................47 

Figure 3.7 Determination of charge density in EGTs .......................................................49 

Figure 3.8 Hall effect in organic EGTs .............................................................................52 

Figure 3.9 Illustration of the zero-temperature ground states of various inorganic and 

organic materials ................................................................................................................53 



viii 
 

Figure 3.10 Electrolyte-gate-induced insulatorïmetal transition in EGTs .......................55 

Figure 3.11 Electrolyte-gate-induced superconductivity and ferromagnetism in EGTs ..57 

Figure 3.12 Ambipolar transport in EGTs ........................................................................59 

Figure 3.13 Thermal power optimization and structural phase transition in EGTs ..........61 

 

Figure 4.1 Physical vapor transport (PVT) setup in the Frisbie lab ..................................62 

Figure 4.2 Photograph of a rubrene crystal and tools used to handle crystals ..................63 

Figure 4.3 XRD and AFM characterization of rubrene crystals .......................................65 

Figure 4.4 Fabrication steps for air-gap transistors and photograph of a finished device 

for low-temperature transport measurements ....................................................................67 

Figure 4.5 Photograph of equipment used for electrical characterization ........................68 

 

Figure 5.1 Structural characterization of rubrene and 13C-rubrene ...................................74 

Figure 5.2 Device performance of 13C-rubrene air-gap transistors ...................................77 

Figure 5.3 Hall effect in 13C-rubrene air-gap transistors ..................................................78 

Figure 5.4 Negative isotope effect on mobility.................................................................80 

 

Figure 6.1 Structural characterization of FM-rubrene ......................................................89 

Figure 6.2 Orientations of the surface potential stripes ....................................................91 

Figure 6.3 Revealing type 1 defects by grazing incidence XRD ......................................93 

Figure 6.4 Revealing type 2 defects by chemical etching.................................................94 

Figure 6.5 Potential stripes in other rubrene derivatives ..................................................98 

 

Figure 7.1 Device characteristics of a PFPE capacitor ...................................................105 

Figure 7.2 Device characteristics of a PFPE-gated rubrene transistor ............................106 

Figure 7.3 Effect of dipolesô response to the gate electric field on the device performance 

of a PFPE-gated rubrene transistor ..................................................................................108 

Figure 7.4 Hall effect in a PFPE-gated rubrene transistor ..............................................111 

Figure 7.5 Temperature dependence of charge density and Hall mobility .....................112 

Figure 7.6 Resistanceïtemperature (RïT) relationship of a PFPE-gated rubrene transistor

..........................................................................................................................................114 

 



ix 
 

Figure 8.1 Slow-cooling RïT curves of a rubrene EGT at different gate voltages .........120 

Figure 8.2 Cooling rate-dependent RïT curves at different gate voltages  .....................123 

Figure 8.3 Influence of gate voltage and starting temperature on the cooling rate 

dependence .......................................................................................................................124 

Figure 8.4 The ratio of slow-cooling resistance and fast-cooling resistance as a function 

of temperature ..................................................................................................................125 

 

Figure 9.1 Preliminary results of synchrotron X-ray scattering experiments on a side-

gated rubrene EGT ...........................................................................................................133 

Figure 9.2 Preliminary results of parylene spacer experiments on rubrene EGTs .........136 

 

Figure A1.1 High frequency Raman and IR spectra of rubrene and 13C-rubrene ...........155 

Figure A2.1 Histogram of the surface potential differences between the dark and bright 

stripes in FM-rubrene .......................................................................................................157 

Figure A2.2 Out-of-plane XRD of rubrene and FM-rubrene..........................................158 

Figure A2.3 Orthorhombic to triclinic phase transition of FM-rubrene .........................160 

Figure A2.4 Potential stripes in single crystals of other organic materials.....................161 

Figure A3.1 Estimating the dielectric constant of PFPE ................................................162 

Figure A3.2 Low temperature displacement current curves and transfer curves of a 

PFPE-gated rubrene transistor .........................................................................................164 

Figure A3.3 Displacement current curves of a PFPE-gated rubrene transistor at 210 K 

with different cooling conditions .....................................................................................165 

Figure A3.4 Transfer curves of a DNTT transistor with different dielectric materials ..166 

Figure A3.5 Hall measurements of a PFPE-gated rubrene transistor at 260 K and 240 K

..........................................................................................................................................166 

Figure A4.1 Typical transfer curve and charge density of a rubrene EGT at 300 K ......167 

Figure A4.2 Zabrodskii plots of the data in Figure 8.1d .................................................168 

Figure A4.3 Differential scanning calorimetry measurements of [P14][FAP] at different 

cooling rates .....................................................................................................................169 

Figure A4.4 More RïT data taken at different conditions ..............................................170 

Figure A4.5 Slow cooling resistance taken after quenching from 200 K to different 

starting temperatures ........................................................................................................171 

 



1 
 

Chapter 1 Introduction 

1.1 Motivation for  thesis 

In the past few decades, silicon-based conventional semiconductor devices have 

revolutionized the world, becoming the foundation of the hundreds-of-billion-dollar 

modern electronics industry. What makes semiconductors unique is that the charge carrier 

densities in semiconductors can be tuned easily by chemical doping or by application of an 

external electric field. Changes in charge density correspond to changes in the conductivity 

of the material, which can be controlled over a wide range, from insulating to conducting. 

This property allows for creation of a circuit component called a transistor, which can act 

as an ñOFFò or ñONò switch when the semiconductor is made insulating or conducting, 

respectively. Therefore, basic functions required in electrical circuits, such as switching, 

can be achieved. Despite the great technological success, silicon-based electronics is not 

omnipotent. Many applications require low-cost large-area fabrication of electronic 

devices and circuits, and silicon is not the best choice in those cases. 

Compared with their inorganic counterparts, organic semiconductors, which are solids 

consisting of carbon-based molecules, are relatively new. The ground-breaking 

achievements in the area of electrical conduction in organic solids lead to the Nobel Prize 

in Chemistry in 2000.1 Due to comparatively lower mobility (the key parameter describing 

how fast the charge carriers can move in an electric field) than crystalline inorganic 

semiconductors, organics cannot currently compete in applications requiring high 

switching speeds such as processor chips. Organic semiconductors do, however, have 

unique advantages over inorganic semiconductors including solution-processability, 
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mechanical flexibility, and multi-colored electroluminescence, resulting in the commercial 

success of organic-based products such as organic light-emitting diode displays.2ï4 

    Despite progress in practical device-oriented applications, there is still much we do not 

know about the nature of electrical conduction in organic semiconductors (i.e., how charge 

transport happens). The interaction between organic molecules (weak van der Waals bond) 

is fundamentally different from the counterpart in inorganic semiconductors (strong 

covalent bond), which leads to lower charge carrier mobility and different conduction 

mechanisms. As a result, most of the theories for inorganic semiconductors are no longer 

valid for organics. What makes this situation even more difficult is that current commercial 

products based on organic semiconductors usually use an amorphous or polycrystalline 

form of the material rather than the highly ordered, near-perfect single crystalline form. 

Amorphous and polycrystalline materials suffer from a huge amount of structural disorder. 

These imperfections not only lead to low carrier mobility but also make it difficult to study 

the intrinsic electronic properties; therefore, a better platform is needed. 

Thanks to their high purity and ordered structure, single crystals of organic small 

molecules are ideal to investigate intrinsic properties of organic semiconductors.5ï7 Many 

ñhiddenò physical phenomena in organic semiconductors can only be observed in crystals. 

For instance, single crystals of rubrene, the benchmark organic semiconductor, have a room 

temperature mobility over 10 cm2V-1s-1, which is significantly larger than in thin films (< 

0.01 cm2V-1s-1) and even higher than the mobility of widely used amorphous silicon (~1 

cm2V-1s-1).8 Other physical phenomena, such as the Hall effect, which was thought to only 

exist in inorganic semiconductors with very high mobility, have also been observed in 
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rubrene crystals.9 However, challenges still remain in unifying intrinsic charge transport 

mechanism for organic semiconductors from experimental and theoretical perspectives.10 

In addition to the intrinsic charge transport mechanism, another significant difference 

between inorganic and organic semiconductors is their dielectric constant. Organic 

semiconductors usually have small dielectric constant, which means the electric field 

decays much slower over distance. That is, the electrostatic interaction in organic 

semiconductors is more long-range compared with the interaction in inorganic 

semiconductors. One of the most well-known phenomena resulting from this effect is the 

formation of excitons in organic photovoltaics due to the strong binding between 

photogenerated electrons and holes. The small dielectric constants in organic 

semiconductors also affect charge transport significantly, especially when charge transport 

occurs at the surfaces/interfaces. Due to the weakly screened electric field, the charge 

transport can be limited by external electronic disorder from the surroundings, so even a 

perfect organic single crystal may not exhibit intrinsic properties. For example, the field-

effect mobility of rubrene single crystals is significantly reduced when some oxides, such 

as Ta2O5, are used as the dielectric layer.11 The influence of external electronic disorder is 

more noticeable when the charge density is high, and it has to be taken into consideration 

when doing charge transport experiments.  

In this thesis, two fundamental aspects of charge transport in organic semiconductors 

are explored. First, we have carried out electrical and structural characterization on 

rubrene-based single crystals in order to better understand the intrinsic charge transport 

mechanism in organic semiconductors. We have found that the best model describing 

charge transport in high mobility organic semiconductors is neither the band transport 
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model (the most widely used one for charge transport in inorganic semiconductors) nor 

hopping-based model (mostly used for charge transport in low mobility systems), but is a 

recently developed, intermediate one called dynamic disorder (or transient localization) 

model. We have also gained some insights in explaining why many organic crystals with 

promising electronic structures do not perform well in transport experiments. Second, we 

have utilized liquid dielectrics such as dipolar liquids and ionic liquids to inject more 

charge in organic semiconductors and study new phenomena in the high charge density 

regime. Anomalous phenomena including field-induced memory effect and cooling-rate-

dependent charge transport, which do not exist in regular devices, have been observed in 

rubrene crystals with such liquid dielectrics. Our observations support that charge transport 

near the organic/dielectric interface is greatly affected by the dielectric environment. All 

these works in this thesis will not only provide an important benchmark for ongoing efforts 

to study charge transport in organic semiconductors, but also open the doors to new 

opportunities for exploring novel field-effect transport phenomena in organic crystals. 

1.2 Overview of thesis 

Chapter 2 introduces the basic aspects of organic semiconductors and field-effect 

transistors (FETs). Both charge transport physics and device fabrication/characterization 

are included. Special focus is on single crystal organic field-effect transistors (OFETs) and 

charge transport studies related to them, since single crystal OFETs are believed to be a 

good platform to study intrinsic transport properties. 

Chapter 3 introduces the basic aspects of electrolyte gating. This chapter discusses 

working principles of electrolyte gating, electrolyte materials, device characterization, and 

recent charge transport studies in electrolyte-gated transistors (EGTs). 
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Chapter 4 summarizes the experimental methods used in this thesis, including growth of 

organic crystals, structural characterization of organic crystals, device fabrication, and 

different electrical characterization techniques. 

Chapter 5 summarizes work done to better understand intrinsic charge transport in the 

benchmark organic semiconductor, rubrene single crystals, by studying the isotope effect 

on field-effect mobility. An isotopically substituted rubrene molecule, 13C-rubrene (all the 

carbon atoms are 13C), was synthesized and characterized. The mobility of transistors based 

on 13C-rubrene crystals is 13% lower than the mobility of native rubrene crystals. The 

observed negative isotope effect on mobility suggests that dynamic disorder model is the 

best model describing charge transport in high mobility organic semiconductors. This work 

has been published as X. Ren, M. J. Bruzek, D. A. Hanifi, A. Schulzetenberg, Y. Wu, C. Kim, 

Z. Zhang, J. E. Johns, A. Salleo, S. Fratini, A. Troisi, C. J. Douglas, and C. D. Frisbie, 

ñNegative Isotope Effect on Field-Effect Hole Transport in Fully Substituted 13C-Rubreneò, 

Advanced Electronic Materials, 2017, 3, 1700018. 

Chapter 6 summarizes work done to explain why many organic crystals with promising 

electronic structures do not perform as well as expected in transport experiments. A 

combination of different characterization techniques including scanning Kelvin probe 

microscopy, in-plane X-ray diffraction and chemical etching reveal that hidden electronic 

disorder exists in many organic crystals. Such electronic disorder is correlated with planar 

defects that are not detectable by commonly employed polarized light microscopy or 

standard out-of-plane X-ray diffraction. This work has been published as Y. Wu, X. Ren, K. 

A. McGarry, M. J. Bruzek, C. J. Douglas, and C. D. Frisbie, ñScanning Kelvin Probe 
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Microscopy Reveals Planar Defects Are Sources of Electronic Disorder in Organic 

Semiconductor Crystalsò, Advanced Electronic Materials, 2017, 3, 1700117. 

Chapter 7 summarizes work done to investigate charge transport in rubrene crystals 

gated with a dipolar liquid called perfluoropolyether (PFPE). In particular, the influence of 

dipoles in PFPE on the charge carrier accumulation and transport at the rubrene/PFPE 

interface is explored. Large hysteresis in transistor transfer curves and peaks in the gate 

displacement current curves are observed and interpreted in terms of the dipolar response 

of PFPE to the gate electric field. This work has been published as X. Ren, E. Schmidt, J. 

Walter, K. Ganguly, C. Leighton, and C. D. Frisbie, ñRubrene Single-Crystal Transistors 

with Perfluoropolyether Liquid Dielectric: Exploiting Free Dipoles to Induce Charge 

Carriers at Organic Surfacesò, The Journal of Physical Chemistry C, 2017, 121, 6540. 

Chapter 8 summarizes work done to explore the conduction limit of electrolyte-gated 

rubrene crystals by performing detailed wide-range resistanceītemperature measurements 

at multiple gate voltages. In the anomalous negative transconductance regime where the 

device becomes more insulating with higher charge density, distinctly cooling-rate-

dependent transport is detected for the first time. Two possible sources of electronic 

disorder at the rubrene/electrolyte interface are proposed: (1) cooling-rate-dependent 

structural order in the ionic liquid and (2) the intriguing possibility of a gate-induced glassy 

short-range charge-ordered state in rubrene. This work has been published as X. Ren, C. D. 

Frisbie, and C. Leighton, ñAnomalous Cooling-Rate-Dependent Charge Transport in 

Electrolyte-Gated Rubrene Crystalsò, The Journal of Physical Chemistry Letters, 2018, 9, 

4828. 

Chapter 9 proposes potential directions for future research based on the above findings. 
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Chapter 2 Organic Semiconductors and Organic Field-Effect 

Transistors 

Organic semiconductors are conjugated small molecules or polymers with delocalized 

-́orbitals. In the solid state, these molecules are bonded together by weak van der Waals 

forces, which leads to their different mechanical, optical and electronic properties than 

inorganic semiconductors. Features of organic semiconductors, such as weak 

intermolecular electronic coupling and strong charge-phonon interaction, significantly 

affect charge transport physics in organic semiconductors.  This chapter will focus on basic 

aspects of charge transport in organic materials, the techniques for charge transport study, 

and the benchmark organic semiconductor materials. 

2.1 Charge transport in organic semiconductors 

2.1.1 Delocalized molecular orbitals and intermolecular bonding 

Organic semiconductors are made of individual carbon-based conjugated molecules. 

Those conjugated molecules, usually showing sp2 hybridization, have regions of linearly 

overlapped sp2 orbitals, which form the strong ů bonds that hold the neighboring atoms 

together. The superposition of the remaining pz orbitals leads to the formation of 

delocalized ́ bonds over the entire molecule, which makes intramolecular charge transport 

feasible. Benzene, which has a 6-atom carbon ring, is probably the most famous conjugated 

molecule. Figure 2.1a shows the localized ů bonds (left), and delocalized ́ orbitals (right) 

of a benzene molecule. The delocalized orbitals extend all the way round the benzene ring 

and the ́ electrons are shared by all the 6 carbon atoms within the molecule. 



8 
 

Based on the linear combination of atomic orbitals (LCAO) theory, the molecular energy 

levels of the bonding state and anti-bonding state can be calculated. The bonding state is 

energetically favored and serves as the ground state. In organic molecules, the bonding and 

anti-bonding states correspond to the highest occupied molecular orbital (HOMO) and 

lowest unoccupied molecular orbital (LUMO), respectively. The energy difference 

between HOMO and LUMO is called the band gap, which is usually in the range of 2-3 eV 

for organic semiconductors. In real organic semiconductors where numbers of molecules 

are bonded together, however, the energy levels become different than those in an isolated 

molecule. When two molecules are bonded together, the HOMO and LUMO levels will 

split due to the intermolecular interaction; when the number of molecules increases, more 

energy levels are split and the energy difference between nearby levels becomes smaller, 

and finally the HOMO and LUMO bands with continuous energy levels are created (Figure 

2.1b). 

 
Figure 2.1 (a) Schematics of ů and ́  orbitals in a benzene molecule.12 (b) Formation of 

HOMO and LUMO levels.13 
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2.1.2 Charge transfer and charge-phonon interaction 

In addition to charge delocalization at the molecular level, another essential process for 

charge transport in organic semiconductors is intermolecular charge transfer, which is 

achieved by the overlap of neighboring  ́orbitals and the formation of the HOMO and 

LUMO bands. Generally speaking, the rate of charge transfer is mostly determined by the 

width of the HOMO and LUMO bands. A larger bandwidth represents more charge 

delocalization. Covalently bonded inorganic semiconductors such as Si have bandwidths 

on the order of 10 eV, while van der Waals bonded organic semiconductors usually have 

bandwidths smaller than 1 eV. The small bandwidth is one of the major factors that leads 

to the relatively low carrier mobility in organic semiconductors. 

 
Figure 2.2 (a) Transfer integrals of two tetracene molecules as a function of intermolecular 

spacing.10 (b) Transfer integrals of rubrene crystals along different crystallographic 

directions.14 

 

A key parameter describing the degree of intermolecular electronic coupling is the 

intermolecular transfer integral (t), which is proportional to the bandwidth. 

Microscopically, the magnitude of transfer integral is determined by the degree of -́  ́

orbital overlap. It is already known that the transfer integral decreases with increasing -́

stacking distance (Figure 2.2a).10 Therefore, smaller ́-stacking distances are preferred 
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when designing high mobility organic semiconductors. The transfer integral difference 

along different crystallographic directions is also the main origin of charge transport 

anisotropy in organic semiconductors. For example, due to the anisotropic crystal structure 

of rubrene, within the -́stacking plane, the transfer integral along the b-axis is the largest 

and hence highest mobility is observed along the b-axis (Figure 2.2b).14  

 
Figure 2.3 Formation of a polaron caused by introducing a positive charge into the lattice.15 

 

A second important parameter for charge transport is called the reorganization energy 

(ɚ), which describes the strength of charge-phonon interaction. In organic semiconductors, 

the charge-phonon interaction usually involves the formation of a quasiparticle called a 

polaron.16 Polarons form when an extra charge is introduced into the lattice and the charge 

polarizes the electron cloud on the surrounding molecules (Figure 2.3). A lattice distortion 

is created due to the attraction between the charge and the polarized surroundings, and the 

polarization travels together with the charge.16ï20 The timescale of polarization is related 

to the frequency of lattice vibration, and is on the order of 10-14 s. If this characteristic 

timescale is longer than the charge residence time (the average time that a charge stays on 

a molecule), the movement of the charge is fast enough that the influence of lattice 

polarization can be ignored; if it is comparable to or shorter than the charge residence time, 
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the molecules have long enough time to relax to new equilibrium positions and the polaron 

has long enough time to form. Once the polaron is formed, the energy levels of the charged 

molecule become different from those of a neutral molecule. For inorganic semiconductors, 

due to the high mobility, the charge residency time is often much smaller than the time 

required for polaron formation. For organic semiconductors with relatively low mobility, 

however, the influence of polarons on charge transport cannot be ignored. 

The most famous theory for intermolecular charge transfer is probably the semiclassical 

Marcus theory.21,22 In this theory, the charge transfer rate kET, is expressed as: 

Ὧ ÅØÐ                                                                                      (2.1) 

Where h and kB are the Planck and Boltzmann constants, and T is the temperature. Based 

on Equation (2.1), it is clear that to achieve faster charge transfer, larger t (larger degree of 

charge delocalization) and smaller ɚ (weaker charge-phonon interaction) are required. 

2.1.3 Band transport and hopping transport 

The two most commonly used models for charge transport in semiconductors are band 

transport and hopping transport. In solid state physics, band transport has been well 

established in highly crystalline inorganic semiconductors exhibiting long range periodic 

potentials such as Si or GaAs. In this model, the charge carriers are treated as delocalized 

wavefunctions propagating in the bands and charge transport is forbidden in the band gap. 

The simplest physical picture describing band transport is the classical Drude model, in 

which the charge moves under an applied electric field and is scattered elastically due to 

the existence of impurity atoms and lattice vibrations (Figure 2.4a). The speed of the 

charge travelling through the material scales linearly with the applied electric field (E), but 
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also depends on how often the scattering occurs. The carrierôs drift velocity (v) can be 

written as v = µE , where µ is called carrier mobility. Mobility is the key parameter 

describing how fast a charge can move and influencing the actual device performance. In 

the Drude model, it is expressed as Õ = eŰ/m*, where e is the elementary charge, Ű is the 

average time between scattering, and m* is the effective mass of the charge carrier. 

 

Figure 2.4 Schematics for (a) band transport, (b) hopping transport, and (c) dynamic 

disorder model. Note that the potential profile in (c) is not static. 

 

The temperature dependence of mobility can provide valuable information about the 

nature of transport. In band transport, mobility decreases with increasing temperature as µ 

 θ T-n, because the charge-phonon interaction is stronger at higher temperature and 

therefore more scattering events occur. The temperature exponent n is a positive number, 

but the value of n depends on the type of scattering event. For example, acoustic phonon 

scattering gives n = 1.5. In addition, different combinations of scattering events can exist 

in different materials, so n is also material-dependent. 
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Different from the band transport model, the hopping transport model depicts charge 

transport through a series of localized electronic states, which is often the case for 

amorphous materials and for most organic semiconductors where the intermolecular 

bonding interaction is weak. In this model, the charge carriers are no longer treated as 

delocalized wavefunctions, but as localized particles on individual sites (Figure 2.4b). If 

the localization is strong, the charge can only hop to the nearest states, and this is called 

the nearest neighbor hopping or Miller-Abraham hopping.23 Hopping is a thermally 

assisted process since the potential barrier between neighboring sites needs to be overcome, 

so the hopping conductivity (and mobility) follows an Arrhenius-type temperature 

dependence ů  θexp(-E/kBT). If the localization is not so strong and the wavefunction 

overlap is not limited to the nearest neighbors, the charge can hop over a relatively long 

distance, which is called variable range hopping (VRH). It is worth noting that the 

temperature dependence of VRH mobility is determined by the details of trap density of 

states (DOS). For Mott VRH where the DOS distribution is constant, the temperature 

dependence is ů θ  exp(-(T0/T)-0.25);24 for Efros-Shklovskii VRH where a soft Coulomb gap 

is introduced near the Fermi level at low temperatures, the temperature dependence is 

modified to ů  θexp(-(T0/T)-0.5).25 

2.1.4 Dynamic disorder (transient localization) model  

    The weak van der Waals bonding and low mobility of organic semiconductors indicate 

that charge transport in organic semiconductors is not dominated by the same mechanism 

in inorganic semiconductors. In the early stages of organic semiconductor research when 

the mobility was found to be very low (< 1 cm2V-1s-1), band transport in those materials 

was thought to be impossible. Therefore, theoretical models based on the molecular 
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characteristics instead of the band characteristics were developed. One example is the 

famous Marcus model for hopping transport, which is still currently used by many 

researchers, though some of its critical assumptions are no longer valid in the state-of-the-

art high mobility organic semiconductors.13,26 As mentioned in the earlier section, the 

feature of band transport is decreasing mobility with increasing temperature. Such a 

temperature dependence has been observed in highly ordered organic single crystals since 

the pioneering time-of-flight (TOF) measurement by Karl and coworkers.27 In the last 

decade, similar phenomena have also been observed in several high mobility organic single 

crystal FETs.8,28ï37 However, one can estimate the carrier mean free path in the best organic 

semiconductor (rubrene single crystals) from the mobility (~ 10 cm2V-1s-1), and the result 

is ~ 1 nm, which is on the same order of the lattice parameters and much smaller than the 

carrier mean free path in inorganic semiconductors (> 10 nm).9 Clearly, charge transport 

in organic crystals is not as "band-like" as that in inorganic semiconductors. 

The difficulty in developing a universal model for charge transport in high mobility 

organic semiconductors mainly comes from the fact that several important interactions 

have comparable energy scales. In particular, the transfer integral t and the reorganization 

energy ɚ are both ~ 100 meV. This intermediate condition fulfills the requirements of 

neither hopping nor band transport. Recently, it was found that thermal intermolecular 

vibrations can be very large due to the weak van der Waals bonding and the large molecular 

mass, and such vibrations can modify the transfer integral significantly.38 Based on this 

phenomenon, the dynamic disorder model was developed by Troisi, Fratini and coworkers, 

and it provides a consistent picture of charge transport in high mobility organic 

semiconductors.39ï44 
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The basic assumption of the dynamic disorder model is that the electronic wavefunction 

is transiently localized due to thermal vibrations (Figure 2.4c). For this reason, this model 

is also called transient localization. The typical time scale of localization is similar to the 

time scale of intermolecular vibrations, so the transfer integral is predominantly modulated 

by the low frequency intermolecular modes. In this scenario, the carrier mobility can be 

expressed as:44 

‘ ὰ (2.2)                                                                                                                  ‫  

Here, ɤ is the intermolecular vibration frequency and ɤ-1 can be viewed as the 

characteristic time that charge is transiently localized due to the lattice dynamics, l loc is the 

length that charge can spread within the characteristic time ɤ-1 and is limited by the 

dynamic disorder as well as the transfer integral. Higher temperatures lead to higher 

degrees of dynamic disorder, reducing the transfer integral and the localization length. As 

a result, a lower mobility is expected when the temperature increases, and band-like 

transport is predicted by this model. 

2.2 Organic field-effect transistors (OFETs) 

2.2.1 Device structure and operating mechanism 

One of the most widely-used experimental platforms for studying charge transport is the 

FET. A FET is composed of a semiconducting layer, an insulating dielectric layer, and 

three electrodes, namely, the source, the drain and the gate, and these components can be 

stacked in different orders (Figure 2.5). For an OFET, the semiconducting layer is made 

of an organic semiconductor, which could be a solution- or vapor-processed thin film or a 

single crystal. Unlike conventional Si-based metal-oxide-semiconductor FETs 

(MOSFETs), most OFETs operate in the accumulation regime instead of the inversion 
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regime. There is no depletion region to isolate the device, and the low intrinsic conductivity 

of the organic semiconductor leads to the low off-current.  

 

Figure 2.5 Different architectures of FETs: (a) bottom-gate, top-contact, (b) bottom-gate, 

bottom-contact, (c) top-gate, bottom-contact, (d) top-gate, top-contact.45 

 

A FET behaves like a valve, which controls the magnitude of the current flow through 

it. Such a function is achieved by applying a voltage to the gate electrode, a process called 

gating. When a gate voltage (VG) is applied, charge carrier accumulation occurs at the 

semiconductor/dielectric interface, and the application of a drain voltage (VD) makes the 

current flow from source to drain. Therefore, the device performance is mainly affected by 

two processes, charge accumulation and injection.  

Depending on the polarity of VG, either holes (p-type) or electrons (n-type) may 

accumulate at the semiconductor/dielectric interface. A schematic of charge accumulation 

is shown in Figure 2.6a. At the gate-insulator-semiconductor junction, the Fermi levels of 

all the materials are equal across the junction when no VG is applied. For a p-type OFET, 

when a negative VG is applied, the Fermi level of the gate metal is shifted according to the 

magnitude of applied potential. the Fermi level of the semiconductor is still fixed, but the 

HOMO/LUMO levels of the semiconductor near the semiconductor/dielectric interface 
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start to bend upwards. As a result of band bending, the HOMO level near the interface 

becomes closer to the Fermi level and hole accumulation is favored. Changing the 

magnitude of VG will change the degree of band bending and hence the density of 

accumulated charge carriers (holes). For an n-type OFET, a similar process happens when 

a positive VG is applied. The hole density (p, in unit of cm-2) is modulated by VG as p = 

CiVG/e, where Ci is the specific capacitance of the dielectric. In commonly used solid 

dielectric materials, Ci is determined by the thickness d and the dielectric constant Ůr. 

 

Figure 2.6 (a) Energy-level diagrams across the semiconductor/dielectric interface, 

showing hole (electron) accumulation for negative (positive) VG. (b) Energy-level diagrams 

along the channel, showing the transport of holes (electrons) from the source to the drain 

under negative (positive) VD.45 

 

When negative VG and VD are applied, holes are injected from the source, flowing in the 

HOMO band across the channel, and are extracted from the drain (Figure 2.6b). The 

magnitude of the source-drain current (ID) is not only controlled by accumulated charge 

density, but also by the magnitude of VD. It is worth noting that, however, the workfunction 
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of source/drain contacts plays an important role in charge injection. For p-type OFETs, 

high-workfunction metals such as Au or Pt are preferred, because large Schottky barriers 

for hole injection would form at the metal/semiconductor interface and impede the p-type 

conduction if low-workfunction metals were used.46 Similarly, low-workfunction metals 

are beneficial for electron injection. In some cases, both holes and electrons can be injected 

and transported in the same device, which is called ambipolar transport.47 

2.2.2 Electrical characterization 

The performance of OFETs is usually characterized by measuring transfer curves (ID-

VG at constant VD) and output curves (ID-VD at constant VG). The gradual channel 

approximation still holds in OFETs, which means all the principles for conventional 

inorganic FETs are still valid. The detailed derivation of ID can be found in several 

references and the general expression for ID is:48 

Ὅ ‘ὅὠ ὠ ὠ                                                                                      (2.3) 

where W and L are the channel width and length, VTH is the threshold voltage which 

physically represents the transition from off-state to on-state. If the applied VD is small (VD 

<< VG ï VTH), the device is in the linear regime, and the expression of ID can be reduced to: 

Ὅ ‘ὅὠ ὠ ὠ                                                                                                 (2.4)  

Equation (2.4) is effectively another form of the definition of conductivity „ ‘ὴὩ

, where pe = Ci(VG ï VTH). Based on Equation (2.4), the mobility can be extracted 

from the slope of the transfer curve: 

‘                                                                                                                  (2.5) 
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Figure 2.7 Illustrations of operating regimes of FETs: (a) linear regime, (b) onset of 

saturation regime at pinch-off, (c) saturation regime.47 

 

For a drain voltage that is large enough (VD > VG ï VTH), the device operates in the 

saturation regime. Here the gradual channel approximation breaks down, because the 

lateral potential drop becomes comparable to the longitudinal potential drop (Figure 2.7). 

The carrier distribution is no longer uniform across the channel. In the pinch-off region 

near the drain electrode, the charge carrier density falls to zero. At this stage, further 

increase of VD will not increase ID, but only expand the pinch-off region. The real potential 

drop across the channel is VG ï VTH, and Equation (2.3) becomes: 

Ὅ ‘ὅὠ ὠ                                                                                                   (2.6) 

The saturation mobility can be extracted from the slope of Ὅ versus VG: 

‘                                                                                                               (2.7) 
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Figure 2.8 Textbook-like transfer curves of a rubrene single crystal OFET in (a) linear 

regime and (b) saturation regime. 

 

    Carrier mobility is the key parameters for evaluating the performance of OFETs. 

However, great care has to be taken when extracting mobility from a real device. The 

mobility is assumed to be VG-independent during the derivation of equations in this section, 

which works well in some good devices (see Figure 2.8 as an example) but is not always 

true in real experiments due to the existence of non-idealities including contact resistance 

and traps. Reliable extraction of mobility is therefore critical for organic semiconductor 

research and will be discussed in the next section. 

2.2.3 Reliable extraction of carrier mobility 

In real OFETs, there are always some non-idealities. The most commonly observed ones 

are the non-linearities in transfer curves (Figure 2.9).49 In many OFETs, especially those 

based on high mobility polymer semiconductors, the so-called ñdouble-slopeò 

phenomenon widely exists, where the apparent mobility is high at low VG but low at high 

VG. According to Uemura et al.50 and Bittle et al.,51 this is due to the fact that the contact 

resistance dominates the overall resistance at low VG and decreases very fast with 

increasing VG. The high slope at low VG is just an artifact due to the VG-modulated rapid 

decrease of contact resistance. Unfortunately, many researchers simply report the mobility 
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value extracted from the highest-slope region. As a result, overestimation of mobility 

widely exists and may misguide future research directions of the field.52ï54 

In addition to contact resistance, another important source of error is charge-density-

dependent mobility.55 This phenomenon widely exists in organic semiconductor thin films 

where a high degree of extrinsic disorder exists. Trapping of charge carriers in the band 

tail states results in larger mobility at larger VG, since the Fermi level is closer to the band 

edge when the charge density is higher. In this case, the mobility should be calculated from 

the linear regime, in which the carrier distribution across the channel is uniform. In many 

publications, however, only saturation mobilities are reported. The carrier density in the 

saturation regime varies significantly from source (maximum) to drain (zero), so saturation 

mobility is less reliable. 

 

Figure 2.9 Commonly observed non-linearities in OFET transfer curves: (a) S-shaped 

curve, (b) super-linear curve, (c) sub-linear curve, (d) double-sloped curve, (e) linear curve 

with a large threshold voltage, (f) ideal transfer curve. 

 

In order to accurately extract carrier mobility from an OFET, in a recent commentary, 

Choi et al. suggested that one should pay attention to several guidelines to avoid common 
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pitfalls.49 These guidelines are: (1) check the linearity of transfer curves; (2) extract 

mobility from the linear regime; (3) extract contact resistance; (4) characterize hysteresis 

and sweep-rate dependence; (5) avoid applying large VD when measuring OFETs with 

small channels; (6) perform Hall measurements on claimed high-mobility devices. They 

also introduced a parameter called the reliability factor so that the reliability of claimed 

mobility can be evaluated properly. 

Based on the paragraphs above, two methods are found to yield reliable values of 

mobility. The first one is gated 4-probe measurement in the linear regime, which is a 

slightly modified version of a standard transfer curve measurement.56 In the 4-probe 

geometry, 2 voltage-sensing probes are inserted between the source and drain to measure 

the real potential drop within the channel (Figure 2.10a). In this configuration, the 

potential drop is linear across the channel, so the channel sheet resistance (Rch), the contact 

resistance (Rc), and the contact-corrected 4-probe mobility (µ4p) are given by: 

Ὑ                                                                                                                      (2.8) 

Ὑ                                                                                                                (2.9) 

‘                                                                                                                 (2.10) 

where ȹL and ȹV are, respectively, the distance and the potential difference between the 

two reference probes. In high quality OFETs, µ4p is usually independent of VG, indicating 

the good reliability of the extract mobility value. Details of gated 4-probe measurement 

can be found in several references.56,57 
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Figure 2.10 Device geometries for (a) gated 4-probe measurement,56 and (b) Hall effect 

measurement.58 

 

If a high mobility is claimed in an OFET, Hall measurement is highly favored to confirm 

the reliability of the mobility, because stronger charge delocalization is indicated by high 

mobility and Hall measurement provides information about diffusive, band-like transport 

through delocalized states. The typical geometry for Hall measurement is called the Hall-

bar geometry, in which 2 voltage-sensing probes are inserted between the source and drain 

on opposite sides of the channel (Figure 2.10b). During a typical Hall measurement, a 

constant VD (or ID) is applied and the transverse Hall voltage (Vxy) is measurement while 

sweeping a magnetic field perpendicular to the channel. The relationship between the Hall 

resistance (Rxy, defined as Rxy = Vxy /ID) and the magnetic flux density (B) is usually plotted. 

The slope of Rxy-B is the Hall coefficient RH, which is related to the hole (or electron) 

density pHall (or nHall) as RH = 1/epHall. The Hall mobility (µHall) can be calculated using 

‘                                                                                                  (2.11) 

where Rxx is defined as Rxx = ȹV/ID. It is worth noting that hall effect has only been 

observed in very few organic semiconductors.9,30,32,59ï62 However, tens or hundreds of 

organic semiconductors are claimed to exhibit mobilities over 1 cm2V-1s-1. Obviously, most 

of the reported mobility values are overestimated.  
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2.3 Organic semiconductor single crystals 

    Unlike amorphous or polycrystalline thin films of organic semiconductors where lots of 

extrinsic defects such as impurities or structural disorder exist, organic semiconductor 

single crystals with highly ordered structure provide an ideal testbed for intrinsic charge 

transport studies. Charge transport in OFETs based on organic semiconductor single 

crystals has emerged as an active research area since early 2000s, and many physical 

phenomena observed in those organic crystals have never been reported in conventional 

thin film OFETs. 

2.3.1 Crystal growth 

Growth of high quality crystals is the prerequisite for investigating charge transport in 

organic crystals. Generally speaking, many methods developed for inorganic crystal 

growth can still be applied to grow organic crystals. The growth methods can be divided 

into 3 major categories: melt growth, solution growth, and vapor growth.63 

Melt growth methods, including zone refining,64 the Bridgman method,65 and the 

Czochralski method,66 have been widely used to grow high quality inorganic crystals such 

as Si (Figure 2.11). In a typical zone refining growth, only a small part of the material 

(sealed in an ampoule) is molten and the heating zone moves slowly across the whole 

ampoule. As the heating zone moves, impurities that are more soluble in liquid phase 

accumulate at the end of the crystals and high-quality crystals are obtained in the middle 

part. Other methods such as the Bridgman and the Czochralski methods require the usage 

of seed crystals as the starting point of large crystal growth. During the Bridgman growth, 

the whole ingot of source materials is melted, and crystallization occurs on the seed as the 

ingot moves across the temperature gradient. During the Czochralski process, the seed 
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crystal is pulled out of the melt to get a large crystal. However, melt growth can only be 

used to grow organic molecular crystals which have low vapor pressure and are stable at 

high temperatures. These conditions are hard to meet, so only a few organic molecules, 

including naphthalene67 and anthracene,68 have been grown from the melt. 

 

Figure 2.11 (a) Zone refining process.69 (b) Bridgman method.70 (c) Czochralski method.71 

(d) An anthracene crystal grown by zone refining.68 

 

Solution-based methods are perhaps the simplest ones to grow organic crystals if the 

organic molecules are soluble in certain solvents. The prerequisite for crystallization is to 

prepare supersaturated solutions of organic molecules, which can be achieved by slow 

evaporation of solvents, slow change of temperature, and introduction of poor solvents. For 

instance, if the supersaturated solution is not sealed, the crystal nuclei spontaneously form 

and grow into large crystals as the solvent slowly evaporates. For some materials with 

highly temperature-dependent solubility, similar crystal nucleation and growth can be 

induced by changing the temperature across the saturation point. If the solubility of the 

material is high in one solvent but low in another solvent, diffusion of poor solvent into 
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good solvent leads to crystal nucleation and growth. The diffusion can be achieved by 

either the evaporation or the direct injection of poor solvent. 

 

Figure 2.12 (a) TTF crystals grown by drop-casting.72 (b) TIPS-pentacene crystals grown 

by dip-coating.73 (c) C8-BTBT crystals grown by solvent-exchange.74 (d) PCBM crystals 

grown by solvent-vapor diffusion.75 

 

Various solution-processible techniques have been applied to grow bulk crystals or 

single-crystalline films, including but not limited to drop-casting, dip-coating, solvent-

exchange, and vapor-diffusion (Figure 2.12). Recent advances in solution-processed 

organic semiconductors include growth of large area crystalline thin films,76 large area 

patterning of organic transistor arrays,30 tuning the lattice strain and intermolecular spacing 

by solution shearing.77 In terms of device applications, solution-based techniques are 

advantageous due to the low-cost, high-efficiency nature. They do have drawbacks, 

however. Trapping of solvent molecules in the solution-grown crystals is inevitable, which 

causes more extrinsic electronic disorder. As a result, solution-grown crystals are not 

suitable for intrinsic charge transport study.  
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Many organic molecules have low sublimation temperatures (lower than their melting 

points), which makes vapor growth widely applicable in many materials. The physical 

vapor transport (PVT) method, developed by Kloc et al., is probably the most common 

technique to grow high quality freestanding crystals for device applications.78,79 In this 

experimental setup, the source material is placed in the high temperature region of a closed 

growth tube to vaporize. The organic vapor is then carried to the low temperature region 

by a flow of inert gas (Ar, N2) and crystallization occurs on the sidewall of the growth tube 

(Figure 2.13a). PVT can also be used to purify the source material, because impurities are 

deposited at regions with different temperatures due to different molecular weights. 

Currently, most of the high performance organic semiconductor crystals exhibiting band-

like behavior, including the benchmark rubrene crystals, are grown by PVT. In addition to 

growing freestanding crystals, PVT can also be used to grow crystals directly on target 

substrates such as hBN.80 The PVT growth parameters, such as temperature gradient, gas 

flow rate, and type of carrier gas, affect the size, morphology, or even the polymorphism 

of the crystals finally obtained. 

Several other vapor growth methods have also been developed. One example is the 

traditional physical vapor deposition (PVD) technique (Figure 2.13b). Although PVD is 

mainly used to deposit continuous thin films, after optimizing the process, it is possible to 

grow some organic crystals by PVD.81 Usually crystal substrates or crystal seeds are 

required to enable epitaxial growth of target crystals. The main disadvantage is that PVD-

grown crystals are usually small (~10 µm) and device fabrication can be very challenging. 

Another example is vapor-Bridgman method, in which the vapor of the material instead of 

the melt is used to grow single crystals. This method can be used to grow organic crystals 
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with low stability near the melting point by keeping the heating zone above the sublimation 

point but below the melting point. Large crystals can be grown by vapor-Bridgman method, 

but the impurity level can be high because of the simultaneous sublimation of impurities.82 

 

Figure 2.13 (a) Physical vapor transport growth of organic crystals. The temperature 

profile along the growth tube is also shown.83 (b) Physical vapor deposition growth with 

the help of a liquid crystal aligning layer.81 (c) A tetracene crystal grown by vapor-

Bridgman method.82 

 

2.3.2 Device fabrication 

Optimizing device fabrication is critical to reproducibly obtain high performance single 

crystal OFETs. In order to measure the intrinsic properties of crystals, the 

metal/semiconductor contacts and the semiconductor/dielectric interface must have high 

quality. In the early stage of single crystal OFET research, people found that it is very 

difficult to deposit conventional oxide dielectric materials onto the surfaces of organic 

crystals due to the fragile nature of organic crystals. This problem was first solved by 

Podzorov et al., who introduced the CVD-deposited parylene as the dielectric layer of 

rubrene FETs (Figure 2.14a).84 CVD deposition of parylene occurs at room temperature, 
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so a conformal, defect-free layer can be coated on rubrene crystals under mild conditions. 

Recently, it was found that spin-coating a thin layer of a fluorinated polymer called Cytop 

on rubrene crystals before parylene deposition can improve the device performance due to 

reduced interfacial trap density.85 In addition to CVD deposition of parylene, another 

simple method called vacuum lamination was developed by Yi et al., in which a 

freestanding plastic thin film is pressed on the crystal surface by vacuum and serves as the 

dielectric layer (Figure 2.14b).86 The vacuum lamination process is reversible, making it 

advantageous for comparing the properties of the same crystal under different conditions. 

 

Figure 2.14 (a) A freestanding rubrene FET with CVD-coated parylene dielectric.5 (b) 

Single crystal OFET with a vacuum-laminated plastic film as the dielectric layer.86 (c) 

Single crystal OFET fabricated on OTS-treated SiO2 substrate by flip-crystal method.87 (d) 

Air -gap single crystal OFET fabricated on flexible PDMS substrate.88 

 

Instead of building the device on a crystal, an alternative approach is to laminate the 

crystal on a prepatterned substrate with metal contacts. This ñflip-crystalò method (Figure 

2.14c) was developed by de Boer et al.89 and Takeya et al.,87 which involves manually 

aligning a fresh, thin crystal between the source/drain electrodes on the substrate. The 
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crystal adheres to the substrate by the electrostatic force. It was found that if the crystal is 

thin enough (~ 1 µm), it can stick to almost any smooth surface firmly. Single crystal 

OFETs with different dielectric materials, including oxides (SiO2, Al2O3, Ta2O5é) and 

polymers (PS, PMMA, cytop), have been fabricating using this technique. 

When a solid dielectric is used to fabricate OFETs, the interfacial electronic disorder 

including the dipolar disorder from the dielectric layer always exists, which limits the 

device performance. Studying the intrinsic properties of organic crystals requires the 

fabrication of air-gap transistors (Figure 2.14d), in which the dielectric material is air.88 

To fabricate air-gap transistors, the desired patterns are defined on a silicon wafer by 

photolithography. The wafer is then put in a clean petri-dish and polydimethylsiloxane 

(PDMS) pre-polymer is mixed with curing agent and poured into the petri-dish. After it is 

degassed and baked, the PDMS stamp is peeled off. Finally, Cr/Au contacts are formed by 

electron-beam evaporation. The fabrication of an air-gap transistor is finished by simply 

laminating the crystal over the source and drain electrodes. 

The air-gap geometry has two major advantages. First, a good interface is formed between 

the semiconductor layer and the dielectric layer (air) by minimizing the density of 

interfacial defects. Second, the mechanical flexibility of PDMS substrate allows for 

lamination of relatively thick crystals, which is impossible for rigid substrates like Si. Thick 

crystals are more mechanically robust, which is critical for surviving low-temperature 

measurements where the strain is large due to thermal expansion mismatch. In addition, 

thick crystals can be reversibly removed and laminated onto PDMS, making multiple 

measurements on the same crystal possible. 



31 
 

2.3.3 Charge transport in single crystal OFETs 

Organic single crystals are different from inorganic ones due to the weak van der Waals 

bonding, and are different from organic thin films due to the highly ordered structure and 

low impurity level. As a result, they have some unique features in terms of charge transport. 

Charge transport phenomena in rubrene single crystals, the benchmark organic 

semiconductor, are discussed in this section as examples. 

 

Figure 2.15 (a) Mobility anisotropy in a rubrene single crystal measured by multiple re-

lamination. (b) Molecular packing and optical image of rubrene crystals.90 (c) Device 

structure with the fan-shaped electrode pattern. (d) Mobility anisotropy measured using the 

fan-shaped electrode pattern.91 

 

The crystal structures of organic crystals usually have low degree of symmetry, leading 

to anisotropic mobility along different crystallographic directions. Rubrene single crystals 

have the herringbone-type molecular packing in the ́ -stacking plane (Figure 2.15b). It is 

clear that the ́-stacking direction is along the b-axis. As a result, mobility along the b-axis 



32 
 

should be much larger than that along other directions due to the stronger -́ˊ overlap. This 

is exactly what people obtained from experiments. Sundar et al. reported the first 

measurement of mobility anisotropy in rubrene by re-laminating the same rubrene crystal 

over the source/drain contacts with different orientations.90 As shown in Figure 2.15a, the 

mobility along the b-axis is 3-4 times higher than the mobility along the perpendicular 

direction. Reese et al. designed a fan-shaped electrode pattern to avoid multiple re-

lamination of the same crystal, and observed similar results (Figures 2.15c-d).91 

Intriguingly, the shape of the crystal is also correlated with the anisotropic bonding. 

Rubrene single crystals are usually lath-like with a long b-axis, which is the ́-stacking 

direction with the strongest intermolecular bonding. 

To investigate the nature of charge transport, it is necessary to measure the transfer 

curves of the same device at different temperatures. As discussed in Chapter 2.1.4, in some 

highly ordered organic crystals including rubrene, increasing mobility with decreasing 

temperature (band-like transport) has been observed. The first experimental observation of 

band-like transport in rubrene air-gap transistors was given by Podzorov et al..8 As shown 

in Figure 2.16a, the FET mobility of rubrene increases upon cooling. Importantly, 

although the mobility along the a-axis is much smaller, it still shows band-like behavior. 

Such band-like behavior only exists within a finite temperature range. After a critical 

temperature, the mobility starts to decrease with decreasing temperature and this regime 

becomes trap-dominated, because in real crystals there is always some extrinsic disorder. 

In different samples, the critical transition temperatures may be different due to the 

different degrees of extrinsic disorder. Remarkably, in some rubrene devices, band-like 

transport persists at temperature lower than 100 K.36,37  
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Figure 2.16 (a) Temperature dependence of field-effect mobility and threshold voltage of 

a rubrene air-gap transistor.8 (b) Hall voltage and magnetic flux density as a function of 

time in a rubrene air-gap transistor. (c) Temperature dependence of Hall mobility (blue) 

and field-effect mobility (black) of the same device shown in (b).9 

 

A straightforward explanation of the transition from band-like to hopping transport is 

given by the multiple trap and release model (MTR).92 In this model, the impact of shallow 

traps near the band edge on charge transport are also taken into consideration. Once the 

carrier is captured by a shallow trap, it cannot move freely before it is activated. The 

effective mobility (µeff) is hence limited by the trapping time Űtr: 

‘ ‘                                                                                                               (2.12) 

where µ0 is the intrinsic band-like mobility and Ű is the time the carrier moving in the band. 

At high temperatures, trapped carriers can be easily activated by thermal energy kBT, so Űtr 

Ḻ Ű and the measured mobility is the intrinsic mobility. If the temperature is low enough 

that Űtr ḻ Ű, the effective mobility becomes µ0(Ű/Űtr), which has a temperature dependence 
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of  θexp(-E/kBT). The low temperature mobility follows an Arrhenius behavior because 

charge transport is now limited by the thermal activation of charge carriers from traps. 

Further evidence for band-like transport in rubrene is provided by the Hall effect 

measurements in rubrene single crystal transistors (Figure 2.16b).9 Observation of the Hall 

effect reflects that charge carriers are diffusively transported through delocalized states, 

since the Hall effect is derived from the band model where only free carriers are involved. 

The Hall mobility also increases with decreasing temperature, again demonstrating the 

existence of band-like transport (Figure 2.16c). At low temperatures where the FET 

mobility starts to decrease, the Hall mobility becomes larger than the FET mobility as 

temperature decreases, indicating that the Hall mobility represents the intrinsic, trap-free 

mobility of the rubrene crystal. In some materials, coexistence of band-like carriers and 

hopping carriers leads to a partially delocalized transport, and the Hall effect may become 

underdeveloped (Hall mobility smaller than FET mobility). A model describing such a 

phenomenon was recently developed by Yi et al..85 

The choice of dielectric material is also very important for achieving band-like transport 

in rubrene. Actually, most of the observations of band-like transport in organic 

semiconductors are based on the air-gap geometry discussed in Chapter 2.3.2. The 

influence of dielectric constant on charge transport in rubrene single crystal FETs has been 

studied by Morpurgo and coworkers.11,93 With increasing dielectric constant, the mobility 

decreases sharply from 15-20 cm2V-1s-1 (air-gap, Ůr = 1) to ~1 cm2V-1s-1 (Ta2O5, Ůr = 25) 

(Figure 2.17a).11 Furthermore, the temperature dependence of mobility changes from 

band-like to thermally activated with increasing dielectric constant (Figure 2.17b).93 This 

Ůr-dependent behavior is explained by the formation of Froelich polaron at the 
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rubrene/dielectric interface. The polarizability of the dielectric becomes stronger with 

increasing dielectric constant, resulting in stronger coupling between the charge and the 

surrounding polarization. The charge becomes localized due to the Froelich polaron, 

exhibiting lower mobility and thermally activated behavior. In addition to rubrene, similar 

Ůr-dependent behavior has also been observed in other materials such as PDIF-CN2.
32 

 

Figure 2.17 (a) Influence of dielectric constant on room temperature FET mobility of 

rubrene single crystals.11 (b) Temperature-dependence of mobility for rubrene FETs with 

different dielectric materials.93 

 

2.3.4 Molecules exhibiting delocalized, band-like transport  

    Figure 2.18 and Table 2.1 summarize the chemical name, molecular structure, carrier 

type, room temperature mobility, and reference source of the molecules exhibiting 

delocalized, band-like transport. Only organic semiconductors which show clear band-like 

temperature dependence of mobility and nearly ideal transfer characteristics are considered 

as reliable candidates. Many reported high mobility organic semiconductors do not meet 

these requirements, and thus are not listed here. 
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Figure 2.18 Molecular structures of organic crystals exhibiting delocalized, band-like 

transport. 

 

 Name Carrier type 
Room temperature mobility 

(cm2V-1s-1) 
Reference 

1 Rubrene p-type ~15 many 

2 
C10-

DNTT 
p-type ~7 

Adv. Mater. 

2011, 23, 1626 

3 C8-BTBT p-type ~3 
Adv. Mater. 

2011, 23, 523 

4 

C10-

DNBDT-

NW 

p-type ~10 
Nat. Commun. 

2016, 7, 11156 

5 TMTSF p-type ~4 
Phys. Rev. B 

2009, 80, 245305 

6 PDIF-CN2 n-type ~5 
Adv. Mater. 

2012, 24, 503 

7 PDI5F n-type ~3 
Adv. Mater. 

2014, 26, 1254 

8 F2-TCNQ n-type ~6 
Adv. Mater. 

2015, 27, 2453 

9 Cl2-NDI n-type ~2 
Nat. Commun. 

2018, 9, 2141 

Table 2.1 Name, carrier type, room temperature mobility, and reference source of 9 

different organic semiconductors exhibiting band-like transport. 
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Chapter 3 Electrolyte-Gated Transistors (EGTs) 

In conventional FETs with solid dielectric materials (SiO2, HfO2é), the specific 

capacitance of the device is given by (Ci = ŮrŮ0/d, Ů0 is the vacuum permittivity), and the 

total charge density is written as p (or n) = Ci(VG ï VTH)/e. The maximum gate voltage one 

can apply is not infinite, since every dielectric material has its own breakdown field. 

Typically, the maximum charge density achieved by using solid dielectrics is on the order 

of 1012 cm-2. To increase the maximum accumulated charge density, people have tried 

several different methods, including the use of ultrathin films such as self-assembled 

monolayers or employing high-Ůr oxides.94,95 In the best cases, charge densities on the order 

of 1014 cm-2 can be achieved by using high-Ůr complex oxide ferroelectrics.96 The 

fabrication process, however, can be tedious and material-dependent, and it is therefore 

difficult to obtain a universal platform for accumulating high charge density in different 

semiconductors. Recently, a technique called electrolyte gating, in which the injection of 

high charge densities (1013 to 1015 cm-2) is allowed by using an electrolyte as the dielectric 

layer, has been developed and widely applied in field-effect transport experiments based 

on a variety of materials, including both inorganic and organic semiconductors. This 

chapter will review the working principles of electrolyte-gated transistors (EGTs) and the 

charge transport phenomena observed in these devices. 

3.1 Concept of electrolyte gating 

Electrolytes consist of mobile ions and they are ionically conducting but electronically 

insulating. To understand how an EGT works, the ionsô response to the applied gate electric 

field needs to be considered. First, imagine a metal/electrolyte/metal capacitor (Figure 3.1). 
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When an electric field is applied, ions can respond to the electric field quickly and 

accumulate at the electrolyte/metal interfaces to form the so-called electrical double layers 

(EDLs). An EDL is two layers of opposite charge separated by a short distance of ~1 nm. 

In the simplest model, it can be viewed as a parallel plate capacitor. Since the thickness of 

the capacitor is very small and capacitance is inversely proportional to thickness, the 

capacitance of an individual EDL capacitor can be very huge. For a metal/electrolyte/metal 

capacitor, two EDLs are formed at the electrolyte/metal interfaces, and the bulk electrolyte 

is ideally charge neutral, because there is no driving force for ion migration after the 

formation of EDLs. The equivalent circuit of a metal/electrolyte/metal capacitor is two 

EDL capacitors in series, and the total capacitance is one half of the capacitance of the 

individual EDL capacitor. In addition, unlike the conventional dielectrics where the 

potential drops linearly across the dielectric layer, the total capacitance of an electrolyte 

layer does not depend on the thickness, since potential drop only occurs at the EDLs. 

Typically, capacitance values over 1 µF/cm2 are obtained by electrolyte gating, which 

means charge densities over 1013 cm-2 can be easily achieved by applying a gate voltage of 

a few volts. 
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Figure 3.1 (a) Polarization of electron clouds in a solid dielectric under bias (top) and 

corresponding potential as a function of distance from interface (bottom). (b) Electrical 

double layer formation in an ionic liquid under bias (top) and corresponding potential as a 

function of distance from interface (bottom). 

 

Depending on the nature of the semiconductor, EGTs can be divided into two categories: 

electrical double layer transistors (EDLTs) and electrochemical transistors (ECTs) (Figure 

3.2).97 In an EDLT, the semiconductor layer is not permeable to the ions in the electrolyte. 

Upon the application of VG, the ions accumulate at both the electrolyte/semiconductor and 

the electrolyte/metal interfaces, resulting in charge accumulation in the semiconductor 

layer. The schematic of an EDLT is pretty similar to a metal/electrolyte/metal capacitor, 

except that the capacitance of the electrolyte/semiconductor EDL is typically smaller than 

the capacitance of the electrolyte/metal EDL. As a result, the total capacitance is limited 

by the former one. Semiconducting materials used in EDLTs are usually single crystals or 

epitaxial thin films. Ions cannot diffuse into the semiconductor layer during the operation 

of EDLTs due to the highly ordered structure and small intermolecular distance in those 

materials. If the applied voltage is greater than the electrochemical window of the 

electrolyte, however, dielectric breakdown happens and the EDLT is no longer working 

properly. To maximize the electrochemical window, sometimes the EDLT is characterized 

at low temperatures so that a larger charge density can be achieved.98 

If the semiconductor layer becomes permeable to the ions in the electrolyte, the EGTs 

are called ECTs. In this case, the EDL is still created at the electrolyte/metal interface; 

however, on the electrolyte/semiconductor side, ions can diffuse into the semiconductor 

layer to induce charge when a gate voltage is applied. This process is called electrochemical 

doping and has been observed in many polymer semiconductors in contact with electrolytes 
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due to the permeable nature of polymer films. The operation of ECTs is mainly described 

in terms of gate-tunable electrochemical doping and de-doping of the semiconductor layer. 

It is worth noting that in addition to the accumulation mode, some ECTs work in the 

depletion mode. One example is the ECT based on PEDOT:PSS, an intrinsically 

conducting polymer.99 When a positive VG is applied, cations diffuse into and de-dope the 

semiconductor layer, leading to the decrease of channel conductivity and eventually 

turning off the device. 

 

Figure 3.2 Charge accumulation mechanisms in EGTs: double layer electrostatic charging 

(left) and electrochemical charging (right).97 

 

Charge accumulation in EDLTs is considered as 2D, while charge accumulation in ECTs 

is believed to be 3D. 3D electrochemical doping in ECTs usually causes structural changes 

such as swelling of the semiconductor layer, which has been experimentally observed using 

X-ray diffraction.100 Therefore, for a long time, people believe that EDLTs are better for 

fundamental charge transport studies since the original structures of semiconductors are 

not disrupted. Recently, breakthroughs in ECTs based on inorganic crystalline thin films 

have demonstrated that ECTs are also useful for tuning electronic phase transitions in some 

cases. For example, gate-tunable oxidation and reduction results in the insulator-metal 
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transition in VO2;
101 gate-induced Li+ intercalation into several 2D materials including 

MoTe2 leads to the observation of superconductivity.102 

3.2 Electrolyte materials 

The electrolytes used in ECTs in the early stages were liquid solutions of small ions such 

as Li+, K+, Cl-, ClO4
- (Figure 3.3a). Application of liquid electrolytes in organic ECTs was 

pioneered by Wrighton and coworkers in 1980s.103ï108 By immersing a reference electrode 

serving as the gate into the liquid electrolyte, the conductivity of polymer semiconductors 

including polyaniline and poly(3-methylthiophene) can be reversibly tuned by 

electrochemical doping and de-doping. Similar techniques were later widely used to gate 

single-strand carbon-nanotube transistors.109,110 The band bending at the 

semiconductor/electrolyte interface is strongly affected by the type and concentration of 

ions in the electrolyte solution, so liquid-electrolyte-gated transistors have been applied in 

the area of chemical and biological sensing.111,112 

Obviously, the flowing nature of liquid electrolytes makes them non-ideal for practical 

applications. In addition to dissolving ions in aqueous or organic solvents, ions can also be 

dissolved in solvent-free polymers to form the so-called polymer electrolytes. One of the 

most famous polymer electrolytes is LiClO4 dissolved in poly(ethylene oxide) (PEO) 

(Figure 3.3b).113 The ionic motion is coupled with and boosted by the large-amplitude 

relaxation of PEO chains due to the low glass transition temperature of PEO (-60 oC), which 

leads to high ionic conductivity comparable to that in liquid electrolytes at room 

temperature. Polymer electrolytes can be easily fabricated by drop-casting or spin-coating 

from solutions. They were first used to gate carbon nanotube network transistors,114 but 

soon become popular as dielectric materials in OFETs. For example, Panzer et al. utilized 
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LiClO4/PEO to gate various organic semiconductors, including single crystals (e.g., 

rubrene),115 small molecule thin films (e.g., pentacene),116 and polymers (e.g., P3HT),117 

and obtained stable sub-3V device operation. Similar polymer electrolytes were also used 

in inorganic EDLTs, resulting in accumulation of charge densities over 1014 cm-2 and novel 

phenomena such as gate-induced superconductivity in STO.118 

 
Figure 3.3 (a) Schematic of KCl dissolved in water.119 (b) Schematic of Li+ ion 

coordination with a PEO chain in LiClO4/PEO.97 (c) Chemical structures of several 

polyelectrolytes.97 (d) Crystal structure of LaF3 (left) and schematic of EDLs formation 

(right).120 

 

Another class of widely used polymer electrolytes is known as polyelectrolytes, which 

consist of ionic polymer backbones and mobile counterions (Figure 3.3c). Since only one 

type of ions are mobile, it becomes possible to tune the operation mode (EDLT or ECT) of 

the EGT by properly choosing the polyelectrolyte. One example is poly(styrene sulfonic 

acid) (PSSH) introduced by Berggren and coworkers, which is a polyanionic proton 
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conductor (mobile H+).121 When PSSH is used to gate p-type polymer semiconductors such 

as P3HT, under negative VG, the H+ forms the EDL at the gate/electrolyte interface, and the 

PSS- forms another EDL at the electrolyte/semiconductor interface without any 

electrochemistry doping due to the negligible diffusivity of polyanions. If PSSH is used to 

gate an n-type polymer semiconductor, however, under positive VG, the H+ can diffuse into 

the semiconductor layer and electrochemically dope the semiconductor. 

Recently, a new type of solid electrolytes, inorganic ion-conductive solids, has been 

identified. In these electrolytes, ions are free to move within a solid framework composed 

of inorganic elements. The mobile ions can be either cations (e.g., Li+ conducting glass 

ceramics) or anions (e.g., LaF3) (Figure 3.3d).120,122ï124 The main advantage of inorganic 

ion-conductive solids is that they can be used as substrates for micro- or nano-fabrication 

processes, which is not possible for any other type of electrolytes. After transferring or 

growing semiconductors on top of the substrate, source/drain contacts can be patterned by 

standard lithography technique, and the backside of the substrate can be metalized to serve 

as the gate. Using this method, EDLTs based on graphene,122,123 MoS2
120 and FeSe124 have 

been fabricated on different inorganic ion-conductive solid substrates. 

Most solid electrolytes mentioned earlier in this chapter have relatively slow ionic 

mobilities, which means the timescale of EDL formation is large and the switching speed 

of the device is low. To achieve faster-switching EGTs, conventional inorganic ions are 

replaced by ionic liquids (ILs) with high ionic conductivities. ILs are solvent-free molten 

salts at room temperature due to the weak Coulomb forces between large ions. Figure 3.4a 

shows several commonly used ionic components.125 The high ionic conductivity comes 

from the weak electrostatic interactions between the ions and from the high ionic 
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concentration. ILs also have negligible vapor pressure, suggesting that they are ideal for 

low-temperature charge transport measurements in vacuum. Furthermore, ILs are not very 

chemically reactive and have relatively larger electrochemical windows. The combination 

of all these features makes ILs probably the most widely used electrolyte for studying 

charge transport in EGTs based on both organic and inorganic materials. Besides, ILs are 

chemically designable as well, which provides the opportunity to study the structure-

property relationship at the semiconductor/electrolyte interfaces. 

 

Figure 3.4 (a) Cations (left half) and anions (right half) of the commonly used ILs.125 (b) 

Self-assembly of an ABA triblock copolymer in an ionic liquid to form an ion gel.97 (c) 

Optical image of a freestanding film of mechanically robust ion gel (a mixture of IL 

[EMI][TFSI] and polymer P(VDF-HFP)).126 

 

Despite their excellent electrical properties, the liquid nature of ILs limits their 

application in practical devices. To increase the mechanical rigidity without losing too 

much ionic conductivity, ILs are mixed with cross-linked block copolymers (~10 wt%) to 

form the solid electrolytes called ion gels.127 Typically, ABA-type triblock copolymers 

with soluble B block and insoluble A blocks, such as PS-PMMA-PS, are used (Figure 



45 
 

3.4b). The properties of ion gels can be tuned by variations of block copolymers. For 

example, when mixing ILs with different polymers, the resulting ion gels can be 

printable,128 freestanding (Figure 3.4c),126 UV curable,129 or even degradable.130 

Importantly, the polymers swollen in ILs do not limit the motion of the liquid molecules, 

which means high ionic conductivities of ILs are preserved. Using ion gels, high frequency 

operation at >10 kHz has been achieved in EGTs based on polymer semiconductor 

P3HT.131 

3.3 Device fabrication and characterization 

3.3.1 Fabrication of EGTs 

In most EGTs, the semiconductor layer and the source/drain electrodes are fabricated 

first on an insulating substrate, then the electrolyte is applied on the substrate, covering the 

channel of the device (Figure 3.5a). To put ILs onto the device, people usually dip tools 

such as sharp needles or thin metal wires into the IL containers. Thanks to the surface 

tension, a small drop of IL stays at the end of the tool when taking the tool out of the 

container, and the IL drop can be quickly transferred onto the desired position. Application 

of other electrolytes such as ion gels is much easier. They can be printed directly onto the 

substrate by ink jet or aerosol jet printing techniques.128,132 For certain ion gels that are 

mechanically robust enough, a ñcut-and-stickò approach has been realized, in which the 

ion gel film is cut by a razor blade, then peeled off and transferred by a pair of tweezers 

(Figure 3.4c).126 

One advantage of EGTs is that due to the thickness-independent capacitance of 

electrolytes, the gate electrode does not have to stay above or below the semiconducting 

channel (i.e., the side-gated geometry becomes possible).128 Consequently, one no longer 
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needs to worry about how to precisely align a gate over the EGT channel, and the side-

gated geometry becomes the most convenient device geometry for charge transport 

experiments when ILs are used as electrolytes (Figure 3.5b). For solid electrolytes 

including polymer electrolytes and ion gels, it is possible to deposit metal gates on top of 

the electrolytes by evaporation or printing to form the top-gated geometry. Regardless of 

the gate position, this ñelectrolyte-on-semiconductorò structure suffers from large parasitic 

capacitance due to the overlap of the electrolyte and the source/drain electrodes.133 In many 

reports, the source/drain electrodes are covered with an insulating layer (PMMA, SiO2é) 

by additional lithography steps, so only the semiconducting channel is exposed to the 

electrolyte.118,133,134 

 

Figure 3.5 (a) Device architecture of a top-gated EGT.135 (b) Device architecture of a side-

gated EGT.136 (c) Cross-sectional schematic of an IL-gated rubrene EGT.137 (d) Top-view 

optical image of an IL-gated rubrene EGT.138 

 

When performing electrolyte gating on single crystal OFETs, an alternative device 

geometry is usually adopted (Figure 3.5c).138 This geometry is based on the air-gap 

geometry described in Chapter 2.3.2. After putting a drop of IL on the PDMS substrate, 

one can drag the IL drop to the edge of the crystal using a probe tip attached to a three-axis 
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micromanipulator. Owing to the capillary force, the air-gap is spontaneously filled with 

liquid once the liquid touches the crystal, and the air-gap transistor is converted into an 

EGT (Figure 3.5d). Using this method, comparisons of charge transport in the same crystal 

with and without the liquid electrolyte can be made. Another beneficial feature of this 

architecture is that the parasitic capacitance is minimized, since there is almost no contact 

between ILs and source/drain electrodes. 

 

Figure 3.6 (a) The floating gate EGT geometry for detection of biomolecules.139 (b) Dual-

gated geometry for gate-modulated electrochemistry on surface of 2D semiconductor.140 

 

The device geometries of EGTs discussed above can be slightly modified to integrate 

other functionalities. Figure 3.6a shows the use of side-gated EGTs as biosensors.139 An 

extra floating gate, which is exposed to the solution of target molecules (DNA or proteins), 

is introduced into the EGT. When the target molecules bind to the floating gate, the EGT 

transducer can convert the binding event to an electrical signal, which is usually the shift 

of threshold voltage. Separating the binding chemistry from the working EGT channel 
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minimizing the contamination of the device. Figure 3.6b describes applying EGTs based 

on 2D materials in tuning the charge transfer process in electrochemistry.140 Due to the 

ultrathin nature of 2D materials, the semiconducting channel can be gated from the bottom 

through oxide dielectric and from the top through electrolyte. Consequently, the band edges 

of 2D materials can be continuously tuned to get aligned with the target redox reactions, 

and the rate constant can be modified over orders of magnitude. 

3.3.2 Extraction of charge density and mobility 

In FETs with conventional dielectric materials, determination of charge density and 

mobility is straightforward. One only needs the dielectric constant and the thickness of the 

dielectric material to estimate the specific capacitance Ci = ŮrŮ0/d, and then calculate the 

charge density using p = CiV/e. Simply plugging the charge density back into the I-V 

characteristics of the FET would give the mobility. For electrolytes, however, estimating 

charge density is not trivial and cannot be achieved using a simple formula. The 

capacitance of an electrolyte layer highly depends on both the operation frequency and the 

applied voltage. It is thus very important to extract charge density consistently and 

correctly. Otherwise, comparisons among experimental results from different devices and 

different groups become meaningless. Currently, four different methods have been used to 

determine charge density in EGTs: step-potential charging, AC impedance analysis, gate 

displacement current measurement, and Hall measurement. 

Step-potential charging is the simplest way to estimate the equilibrium charge density 

in a static state. It involves changing the potential abruptly and measuring the charging (or 

discharging) current of the capacitor as a function of time (Figure 3.7a).141 By integrating 
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charging current with respect to time, one can get the charge density if the area of capacitor 

(A) is known: 

ὴ
᷿

                                                                                                                  (3.1) 

The decay of charging current is related to the RC time constant of the dielectric. For most 

electrolytes, the time constants are large, and the charging current should be measured over 

a long time (tens of minutes) until the current decays to a relatively flat plateau. The plateau 

is used as the integration baseline for charge density extraction, and physically represents 

the leakage current. 

 

Figure 3.7 (a) Charge density of a P3HT EGT estimated from step-potential charging. Inset: 

integrated charge as a function of charging time.141 (b) Typical capacitance-frequency (C-

f) plots in the metal-electrolyte-metal structure for several ILs.137 (c) A typical capacitance-

voltage (C-V) plot and integrated charge density at 50 Hz in a rubrene EGT.137 (d) A typical 

gate displacement current curve and integrated charge density in a rubrene EGT.137 

 

     AC impedance analysis is a powerful tool to assess the capacitance as a function of 

frequency (f) or voltage. In this experiment, a sine wave of oscillating voltage is 
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superimposed on a DC offset, the current response is evaluated, and the impedance is 

extracted. The total impedance (Z) contains a lot of information including the phase angle 

( )ʟ, the resistance, and the capacitance. Typical C-f characteristics of ionic liquids are 

shown in Figure 3.7b.137 The capacitance is large and weakly f-dependent at low 

frequencies but decreases at high frequencies. The roll off frequency of capacitance is 

related to the ionic mobility of the electrolyte and can be utilized to roughly estimate the 

time scale of EDL formation. If the electric field switches so quickly that the ions are pulled 

away before reaching the electrode surface, the EDLs cannot form. Therefore, only the low 

frequency capacitance represents the EDL capacitance. In a real EGT, C-V measurements 

can be performed at low frequency by grounding the source/drain contacts and apply 

voltages to the gate (Figure 3.7c).137 Charge density is given by integrating specific 

capacitance versus gate voltage after subtracting the integration baseline: 

ὴ
᷿

                                                                                                                       (3.2) 

A VG-dependent charge mobility is obtained by plugging p back into the transfer curves: 

‘                                                                                                                        (3.3) 

Gate displacement current measurement is a more rigorous approach, which has been 

extensively used to study the charge injection properties of OFETs with different 

dielectrics, including conventional solid dielectrics and electrolytes.137,142,143 It is a quasi-

static DC measurement and the gate sweep condition is similar to the condition when 

performing the transfer curve measurement on the same device. As a result, the charge 

density estimated from gate displacement current measurement is more reliable. In this 

method, the source/ drain electrodes are grounded, while the gate voltage is swept at 
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various rates and the gate displacement current is recorded. Technically, the gate 

displacement current can also be simultaneously measured along with the transfer curve, if 

the applied VD is very small. The gate displacement current is related to the specific 

capacitance by: 

Ὅ ὃὅ                                                                                                            (3.4) 

In a typical displacement current curve (Figure 3.7d), turn-on and turn-off of the EGT are 

clearly exhibited.137 The forward (reverse) sweep corresponds to charge injection 

(retraction). After subtracting the baseline (the small current in the off-regime due to 

parasitic capacitance), the injected charge density is calculated by integrating gate 

displacement current with respect to gate voltage: 

ὴ
᷿

                                                                                                              (3.5) 

The last method, Hall effect measurement, is the most accurate one for high performance 

EGTs, but is not applicable to all the materials. Details of charge density extraction using 

Hall effect measurements have been provided in Chapter 2.2.3. Special care has to be taken 

when using Hall effect measurements to determine charge densities in EGTs based on 

organic semiconductors.85 As indicated in Chapter 2.2.3, only high mobility 

semiconductors can give robust, reliable Hall signals. Unfortunately, only 2 electrolyte-

gated organic semiconductors, P3HT and rubrene, have been reported to exhibit the Hall 

effect, and the accuracy of the measured charge densities remains problematic (Figure 

3.8).141,144 In EGTs based on rubrene single crystals, the Hall mobility and charge density 

are more accurate when VG is small, while the results from Hall measurements deviate from 

the FET results and are believed to be less reliable at larger VG. In EGTs based on P3HT, 
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the Hall effect is heavily underdeveloped (nHall >> nFET, µHall << µFET) and the results have 

to be properly analyzed, although the observation of the Hall effect in an electrochemically 

doped polymer semiconductor is a remarkable achievement. Despite the limited 

universality, Hall effect measurement is still a powerful way to get charge density and 

mobility in most inorganic-based EGTs. 

 

Figure 3.8 (a) Charge density dependence of mobility in a P3HT EGT extracted from step-

potential charging and from Hall measurements. Inset: Hall resistivity versus magnetic 

field for the same device.141 (b) Top left: Hall voltage and field as a function of time in a 

rubrene EGT. Bottom left: Hall resistance versus field for the same device. Right: charge 

density, mobility, and resistance as a function of VG.144 

 

 

3.4 Charge transport in EGTs 

The importance of charge density cannot be emphasized enough. Besides controlling the 

conductivity of the semiconductor so that the transistor can be turned on or off, tuning 

transitions among different electronics phases is also possible by changing the charge 

density. Figure 3.9 summarizes the electronic ground states of several prototype inorganic 

and organic materials as a function of charge density.97,145 It is obvious that most of those 

interesting phenomena occur at charge densities above 1013 cm-2. Such charge densities are 
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virtually impossible to achieve in conventional FETs but can be accumulated using 

electrolyte gating. The ultrahigh charge density induced by electrolyte gating has led to the 

observation of novel gate-tunable phenomena, including but not limited to insulatorīmetal 

transitions, superconductivity, ferromagnetism, and ambipolar transport, in a variety of 

materials. 

 

Figure 3.9 (a) Illustration of the zero-temperature ground states of various inorganic 

materials as a function of charge density.145 (b) Illustration of the zero-temperature ground 

states of various organic materials as a function of charge density.97 Note: AF, 

antiferromagnetic; FM, ferromagnetic; I, insulator; M, metal; SC, superconductor; FQHE, 

fractional quantum Hall effect; Wigner, Wigner crystal. 

 

3.4.1 Insulatorïmetal transition 

The first breakthrough in electrolyte-gate-tunable phase transitions was the observation 

of insulatorïmetal transition in ZnO EDLTs by Shimotani et al. in 2007 (Figure 3.10a).146 

By gating highly crystalline epitaxial ZnO films with polymer electrolyte KClO4 /PEO, 

charge densities up to 4.2*1013 cm-2 (determined by Hall measurement) can accumulate at 

the ZnO surface, and the resistanceïtemperature (RïT) characteristics become T-

independent at large VG, demonstrating the gate-induced insulatorïmetal transition. By 

replacing the polymer electrolyte with ILs and applying VG at low temperatures, 

accumulation of charge carriers as high as 8*1014 cm-2 can be achieved in ZnO.98 Inspired 

by the success in ZnO, electrolyte gating has been applied to a broad range of materials, 
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including correlated oxides,101,147ï151 2D materials,120,134,152,153 and topological 

insulators,154 to pursue insulatorïmetal transition.  

In addition to EDLTs, ECTs based on several inorganic materials also exhibit insulator-

metal transition. Although crystalline oxide films are thought to be impermeable to ions in 

ILs, electrochemical doping still exists in certain materials. Among these materials, VO2 is 

a particularly interesting one, because an insulatorïmetal transition caused by electrolyte 

gating was found to be accompanied by charge delocalization over the bulk, which is 

contradictory to the assumption of 2D electrostatic doping.148 The formation of metallic 

state in VO2 was later proved to be oxygen-sensitive, which suggests that charge 

accumulation occurs through the formation of oxygen vacancies when a positive VG is 

applied (Figure 3.10b).101 The diffusion length of oxygen vacancies can be larger than the 

electronic screening length, so doping in VO2 is no longer limited to the VO2/IL interface, 

but is actually a 3D electrochemical doping. Similar suppression of insulator-metal 

transition in oxygen environment has been observed in other oxides such as TiO2.
155 

Compared with inorganic counterparts, realization of insulatorïmetal transition in 

electrolyte-gated organic semiconductors remains elusive. Efforts have been made in 

benchmark small molecule semiconductor rubrene and polymer semiconductor 

P3HT.141,144,156 In rubrene EGTs, maximum charge density of 0.33 charge per molecule 

(6.3*1013 cm-2) has been reached using ionic liquid [P14][FAP] (Figure 3.10c). The 

mobility of IL-gated rubrene, however, is only 2-3 cm2V-1s-1 at room temperature, much 

smaller than the air-gap mobility (~15 cm2V-1s-1). Remarkably, poorly understood 

conductance peaks have been observed in transfer curves, where the conductance decreases 

at the highest VG magnitudes. Near the conductance peak, the resistance decreases upon 
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cooling to as low as 120 K, reaching within a factor of 2 of h/e2, which is close to a 2D 

insulatorïmetal transition. At higher charge densities, reentrance of a strongly insulating 

regime indicates the existence of interfacial electronic disorder such as ion-charge binding 

interaction. In P3HT, the absence of insulatorïmetal transition at extremely high hole 

densities (~1021 cm-3) suggests that similar doping-induced electronic disorder limits 

charge transport. In order to obtain a truly metallic state in organic semiconductors, the 

influence of these limiting factors needs to be understood and mitigated. 

 

Figure 3.10 (a) Insulatorïmetal transition in electrolyte-gated ZnO.146 (b) Sheet 

conductance of a VO2 EGT as a function of VG and oxygen pressure.101 (c) Resistance 

versus temperature plots of a rubrene EGT at different charge densities.144 

 

3.4.2 Superconductivity 

Electrolyte-gate-induced superconductivity was first observed in SrTiO3 (STO) in 

2008.118 Pristine STO is a well-known highly resistive insulator, which is widely used as a 

growth substrate for oxide films. When fabricated into EDLTs, STO crystals can be 

electron-doped at positive VG, and the resistance begins to decrease with decreasing 

temperature at charge densities over 1013 cm-2, similar to the observation of insulatorïmetal 
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transition in ZnO. Further cooled down to sub-1K using a dilution refrigerator, the device 

exhibits superconductivity with a critical temperature (Tc) of 0.4 K (Figure 3.11a). The 

induced superconductivity can be confirmed by the observation of critical field and critical 

current. Motivated by this achievement, electrolyte-gate-induced superconductivity has 

been reported in many materials, including the extensively studied Cu-based and Fe-based 

superconductors124,135,157ï159 and van der Waals layered materials.102,160ï164 Phase diagrams 

of Tc versus charge density have been built for several materials, many of which exhibit a 

dome-like shape with a maximum Tc at an optimal charge density (Figure 3.11b). 

Intriguingly, the dome-like phase diagram is similar to those observed in chemically doped 

Cu-based and Fe-based superconductors. 

In some materials, purely electrostatic doping cannot lead to the realization of 

superconductivity. Instead, superconductivity is induced by electrochemical doping. One 

example is MoTe2, which does not show superconductivity in EDLT architecture, but has 

a Tc of 2.8 K after K+ intercalation.102 The origin of intercalation-induced 

superconductivity is the ultrahigh electrochemical doping level (charge density over 1015 

cm-2), one order of magnitude higher than the maximum charge density achieved by 

electrostatic doping. Similar intercalation-induced superconductivity has also been 

observed in WS2 and TaS2.
163 In addition to metal ion intercalation, electrochemical 

etching was found to increase the Tc of the famous Fe-based superconductor FeSe from 8 

K to 40 K.135 These observations indicate that electrochemistry can be as powerful as 

electrostatics when exploiting novel physical phenomena in EGTs. 
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Figure 3.11 (a) Gate-induced superconductivity in STO. Inset: magnetoresistance and IïV 

characteristic in the superconducting state.118 (b) Critical temperature versus charge density 

phase diagram of electron-doped MoS2, MoSe2, and MoTe2.
102 (c) Gate-induced 

ferromagnetism in Ti1ïxCoxO2.
165 (d) Temperature dependence of magnetization in 

electrolyte-gated Co at different VG.166 

 

3.4.3 Ferromagnetism 

Manipulating the magnetic properties of materials, which has been realized in several 

ferromagnetic oxides, can be achieved by shifting the Fermi level via electrolyte gating to 

tune the density and type of charge carriers. Due to the high charge densities accumulated 

by electrolyte gating, the Curie temperatures can be shifted over 150 K in ferromagnetic 

oxides such as La0.5Sr0.5CoO3.
167,168 Room temperature gate-tunable ferromagnetism has 

also been observed in a magnetic semiconductor Ti1ïxCoxO2, as confirmed by gate-tunable 

anomalous Hall effect (Figure 3.11c).165 The same strategy can be applied in controlling 

the magnetic properties of magnetic metals as well. Due to the high density of free charge 

carriers in metals, the electric field is heavily screened, and the field-effect is only limited 

near the surfaces of metals. Therefore, only ultrathin metal films can be used for electrolyte 
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gating. Nevertheless, EGTs are still capable of tuning the magnetic properties of several 

metal films including FePt and Co.166,169 Remarkably, the Curie temperature of ultrathin 

Co film can be tuned over a range of 100 K with a VG range of ±2 V (Figure 3.11d).166 In 

addition to controlling the properties of magnetic materials, another interesting research 

direction is to make non-magnetic metals magnetic. By using paramagnetic IL 

[BMIM][FeCl 4] to gate Pt film, a clear anomalous Hall effect was observed by Liang et al., 

demonstrating the induced ferromagnetism in Pt.170 This experiment highlights the use of 

paramagnetic ILs for switching on/off magnetic states. 

3.4.4 Ambipolar transport 

In conventional FETs based on many semiconductors, only unipolar behavior has been 

observed due to the large injection barrier and/or high trap density for minority charge 

carriers. The rise of electrolyte gating has promoted the recovery of ambipolar transport in 

certain semiconductors. Accumulation of high charge density fills the traps and reduces the 

threshold voltage for minority carrier accumulation. Moreover, the strong electric field at 

the semiconductor/electrolyte interface improves the injection of minority carriers despite 

the large energy mismatch between the semiconductor bands and metal work functions. 

The first ambipolar EGT was fabricated using carbon nanotube and polymer electrolytes 

in 2004.114 Following this achievement, ambipolar transport has been demonstrated in 

EGTs based on other materials, including colloidal quantum dots,171ï173 2D 

materials,102,134,162,174ï176 and organic single crystals.177,178 It is worth noting that even those 

organic semiconductors with large band gaps (e.g., rubrene) can exhibit ambipolar 

behavior when gated with ion gels, indicating the gating power of EGTs (Figure 3.12a).177 
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The application of electrolyte gating in ambipolar devices significantly reduces the 

threshold voltage for both hole and electron accumulation. Importantly, in many EGTs, the 

threshold voltage is only affected by the edge of conduction band or valence band. As a 

result, a new method to probe the band gaps of ambipolar semiconductors has been 

proposed, where the magnitude of band gap is quantitatively given by the difference 

between the threshold voltages of p-type and n-type operation (Figure 3.12b).174 This 

method produces consistent results and has been applied to many 2D materials whose band 

gaps are difficult to measure by other techniques. 

 

Figure 3.12 (a) Ambipolar transport in ion-gel-gated pentacene single crystals.177 (b) 

Ambipolar transport in IL-gated WS2. Inset: extracted band gap at different VD.174 (c) 

Light-emission in ion-gel-gated rubrene single crystals.178 

 

Another feature of ambipolar transistors is the formation of lateral pïn junctions and the 

possibility of light emission by charge injection and recombination. This type of device is 

called light-emitting transistors (LETs), which combines the switching and light-emitting 

capabilities (Figure 3.12c).178,179 The recombination of holes and electrons can be spatially 

controlled by the applied gate voltage. Consequently, the light emission zone becomes 

gate-tunable, and can be directly observed due to the planar geometry of the EGT. Among 

all those reports of LETs based on organic semiconductors, carbon nanotubes and 2D 



60 
 

materials, a particularly interesting one is the observation of circularly polarized light 

emission in WSe2 EGTs, due to the unique band structure of monolayer WSe2 with the 

valley degree of freedom.180 

3.4.5 Other interesting phenomena 

Recently, EGTs have been found to be a powerful tool to find and optimize 

thermoelectric materials. The thermoelectric performance is characterized by the figure of 

merit, ZT = S2ůT/ə, where S and ə represent the Seebeck coefficient and the thermal 

conductivity. In semiconductors, S and ů have opposite dependence of charge density, so 

the ZT value reaches its maximum at a certain charge density. Thanks to the continuous 

and wide-range charge accumulation capability, electrolyte gating provides a unique 

platform for the optimization of thermoelectric performance. Using the device geometry 

shown in Figure 3.13a, charge transport and the Seebeck effect can be simultaneously 

measured in the same EGT.181 Thermoelectric properties of several semiconductors, 

including metal oxides,181ï183 transition-metal chalcogenides,184 and carbon 

nanotubes,185,186 have been investigated using electrolyte gating. For example, WSe2 EGTs 

exhibit larger ZT compared with chemically doped bulk WSe2; the ZT value can also be 

optimized in EGTs due to the continuous tuning of charge accumulation, while in bulk 

WSe2 the ZT value has a weak charge density dependence.184 The advantages of electrolyte 

gating over chemical doping are therefore demonstrated. 

Electrolyte gating can lead to not only electronic phase transitions mentioned earlier, but 

also structural phase transitions in certain materials. The crystal structure of a 2D material, 

MoTe2, can be tuned between a semiconducting, hexagonal phase (2H phase) and a 

metallic, monoclinic phase (1Tô phase), when electron densities over 1014 cm-2 are induced 
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by electrolyte gating. The phase transition is directed confirmed by Raman spectroscopy 

while sweeping VG and is found to be reversible and purely charging-induced (Figure 

3.13b).187 Although the mechanism is still controversial, this achievement indicates the 

potential of electrolyte gating as a platform for studying the competition between different 

structural ordering. It might be worth trying to apply this technique in other materials, in 

which similar charging-induced structural phase transitions have been theoretically 

proposed. 

 

Figure 3.13 (a) Top: Schematic of EGT structure for thermoelectric measurements.181 

Bottom: Dependence of the power factor S2ů in WSe2 on charge density for EDLTs (red 

and blue) and bulk-doped samples (green).184 (b) Raman spectra before, during and after 

the phase transition of WTe2 as VG increases.187 
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Chapter 4 Experimental Methods 

4.1 Crystal growth 

All the organic crystals in this work are grown by the PVT method described in Chapter 

2.3.1. The experimental setup in the Frisbie lab is shown in Figure 4.1. Two Pyrex tubes 

are used as the insulation tube and the gas flow tube, and a quartz tube is used as the crystal 

growth tube. Powders of source materials are placed in a quartz boat and placed closed to 

one end of the growth tube. Nichrome resistance wire is wrapped outside the gas flow tube 

for global heating, while heating tape is wrapped around the insulation tube near the source 

material to generate the temperature gradient. The heating power is controlled by two 

Variac variable transformers. To monitor the temperature gradient, two thermal couples 

are taped near the source material and near the growth zone. Ultrapure Ar is used as the 

carrier gas. 

 

Figure 4.1 (a) Photograph of PVT growth setup including PVT tubes, thermometer, and 

Variacs. (b) Photograph of glassware used in PVT setup (the insulation tube is not shown). 

 

The growth conditions are obtained empirically. In the Frisbie lab, high quality rubrene 

single crystals (Figure 4.2a) can be grown under the following conditions. Thick crystals 

(> 10 µm) are obtained after several days at source temperatures of 280-290 ; thin 

crystals (< 1 µm) are obtained after 30-60 min at source temperatures of 300-310 . The 
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temperature of the crystal growth zone needs to be maintained at below 250 . The gas 

flow rate should be 10-100 sccm depending on the desired crystals. If the gas flow is too 

large, the obtained crystals usually have very bad quality.  

 

Figure 4.2 (a) Photograph of a PVT-grown rubrene crystal. (b) Tools used to handle 

rubrene crystals: Ted Pella Micro-Scale (top) and MiTeGen MicrotoolsTM (bottom). 

 

Handling the crystals can be very challenging for beginners. A very steady hand is 

always required when working with these tiny crystals. Using sharp tools such as tweezers 

will damage the crystals, so it is better to pick up the crystals electrostatically. Thick 

crystals can be gently picked up by the small metal tool shown in Figure 4.2b and are 

relatively easy to handle since they are mechanically robust. Thin crystals, however, are 

more brittle and flexible, so one needs to be extremely careful when working with thin 

crystals. The tools used to handle thin crystals are MiTeGen MicrotoolsTM, which have tips 

made from soft, flexible polymer films. The polymer tip should be moved slowly towards 

the target thin crystal, and the electrostatic force will stick the thin crystal and the tip 

together. When transferring the crystal to the target substrate, one should carefully align 

the crystal above the desired position under the microscope, tilt and lower down the crystal 

so that one end of the crystal touches the substrate and sticks to it, and slowly release the 

handling tool. In most cases, the crystal will spontaneously adhere to the substrate. 
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4.2 Structural characterization  

The single crystallinity of crystals grown is first examined by X-ray diffraction (XRD). 

The equipment used for XRD is PANalytical Xôpert Pro with Cu KŬ radiation (wavelength 

0.154 nm). Out-of-plane wide angle 2ɗ-ɤ scan of a typical rubrene single crystal is shown 

in Figure 4.3a. Since large rubrene crystals are usually plate-like and the largest face 

corresponds to the ab-plane, (00L) planes are probed by 2ɗ-ɤ scan. It is obvious that only 

(002) family of peaks appear in the XRD pattern, and all the peaks have narrow peak width 

and match the predicted positions. The single crystallinity is further confirmed by in-plane 

XRD (also known as ʟ scan) of the {200} peaks. The multiplicity of {200} is 2, so 2 peaks 

separated by 180° should be obtained for a single crystal, which is exactly what is shown 

in Figure 4.3b.  

The surface morphology of the obtained crystals can be characterized by atomic force 

microscopy (AFM). Figure 4.3c is a tapping mode AFM image of a rubrene crystal. A 

series of molecular steps are observed, and the step height matches the intermolecular 

distance along the c-axis of the rubrene unit cell. Within a terrace, the surface roughness is 

very small, demonstrating the molecularly flat nature of rubrene single crystals. Extra 

information of surface potential can be given by scanning Kelvin probe microscopy 

(SKPM), which is able to detect electronic disorder at the surface of crystals.35,188,189 

Surface potential variations correspond to traps or barriers in HOMO/LUMO bands, which 

can limit charge transport. For high quality rubrene crystals, usually negligible roughness 

is observed in SKPM images (Figure 4.3d). 



65 
 

 

Figure 4.3 (a) Out-of-plane wide angle XRD pattern of a rubrene single crystal. (b) In-

plane ʟ  scan of the {200} peaks. (c) Topography of a rubrene single crystal with typical 

terrace structure. Inset: height profile along the dashed line. (d) Surface potential image 

obtained simultaneously with topography by SKPM.188 

 

4.3 Device fabrication 

Fabrication of PDMS-based devices 

1. A clean environment is strongly recommended for the whole process. 

2. Draw the photomask with desired electrode patterns using a program like 

AutoCAD. The areas covered with chrome will be the raised regions in the PDMS 

obtained. 

3. Fabricate the master wafer using the following procedures: 

¶ Clean the wafer in piranha solution (H2SO4:H2O2) for 10 min. Rinse with 

DI water and blow dry with N2. 

¶ Pre-bake at 105  for 1 min. 

¶ Spin coat SU8-2005 photoresist for 30 s, 2500 rpm (~5 ɛm in thickness). 

¶ Soft bake at 95  for 2 min. 
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¶ Exposure (total dose needed is 105 mJ/cm2, soft contact, gap 25 ɛm, expose 

for 9 s if using the Karl Suss MA-6 contact aligner with 12 mJ/cm2 lamp 

intensity). 

¶ Post-exposure bake at 95  for 3 min. 

¶ Develop with SU8 developer for 50 ~ 55 s. 

¶ Rinse with IPA for 2 mins and blow dry with N2. 

¶ Hard bake at 150  for 5 min. 

4. Check the thickness of the air-gap using surface profilometry. 

5. Make the PDMS stamp using the following procedures: 

¶ Put the master wafer in a clean petri-dish with the patterned side facing up. 

¶ Mix (stir > 5 min) PDMS prepolymer (Sylgard 184, Dow Corning) and 

curing agent with a weight ratio of 10:1. Fill the mixture into the petri-dish. 

The thickness of the PDMS stamp is determined by the amount of PDMS. 

¶ Degas in a vacuum chamber overnight. Make sure that the petri-dish is 

placed in a flat position. 

¶ Bake in oven at 80 ęC for 3 h. 

¶ Carefully take out the PDMS stamp and peel it from the surface of the 

master wafer. 

6. Put Scotch tape onto the patterned surface of PDMS stamp to emboss the patterns. 

7. Cut the PDMS stamp into smaller stamps with individual device patterns using a 

razor blade. Clean the back side of PDMS stamps with Scotch tape and gently put 

them on pre-cleaned glass slides (cleaned with Scotch tape). The PDMS will stick 

to the glass spontaneously. 

8. Remove Scotch tape from the surface of PDMS stamps before evaporation. 

9. Evaporate Cr/Au (3/17 nm) with a rate of 0.1 nm/s using an e-beam evaporator. 

10. Leave the metalized PDMS in the air for at least 1 month. Note: this step is critical 

for fabricating high performance devices, since devices fabricated on fresh PDMS 

exhibit severe contact problems and performance degradation. 

11. To fabricate an air-gap transistor, carefully laminate a single crystal across the 

source/drain electrodes under a microscope. To achieve good lamination, the 

PDMS substrate must be dust free and the surface of the crystal must be very 

smooth. 

12. To fabricate a liquid-gated transistor, after Step 11, put a drop of liquid dielectric 

on the PDMS substrate using a needle. Load the device into the probe station 

chamber. Use the tip of a probe to drag the liquid towards the crystal. Once the 

liquid touches the crystal, it will spontaneously fill the air-gap due to the capillary 

force. 

13. To fabricate a metal-insulator-metal capacitor, just replace the semiconductor 

crystal with a piece of conducting substrate (ITO glass or Au-coated Si wafer). 

 

Sample preparation for Hall effect and RïT measurements 

1. Fabricate a device according to the previous description. Pre-test the transistor 

performance in the probe station. 
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2. Put a small amount of GE Varnish adhesive on the sample puck for Physical 

Property Measurement System (PPMS, Quantum Design). Quickly put the device 

on the sample puck. Wait for 2-3 min to cure the GE Varnish. 

3. Prepare the materials for wire-bonding. Cut Au wire (25 µm or 50 µm diameter) 

into smaller pieces (~1 cm long). Mix the part A and B of solvent-free Ag epoxy 

(Chemtronics CW2400) with a ratio of 1:1. Note: The use of solvent-free Ag epoxy 

is critical for the success of RïT measurements at very low temperatures (< 50 K). 

If solvent-based Ag paint (e.g., Leitsilber 200 conductive Ag paint) is used, the 

adhesion between the Ag pad and the PDMS substrate is not strong enough, so the 

Ag pad may be detached due to the contraction of PDMS during cooling. 

4. Use a sharpened wooden stick to put a small amount of Ag epoxy onto the electrode 

region of the PDMS substrate. 

5. Use a pair of tweezers to insert one end of a Au wire into the Ag epoxy on PDMS. 

Adjust the position of the other end of the Au wire to make sure that it is roughly 

above a bonding pad on the sample puck. 

6. Repeat Steps 4 and 5 for all the electrodes. 

7. Leave the sample puck with the device in a glovebox overnight to cure the Ag 

epoxy. 

8. Connect the Au wires to the bonding pads using Ag paint (Leitsilber 200). Ag paint 

is used here because it sticks well to rigid metal pads and it can be easily removed 

after measurements. 

9. Load the sample puck into the PPMS to start measurements. 

 

 

Figure 4.4 (a) Schematic cartoons of fabrication steps for Au-coated PDMS substrates. (b) 

Photograph of a rubrene EGT wire-bonded to the PPMS sample puck. 

 

4.4 Electrical characterization 

Most of the electrical measurements of single crystal OFETs are carried out in a 

cryogenic probe station (Lakeshore Desert Cryogenics) located in a glovebox filled with 

N2. Transistor I-V measurements are taken using a variety of Keithley source-measure units 

(SMUs) and multimeters (236, 237, 6517A, 2612). A Lakeshore 331 temperature controller 
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is used for variable temperature measurements. Hall effect and RïT measurements are 

made in a Quantum Design PPMS with a 9 T superconducting magnet. A Keithley 220 

current source is used to source the current, a Keithley 2400 SMU is used to apply the gate 

voltage, and a Keithley 2002 multimeter is used to measure the Hall voltage or the 4-probe 

voltage. 

 

Figure 4.5 Photograph of equipment used in this study. (a) Cryogenic probe station. (b) 

Keithley SMUs and multimeters. (c) Quantum Design PPMS. 
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Chapter 5 Negative Isotope Effect on Field-effect Hole Transport 

in Fully Substituted 13C-Rubrene 

Isotopic substitution is a useful method to study the influence of nuclear motion on the 

kinetics of charge transport in semiconductors. However, in organic semiconductors, no 

observable isotope effect on field-effect mobility has been reported. To understand the 

charge transport mechanism in rubrene, the benchmark organic semiconductor, we have 

synthesized and characterized crystals of fully isotopically substituted rubrene, 13C-rubrene 

(13C42H28). Vapor-grown 13C-rubrene single crystals have the same crystal structure and 

quality as native rubrene crystals (i.e., rubrene with a natural abundance of carbon isotopes). 

The characteristic transport signatures of rubrene, including room temperature hole 

mobility over 10 cm2V-1s-1, intrinsic band-like transport, and clear Hall behavior in the 

accumulation layer of air-gap transistors, are also observed for 13C-rubrene crystals. The 

field-effect mobility distributions based on 74 rubrene and 13C-rubrene devices, 

respectively, reveal that 13C isotopic substitution produces a 13% reduction in the hole 

mobility of rubrene. The origin of the negative isotope effect is linked to the red-shift of 

vibrational frequencies after 13C-substitution, as demonstrated by computer simulations 

based on the transient localization (dynamic disorder) scenario. Overall, the data and 

analysis provide an important benchmark for ongoing efforts to understand transport in 

ordered organic semiconductors. This work has been published as X. Ren, M. J. Bruzek, D. 

A. Hanifi, A. Schulzetenberg, Y. Wu, C. Kim, Z. Zhang, J. E. Johns, A. Salleo, S. Fratini, A. 

Troisi, C. J. Douglas, and C. D. Frisbie, ñNegative Isotope Effect on Field-Effect Hole 

Transport in Fully Substituted 13C-Rubreneò, Advanced Electronic Materials, 2017, 3, 

1700018. 
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5.1 Introduction 

The intrinsic transport properties of organic semiconductors are naturally best 

investigated in single crystals due to the generally low level of static disorder in these 

samples.5ï7,190 Field-effect transport measurements on crystals of the benchmark organic 

semiconductor rubrene (C42H28, 532.7 g/mol), in particular, have been pivotal for organic 

electronics as they have revealed the simultaneous presence of both high room temperature 

hole mobility above 10 cm2V-1s-1,88 and, crucially, a negative temperature exponent for the 

mobility, i.e., mobility increases as temperature decreases down to about 180 K.8 These 

observations and others, including mobility anisotropy90,91 and a robust Hall effect,9,59 are 

strong evidence for band-like transport in rubrene (bandwidth ~0.5 eV),191 where many 

features of classical band transport are observed. However, the estimated carrier mean free 

paths remain on the order of the unit cell dimension (~1 nm), thus precluding the typical 

band picture in conventional semiconductors. 

The precise nature of band-like transport in organic semiconductor crystals is still 

being explored.10 Currently, a consistent picture of charge transport in high mobility 

crystals is offered by the dynamic disorder model (DDM, also known as transient 

localization), in which the carrier transient localization length l loc and the propagation rate 

ɤ are determined by a competition between intermolecular electronic coupling and charge-

phonon interaction; in this scenario the carrier mobility µ can be evaluated as:44 

ɛ = 
e

kBT
lloc
2
ɤ                                                                                                                  (5.1) 

Here, ɤ-1 can be viewed as the characteristic time that charge is transiently localized due 

to the lattice dynamics, and it is set by the predominant low frequency intermolecular 
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modes that modulate the intermolecular electronic coupling; l loc is the length that charge 

can spread within the characteristic time ɤ-1, and is limited by the dynamic disorder as well 

as the intermolecular transfer integral. l loc decreases with temperature because higher 

temperatures lead to higher degrees of dynamic disorder, reducing intermolecular coupling. 

Indeed, the degree to which low frequency vibrations modify charge-transfer integrals was 

recently investigated by thermal diffuse electron diffraction scattering in crystalline TIPS-

pentacene, combined with quantum chemical calculations, and it was shown that 

intermolecular coupling can change by over 100% relative to equilibrium values.38  

The high hole mobility in orthorhombic crystalline rubrene is generally attributed to 

the large intermolecular transfer integrals (few tenths of eV) together with a relatively weak 

coupling of the charge carriers to the relevant intermolecular vibrations, both enhancing 

l loc (~5 nm at room temperature).14,40,43 Further, the expectation from DDM is that 

increasing (decreasing) the frequency of lattice phonons will increase (decrease) the charge 

mobility because the charge remains localized for shorter (longer) periods of time, i.e. 

ideally µ ~ ɤ.44 For rubrene, 100% substitution of the 13C isotope into the molecular 

structure produces an ~8% increase in molecular mass, which can be anticipated to produce 

a ~4% decrease in intermolecular vibrational frequency and thus a comparable decrease in 

charge mobility. In contrast, a true band transport system dominated by acoustic phonon 

scattering has no isotope effect on mobility.192 Thus, the study of isotopically labeled 

organic semiconductors with identical electronic structures but changed molecular masses 

offers the opportunity to confirm expectations of DDM. Furthermore, although isotopic 

substitution was introduced into organic electronics in the 1970s, largely in conjunction 

with time-of-flight mobility measurements, the conclusions of these earlier experiments 
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were mixed, with reports of both positive and negative isotope effects for very similar 

systems.193ï199 Thus, the opportunity to clarify the nature of the kinetic isotopic effect in 

crystalline organic semiconductors provides an additional motivation. It is worth noting 

that Shuai and others have suggested that nuclear tunneling may play a role in charge 

transport of carbon-based materials, and their hopping model also predicts a significant 

negative isotope effect on charge mobility upon 13C-substitution.192,200 Such a hopping 

model, which is based on a modified Marcus picture, is however only strictly valid in the 

narrow-band limit, which does not apply to rubrene. 

Here we report our experimental and theoretical investigations of field-effect transport 

in 13C-rubrene (13C42H28, 574 g/mol) single crystals. We synthesized 13C-rubrene, grew the 

single crystals from the vapor phase, and performed structural and electrical 

characterizations. The results confirm that the crystal structure of 13C-rubrene is identical 

to native rubrene. We find a surprisingly significant negative isotope effect of ï13% on the 

mobility, which is consistent with DDM, though the effect is somewhat larger than DDM 

simulations predict.40 Importantly, our results also demonstrate definitively that semi-

classical band transport is not the transport mechanism in rubrene. To the best of our 

knowledge, this is the first report of a negative isotope effect on field-effect charge 

transport in an organic semiconductor and the data provide an important benchmark for 

ongoing theoretical investigations of the properties of organic semiconductors. 

5.2 Structural and electrical characterization 

The detailed synthetic route to 13C-rubrene can be found somewhere else.37 Single 

crystals were grown by the horizontal physical vapor transport (PVT) method. XRD and 

AFM were used to examine the quality of the crystals. Figure 5.1a displays the wide-angle 
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diffraction patterns for 13C-rubrene and native rubrene single crystals. All the diffraction 

peaks observed correspond to the family of (002) planes. In a direct comparison between 

the peaks from 13C-rubrene and native rubrene single crystals, we can see that the positions 

of corresponding (hkl) peaks are almost identical, which implies that they share the same 

crystal structure and lattice constant. Moreover, AFM height images (Figure 5.1b) show 

that the surfaces of both rubrene and 13C-rubrene crystals are clean and molecularly flat, 

with an average step height of 1.3 nm. The step height is close to the interlayer distance 

along the c-axis, which is 1.34 nm calculated from Bragg's Law for the (002) reflection. In 

addition, the crystals were analyzed by single-crystal X-ray crystallography (see Table 

A1.1 in Appendix) and revealed a solid-state packing essentially identical to that of native 

rubrene.201 The structural characterization was crucial to this study to ensure that no large 

difference in measured transistor properties could be attributed to differences in crystal 

structure. This confirms that those crystals with good crystallinity and clean, flat surfaces 

are qualified for the fabrication of single crystal FETs. Importantly, by Raman 

spectroscopy we observed a clear isotope effect on low-wavenumber intermolecular modes 

(Figure 5.1c). Peaks from the 13C-rubrene sample in the range of 40 to 200 cm-1 appeared 

at systematically lower wavenumbers, as predicted. These low frequency modes are 

expected to be critical for transport as they transiently modulate the intermolecular transfer 

integrals. For example, the Raman peak at 48.0 cm-1 shifts to 46.3 cm-1 after 13C-

substitution, a 3.5% decrease, which is expected to cause a comparable decrease in mobility 

according to Equation (5.1). In addition, the high-wavenumber modes were also 

investigated by both IR and Raman (Figure A1.1 in Appendix), demonstrating that 13C-

substitution leads to a red-shift for all the vibrational modes in rubrene. 
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Figure 5.1 Structural characterization of rubrene and 13C-rubrene. (a) Wide-angle X-ray 

diffraction patterns. (b) Tapping-mode atomic force microscopy height images (inset: 

height profiles of the white lines in the image). (c) Low-wavenumber Raman spectrum 

(inset: zoomed-in image of the first peak). The crystal structures are identical, but all the 

vibrational modes are shifted to lower frequencies. 

 

Air -gap transistors based on 13C-rubrene single crystals were fabricated on PDMS 

substrates according to earlier publications.88 The device structure is shown in Figure 5.2a. 

The 13C-rubrene single crystal transistors exhibit p-type operation like native rubrene 

transistors, in which the semiconducting channel opens at negative gate bias (VG < 0 V). 

The lack of hysteresis in both transfer curves (Figure 5.2b) and output curves (Figure 5.2c) 
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is evidence for a low density of trap states at the rubrene/air interface, as can be expected 

for the air-gap structure.93 As shown in Figure 5.2b, the device turns on near VG = 0 V and 

has an on/off ratio of ~104. For VD = -1 V, -2 V and -5 V, the device operates in the linear 

regime at large VG, and the perfectly linear transfer curves are indicative of a high quality 

single crystal FET. The field-effect mobility can be calculated by the standard FET 

equation (VD << VG ï VTH): 

ID = 
W

L
ὅɛVDVG-VTH                                                                                                               (5.2) 

where W and L are the width and length of the semiconducting channel, Ci is the specific 

gate capacitance (for the 5 ɛm gap, Ci ~ 0.18 nF/cm2), and VTH is the threshold voltage, 

which is determined by the intercept from linear extrapolation of ID to the VG axis. 

Regardless of the drain voltage, the device shown in Figure 5.2b has a threshold voltage 

of ~ ï5.5 V, and a hole mobility of 15.3 cm2V-1s-1, which is a typical value for high-

performance single crystal air-gap FETs. From the output characteristics in Figure 5.2c, a 

linear ID-VD relationship at low bias confirms the Ohmic nature of the metal/semiconductor 

contacts, implying that the hole injection barrier at the contacts is very low, which may 

originate from the alignment of the HOMO level of 13C-rubrene with the work function of 

Au.202 

Variable-temperature electrical measurements were employed to elucidate the charge 

transport behavior of 13C-rubrene single crystals, and were carried out on devices with a 4-

probe configuration to correct for temperature-dependent contact resistance.56 Two 

voltage-sensing probes were inserted into the channel to measure the real potential drop 
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within the channel. In this configuration, the contact-corrected 4-probe field-effect 

mobility (ɛ4p) is calculated by: 

ɛ
4p
 = 
æL

Wὅ

Ö
Ὅ
æV

ÖVG
                                                                                                                             (5.3) 

where ȹL and ȹV are respectively the distance and the potential difference between the 

two reference probes. The ɛ4p vs. T relationships for three different devices are presented 

in Figure 5.2d. It is clear that the mobility increases with decreasing temperature (dɛ/dT < 

0), which implies that band-like transport is operative in 13C-rubrene single crystals. During 

the cooling process, some of the crystals broke apart, which is common for this device 

architecture due to the difference in thermal contraction for rubrene versus the PDMS 

stamp. For those crystals that did not crack, when they were heated back to 300 K, the 

mobility returned to the original value, indicating that the devices did not suffer any thermal 

degradation during the thermal cycle. The band-like transport phenomenon is reproducible 

in 13C-rubrene single crystals and has been observed in almost all the devices with room-

temperature ɛ4p > 10 cm2V-1s-1. Interestingly, all three devices shown in Figure 5.2d 

exhibit band-like transport behavior until T Ò 100 K. In other words, the critical transition 

temperature (T*) from the intrinsic band-like regime to the shallow-trap-dominated regime 

can be as low as 100 K. According to Morpurgo and coworkers, a lower T* means that a 

smaller degree of static disorder is present in the air-gap transistor.28 For organic single 

crystal FETs, such a low T* has only been reported in high quality rubrene and deuterated-

rubrene (2H-rubrene) single crystals.36 Based on these results, it is reasonable to say that 

13C-rubrene single crystals have essentially the same T-dependent transport as native 

rubrene. 
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Figure 5.2 (a) Cross section of the device structure. (b) Room temperature transfer 

characteristics of a device in linear scale (left axis) and log scale (right axis). (c) Room 

temperature output curves of the same device with gate voltages from ï10 V to ï50 V. 

(Device dimensions: L = 300 ɛm, W = 100 ɛm.) (d) Temperature dependence of the 

mobility for three different 13C-rubrene devices. Band-like transport persists to 100 K in 

these samples. 

 

To further elucidate the intrinsic transport behavior, we carried out Hall measurements 

on a 13C-rubrene single crystal FET which displayed band-like transport down to 100 K. 

Figure 5.3a shows the Hall resistance (defined as Rxy = Vxy/Id) as a function of magnetic 

flux density (B) between 5 T and ï5 T at different temperatures with a scan rate of 0.01 

T/s. The gate voltage and source current were fixed at ï40 V and 10 nA, respectively. A 

clear Hall signal with a positive slope can be observed, which is consistent with the p-type 

conduction in 13C-rubrene FETs. The noise level increases very rapidly upon cooling, so 

any Hall measurement at T < 180 K is prevented, which has been reported earlier in rubrene 

air-gap transistors.9 The slope of Rxy - B, which is the Hall coefficient RH = 1/epHall, 
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increases with decreasing temperature, indicating smaller charge density at lower 

temperature. We can extract the Hall mobility (ɛHall) from the equations below: 

ɛ
Hall
 = 

ů

ep
Hall

=
Rxy

BRxx

æL

W
                                                                                                 (5.4) 

where ů is the channel conductivity and Rxx is defined as Rxx = ȹV/Id. As shown in Figure 

5.3b, both ɛHall and ɛFET increase upon cooling and their trends are similar, implying that 

our device is still in the band-like regime even at 180 K. The Hall measurement confirms 

that the intrinsic, band-like hole transport has been achieved in 13C-rubrene single crystals. 

 
Figure 5.3 (a) Temperature dependence of Hall resistance for a 13C-rubrene air-gap 

transistor. Measurements were taken at ID = 10 nA and VG = ï40 V. This device has 

dimensions of ȹL = 350 ɛm and W = 220 ɛm. (b) Temperature dependence of the FET and 

Hall mobility for this device. Band-like transport persists over the whole temperature range 

(T > 180 K) in this device. 

 

5.3 Isotope effect and theoretical explanation 

To compare FET mobilities for 13C-rubrene and native rubrene, we fabricated 74 13C-

rubrene single crystal FETs in order to get a reasonable distribution of field-effect mobility. 

In addition, another 74 native rubrene single crystal FETs were fabricated and tested under 

the same conditions. We find that the mean values for mobility are 12.6 ± 2.2 cm2V-1s-1 

and 14.6 ± 2.4 cm2V-1s-1, respectively, for 13C-rubrene and native rubrene, where the 
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uncertainty interval represents 1 standard deviation. However, as many measurements were 

made, the t-test can be employed to find the confidence intervals on the mean values of the 

mobility, which are the confidence levels of finding the true values in such intervals. Based 

on the full statistics of mobility in Figure 5.4a, our calculations reveal that even the 99% 

confidence intervals have no overlap (see Appendix for detailed calculation). The 99% 

confidence interval on the mean value of mobility for 13C-rubrene single crystal FETs is 

found to be 12.6 ± 0.7 cm2V-1s-1, while that for native rubrene is 14.6 ± 0.7 cm2V-1s-1. That 

is, statistically speaking the mean values of mobility for native rubrene and 13C-rubrene are 

truly different and based on the mean values, the isotope effect is ï13%. We conclude that 

we have observed a negative isotope effect on charge transport in rubrene single crystals 

upon complete 13C-substitution. 

It is unlikely that the negative isotope effect is due to extrinsic factors such as 

impurities or structural defects because the 13C-rubrene crystals exhibit beautiful transport 

properties as shown above and are grown under the same conditions after extensive efforts 

have been made to clean the 13C-rubrene starting material. The purity and structural 

perfection was confirmed by photothermal deflection spectroscopy (PDS), which is a 

highly sensitive absorption technique that measures the density of optically active sub-

bandgap states in organic semiconductors.203,204 In Figure 5.4b, it is obvious that both 13C-

rubrene and native rubrene have clean bandgaps. Spectra of 2 different 13C-rubrene crystals 

are shown here in order to demonstrate that the measurements are reproducible. Moreover, 

the Urbach energy (Eu), which is determined from an exponential fitting of the absorption 

band edge across 4 decades of signal, can be used to characterize the atomic disorder in 

each crystal. Figure 5.4b reveals that 13C-rubrene and native rubrene have a similar Urbach 
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energy (~40 meV), which means their degrees of disorder (including both static and 

dynamic disorder) are comparable. It is thus reasonable to conclude that the origin of the 

negative isotope effect is the red-shift of vibrational frequencies after 13C-substitution as 

predicted by DDM.  

 

Figure 5.4 (a) Histograms of the room temperature mobility for rubrene and 13C-rubrene. 

The regions between the dashed lines represent the 99% confidence intervals on the mean 

values and they have no overlap. (b) Photothermal deflection spectroscopy of a native 

rubrene and 2 13C-rubrene crystals. (c) Carbon mass dependence of the calculated mobility 

of rubrene under two different assumptions: mass-dependent band narrowing (red) and 

constant band narrowing (blue) 

 

To gain further insight, we carried out simulations based on a numerical model of 

dynamic disorder introduced by Troisi et al.40 In earlier work it was predicted from this 

numerical model that increasing the molecular mass will cause a decrease in mobility.40 

However, this model did not include the effect of high-frequency modes. It has been 

reported that the effect of charge coupling to high frequency vibrations is to reduce the 
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transfer integrals between neighboring molecules, which is known as band narrowing.17,205 

This effect effectively decreases l loc and is distinct from the role of low frequency 

intermolecular modes which impact µ through ɤ. Band narrowing is mass-dependent and 

from Holstein small polaron theory we find that the bandwidth (transfer integral) of 13C-

rubrene is 3.5% narrower (this is an upper limit) due to the increased mass. Adding mass-

dependent band narrowing to the dynamic disorder scenario, we computed the mobility at 

300 K using rubrene parameters taken from a previous publication.41 The computed 

mobility decreases from 19.7 to 18.8 cm2V-1s-1 in going from 12C- to 13C-rubrene, i.e. by 

4.5%. If the band narrowing effect is neglected, the mobility reduction is 2.5%. Thus, the 

simulations confirm a significant negative isotope effect, although the calculated change is 

smaller than the experimental value. We also calculated the mobility of a hypothetical 

rubrene where the atomic mass of C is 20 amu to see the isotope effect more clearly (Figure 

5.4c). Indeed, heavier C atoms produce a more pronounced negative isotope effect. The 

qualitative agreement between experiment and theory broadly supports the dynamic 

disorder picture of transport in rubrene, but the quantitative discrepancy between the 

measured and simulated isotope effect suggests opportunities for further investigations. 

One possible explanation for the difference could be the existence of a sizable feedback 

between the reduced vibrational frequencies and the presence of unavoidable sources of 

extrinsic disorder, signaled here by the observed downturn of the mobility at temperatures 

below ~100 K. Reduced vibrational frequencies do lead to a reduced hole mobility, but it 

can also be expected that the resulting slower carriers become more prone to scattering and 

trapping by impurities and defects, an effect that should further reduce the overall mobility. 
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This hypothesis was confirmed by preliminary calculations in the presence of site disorder, 

showing that the effect of isotope substitution is enhanced by a factor of 2-3. 

5.4 Conclusions 

In summary, we have successfully synthesized 13C-substituted rubrene and 

systematically investigated the structural and electrical properties of vapor-grown 13C-

rubrene single crystals. 13C-rubrene single crystals maintain the intrinsic transport behavior 

of native rubrene, including hysteresis-free output and transfer characteristics, an average 

hole mobility over 10 cm2V-1s-1 at room temperature, and the clear signature of band-like 

transport persisting to very low temperature (T Ò 100 K), with a maximum mobility of ~45 

cm2V-1s-1 at ~100 K. The excellent performance of 13C-rubrene single crystal FETs is 

further confirmed by the observation of the Hall effect in the conducting channel of a 13C-

rubrene air-gap transistor, which provides characteristic evidence of the diffusive 

delocalization of charge carriers over a few molecules. Importantly, we have observed a 

significant negative isotope effect on charge transport in rubrene single crystals after 13C-

substitution, which originates from the decreased vibrational frequencies of 13C-rubrene 

and supports the physical picture of transport under the influence of dynamic disorder. In 

a general sense, we believe that 13C isotopic substitution opens new opportunities to 

understand transport phenomena in organic single crystals. 

5.5 Experimental methods 

    Single crystals of 13C-rubrene were grown by the well-developed horizontal physical 

vapor transport (PVT) method using ultrapure Ar as carrier gas.78,79 The sublimation 

temperature was kept at 280-290 °C and growth usually took several days. Crystals 

collected after one round of PVT were used as source material for a second round of PVT 
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to minimize impurities in the crystals used for transistor measurements. The surface quality 

of organic single crystals is very important for charge transport, so only those crystals with 

very smooth surfaces were selected for device fabrication. 

    Single-crystal X-ray crystallography was collected on a BRUKER APEX II 

diffractometer with Cu KŬ radiation (ɚ = 0.154 nm) at 123 K. A Panalytical XôPert Pro 

diffractometer was used for the wide-angle XRD experiment, in which monochromatic Cu 

KŬ radiation was applied at 45 kV and 40 mA. The AFM images of the single crystals were 

taken by a Bruker NanoScope V Multimode scanning probe microscope operating in 

tapping mode and analyzed using the software Gwyddion. The Raman spectra of were 

collected in a backscattering geometry using a confocal Raman spectrometer (Witec 

Alpha300R) with linearly polarized radiation at 633 nm. 

    PDMS-based air-gap transistors were fabricated according to previous reports.88 First, 

the desired patterns were defined on a silicon wafer by photolithography. The wafer was 

then put in a clean petri-dish and PDMS pre-polymer (Sylgard 184, Dow Corning) was 

mixed with curing agent and poured into the petri-dish. After it was degassed and baked, 

the PDMS stamp was peeled off. The depth of the air-gap was measured to be roughly 5 

ɛm by a KLA-Tencor P-16 surface profiler. Finally, Cr/Au contacts (3/20 nm) were formed 

by electron-beam evaporation using a CHA electron beam deposition system. The air-gap 

transistors were fabricated by simply laminating the crystals over the source and drain 

electrodes with their long-axis aligned across the channel. The van der Waals interaction 

between the crystal and the substrate led to good contacts between organic crystal and Au 

electrodes. The 5 ɛm air-gap served as the gate dielectric. All the devices were fabricated 
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under ambient conditions and transferred into a nitrogen-filled glovebox for further 

electrical measurements. 

    Output and transfer characteristics of the transistors were taken in a Desert Cryogenics 

(Lakeshore Inc.) probe station in a nitrogen-filled glovebox equipped with Keithley 236 

and 2612 source-measure units (SMUs) and homemade Labview programs. Two Keithley 

6517A electrometers were connected to the voltage-sensing probes for 4-probe 

measurement. A Lakeshore 331 temperature controller was employed in low-temperature 

current-voltage (I-V) measurements. All measurements were performed in vacuum and in 

the dark. 

    Temperature- and field-dependent measurements of Hall effect were conducted in a 

Physical Property Measurement System (PPMS, Quantum Design) with a 9 T 

superconducting magnet. A Keithley 2400 SMU was used to apply gate voltage, and a 

Keithley 220 SMU and a Keithley 2002 electrometer were respectively used to source 

current and measure voltage. To prepare the device for Hall measurement, the crystal was 

laminated on the PDMS substrate with pre-patterned Hall-bar geometry. The sample was 

wired on the PPMS puck by Au wires (25 ɛm diameter) and Ag paint. 

    PDS measurements were performed on a home-built set-up described by Vandewal et 

al.206 Measurements were taken using a mechanically chopped (3.333Hz) monochromatic 

light source using both a 150W Xenon and 100W halogen pump lamp with 5nm spectral 

resolution focused onto the sample. Degassed and filtered perflourohexane (C6F14, 3M 

Flourinert FC-72) was used as the deflection medium. Single crystal samples were 

transferred onto PDMS on quartz substrates that were stored and transferred in a nitrogen 
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environment with < 1ppm of oxygen. The crystals were aligned with maximal overlap 

between the pump beam and single crystal. 
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Chapter 6 Scanning Kelvin Probe Microscopy Reveals Planar 

Defects Are Sources of Electronic Disorder in Organic 

Semiconductor Crystals 

Electronic disorder in organic semiconductor single crystals, manifested as parallel 

surface potential domains with potential variations ranging from tens to hundreds of mV, 

is observed by scanning Kelvin probe microscopy. Chemical etching and X-ray diffraction 

indicate that the potential domains are correlated with planar defects such as stacking faults. 

The results have important implications for understanding structureïtransport relationships 

in organic semiconductor single crystals. This work has been published as Y. Wu, X. Ren, 

K. A. McGarry, M. J. Bruzek, C. J. Douglas, and C. D. Frisbie, ñScanning Kelvin Probe 

Microscopy Reveals Planar Defects Are Sources of Electronic Disorder in Organic 

Semiconductor Crystalsò, Advanced Electronic Materials, 2017, 3, 1700117. 

6.1 Introduction 

    Single crystals of organic semiconductors play a central role in organic electronics 

research because their low levels of static disorder (vis-à-vis thin films) provide 

opportunities for examining fundamental electrical transport behavior.5ï7,190 Field effect 

transistor (FET) measurements based on single crystals of the benchmark semiconductor 

rubrene, for example, have revealed remarkable transport properties and redefined our 

understanding of intrinsic transport limits.8 Key observations on rubrene single crystal 

FETs include highly reproducible room temperature hole mobilities above 10 cm2V-1s-1, 

band-like temperature dependence of the mobility (i.e., mobility increasing with cooling 

down to 100 K), robust Hall effect behavior, and clear mobility anisotropy correlated with 



87 
 

the crystal structure.9,59,90,91 Collectively, these results support the physical picture of 

highly mobile and partially delocalized carriers in the crystalline limit where defect 

densities are low. A handful of other organic semiconductor materials have shown similar 

behavior suggesting that the excellent properties of rubrene should be general to many 

single crystal organic semiconductors.29,32ï34,60,207,208  

    Yet in reality, the situation is not so simple.  Many organic semiconductor materials that 

appear to be promising in terms of their solid state packing and electronic structure (-́  ́

overlap) do not perform well in commonly employed field effect transport measurements, 

even in single crystal form.202,209 This includes materials for which the calculated transfer 

integrals exceed those for rubrene.209 In those cases in which the intrinsic packing and 

electronic structure appear to be excellent for transport, it seems obvious that the difficulty 

must be extrinsic disorder, i.e., defects that lead to charge traps and barriers. However, it 

is not always straightforward to detect such disorder. X-ray methods do provide a powerful 

approach in some cases, though most reports of single crystal FET measurements are not 

accompanied by detailed X-ray analysis to reveal inhomogeneous strains or dislocation 

densities, for example. X-ray approaches (e.g., tomography) can also be laborious or 

require specialized equipment, which can limit their routine application to organic crystals 

that have not performed well in transport experiments.210 Thus, the highly desirable link 

between performance and structure is often broken and, consequently, the inability to 

consistently and rationally synthesize crystals with superior transport properties remains a 

long-standing and frustrating challenge for organic electronics. 

In this paper we report the observation that surface potential images obtained by 

scanning Kelvin probe microscopy (SKPM) of many organic semiconductor crystals have 
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striking contrast that reflects a high degree of electronic disorder.  The amplitudes of the 

surface potential fluctuations can reach 100 mV or more (i.e., > kT), so that it is clear the 

disorder, which creates ñhillsò and ñvalleysò for charge, will affect charge transport, 

particularly field effect transport that occurs on the surfaces of crystals.  The surface 

potential contrast is directly correlated with structural disorder revealed through a 

combination of grazing incidence X-ray diffraction and chemical etching.  In some cases, 

it is obvious that the ñsingle crystalò sample is indeed not a single crystal domain, but is 

instead composed of large crystalline subdomains, much like highly twinned metal crystals. 

In other cases it appears that stacking faults (i.e., planar defects) are the source of the 

surface potential variations. While prior work on thin films has shown the ability of SKPM 

to visualize defects such as grain boundaries,211ï213 the discovery that structural and 

associated electronic disorder in organic single crystals can be visualized and quantified by 

a scanning probe technique is important for organic electronics because it provides a 

rationale for why many organic crystals underperform in transport experiments. To our 

knowledge, detection of extensive defects in organic single crystals by SKPM has not been 

reported before. 

6.2 Observation of electronic disorder 

As model systems, we focus on a series of rubrene derivatives that have packing 

arrangements similar to their parent molecule, rubrene. One of the rubrene derivatives, 

bis(trifluoromethyl)-dimethyl-rubrene (FM-rubrene), preserves the same space group as 

rubrene when grown by the physical vapor transport method.202 The molecular structure 

and crystal packing of FM-rubrene are shown in Figures 6.1a and 6.1b. Single crystal X-

ray crystallography shows that like rubrene, sublimation-grown FM-rubrene crystals adopt 
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an orthorhombic structure (Cmca space group) and slipped -́stack packing motif with the 

-́stacking direction along the b axis.202 Interestingly, polarized light microscopy of as-

grown crystals (Figure 6.1c) indicate a single crystal domain with the largest facet being 

the (100) plane and the longest direction aligned with the crystallographic b axis. Quantum 

chemical calculations based on the crystal structure indicate that electronic transfer 

integrals are somewhat larger for FM-rubrene than native rubrene suggesting that the 

electrical transport properties should be favorable.209 Indeed, single crystals of FM-rubrene 

display reasonable transport properties in FETs (contact corrected hole mobility ~ 1 cm2V-

1s-1),202 though not as good as native rubrene (contact corrected hole mobility > 10 cm2V-

1s-1). The poor performance compared to native rubrene was puzzling to us and suggested 

that there must be structural disorder in FM-rubrene. 

 
Figure 6.1 (a) Molecular structure of FM-rubrene. (b) Crystal structure in the b-c plane. 

(c) Cross-polarized optical micrograph of as-grown FM-rubrene crystal. (d) Topography 

of FM-rubrene single crystal shows typical terrace structure and each terrace has a height 
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corresponding to one molecular layer. (e) Corresponding surface potential image obtained 

simultaneously with topography shows parallel stripes across the surface. (f) Surface 

potential line profile obtained from the dashed line in (e). (g) Surface potential histogram 

of the entire surface potential image in (e). 

 

    Figures 6.1d and 6.1e show the topography and surface potential images of a FM-

rubrene (100) surface obtained by SKPM. The topography image reveals a clean surface 

with a 17 Å molecular step, coinciding with one-half of the a axis unit cell parameter. This 

is similar to the topography of the rubrene (100) surface, only with a slightly larger step 

height, as expected, due to the orientation of the ïCH3 and ïCF3 groups along this axis. 

Significantly, the corresponding surface potential map shows striking contrast. There are 

parallel dark (more negative surface potential) stripes on a bright (more positive surface 

potential) background. Such surface potential corrugation is quantitatively depicted by the 

potential line profile in Figure 6.1f. Histogram analysis of the entire surface potential 

image (Figure 6.1g) reveals that the average surface potential difference between the dark 

stripes and the bright background is approximately 150 mV, very significant compared to 

thermal voltage kT/e (25 mV) at room temperature. Examination of approximately 100 

FM-rubrene crystals reveals that the majority display surface potential stripes with 

amplitudes from ~50 mV to ~700 mV as shown in Appendix, Figure A2.1. It is reasonable 

to suppose that the stripes in Figure 6.1 reflect structural defects;212,214,215 indeed, we show 

below that this is the case. The important point at this juncture is that SKPM reveals defects 

that are not detected by topographic scans (Figure 6.1d) or by polarized light microscopy 

(Figure 6.1c). In addition, standard out-of-plane X-ray diffraction (XRD) revealed no 

obvious anomalies for any of the crystals (see Figure A2.2 in Appendix). As optical 

microscopy and out-of-plane XRD are commonly employed to assess the quality of crystals, 
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it is clear that the defects in Figure 6.1, which are readily observable by SKPM, could be 

missed. 

 
Figure 6.2 (a) Distribution of the orientations of the surface potential stripes in about 50 

FM-rubrene samples. The orientation is quantified by the angle (ɔ) between the stripes and 

the [010] axis. There are two distinct populations of the samples, one with stripes parallel 

to the [010] axis (type 1 defect) and the other having a ~60° angle between the stripes and 

the [010] axis, i.e., parallel to the [011] axis (type 2 defect). (b) A typical surface potential 

map showing potential stripes parallel to the [010] axis. (c) A rare surface potential map 

showing crossing potential stripes, one parallel to the [010] axis and the other roughly 

parallel to the [011] axis. 

 

The crystallographic orientation of the potential stripes was quantified by measuring the 

angle (ɔ) between the stripes and the [010] direction, which is aligned along the long axis 

of the crystal. As indicated in Figure 6.1e, the surface potential stripes correspond to the 

[011] direction. However, upon sampling over 50 crystals, two distinct stripe orientation 

populations were observed as shown in Figure 6.2a, one with ɔ close to 0° (i.e., stripes 

along [010], termed a type 1 defect) and the other close to 60° (i.e., stripes along [011], as 

in Figure 6.1e, termed a type 2 defect). Figure 6.2b is an example surface potential map 
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with stripes parallel to [010] and it looks similar to the surface potential image in Figure 

6.1e in which the stripes are aligned along [011]. Figure 6.2c displays a rare image in 

which surface potential stripes of both orientations are present. The two types of stripes 

cross through each other. Although we did not frequently observe the situation shown in 

Figure 6.2c, it clearly supports the co-existence of two different potential stripe 

orientations, and two types of defects, in FM-rubrene crystals. 

6.3 Structural origin of electronic disorder 

Nearly all FM-rubrene crystals exhibited surface potential stripes. This is very different 

from our previous examinations of rubrene single crystals by SKPM which show 

homogeneous surface potential images.188  To characterize the nature of the defects leading 

to striping, we undertook in-plane (grazing incidence) XRD measurements of the (100) 

major facet, as out-of-plane XRD (i.e., with the scattering vector normal to (100)) was not 

informative. Specifically, we performed ʟ scans (ʟ is the angle of the incident X-ray beam 

relative to a reference crystallographic direction in the (100) plane of the crystal). The 

geometry of the experimental setup is shown in Figure 6.3a. The incident X-ray and 

detector positions (2ɗ) are fixed at grazing incidence and reflection and the sample rotates 

(i.e., ʟ  is varied from 0° to 360°). The in-plane 2ɗ value was determined by the diffraction 

condition for a particular plane in FM-rubrene; we chose the (022) plane, corresponding to 

2ɗ = 27.68°. Since the multiplicity of (022) plane of FM-rubrene is 4, we expected to 

observe 4 peaks separated by 55° or 125° according to the angle between planes (022) and 

(022) of the crystal. However, as shown in Figure 6.3b, the ʟ  scan shows two sets of peaks 

instead of one and the angle between the two sets of peaks is roughly 90°. This indicates 

that this sample is not a single crystal; there are sub-domains oriented at 90° to each other. 
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The situation is depicted in Figure 6.3c. Importantly, we observe for such samples that 

potential stripes align with the [010] direction. Thus, the Figure 6.3b data represent 

detection of type 1 defects, which correspond to parallel domain boundaries between sub-

crystals oriented at 90° with respect to each other. Again, neither optical microscopy nor 

out-of-plane XRD revealed these defects.    

 
Figure 6.3 Grazing incidence XRD revealing type 1 defects in FM-rubrene. (a) Schematic 

of the grazing incidence (in-plane) ʟ  scan of an FM-rubrene single crystal. The (022) plane 

with multiplicity of 4 was chosen because unlike planes such as (004), its 2ɗ value is not 

too close to the 2ɗ values of other planes to cause any confusion (see Table A2.1). (b)  ʟ

scan of FM-rubrene shows two sets of peaks for the (022) diffraction plane. The angle 

between the two sets of peaks is approximately 90°. (c) Schematic of the proposed type 1 

defect in FM-rubrene in which surface potential stripes are aligned along [010]. 

 

To further explore the defect structures, we chemically etched the FM-rubrene crystals 

with ethanol. Chemical etching of defects in organic single crystals was reported for 

anthracene, naphthalene, and tetracene crystals as early as the 1960s.216ï218 Surprisingly, 

we found that crystals with type 1 defects did not etch under the conditions we employed. 

However, crystals with type 2 defects showed deep etch grooves aligned along the [011] 

stripe direction. Figures 6.4a and 6.4b show the topography and corresponding surface 

potential images of a partially etched FM-rubrene single crystal. The AFM topography 
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image in Figure 6.4a shows parallel grooves with depths on the order of 100 nm according 

to the line profile analysis. In the corresponding surface potential image (Figure 6.4b), the 

potential corrugation is not as obvious in the deeply etched regions as in regions not yet 

significantly etched. Importantly, there is a one-to-one correlation between the etching 

grooves and the surface potential stripes.  

 
Figure 6.4 Chemical etching of type 2 defects in FM-rubrene. (a) Topography of a partially 

etched FM-rubrene single crystal shows parallel etch grooves in the deeply etched regions.  

(b) The simultaneously acquired surface potential image of the crystal in (a). The surface 

potential corrugation in the deeply etched regions is hard to distinguish while the potential 

stripes still remain in the regions that are not yet etched. The material in the dark stripe 

regions is etched preferentially. (c) Higher magnification topography scan of the grooves 

created by chemical etching. The stable crystallographic directions revealed by etching are 

the [010] and [011] directions. (d) Simultaneously acquired surface potential map of the 

crystal in (c). The centers of the dark potential stripes correspond with the centers of the 

grooves. (e) Schematic of proposed stacking fault in FM-rubrene that results in potential 

stripes parallel to [011]. 

 

    To take a closer look at how the grooves form, the etching time was controlled to render 

an FM-rubrene surface that was only slightly etched. The topography and the 
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corresponding surface potential images at higher magnification are shown in Figures 6.4c 

and 6.4d, respectively. The grooves are highly faceted, Figure 6.4c. It appears that the 

stable crystallographic directions revealed by etching correspond to the [010] and [011] 

directions, as labeled in the figure. The grooves along [011] gradually deepen as the etching 

fronts of the top molecular layers advance over time followed with the etching of the 

underlying layers. The corresponding surface potential image in Figure 6.4d reveals that 

the center of the dark potential stripes coincides with the center of the grooves.  

It is known that defect types can be determined by the shapes of the etch pits. Etch 

grooves are typically regarded as the result of two-dimensional planar defects, which 

include, for instance, grain boundaries, twin boundaries, and stacking faults.219ï221 We have 

not yet identified the precise nature of the type 2 planar defect in FM-rubrene; this will 

require sophisticated electron microscopy of these soft crystals. However, considering the 

specific orientations of the stripes and the groove facets in Figures 6.4c and 6.4d, we 

hypothesize that the type 2 defect is a stacking fault. Figure 6.4e depicts a proposed 

stacking fault created by partial slip of the crystal along the [011] direction by one half of 

the magnitude of [011].  This proposed defect is consistent with our observation that the 

type 2 defects were not detectable by grazing incidence XRD, conventional out-of-plane 

XRD, or by polarized light microscopy. 

A key point is that both type 1 and 2 defects do not change the molecular packing (d-

spacing) along the a-direction, so topographic AFM and wide-angle XRD (normal to (100)) 

will not be sensitive to these defects. For polarized light microscopy, the type 1 defect is 

likely not observed because two sub-domains oriented at 90° to each other will give 

uniform brightness across the crystal for all crystal orientations; the type 2 defect is not 
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observed because a stacking fault does not change the principal optical axes of the crystal 

so that the brightness is also still the same. 

Of course, a crucial issue is why type 1 and type 2 planar defects exhibit surface potential 

contrast. We propose that both types of faults originate to relieve strain in the crystal (see 

below), and that residual strain between the fault planes gives rise to surface potential 

fluctuations. Indeed, we have demonstrated recently that very small elastic strains on the 

order of 0.1% in organic crystals can give rise to substantial surface potential excursions.188 

We will return to this point below. 

T/K  283 333 383 433 483 

Crystal 

Structure 
Orthorhombic Orthorhombic Triclinic Triclinic Triclinic 

a/Å 34.1654 34.2709 17.4039 17.3801 17.2620 

b/Å 7.2502 7.2797 7.3439 7.4024 7.5012 

c/Å 14.0113 14.1173 14.1270 13.9034 14.8987 

Ŭ 90.0000 90.0000 89.2403 88.5863 89.6164 

ɓ 90.0000 90.0000 87.7138 86.0192 85.4755 

ɔ 90.0000 90.0000 78.0939 78.2871 77.7923 

V/Å3 3470.670 3522.014 1765.350 1747.167 1879.563 

Table 6.1 Unit cell parameters of FM-rubrene as a function of temperature. A structural 

transformation occurs at the temperature between 333 K and 383 K. The crystal structure 

changes from orthorhombic to triclinic as temperature increases. 

 

The frequent occurrence of planar defects in FM-rubrene can be understood by 

temperature-dependent single crystal XRD measurements. As shown in Table 6.1, there is 

a distinct structural transformation within the temperature range of 333 K to 383 K. At 

room temperature, physical-vapor-grown FM-rubrene crystals adopt an orthorhombic 

crystal structure. As temperature increases to 333 K, the crystals undergo thermal 

expansion but the orthorhombic structure is preserved. However, as the temperature 

reaches 383 K a solid-solid phase transition occurs and the crystals adopt a triclinic 
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structure. When the crystals are cooled back to the room temperature, the orthorhombic 

crystal structure is recovered. Such a solid-solid phase transition does not occur in native 

rubrene as shown in Table A2.2 in Appendix; this table shows that in native rubrene only 

uniform changes of lattice parameters resulting from thermal expansion are observed 

across the entire temperature range.  

FM-rubrene crystals were grown at ~500 K by the physical vapor transport method, and 

were cooled to room temperature for collection and analysis. Thus, the XRD results 

indicate that the final FM-rubrene crystals harvested from the growth apparatus went 

through a structural transformation from triclinic to orthorhombic crystal packing upon 

cooling in the furnace. Given the tremendous strain (several %, see Appendix and Figure 

A2.3) associated with such a solid state phase change, it is not surprising that an abundance 

of planar defects are generated. Furthermore, the two types of planar defects we observe in 

FM-rubrene, namely stacking faults and domain boundaries, likely only remove part of the 

elastic strain associated with the phase transition. The defects themselves have an 

associated free energy cost that must be balanced against the free energy gain associated 

with strain relief. Thus, not all of the strain associated with the phase transition will be 

eliminated. We thus propose that residual strain in the crystals is the cause of the surface 

potential domains. We have previously shown that elastic strain leads to surface potential 

variations in benchmark crystals of rubrene.188 According to our previous findings, elastic 

strains of 0.1% can lead to surface potential variations of 100 mV. The 80-150 mV 

excursions we observe for FM-rubrene crystals may indeed correspond to such very small 

residual strains.  
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Figure 6.5 Potential stripes in other rubrene derivatives. (a)  Topography, surface potential, 

and potential profile for F-rubrene (structure shown in inset). The profile corresponds to 

the white dashed line. The potential difference between the peaks and valleys in the 

potential profile is ~25 mV. (b)  Topography, surface potential, and potential profile of the 

white dashed line for FM2-rubrene. The potential difference between the peaks and valleys 

in the potential profile is ~35 mV. (c) Topography, surface potential, and potential profile 

of the white dashed line for FM3-rubrene. The potential difference between the peaks and 

valleys in the potential profile is ~60 mV. 

 

To explore the generality of our findings we investigated a number of other organic 

single crystals grown by physical vapor transport. Interestingly, the phenomenon observed 

in FM-rubrene is also commonly found in many other materials. Figure 6.5 shows the 

SKPM results of three other rubrene derivatives with different numbers of ïCH3 and ïCF3 

pendant groups. Parallel potential stripes are evident for all three derivatives although the 
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magnitudes of the potentials vary from one crystal to another. Furthermore, as shown in 

Appendix Figure A2.4, SKPM examinations of other organic semiconductor single crystals 

including p-type dinaphtho[2,3-b:2,3-f]thieno[3,2-b]thiophene (DNTT),222 and n-type 

semiconductors buckminsterfullerene (C60),223 and a naphthalene diimide derivative (Cl2-

NDI),224 also show similar stripes. With this preliminary work, it appears to us that 

electronic and structural disorder is fairly common in a variety of organic semiconductor 

crystals. Rubrene, however, generally does not show surface potential domains and this 

may be key to its excellent FET transport characteristics.  

6.4 Conclusions 

    In summary, SKPM reveals planar defects in a variety of organic semiconductor single 

crystals. In the case of FM-rubrene, the defects appear to result from a solid-solid phase 

transition that occurs on cooling from the growth temperature to room temperature. 

Significantly, the planar defects are not readily detectable by commonly employed 

characterization methods such as polarized light microscopy or conventional out-of-plane 

XRD, but are easily visualized by SKPM. The surface potentials associated with the defects 

represent electronic disorder, perhaps due to residual strains, and are likely to have high 

impact on the field effect transport properties of the crystals, for example by causing 

fluctuations in the HOMO and LUMO band-edge positions leading to barriers and traps 

for charge. Future experiments will focus on establishing a one-to-one correlation between 

the defect potentials and transport. Nevertheless, the current results highlight the utility of 

SKPM as a method of revealing correlated electronic and structural disorder in organic 

single crystals, which should help to advance the understanding of structure-property 

relationships in organic electronics.  
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6.5 Experimental methods 

    Single crystals investigated in this work were grown by physical vapor transport using 

ultrapure Ar as carrier gas.78,79 The sublimation temperatures varied from ~200 °C (Cl2-

NDI) to ~600 °C (C60) depending on the types of organic materials. Only thin crystals (<5 

ɛm) with uniform crystalline regions and smooth/clean surfaces were selected for sample 

preparation. Freshly made crystals were laminated onto PDMS substrates. Spontaneous 

adhesion of the crystals to the substrates occurred. In order to electrically ground the 

sample, vapor deposited gold film with thicknesses around 500 nm was removed from a Si 

substrate and transferred to cover part of the crystal by tweezers, and silver paint was then 

used to connect the gold film to the metal SKPM sample puck. 

    SKPM measurements were performed with a Bruker Nanoscope V Multimode 8 

Scanning Probe Microscope, which works in a two pass ñlift modeò. In the first pass of 

each line of an image, the conductive probe scans the rubrene surface in attractive-regime 

dynamic mode to generate the topographic data under conventional amplitude-modulation 

feedback (also known as ñACò or ñtappingò mode) while mechanically vibrating the 

cantilever near resonance. To stabilize performance in the attractive regime, the cantilever 

was driven at a drive frequency slightly larger (~150 Hz) than the fundamental resonant 

frequency, and the setpoint amplitude was about 90% of the free amplitude (~90 nm). In 

the second ñinterleaveò pass, the probe was lifted to a constant height above the surface 

and scanned the topographic trajectory acquired in the first pass. A tip-applied AC bias 

resonantly excites the cantilever (via a time-varying electrostatic force gradient between 

tip and sample) while a DC bias was adjusted under feedback so as to null the AC excitation 

by matching (and thus measuring) the surface potential point-to-point across the surface.225 



101 
 

The measurements were carried out inside an argon-filled glove box with oxygen level <5 

ppm. The typical probes were from Bruker (FMV-PT, Pt/Ir coated, resonant frequency ~75 

kHz, spring constant ~2.8 N/m). The lift height during the second pass was 20 nm, which 

was beyond the range where van der Waals forces come into play. The applied AC voltage 

in SKPM was 0 to +6 V in amplitude. The SKPM images were analyzed using the freeware 

Gwyddion.   

    Ethanol was used as the etchant for chemical etching. The crystal samples were 

submerged into ethanol drops in an atmosphere saturated with ethanol vapor. After a 

desired etching period (from 30 min up to 3 hours), the sample was rinsed with a distilled 

water spray (~20 s) to quench the etching reaction. Isopropyl alcohol spray bottle rinse 

(~60 s) followed to remove residual organic buildup on the sample surface after chemical 

etching. The sample was thoroughly rinsed by distilled water spray again and was then 

dried with N2 gas (~60 s).  

    High resolution in-plane (◖ scan) and out-of-plane XRD measurements were carried out 

with a PANalytical XôPert Pro X-ray diffractometer with a Cu KŬ source (ɚ = 0.154 nm) 

operated at 45 kV and 40 mA filament current. The lattice parameters as a function of 

temperature for FM-rubrene and rubrene single crystals were determined by a Bruker 

SMART Platform CCD diffractometer using graphite-monochromated Mo KŬ radiation (ɚ 

= 0.71073 Å) at temperatures from 283 K to 483 K with increments of 50 K.  
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Chapter 7 Rubrene Single-Crystal Transistors with 

Perfluoropolyether Liquid Dielectric: Exploiting Free Dipoles to 

Induce Charge Carriers at Organic Surfaces 

We report the use of perfluoropolyether (PFPE) as a liquid dielectric for use in rubrene 

single-crystal transistors. In particular, we explore the effect of the free, permanent dipoles 

in PFPE on the charge carrier accumulation and transport at the rubrene/ PFPE interface. 

This provides a complementary approach to ionic liquid dielectrics where charge 

accumulation is achieved via mobile ions. Large hysteresis (i.e., a memory effect) in 

transistor transfer curves and peaks in the gate displacement current curves are observed 

and interpreted in terms of the dipolar response of PFPE to the gate electric field. The 

orientation of free dipoles in PFPE is found to have a significant influence on the formation 

and annihilation of the rubrene conducting channel. Hole densities on the order of 1011 

cmī2 are achieved at the surface of rubrene, and a transition from band-like to hopping 

transport near the freezing point of PFPE is evidenced by temperature-dependent Hall 

effect and resistance measurements. Overall, the dipole-induced memory effect and the 

possibility of further increase in charge accumulation by increasing the dipole density 

suggest that liquids with free, permanent dipoles may be interesting dielectrics for use in 

field-effect transport experiments. This work has been published as X. Ren, E. Schmidt, J. 

Walter, K. Ganguly, C. Leighton, and C. D. Frisbie, ñRubrene Single-Crystal Transistors 

with Perfluoropolyether Liquid Dielectric: Exploiting Free Dipoles to Induce Charge 

Carriers at Organic Surfacesò, The Journal of Physical Chemistry C, 2017, 121, 6540. 
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7.1 Introduction 

    Previously, we and others have advanced the use of liquids as gate dielectrics for field-

effect transport experiments on organic single crystals.97,125,137,138,144,226ï228 For 

fundamental work, liquid dielectrics offer several advantages, including the possibility of 

tuning the dielectric constant over a wide range (e.g., 2-60), the possibility of introducing 

mobile ions facilitating electrical double layer formation, the ability to insert the liquid at 

room temperature thus minimizing crystal damage, and, in principle, the option to remove 

the liquid and return to an air-gap structure such that comparisons of transport with and 

without the liquid can be made.97,138 Using this strategy, we have shown that the carrier 

mobility of systems such as rubrene systematically decreases as the liquidôs dielectric 

constant increases, consistent with earlier findings for solid dielectrics.93,138 We have also 

shown that it is possible to achieve extremely high charge carrier densities on the surface 

of rubrene crystals using ionic liquid electrolytes, which has allowed the observation of 

gate-induced near-metallic behavior, as well as intriguing peaks in conductance as a 

function of charge carrier density.144,228 

    Following initial work by Lee et al., here we explore the use of a different liquid as a 

gate dielectric, namely the perfluorinated oligomer perfluoropolyether (PFPE), which has 

a free electric dipole with a moment of 0.4 Debye.229 The density of these dipoles is ~1021 

cm-3 and we could thus expect, based on Leeôs work, that orientation of the dipoles under 

the influence of a gate electric field could lead to an enhancement of the charge carrier 

density on the surface of rubrene crystals. The earlier work by Lee et al. indeed showed 

that significant charge carrier densities, and a trap-healing effect, could be observed in 

resistivity measurements on rubrene in contact with PFPE. However, in that work field-
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effect transistor (FET) geometries using PFPE as the dielectric were not investigated. Here, 

by making such PFPE-gated FETs and measuring gate displacement currents, FET transfer 

characteristics, and the Hall effect, we observe interesting and unusual charge 

accumulation effects, as well as achieving charge carrier densities that exceed the expected 

values based on the dielectric constant of PFPE (~4) alone. Specifically, due to the 

existence of dipole-induced charge (1010-1011 cm-2), we find a memory effect in the transfer 

curves of PFPE-gated rubrene transistors, which creates a 3-order-of-magnitude difference 

in the conductance near VG = 0 depending on the prior gate voltage application history. We 

anticipate that a higher charge carrier density can be expected if a liquid with a larger dipole 

density is applied. Overall, the results point to intriguing opportunities to use dipolar liquids 

in field-effect transport experiments. 

7.2 Displacement current measurements and transistor characteristics 

    Initially, the dielectric properties of PFPE were characterized by DCM on an MIM 

capacitor (Figure 7.1a). In Figure 7.1b, the currents are seen to be constant when 

sweeping in one direction and have similar magnitude but opposite sign when sweeping 

in the other direction, which are features of an ideal capacitor. From these DCM curves, 

we can extract the specific capacitance (Ci = C/A, where C is the total capacitance and A 

is the channel area) according to: 

IG = 
dCVG

dt
 å ACi

dVG

dt
                                                                                                (7.1) 

The specific capacitance of the device shown in Figure 7.1b is 0.71 nF/cm2, which 

corresponds to a dielectric constant of ~4 (Figure A3.1 in Appendix). These DCM data on 

MIM structures thus support the idea that PFPE can be used as a liquid dielectric in FETs, 
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the existence of a dipole moment appearing to have no observable effect on the 

performance of the MIM capacitor. 

 
Figure 7.1 (a) Top: molecular structure of PFPE; Bottom: schematic cross-section of the 

PFPE MIM capacitor with dielectric thickness of 5 ɛm. (b) Displacement currents of the 

PFPE MIM capacitor with sweep rates from 8.62 to 17.22 V/s at 300 K. Device dimensions: 

L = 500 ɛm, W = 620 ɛm.  

 

    Before proceeding to employ PFPE as a dielectric material in rubrene FETs, rubrene 

air-gap devices were first fabricated and tested. The hole mobility was calculated in the 

linear regime from the standard FET equation (when VD << VG ï VTH): 

ID = 
W

L
CiɛVDVG-VTH                                                                                                 (7.2) 

where W and L are respectively the width and length of the semiconducting channel, ɛ is 

the carrier mobility, and VTH is the threshold voltage. The air-gap transistor shown in 

Figure 7.2a has a FET mobility of 14.5 cm2V-1s-1, and the transfer curve is hysteresis free, 

both of which are typical for rubrene single crystal air-gap FETs. After selecting a high 

performance device such as this, the air-gap was then filled with PFPE liquid (see inset to 

Figure 7.2b) to carry out liquid-gating experiments. Figure 7.2a clearly shows that the 

transfer curve of the PFPE-gated device presents large hysteresis, which is absent in the 

air-gap device. Understanding the origin of this hysteresis, which is a central observation 
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of this work, is critical to understanding the operating mechanism. It is known from Lee et 

al.ôs earlier work that the dipole moment in PFPE can cause charge accumulation at the 

rubrene/PFPE interface even without a gate voltage, and that the induced charge carrier 

density can be as high as 1010-1011 cm-2.229 Thus, when the device in Figure 7.2 is operating 

under a negative gate bias, the charge carrier density in the rubrene channel consists of two 

parts: a dipole-induced charge and a gate-induced charge. In the current work, since the 

device is tested under a gate bias, the dipoleôs response to the electric field must clearly be 

taken into consideration.  

 
Figure 7.2 (a) Transfer curves of a rubrene single crystal transistor with different 

dielectrics at 300 K: air (red) and PFPE (black). Mobilities: µair = 14.5 cm2V-1s-1, µPFPE = 

6.3 cm2V-1s-1. (b) Displacement currents of the PFPE-gated device with sweep rates from 

5.75 to 17.24 V/s at 300 K (inset: device structure of the PFPE-gated rubrene FET). A large 

hysteresis appears in the transfer curve of the PFPE-gated device and two peaks are 

observed in the displacement currents. Device dimensions: L = 500 ɛm, W = 600 ɛm. 

 

To study the response of the PFPE dipoles to sweeping gate voltages, we also measured 

the gate displacement currents of PFPE-gated rubrene FETs. In these measurements, the 

source/drain electrodes were grounded while the gate voltage was swept at various rates. 

DCMs have been widely used to study the charge injection properties of organic FETs 

(OFETs) with different dielectrics, including oxides and ionic liquids.137,142,143 

Interestingly, the DCM curves of PFPE-gated devices are very different from those of 
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devices with other dielectrics. In Figure 7.2b, for instance, regardless of the sweep rate, 

there are always two peaks in a single VG loop. The peak in the forward sweep (from 

positive to negative voltage) appears at -5 V to -10 V, while the one in the reverse sweep 

appears at +5 V to +10 V. The existence of these peaks can be explained by a dipole 

flipping process under applied gate voltages. In the forward sweep, which indicates a hole 

injection process, the device turns on near VG = 0 V (Figure 7.2a), and a pronounced DCM 

peak starts to form as the gate voltage is swept further negative (Figure 7.2b). This peak 

likely corresponds to the rearrangement of dipoles near the rubrene surface, and the 

simultaneous surge of positive charge into the channel upon reaching the threshold voltage. 

We note here that a peak in the forward scan of a displacement current curve only is typical 

in OFETs with conventional dielectrics, related to the formation of the conducting 

channel.142 However, the magnitude of the peaks in these PFPE-gated rubrene FETs is 

much larger, indicating that the peaks in PFPE-gated FETs have a different origin. After 

the forward peak, the gate displacement current becomes nearly gate voltage-independent, 

which again is anticipated from similar experiments on OFETs with conventional dielectric 

materials.143 During the reverse sweep, however, which corresponds to the hole extraction 

process, the displacement current is first flat and small for VG < 0 V, and no turn-off is 

observed by 0 V, consistent with the hysteresis in the transfer curve. As the conductivity 

of the channel is still high at this point, we suppose, as discussed further below, that a large 

concentration of holes in the surface charge layer are ñpinnedò (though not trapped) by 

oriented dipoles at the rubrene/PFPE interface. Importantly, as the gate bias on the reverse 

sweep is scanned to positive values, a very large negative current peak occurs. We attribute 

this large negative peak to the flipping of the dipoles under the influence of the gate electric 
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field and the simultaneous release of holes from the rubrene accumulation layer into the 

source and drain contacts.  

 
Figure 7.3 (a) Displacement current of a PFPE-gated rubrene FET (the same device shown 

in Figure 7.2) at 300 K. On the right are the schematics of dipole-induced hole 

accumulation at different gate voltages. (b) Semi-log-scale transfer curve of the same 

device at 300 K. The amounts of charge injected (pin) and extracted (pout) are also shown. 

 

    Within this picture, the hysteresis in the transfer curve and the peaks in the DCM curve 

are of course directly related. To better visualize this, the transfer curve is plotted in Figure 

7.3 on a semi-log scale, along with the DCM at a single sweep rate. Comparison of panels 

(a) and (b) clearly shows that the peak in the forward gate displacement sweep (Figure 

7.3a) appears when the device is almost totally turned on (Figure 7.3b), and the peak in 

the reverse sweep appears as the device is turning off. It is worth noting here that the 

conductance hysteresis and DCM peaks only exist when PFPE is in the liquid state. When 

the PFPE is frozen, the dipoles cannot respond to the external electric field, so the dipole-



109 
 

induced charge accumulation is no longer affected by the applied gate voltages, as would 

be expected (see Figures A3.2 and A3.3 in Appendix for more details). 

    The injected charge carrier density can be extracted from the forward sweep of the DCM 

curve in Figure 7.3a using Equation (7.3): 

 p =
Q

eA
 = 

I᷿GdVG
dVG
dt
eA

                                                                                                        (7.3) 

where e is the elementary electron charge. The integrated charge carrier density increases 

monotonically as a function of gate voltage and reaches 1.5 × 1011 cm-2 at VG = -20 V. This 

charge carrier density is clearly larger than what could be expected from a conventional 

dielectric with Ůr ~ 4, which would give p = 9 × 1010 cm-2 at VG = -20 V for a 5 ɛm thick 

dielectric. Moreover, the quantities of charge injected and extracted (on the reverse sweep) 

are very close (see Figure 7.3a), indicating a nearly trap-free rubrene/PFPE interface. The 

reverse peak in Figure 7.3a represents almost exclusively dipole-stabilized charge with a 

density of ~1011 cm-2 (it may vary with sweep rate), and its position on the voltage axis is 

consistent with the hysteresis in the transfer curve shown in Figure 7.3b. 

    Consistent with the above, we interpret the transfer curve hysteresis and related DCM 

peaks in PFPE-gated rubrene devices in terms of a pinned dipole model. The behavior is 

in fact somewhat reminiscent of a ferroelectric-gated device,230 which we propose arises 

due to behavior analogous to an anisotropic paraelectric, where an energy barrier to dipole 

reversal develops. The induced rubrene surface charge density is made up by two 

contributions: that from conventional dielectric charging, and that from the PFPE dipole 

moments. The latter moments can be oriented under the applied electric field (as in a 
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paraelectric), but exhibit hysteresis in field response due to anisotropy and pinning, 

deriving from factors such as the interaction between the dipoles and induced charge 

carriers, and the steric effects associated with the PFPE chains to which the dipoles are 

connected. Critically in this context, it is apparent that the peaks seen in the DCM curves 

for the PFPE-gated FETs (Figure 7.3a) are absent in the DCM curves of the PFPE MIM 

capacitors (Figure 7.1b). One possible reason for this is that the dipole-induced charge 

interaction is fundamentally different in rubrene FETs and MIM devices. In the one case 

we have interaction between PFPE surface dipoles and relatively low mobility/ low density 

holes at a low dielectric constant (and thus low screening) organic semiconductor surface. 

In the other we have dipoles interacting with a metallic surface with more effective 

screening, which could reduce the pinning/anisotropy responsible for the hysteresis. 

Additional future work to understand this mechanism would be beneficial. We note, 

however, that we have verified that the hysteresis effect with PFPE also occurs in other p-

type organic crystals FETs, such as those based on DNTT (see Figure A3.4 in Appendix), 

indicating that the phenomenon is indeed general to PFPE-based p-type FETs. We believe 

that the dipole-charge interaction in an n-type semiconductor would be different due to the 

asymmetric molecular structure of PFPE, though more experiments are required. 

7.3 Hall effect and RïT measurements 

    The Hall effect, perhaps the most definitive method for studying charge transport in high 

mobility organic semiconductors, has been successfully performed on rubrene single 

crystal FETs with various dielectrics.9,59,144 In pioneering work, Lee et al. reported the 

observation of the Hall effect at the surface of PFPE-functionalized rubrene single crystals 

with an excellent signal-to-noise ratio.229 In this work, we thus performed Hall 



111 
 

measurements on PFPE-gated rubrene devices at various temperatures and gate voltages. 

Figure 7.4a shows the room temperature Hall resistance (defined as Rxy = Vxy/ID, where Vxy 

is the Hall voltage) as a function of the magnetic flux density (B) at different gate voltages, 

with a scan rate of 0.01 T/s. A clear Hall signal with a positive slope was observed, 

consistent with hole-dominated conduction in rubrene. The hole density (pHall) and the Hall 

mobility (ɛHall) were calculated using: 

p
Hall
 = 
1

eRH
 = 
B

eRxy
                                                                                                       (7.4) 

ɛ
Hall
 = 

ů

ep
Hall

 = 
Rxy

BRxx

æL
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                                                                                               (7.5) 

 
Figure 7.4 (a) Zero field background subtracted Hall resistance as a function of magnetic 

flux density at different VG for a PFPE-gated FET at 300 K and ID = 50 nA (inset: the Hall-

bar geometry used in this experiment). (b) Hole density as a function of VG at 300 K. The 

density of dipole-induced charge can be exacted from the intercept. Device dimensions: L 

= 1000 ɛm, ȹL = 250 ɛm, W = 250 ɛm. 

 

where RH is the Hall coefficient, ȹL and ȹV are respectively the distance and the potential 

difference between the two reference electrodes, and Rxx is the channel resistance, which 

is defined as Rxx = ȹV/Id. The charge carrier density (pHall) at different gate voltages is thus 

summarized in Figure 7.4b. Clearly, with the increase of the gate voltage, the charge 
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carrier density increases linearly. However, the fitted straight line that represents the pHall 

- VG relationship does not go through the origin. Rather, it has an intercept of 7.7 × 1010 

cm-2 at VG = 0, which corresponds to the density of dipole-induced charge. The Hall data 

thus further confirm the earlier understanding that both dipole-induced charge and gate-

induced charge must exist when these devices are in operation. 

 
Figure 7.5 (a) Zero field background subtracted Hall resistance as a function of magnetic 

flux density at different temperatures for a different PFPE-gated FET at VG = -30 V and ID 

= 200 nA. (b) Hole density and Hall mobility as a function of temperature. The Hall 

mobility is nearly temperature-independent down to 250 K. Device dimensions: L = 1000 

ɛm, ȹL = 150 ɛm, W = 300 ɛm. 

 

The temperature dependence of the Rxy vs. B response is shown in Figure 7.5a. The gate 

voltage and source current were fixed here at -30 V and 200 nA respectively. The Hall 

signal is seen to possess a good signal-to-noise ratio between 300 K and 250 K (Vxy ~ 1 

mV, Vnoise < 0.1 mV), ɛHall and pHall being nearly T-independent in this temperature range 

(Figure 7.5b). However, at only slightly lower temperatures, around 240 K, the Hall signal 

is abruptly suppressed (the apparent mobility shrinks by a factor of 2 in the space of only 

10 K) and becomes distinctly noisier. This is shown quantitatively in Figure A3.5 in 

Appendix. The cause of this is apparently a sharp decrease in charge carrier mobility as the 

PFPE begins to freeze (the freezing point of PFPE is ~240 K).231 To support this, we 
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measured the corresponding sheet resistance (RS = RxxW/ȹL) as a function of temperature, 

again at a fixed gate voltage VG = -30 V (Figure 7.6). Clearly, the RS vs. T curve can be 

divided into two distinct regimes. Above ~250 K, the resistance decreases upon cooling, 

which corresponds to band-like transport, consistent with the Hall data of Figure 7.5b. 

Below 250 K, however, the resistance increases rapidly with decreasing temperature. This 

suggests a sharp crossover from band-like to strongly insulating transport (likely dominated 

by hopping), occurring very close to the freezing point of PFPE (~240 K).231 It is thus 

concluded, intriguingly, that the solid-liquid phase transition in PFPE strongly influences 

the channel resistance in PFPE-gated rubrene single crystal FETs, even when cooling in 

the ñONò state.  

One possible explanation is that the dipolesô ability to fluctuate is important for 

detrapping of charge carriers in rubrene. Specifically, the local electrical field produced by 

the dipoles no doubt causes potential corrugation at the PFPE/rubrene interface, affecting 

charge transport in the rubrene. In the liquid state, the dipoles can fluctuate (e.g., in 

displacement or orientation with respect to the rubrene surface), and therefore the potential 

corrugation is dynamic, which could potentially assist in freeing charge carriers from traps. 

Below the freezing point, however, the dipoles are immobilized, and so the potential 

corrugation becomes static. Another possible factor is that as the liquid cools and 

approaches the freezing point, the contraction of liquid also creates a number of 

microscopic-delamination sites across the PFPE/rubrene interface. These delamination 

sites would experience weakened electric field compared to the surrounding areas, and act 

as trap sites for charge carriers, ultimately resulting in percolative transport. We suggest 
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that more studies must be done in this area to further explore this phenomenon, including 

possible links to the hysteresis effects in transfer curves, and DCM peaks. 

 
Figure 7.6 Sheet resistance as a function of temperature for the same PFPE-gated FET 

shown in Figure 7.5 at VG = -30 V. There is a clear transition near the freezing point of 

PFPE. 

 

7.4 Conclusions 

    In summary, we have investigated the electrical transport properties of PFPE-gated 

rubrene single crystal FETs. Using various electrical characterization methods, room 

temperature mobilities over 6 cm2V-1s-1 and charge densities over 1011 cm-2 have been 

obtained. This mobility is lower than the air-gap mobility (> 10 cm2V-1s-1), consistent with 

the well-known result that as the dielectric constant increases, the mobility decreases.93 The 

dipole moment present in the structure of PFPE is found to play a significant role in the 

transport behavior of PFPE-gated devices, being responsible for the high carrier density at 

the PFPE/rubrene interface. The dipole-rubrene interaction also results in large hysteresis 

in FET transfer curves and peaks in the gate displacement current, which are conspicuously 

absent in MIM capacitors or rubrene FETs with other dielectrics. We interpret this in terms 

of behavior analogous to a pinned/anisotropic paraelectric. The charge transport properties 

of PFPE-gated devices were also studied by Hall measurements, which show a 
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temperature-independent Hall mobility above the freezing point of PFPE. Below the 

freezing point, however, the Hall coefficient shrinks and becomes abruptly lower in signal-

to-noise ratio, coincident with a clear crossover from band-like to hopping in channel 

resistance vs. T. These observations indicate that the liquid-solid transition in PFPE has a 

surprising influence on the conduction in the rubrene channel, even in the ñONò state. 

Collectively, these results demonstrate that PFPE, which integrates surface 

functionalization into the dielectric layer, can be a promising liquid dielectric material to 

study the influence of free dipoles on charge accumulation and transport at 

semiconductor/dielectric interfaces in OFETs. Additional future work to further understand 

the hysteretic gate voltage dependence and temperature dependence of such devices is 

clearly worthwhile.   

7.5 Experimental methods 

    Rubrene and PFPE (LVAC 25/6) were purchased from Sigma Aldrich. Rubrene single 

crystals were grown from the vapor phase using the horizontal physical vapor transport 

(PVT) method with a source temperature of 280-290 °C.78,79 Polydimethylsiloxane (PDMS, 

Dow Corning Sylgard® 184) stamps with an air-gap structure (depth ~5 ɛm) were prepared 

according to previous publications.88 Cr/Au (3/20 nm) electrodes were then deposited onto 

the PDMS stamps using a CHA e-beam evaporator to form the source, drain and gate 

contacts. Air-gap FETs were fabricated by laminating rubrene single crystals with smooth 

surfaces across the source/drain electrodes. The performance of air-gap devices was first 

tested, and then the gap was filled with PFPE liquid, with the aid of capillarity, to fabricate 

PFPE-gated devices. For the fabrication of metal-insulator-metal (MIM) capacitors, a small 
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piece of ITO glass (Delta Technologies) was laminated onto the PDMS substrate to act as 

the top electrode, and the gap was then filled with PFPE liquid. 

Current-voltage (I-V) characteristics and gate displacement currents of air-gap and 

PFPE-gated rubrene single crystal FETs were measured in a Desert Cryogenics (Lakeshore 

Inc.) vacuum probe station equipped with a Lakeshore 331 temperature controller in a 

glove box filled with nitrogen gas. For transfer curves, two Keithley 236/237 source-

measure units (SMUs) were used to apply the drain/gate voltages (VD and VG) and measure 

the resulting currents (ID and IG), and a Keithley 2612 SMU was used to ground and 

measure the source current (IS). The displacement current measurements (DCMs) were 

taken by a Keithley 2612 SMU, which swept the gate voltage and measured the 

displacement current through the grounded source/drain contacts. Temperature- and field-

dependent Hall effect measurements and resistance vs. temperature (R vs. T) measurements 

were conducted in a Physical Property Measurement System (PPMS, Quantum Design) 

with a 9 T superconducting magnet. A Keithley 2400 SMU was used to apply the gate 

voltage, and a Keithley 220 source unit and Keithley 2002 electrometer, respectively, were 

used to source current and measure voltage. To prepare devices for Hall measurements, the 

crystal was laminated on the PDMS substrate with a pre-patterned Hall-bar geometry. The 

sample was then wired on the PPMS puck using Au wires (25 ɛm diameter) and Ag paint. 
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Chapter 8 Anomalous Cooling-Rate-Dependent Charge Transport 

in Electrolyte-Gated Rubrene Crystals 

    Although electrolyte gating has been demonstrated to enable control of electronic 

phase transitions in many materials, long sought-after gate-induced insulatorīmetal 

transitions in organic semiconductors remain elusive. To better understand limiting factors 

in this regard, here we report detailed wide-range resistanceītemperature (RīT) 

measurements at multiple gate voltages on ionic-liquid gated rubrene single crystals. 

Focusing on the previously observed high-bias regime where conductance anomalously 

decreases with increasing bias magnitude, we uncover two surprising (and related) features. 

First, distinctly cooling-rate-dependent transport is detected for the first time. Second, 

power law RīT is observed over a significant T window, which is highly unusual in an 

insulator. These features are discussed in terms of electronic disorder at the rubrene/ionic 

liquid interface influenced by (i) cooling-rate-dependent structural order in the ionic liquid 

and (ii) the intriguing possibility of a gate-induced glassy short-range charge-ordered state 

in rubrene. These results expose new physics at the gated rubrene surface, pointing to 

exciting new directions in the field. This work has been published as X. Ren, C. D. Frisbie, 

and C. Leighton, ñAnomalous Cooling-Rate-Dependent Charge Transport in Electrolyte-

Gated Rubrene Crystalsò, The Journal of Physical Chemistry Letter, 2018, 9, 4828. 

8.1 Introduction 

    Electrolyte gating in the field-effect transistor (FET) geometry has emerged as an 

effective technique to induce very high charge carrier densities (1013 to 1015 cm-2) at 

surfaces.97,232,233 Accumulation of such charge densities has led to a series of breakthroughs 

in electrical control of ground states, including gate-induced insulator-metal transitions, 
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superconductivity, and ferromagnetism.118,134,148,151,157ï164,167,234 These achievements have 

been largely limited to electrolyte-gated transistors (EGTs) based on inorganic materials, 

however, such as oxides and 2D materials. Although tuning transitions among electronic 

ground states in organic conductors has been an active area since the 1970s, the techniques 

used to control charge density (e.g., chemical doping235,236, charge-transfer 

interactions237,238, etc.) are discrete and irreversible. Notably, gate-tuned electronic phase 

transitions such as insulator-metal transitions, or even superconducting transitions, remain 

elusive in organic semiconductor EGTs. 

    Driven by the above, several recent studies have reported EGTs based on single crystals 

of the benchmark organic semiconductor rubrene, which exhibits high hole mobility (>10 

cm2V-1s-1) and band-like transport in air-gap trnasistors.115,137,144,226,239 High hole densities 

(of order 1013 cm-2) have been induced on the surface of rubrene crystals using ionic liquid 

(IL) electrolytes, but, critically, without an insulator-metal transition. Rather, poorly 

understood conductance peaks have been observed vs. gate voltage (VG), where the 

conductance decreases at the highest VG magnitudes.137,144 Temperature (T)-dependent 

measurements reveal conventional (activated or hopping-based) insulating transport at low 

|VG|, near-metallic behavior at the conductance peak, but then reentrance of anomalous, 

strongly-localized transport at the highest |VG|. Remarkably, near the conductance peak the 

resistance decreases on cooling to as low as 120 K, reaching within a factor of 2 of h/e2.144 

This is tantalizingly close to a 2D insulator-metal transition, and it is thus imperative to 

understand the reentrance of strongly insulating behavior at high |VG|.   

    While the origin of the unusual transport at the highest hole densities in rubrene is 

unclear, previous results suggest a key role for the rubrene/IL interface. Intrinsic 
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electrostatic doping (without gate bias) and free carrier saturation have been observed at 

the rubrene/IL interface by charge modulation spectroscopy, for example, which are not 

present in rubrene FETs with conventional dielectrics.240 It has also been observed that the 

sizes of the ions in ILs impact device performance and peak mobility in rubrene EGTs, 

indicating that the Coulomb corrugation potential experienced by holes at the rubrene 

surface could be a limiting factor (unpublished results). Several studies have in fact 

suggested a role for interfacial electrostatic disorder at high bias in rubrene EGTs.228,241 

Better understanding of the ion-hole interaction at the IL/rubrene interface would thus 

provide vital insight, both for device optimization and realization of metallicity on the 

rubrene surface. 

    In this work we have performed systematic wide T range resistance-temperature (R-T) 

measurements on IL-gated rubrene crystals at multiple gate voltages and cooling rates. 

Consistent with earlier observations,144 with increasing |VG| the transport mechanism is 

found to crossover from thermally-activated to a highly unusual power law T dependence. 

More surprisingly, in the anomalous power law regime, devices are found to exhibit 

distinctly cooling-rate-dependent R-T. Specifically, significantly smaller resistances are 

achieved at low T (e.g., 50 K) when cooled from high T (e.g., 240 K) at faster cooling rates. 

These observations are discussed in terms of likely differences in structural order on the IL 

side of the IL/rubrene interface at different cooling rates, thereby influencing interfacial 

electrostatic disorder. Inspired by recent observations in related organic conductors,242 the 

fascinating possibility of glassy behavior due to geometrically-frustrated short-range 

charge-order at fractional filling is also discussed.   
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8.2 Cooling-rate-dependent RïT measurements 

 

Figure 8.1 (a) Cross-sectional device structure of a rubrene EGT. (b) Molecular structures 

of rubrene (left) and [P14][FAP] (right). (c) VG-dependent sheet resistance of a rubrene 

EGT at 200 K. (d) T dependence of the sheet resistance (log scale) at each VG shown in (c), 

at a 1 K/min cooling rate. (e) Arrhenius plots (logR vs. 1/T) for VG = -0.5 V, -1 V, and -1.5 

V. Extracted activation energies are shown. (f) Log-log plot of R-T for VG = -2 V, -2.5 V, 

and -3 V. Shown are the onset temperatures of power law behavior, and the extracted 

exponents. Data shown in (e) and (f) are the same as shown in (d). All R-T data are taken 

on warming. 
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    Rubrene EGTs were fabricated on polydimethylsiloxane (PDMS) stamps by first 

fabricating air-gap transistors and then filling the gap with IL (Figure 8.1a).137,138 The IL 

[1-butyl-1-methylpyrrolidinium][tris(pentafluoroethyl)trifluorophosphate] ([P14][FAP], 

Figure 8.1b) was chosen here as it provides a large VG stability window.137 Because of the 

mechanical rigidity of the frozen IL, such rubrene EGTs can survive to much lower 

temperatures than air-gap transistors by overcoming the thermal expansion mismatch 

between PDMS and rubrene. All electronic transport measurements were performed in a 

standard cryostat (a Quantum Design Physical Property Measurement System) with 4-

terminal methods. R-T data were taken both on cooling and warming, after cooling at the 

rates specified. More details on experimental methods are given in Chapter 8.5.  

    The R-VG relationship at 200 K in a typical rubrene EGT is shown in Figure 8.1c. Note 

that these data were not acquired by sweeping VG, due to the freezing point of the IL. 

Instead, VG was applied at 240 K, above the freezing point, and then the temperature 

lowered to 200 K to record each R value. (For a typical 300 K EGT transfer curve, see 

Figure A4.1 in Appendix). Clearly, from Figure 8.1c, R-VG is nonmonotonic. As VG is 

driven from zero to -1.5 V the resistance decreases, as expected, but then at VG < -1.5 V an 

anomalous resistance increase sets in. As discussed above, such conductance peaks are 

common in EGTs based on organic crystals and polymers, arising due to a poorly 

understood mobility maximum.137,144,241,243 As in our prior work on rubrene, the minimum 

resistance here is within a factor of 2 of h/e2, indicating proximity to a 2D metallic phase. 

Corresponding R-T characteristics at a cooling rate of 1K/min are shown in Figure 8.1d, 

where the nonmonotonic VG response is again apparent. R-T is relatively weak at small |VG| 

(-0.5 to -1.5 V), but at VG ¢ -2 V the resistance is first flat down to some T, before increasing 
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rapidly at lower T. As shown in Figure 8.1e, at -0.5, -1 and -1.5 V, R-T at low T can be 

well fit by an Arrhenius function, R θ  exp(-EA/kBT), with EA as low as 8.2 meV at -1 V. At 

-2, -2.5 and -3 V, however, the logR-logT plot in Figure 8.1f illustrates highly unusual 

power law T-dependence, i.e., R  θT-n, with n consistently around 6. Note that the power 

law R-T turns on abruptly below some fairly well-defined (VG-dependent) T º 100-160 K, 

and that it is obeyed over substantial T and VG windows. Zabrodskii plots244 (Figure A4.2 

in Appendix) confirm the crossover from thermally-activated to power law behavior, 

consistent with our previous publication.144 This behavior is thus reproducible across 

devices. 

In addition to these relatively slow cooling rate (1 K/min) R-T measurements, data were 

also acquired on the same device (Figure 8.2) at order-of-magnitude faster cooling rates 

(10 K/min). The cooling rate is seen to have negligible impact for VG = -1 and -1.5 V 

(Figures 8.2a and 8.2b). For VG = -2 and -2.5 V, however, in the anomalous high bias 

regime, substantially smaller low T resistance is found after fast cooling (Figures 8.2c and 

8.2d). Significantly, this provides clear evidence of a kinetic effect in charge transport at 

large |VG| in rubrene EGTs, which was apparently overlooked in prior work. At high 

cooling rates such as 10 K/min, the rubrene surface at low T is somehow kinetically-trapped 

in a different electronic state to when it is cooled more slowly. Importantly, in the ñfast-

cooledò state the resistance at low T is smaller than at slow cooling rates, i.e., fast cooling 

is beneficial for charge transport. 
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Figure 8.2 Cooling rate-dependent R-T curves (log scale), from the same device shown in 

Figure 8.1, at different gate voltages: (a) -1 V; (b) -1.5 V; (c) -2 V; (d) -2.5 V. All data are 

shown at cooling rates of 1K/min and 10 K/min. Note the clear cooling rate dependence in 

(c) and (d). All data are taken on both cooling and warming. 

 

It should be emphasized that cooling-rate-dependence is only observed in the anomalous 

high bias regime, coincident with power law R-T, i.e., the onset of the two unusual 

phenomena reported here is simultaneous. Figure 8.3a illustrates this by summarizing the 

cooling rate dependence of R-T for 6 devices. Two new parameters are defined to this end. 

The first is the ratio of slow-cooling to fast-cooling resistances, Rslow/Rfast, which is 1 in the 

absence of cooling rate dependence, but >1 in the presence of cooling rate dependence. 

The second parameter is V*, the VG at which power law T-dependence is first detected. 

This latter parameter is introduced to enable facile comparison between devices, which 

tend to have slightly different onsets of power-law R-T. Figure 8.3a plots Rslow/Rfast vs. 
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|VG|-|V*|, vividly illustrating that cooling rate-dependent R-T turns on simultaneously with 

the crossover from thermally-activated to power law R-T; the vertical dashed line marks 

the transition between these two regimes.  

 
Figure 8.3 (a) Summary of the cooling rate dependence of the resistance at different gate 

voltages for 6 different devices. Rslow/Rfast (50 K), i.e., the ratio of 50 K resistances at 1 

K/min and 10 K/min cooling rates, is plotted vs. the magnitude of VG-V*. V* is defined in 

the text. Note the simultaneous onset of cooling rate dependence in all devices, coinciding 

with power law R-T. The starting temperature TS is 240 K here. (b) Influence of TS on 

Rslow/Rfast (50 K). Note that these data were taken from another device to those shown in 

Figs. 8.1-8.2. A critical temperature is expected (dashed line) between 210 K and 220 K. 

Here the device was first slowly cooled from 240 K to Ts, then fast-cooled to 50 K. 

 

Additional information was obtained by varying the starting temperature (Ts) for fast-

cooling. To do this, devices were first slowly cooled at 1 K/min from 240 K down to some 

temperature Ts, below which they were fast-cooled at 10 K/min. Rslow/Rfast at T = 50 K is 

then plotted as a function of Ts in Figure 8.3b. Significantly, a critical Ts between 210 and 

220 K (vertical dashed line) is discovered, below which Rslow/Rfast is very close to 1, i.e., 

there is no cooling rate dependence. This critical temperature coincides remarkably with 

the freezing point of the IL, [P14][FAP]. As shown in Figures A4.3 and A4.4 in Appendix, 

differential scanning calorimetry (DSC) and transport measurements indicate that the 

freezing point of [P14][FAP] is ~215 K. It is thus the cooling rate across the freezing point 

of the IL that affects transport in IL-gated rubrene EGTs. Fast cooling from temperatures 
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below this has no influence on the electronic state, whereas fast cooling from above this 

does. Complementary to the above, we also performed experiments where fast cooling (at 

10 K/min) was done from 240 to 200 K, followed by slow cooling to 50 K at 1 K/min. R-

T under these conditions is identical to that obtained when the device is simply cooled to 

50 K at 10 K/min (Figure A4.4b in Appendix). The dynamics of freezing of the IL are thus 

clearly important. 

 
Figure 8.4 Rslow/Rfast, i.e., the ratio of resistances at 1 K/min and 10 K/min cooling rates, 

as a function of temperature. Note that these data were taken from another device to those 

shown in Figs. 8.1-8.3 (device dimensions: L = 150 Õm, ȹL = 70 µm, W = 370 µm). A T* 

º 80 K is obtained. 

 

    A final observation is provided in Figure 8.4, which plots Rslow/Rfast(T), comparing 1 

K/min and 10 K/min cooling rates at VG = -2 V. A clear onset temperature, T*, is uncovered, 

below which cooling rate dependence kicks in. Although the device studied here is not 

identical to Figure 8.1, note that T* is quite similar to the point at which the resistance 

dramatically increases on cooling, following the anomalous power law R-T. Intriguingly, 

this T* is far beneath the IL freezing point. This indicates that although it is cooling across 
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the IL freezing point that plays such an important role (Figure 8.3b), the cooling-rate-

dependent R-T does not develop until much lower T.     

8.3 Possible explanations 

    In terms of discussion of the above observations, we first note that it is known that the 

low T solid-state structure of ILs can be influenced by cooling conditions.245 To 

demonstrate this in our [P14][FAP], DSC measurements were performed at different 

cooling rates (Figure A4.3 in Appendix). A freezing peak was clearly observed at 1 K/min, 

but was suppressed at 10 K/min. The solid phase of [P14][FAP] thus exhibits stronger 

crystalline order when slow-cooled at 1 K/min, but is more glassy (amorphous) when fast-

cooled at 10 K/min. We propose that this provides a viable explanation for cooling-rate-

dependent R-T in rubrene/IL EGTs. Specifically, the electrostatic disorder experienced by 

holes at the rubrene surface due to the arrangement of ions in the IL is very likely 

influenced by the (cooling-rate-dependent) degree of ionic ordering. Interfacial 

electrostatic disorder in rubrene/IL devices has been discussed in terms of Coulomb-

mediated trapping of holes at clusters of anions.228,241 These anion clusters emerge at 

negative VG, from the anion/cation checkerboard anticipated on the IL side of the interface 

at VG = 0. Hole conduction on the rubrene side of the interface is then percolative, occurring 

through a network of trap-free sites.228,241 In this picture, or related ones, reduced 

crystalline order in the IL at fast cooling rates could result in a less ordered arrangement of 

traps. This IL configuration, as opposed to a more rigid crystalline one, could then be 

beneficial for percolative hole transport, thus explaining lower resistance after fast cooling. 

Within this picture, electrostatic disorder at the rubrene/IL interface is also likely 

responsible for the power law R-T, and we hope that this work will stimulate further theory 
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in this context. Multiphonon hopping is one mechanism for power law T-dependence in 

insulators, but is usually observed only in highly disordered systems, such as amorphous 

semiconductors, very different to single crystal rubrene.246,247 

    We also discuss another class of phenomena that could potentially explain our results: 

charge ordering. Recently, a number of organic conductors, such as BEDT-TTF-based 

compounds (bis(ethylenedithio)tetrathiafulvalene) have been found to display charge 

ordering.242,248ï250 In these materials an equilateral triangular structural motif leads to 

geometric frustration of charge ordering at fractional (1/4) filling. This leads to a short-

range charge-ordered cluster glass, with strongly cooling-rate-dependent R-T, strikingly 

similar to our data on rubrene in some cases.242 Highly significant in this context is that the 

molecular arrangement in the close-packing plane of rubrene is essentially identical to that 

of the conducting plane of BEDT-TTF compounds. Both have herringbone motifs, the 

rubrene lattice in fact being even closer to an ideal equilateral triangle.201 Strong geometric 

frustration of charge order could thus be anticipated in rubrene. Moreover, the hole 

densities accumulated at the rubrene surface in EGTs are in the mid-1013 cm-2 range (Figure 

A4.1 in Appendix and ref. [144]), corresponding to 1/3 to 1/4 filling, as in the reported 

charge cluster glasses.  

    A short-range charge-ordered cluster glass analogous to that seen in the BEDT-TTF 

compounds could potentially provide qualitative explanations for many aspects of our data. 

First, the sharp onset temperatures for strongly insulating behavior in Figure 8.1f could 

correspond to VG-dependent charge ordering temperatures, thus explaining the overall 

increase in resistance at high |VG| (Figure 8.1c), as fractional filling (e.g., ¼) is approached. 

The cooling-rate-dependent R-T of Figure 8.2c,d would then be natural, arising from the 
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glassy short-range charge-ordered state, i.e., kinetic avoidance of charge-order at high 

cooling rate. This would also qualitatively explain the data of Figure 8.4, where Rslow/Rfast 

turns on sharply, reminiscent of a phase transition, at a temperature T*. Importantly, in 

certain charge-ordered systems, such as La1-xSrxFeO3, the unusual power law R-T we report 

here has also been observed.251 While this is not well understood, it nevertheless points to 

an important additional parallel with charge-ordered systems. While challenging, we note 

that in operando synchrotron X-ray scattering on rubrene EGTs at high bias could 

potentially provide a test for charge cluster glass behavior.  

    Finally, we note that one aspect of our data is difficult to understand within either of the 

pictures advanced. Specifically, it is difficult to reconcile that the onset of power law R-T 

and strong cooling-rate dependence occurs below ~160 K (Figures 8.1f, 8.2c,d and 8.4), 

while the temperature important for cooling rate dependence is 210-220 K, i.e., the freezing 

point of the IL (Figure 8.3b). Within the picture of cooling-dependent structural ordering 

in the IL, it is difficult to understand why cooling rate dependence in R-T only emerges far 

below the 215 K freezing point. Similarly, within the charge cluster glass picture, it is 

difficult to understand why the IL freezing point is so important. In fact, additional 

experiments show that changing the cooling rate across the putative charge ordering 

temperature T* has no impact on R-T (Figure A4.5 in Appendix). One possible resolution 

involves interplay, across the interface, between rubrene charge ordering and IL structural 

ordering. Unlike the BEDT-TTF systems, the rubrene here is electrostatically-doped via 

electric double layers. Since the electric double layer configuration will be different at 

different cooling rates, different charge-ordered states in the rubrene could be anticipated, 

and these may be frozen in below 215 K.  



129 
 

8.4 Conclusions 

    In summary, we have reported extensive VG- and cooling-rate-dependent R-T 

measurements on a benchmark organic semiconductor/electrolyte interface: 

rubrene/[P14][FAP]. The anomalous high gate bias regime was studied, where a reentrant 

strongly insulating state prevents a 2D insulator-metal transition. In this regime we find a 

crossover from thermally-activated to power-law T-dependence, as well as significant 

cooling-rate dependence, apparently overlooked in prior work. These results have been 

thoroughly discussed in terms of cooling-rate-dependent structural ordering in the ionic 

liquid, as well as possible short-range frustrated charge-ordering near fractional filling. 

This work thus not only uncovers new physics at the rubrene/IL interface, but points to 

clear need for additional experimental and theoretical work.  

8.5 Experimental methods 

    Rubrene and [P14][FAP] ILs were purchased from Sigma-Aldrich. Rubrene crystals 

were grown by physical vapor transport,78,79 and device fabrication was based on 

previously established methods.88 First, a four-terminal rubrene air-gap transistor was 

fabricated on a patterned PDMS (Dow Sylgard®184) substrate by laminating a rubrene 

crystal across the channel so that the bc crystal plane of rubrene (space group Cmca) is 

gated. The metal electrodes were formed by e-beam evaporation of Cr/Au (3/20 nm) prior 

to crystal lamination. Devices dimensions are: channel length L = 150 ɛm, distance 

between 2 voltage-sensing probes ȹL = 70 ɛm. Channel width W is determined by the 

width of the rubrene crystal, which is in the range of 200-600 ɛm. Next, a droplet of IL 

was dragged by a probe tip to fill the air-gap by capillarity, thus completing the fabrication 

process. For electrical characterization, devices were loaded into a Quantum Design 
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Physical Property Measurement System and cooled to 240 K to apply VG. To measure R-T 

characteristics, VG was held constant while the device was cooled down to 50 K at desired 

cooling rates. A Keithley 2612B source-measure unit and a Keithley 2002 multimeter were 

used to measure DC resistance between 50 K and 240 K at a constant drain voltage of 0.1 

V. 
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Chapter 9 Future Work 

9.1 In -operando probe of the rubrene/IL interface by synchrotron X-ray 

As discussed in Chapter 8, the IL/rubrene interface plays a significant role in charge 

transport in rubrene EGTs. Possible limiting factors exist on both the rubrene side and the 

IL side of the interface. On the rubrene side, the possibility of short-range charge ordering 

at fractional fi lling deserves exploring; on the IL side, the Coulomb corrugation potential 

experienced by holes could effectively serve as interfacial electrostatic disorder. To get a 

better understanding of what occurs at the IL/rubrene interface during electrolyte gating, 

other probes beyond electronic transport, such as in-operando X-ray scattering, are 

urgently needed. 

X-ray scattering has been developed as a powerful tool to study charge ordering in many 

correlated materials.252ï255 Recently, it has also been used to confirm the existence of 

charge ordering in several BEDT-TTF-based organic conductors.242,248,249 If there is charge 

ordering, in addition to Bragg peaks of the lattice, extra charge ordering peaks with certain 

scattering vectors would appear in diffuse scattering measurements. The shapes of peaks 

depend on the nature of charge ordering. In a typical 2D reciprocal space map, long-range 

charge ordering would give small, bright spots, while short-range charge ordering would 

lead to the appearance of diffuse rods with lower intensities. Therefore, in rubrene EGTs, 

if short-range charge ordering really exists, charge ordering signals should be detected by 

X-ray when the applied VG becomes large enough. 

Unlike those organic conductors in which charge ordering is developed over the bulk, in 

rubrene EGTs, charge accumulation and transport are limited at the rubrene/IL interface. 

Consequently, grazing incidence X-ray scattering is required to probe 2D phenomena at 
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the interface. In addition, due to its 2D nature, the interfacial charge ordering may only 

give very weak scattering signals.  As a result, synchrotron X-ray sources with large 

intensities are needed. Although progress has been made in studying the microstructure of 

organic semiconductors using grazing incidence X-ray, it is still challenging to perform 

synchrotron X-ray scattering experiments on electrolyte-gated rubrene crystals. The main 

difficulty comes from the overlying electrolyte layer, which may cause problems such as 

extra scattering and absorption of X-ray. Recently, synchrotron X-ray scattering and 

absorption spectroscopy experiments have been made in EGTs based on several inorganic 

materials, leading to findings including gate-induced lattice expansion and oxygen vacancy 

formation.234,256ï261 Similar experiments on organic single crystal EGTs, however, have not 

been done yet. 

To perform in-operando X-ray scattering experiments on rubrene EGTs, the device 

structure needs to be modified. The PDMS-based device geometry is obviously not suitable 

for scattering, since the interface we are interested in is the bottom surface of the crystal, 

which cannot be probed by grazing incidence X-ray. An alternative side-gated geometry is 

therefore proposed (Figures 9.1a and 9.1b). To make sure that most of the applied VG 

drops at the rubrene/IL interface, the gate area is designed to be much larger than the size 

of a rubrene crystal. Such a device architecture allows the observation of conduction peaks 

in transfer curves of rubrene EGTs (Figure 9.1c). It is worth noting that the variation of 

peak positions in different devices is very small, demonstrating great reproducibility of the 

side-gated rubrene EGTs. 
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Figure 9.1 (a) Schematic of side-gated rubrene EGTs. (b) Optical image of a side-gated 

rubrene EGT with IL covering both the gate and the channel. (c) Typical transfer curve of 

a side-gated rubrene EGT. (d) Grazing incidence synchrotron X-ray scattering of an IL-

gated rubrene crystal at different VG. (e) Beam damage test of the same crystal shown in 

(d). (f) Optical image of the rubrene crystal after beam damage test. The red dashed line 

depicts the etched region. 

 

We have carried out preliminary synchrotron X-ray scattering experiments on rubrene 

EGTs in the Advanced Photon Source at Argonne National Laboratory. The X-ray used 

here is a grazing incidence X-ray beam with an energy of 23 keV and a grazing angle of 

0.4°. The sample is mounted to the sample stage using Ag paint and the conducting wires 

are soldered to the Au electrodes on the sample by indium in order to apply VG. Thin 

rubrene crystals with relatively large dimensions (L > 1000 ɛm, W > 100 ɛm) are chosen, 

because the diameter of the X-ray beam is ~ 100 ɛm. After applying the IL droplet, the 

channel and the gate are covered by a piece of Kapton film to make the IL layer thin and 

flat. Under these conditions, the Bragg peaks of electrolyte-gated rubrene crystals have 

been observed. Figure 9.1d shows the room-temperature in-plane (H00) scans around the 

(400) diffraction peak of a rubrene single crystal at different gate voltages. No gating-
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induced structural change is observed at VG up to -1.2 V, confirming the electrostatic nature 

of charge accumulation in rubrene EGTs. Note that the conductance peak usually appears 

at VG = 0 to -0.5 V, so the possibility of electrochemistry-induced conductance peak is 

excluded.  

The influence of beam damage, however, still exists and needs to be overcome. Figure 

9.1e exhibits the beam damage test of the same sample shown in Figure 9.1d. In the beam 

damage test, the crystal is scanned continuously by X-ray, and each scan takes about 20 

min. Obviously, the intensity of the (400) peak decreases dramatically upon long-time X-

ray exposure, and the (400) peak becomes almost negligible during the third scan. The 

beam damage is further evidenced by the optical image of the rubrene crystal after X-ray 

scattering experiments, in which some regions of the crystal are found to be etched by X-

ray (Figure 9.1f).  

Several approaches might be helpful to reduce the influence of beam damage. The first 

one is to perform X-ray scattering experiments at low temperatures, which has been found 

to mitigate beam damage in EGTs based on inorganic materials such as LSCO.234 Taking 

measurements at different positions on the same crystal could also further lower the 

influence of beam damage, which is not difficult to achieve considering the length of the 

crystal (> 1000 ɛm). Another possible solution is to use a fluorine-free ionic liquid, since 

people believe that the major source of beam damage is the absorption of X-ray by fluorine. 

Despite the technical difficulties, the realization of stable, reproducible synchrotron X-ray 

scattering experiments on EGTs based on organic single crystals would be a remarkable 

achievement. 
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9.2 Reducing interfacial electronic disorder by inserting a spacer layer 

In EGTs, the existence of ions near the semiconductor channel inevitably leads to 

interfacial electronic disorder, especially when the charge density is very high. The 

Coulomb corrugation potential experienced by charge carriers near the 

semiconductor/electrolyte surface could be a limiting factor for charge transport. The 

influence of such interfacial electronic disorder is particularly significant in organic 

semiconductors whose dielectric constants are relatively small, due to the weakly screened 

electrical field. In the case of rubrene EGTs, the observation of negative transconductance 

and free carrier saturation further suggest that the ion-charge interaction should be 

mitigated to improve charge transport in rubrene.144,156,240,241 

One way to reduce the interfacial electronic disorder is to separate the ions and the 

charge farther, as electric field inversely scales with distance. This can be achieved by 

inserting an ultrathin (several nm) insulating layer between the semiconductor and the 

electrolyte. The spacer layer needs to be chemically inert to avoid possible electrochemical 

reactions during electrolyte gating; its dielectric constant also needs to be relatively small, 

since the insulating material with a large dielectric constant would be an extra source of 

electronic disorder due to the formation of interfacial Froehlich polaron.93 The capacitance 

would of course decrease after inserting the spacer layer because of the increased thickness 

of electrical double layer. Consequently, there would be a trade-off between achieving high 

charge densities (thin spacers) and high mobilities (thick spacers). 

The possibility of using parylene as the spacer has been examined. Parylene is a 

chemically stable insulator with a low dielectric constant (< 3). It can be deposited at room 

temperature by CVD to form a pinhole-free, conformal coating, and therefore was used as 
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the dielectric to fabricate the first rubrene single crystal transistor.84 It has recently been 

found that controllable deposition of nm-thick parylene films can be achieved by an 

effusion-limited CVD process.262 The ultrathin parylene films can be observed under an 

optical microscope, which exhibit a blue-green color (Figure 9.2a). The thicknesses of 

ultrathin parylene films, which depend on the amount of source materials, can be optically 

determined by measuring the reflectance as a function of wavelength (Filmetrics F50-EXR), 

as shown in Figure 9.2b. 

 

Figure 9.2 (a) Optical image of an ultrathin parylene film on Si/SiO2 substrate. (b) 

Theoretical reflectance versus wavelength for parylene films with different thicknesses. (c) 

Capacitance of rubrene EGTs with various thicknesses of parylene spacer layers. (d) 

Saturation-like transfer curve of a rubrene EGT with parylene spacer. 

 

Based on the device geometry shown in Figure 9.1a, rubrene EGTs with parylene 

spacers have been fabricated and tested. After laminating thin rubrene crystals onto the 

Si/SiO2 wafer with prepatterned electrodes, the devices are loaded into the CVD chamber 

to deposit the parylene spacers, and IL droplets are applied onto the parylene-coated 
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rubrene crystals. With the increase of parylene thickness, the decrease of capacitance is 

observed as expected (Figure 9.2c). In transfer curves of some devices with parylene 

spacers, the conductance peaks are no longer observed; instead, saturation-like drain 

current appears at high VG (Figure 9.2d). The maximum VG window, however, is not 

improved, probably due to the relatively large roughness of parylene (~3 nm), which may 

allow the ions to diffuse through the spacer layer and to touch the rubrene crystal. Therefore, 

the maximum conductivity of rubrene EGTs is not improved owing to the decreased charge 

density.  

Recently, using hexagonal boron nitride (hBN) as spacer layers in EGTs based on 2D 

materials has been reported, and improved mobility and device stability have been 

observed.263ï266 The atomically flat, dangling bond-free nature of hBN makes it a perfect 

candidate for spacer layer in EGTs. Transferring hBN thin flakes on rubrene crystals, 

however, is still very challenging. Mechanically exfoliated hBN thin flakes are small (~10 

ɛm), which is not enough to fully cover the rubrene channel. On the other hand, CVD-

grown multilayer hBN can be large enough, but the transfer process involves the use of 

solvents, which is detrimental to rubrene crystals. Nevertheless, applying van der Waals 

layered insulators in rubrene EGTs is still promising, if solvent-free transfer of large area 

ultrathin films could be realized. 
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Appendix 

A1 Supporting information for Chapter 5 

A1.1 Structural and vibrational analysis 

 

Temperature 123(2) K 

Wavelength 1.54178 Å 

Crystal system Orthorhombic 

Space group Cmca 

a 26.8188(14) Å 

b 7.1626(4) Å 

c 14.2278(8) Å 

Ŭ 90° 

ɓ 90° 

ɔ 90° 

Volume 2733.1(3) Å3 

Z 4 

Table A1.1 Crystal data for vapor-grown 13C-rubrene single crystals. The crystal structure 

of rubrene is not changed after 13C-substitution. 

 

Figure A1.1 (a) IR and (b) Raman spectra of native rubrene and 13C-rubrene. The spectra 

demonstrate that 13C-substitution leads to a red-shift for all the vibrational modes in rubrene. 

 

A1.2 Calculations of the confidence intervals on the mean values of mobility 
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    To find the confidence intervals on the mean values of mobility, t-test is employed based 

on the full statistics of mobility. The confidence interval can be represented as ‘Ӷὸ„ȾЍὲ, 

where ‘Ӷ is the mean, ὸ is a parameter which depends on the sample size and the confidence 

level and can be found in the t-table, ů is the standard deviation, and n is the sample size. 

It should be noted that the correct ὸ values sit in the row of N = n ï 1 in the t-table, where 

N is the degree of freedom. The results are summarized in the following tables. 

 Ⱨ (cm2V-1s-1) ů (cm2V-1s-1) n 

rubrene 14.59 2.37 74 
13C-rubrene 12.57 2.23 74 

Table A1.2 Statistical data of mobility. 

 

confidence level 90% 95% 97.5% 99% 

◄ (N = 73) 1.6660 1.9930 2.2886 2.6449 

◄ⱭȾЍ▪ for rubrene 

(cm2V-1s-1) 
0.46 0.55 0.63 0.73 

◄ⱭȾЍ▪ for 13C-rubrene 

(cm2V-1s-1) 
0.43 0.52 0.59 0.69 

confidence interval for 

rubrene (cm2V-1s-1) 

(14.13, 

15.05) 

(14.04, 

15.14) 

(13.96, 

15.22) 

(13.86, 

15.32) 

confidence interval for 
13C-rubrene (cm2V-1s-1) 

(12.14, 

13.00) 

(12.05, 

13.09) 

(11.98, 

13.16) 

(11.88, 

13.26) 

Table A1.3 Confidence intervals on the mean values of mobility. 
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A2 Supporting information for Chapter 6 

A2.1 Histogram of the surface potential differences 

 

Figure A2.1 Histogram of the average surface potential differences between the dark and 

bright stripes measured in 100 FM-rubrene samples. The distribution shows a large tail 

with the surface potential difference goes towards up to 700 mV. The mean surface 

potential difference is ~100 mV.  

 

A2.2 More XRD data of FM-rubrene and rubrene crystals 
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Figure A2.2 Out-of-plane XRD of FM-rubrene and rubrene single crystals. (a) Typical 

wide-angle out-of-plane 2ɗīɤ diffraction pattern (coupled scan) for FM-rubrene crystal. 

A series of narrow and high intensity peaks are observed, corresponding to the family of 

(002) planes. (b) Out-of-plane ɤ-scan pattern (rocking curve) of FM-rubrene when 2ɗ is 

fixed at 5.13°, the Bragg diffraction angle of (002) plane. The full-width-at-half-maximum 

(FWHM) of the rocking curve is around 0.016°. (c) Typical wide-angle out-of-plane 2ɗīɤ 

diffraction pattern (coupled scan) for rubrene crystal. A series of narrow and high intensity 

peaks are observed, corresponding to the family of (002) planes. (d) Out-of-plane ɤ-scan 

pattern (rocking curve) of rubrene when 2ɗ 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 0.018°. 

  

Plane  h k l d/Å 2ɗ/degree Multiplicity  

(020) 0 2 0 3.6251 24.5365 2 

(021) 0 2 1 3.5095 25.3577 4 

(004) 0 0 4 3.5028 25.4071 2 

(022) 0 2 2 3.2196 27.6848 4 

Table A2.1 FM-rubrene in-plane diffraction peaks. Diffraction of (002) plane was chosen 

for the scan measurement because its d-spacing, and thus the 2ɗ value is distinct from other 

planes. This could ensure that the observed peaks in the f scan are all from (022). 

 

T/K  283 333 383 433 483 

Crystal 

Structure 

Orthorhomb

ic 

Orthorhomb

ic 

Orthorhomb

ic 

Orthorhomb

ic 

Orthorhomb

ic 

a/Å 26.9113 26.9470 26.9777 26.9838 27.0233 

b/Å 7.1900 7.2037 7.2163 7.2261 7.2344 

c/Å 14.4248 14.4922 14.5586 14.6213 14.6853 

Ŭ 90.0000 90.0000 90.0000 90.0000 90.0000 

ɓ 90.0000 90.0000 90.0000 90.0000 90.0000 

ɔ 90.0000 90.0000 90.0000 90.0000 90.0000 

V/Å3 2791.082 2813.187 2834.271 2850.961 2870.919 

Table A2.2 Unit cell parameters of rubrene as a function of temperature. Unlike FM-

rubrene, the crystal structure of rubrene retains as temperature changes. 
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A2.3 Analysis of the strain associated with the solid-solid phase transition 

 

For FM-rubrene crystals, there is an orthorhombic to triclinic phase transition between 333 

K and 383 K. At 333 K, the orthorhombic lattice constants are a = 34.2709 Å, b = 7.2797 

Å, c = 14.1173 Å, Ŭ = ɓ = ɔ = 90°; at 383 K, the triclinic lattice parameters are a = 17.4039 

Å, b = 7.3439 Å, c = 14.1270 Å, Ŭ = 89.2403°,  ɓ = 87.7138°,  ɔ = 78.0939°. At first glance 

one would think a and ɔ change a lot after the phase transition. However, as shown in Figure 

A2.3, the a axis in the triclinic lattice is actually along the [110] direction of the 

orthorhombic lattice. The corresponding changes thus should be from 17.5178 Å to 

17.4039 Å for a, and from 78.0077° to 78.0939° for ɔ. Therefore, the phase transition does 

not affect the molecular packing very much, only ñtiltingò the unit cell. The largest change 

in the lattice parameters is the change of ɓ, which corresponds to a shear strain of 4% 

(estimated from Ů = tan [90° ï 87.7138°]). Such a tremendous strain may explain the origin 

of planar defects. For example, although this shear strain lies in the a-c plane, it can be 

decomposed into a component along the [011] direction that may be partially released by 

the formation of stacking faults.  

 

 


















