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Abstract

This dissertatiorfocuses on fundamental research on the frontier of organic electronics,
aiming to find answers to some lestanding puzzles related to electrical conduction in
the benchmarlsingle crystalorganic semiconductdtnown asrubrene Emphasis is 1o
determining thantrinsic charge transpomnechanism irrubrene single crystalsas the
crystalline order in these samples facilitates better understanding of fundamental structure
property relationshipsio further explorehe conduction lim# inrubrene single crystals,
high densities of charge carriers are injected using the igptidg technique, and
intriguing and unusual physical phenomena, sucheative transconductance and

coolingratedependent charge transpdrave been observed.

Chapters ¥4 summarize the background information for this dissertation. Chapter 5
focuses oithe isotope effect on fieldffect mobility in rubrene single crystadtsdetermine
the best theoretical model for charge transport in high mobility organic semiconductors
Chapter 6 explains whyery few organic semiconductors exhilnitrinsic, bandlike
transportoy revealing correlated electronic and structural disoudérg scannig Kelvin
probe microscopyChapter #ocuses orthe use bdipolar liquid to accumulate charge at
rubrenecrystal surfaces while maintaining the high mobility. Chaptexx®lorescharge
transport phenomena netlre maximum conductivity ofubrene single gstals and
proposes the limiting factors for charge transp@verall, his work helpsto better
understandntrinsic charge transpornechanisms and conduction limitshigh mobility

organic semiconductors.
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Chapter 1 Introduction

1.1 Motivation for thesis

In the past few decades, silicbased conventional semiconductor devices have
revolutionized the world, becoming the foundation of the hunédoéddlion-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 appbtatio
externaklectric 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 callédansistor, which can act
as an AOFFO0O or AONO switch when the semicoa
respectively. Therefore, basic functions required in electrical circuits, such as switching,
can be achieved. Despite the great technologicaless, silicorbasedelectronicsis not
omnipotent. Many applications require lawst largearea fabrication of electronic

devices and circuits, and silicon is not the best choiceosethases.

Compared with their inorganic counterparts, organic serdioctors, which are solids
consisting of carbobbased molecules, are relatively new. The greorehking
achievements in the area of electrical conduction in organic solids lead to the Nobel Prize
in Chemistry in 2008 .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 suchis processor chips. Organic semiconductors do, however, have

unique advantages over inorganic semiconductors including solutmessability,



mechanical flexibility, and muktcolored electroluminescence, resulting in the commercial

success of organisased products such as organic lightitting diode display$?

Despite progress in practical devieeented applications, there is still much we do not
know about the nate of electrical conduction in organic semiconductors (i.e., how charge
transport happens). The interaction between organic molevtdak\an der Waalbond
is fundamentally different from the counterpart in inorganic semiconducstrsng
covalent bad), which leads tdower charge carrier mobility andifferent conduction
mechanisma 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, 1peafect single crystalline form.
Amorphous and polycrystalline materials suffer from a huge amount of strutisoeder.
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 crystatsrgainic small
molecules are ideal to investigate intrinsic properties of organic semicondtittdemny
Ahi ddend physical phenomena in organic sem
For instance, single crystals of rubrene, the benchmark organic semiconductor, have a room
temperature mobility over 10 é&wils?, which is significantly largethian in thin films(<
0.01cm?V-1s1) and even higher than the mobility of widely used amorphous silicon (~1
cm?V-1sh) B Other physical phenomena, such as the Hall effgtth was thought to only

exist in inorganic semiconductors with very high mobility, have also been observed in



rubrene crystald However, challenges still remain in unifyimgtrinsic charge trargsort

mechanism for organic semiconductors from experimental and theoretical perspgéctives.

In addition to the intrinsic chargeansport mechanism, another significant difference
between inorganic and organic semiconductorgher dielectric constant. Organic
semiconductors usually have small dielectric constant, which means the electric field
decays much slower over distancEhat is, the electrostatimteractionin organic
semiconductors is more loignge compared withthe interactionin inorganic
semiconductorOne of the most weknown phenomena resulg from this effect is the
formation of excitos in organic photovodtics due to the strong binding between
photogenerated electrons and holes. The small dielectric constants in organic
semiconductors also affedharge transport significantly, especially when charge transport
occurs at the surfaces/interfac€sie to the weakly screened electric fielde charge
transport can be limited by external electronic disofd®en the surroundings, so even a
perfect organic single crystal may not exhibit intrinsic properties. For example, the field
effect mobility of ubrene single crystals is significantly reduced when some oxides, such
asTa0Os, are used as the dielectric layeThe influence of external electronic disorder is
more noticeable when the charge density is high, and it Hastéden into consideration

when doing charge transport experiments.

In this thesis, two fundamental aspects of charge transport in organic semiconductors
are explored. First, we have carriedt electrical and structural characterization on
rubrenebased single crystals in order betterunderstand the intrinsic charge transport
mechanism in organic semiconductovge have found that the best model describing

charge transport in high mobility organic semiconductsraeither the band transy



model (the most widely used one for charge transport in inorganic semiconductors) nor
hoppingbased model (mostly used for charge transport in low mobility systems), but is a
recently developed, intermediate one called dynamic disorder (or trangiahtdton)

model. We have also gained some insights in explaining why many organic cmjtals
promising electronic structuselo not perform well in transport experimeri&condwe

have utilized liquid dielectrics such as dipolar liquids and ionguids to inject more
charge in organic semiconductors and study new phenomena in the high charge density
regime.Anomalous phenomena including figltduced memory effect and coolingte
dependent charge transpasthich do not exist in regular devicdmve beerobserved 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 thesill not only providean important benchmark for ongoing efforts

to study charge transport in organic semiconductdnst also open the doors to new

opportunities foexploring novel fieldeffect transport phenomemaorganic crystals.

1.2 Overview of thesis

Chapter 2 introduces the basic aspectmfanic semiconductors and fieddfect
transistorg FETs) Both charge transport physics and device fabrication/characterization
are included. Special focison single crystabrganic fieldeffect transistorOFETs) and
charge transport studies related to them, sanogle crystalOFETs 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 principkes of electrolyte gating, electrolyte materials, device characterization, and

recentcharge transport studies in electrotgi@ted transistors (EGTS).



Chapter 4 summarizes the experimental methods used in this thesis, including growth of
organic crystalsstructural characterization of organic crystals, device fabrication, and

different electrical characterization techniques.

Chapter 5 summarizegork done to better understand intrinsic charge transport in the
benchmark organic semicondagtrubrenesinglecrystals by studying the isotope effect
on field-effect mobility.An isotopically substituted rubrene molecdf&-rubrene (all the
carbon atoms aréC), 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 suggestdiramic disorder model is the
best model describing charge transport in high mobility organic semiconductoraorkis
has beepublished aX. 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,
iNegati ve | s o t-EffeceHolg Transporttin Follp SshtuteelfCcRu b r ene o,

Advanced Electronic Materials, 2017, 3, 1700018

Chapter 6 summarizes work done to explain why naaggnic crystalsvith promising
electronic structuedo not perform as well as expected in transport experiments. A
combination of dferent characterization techniques including scanning Kelvin probe
microscopy, iAplane Xray 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 oubf-plane Xray diffraction. This workhas beempublished a¥. Wu, X. Ren, K.

A. McGarry, M. J. Bruzek, C. J. Douglas, and C. D. Frishiecscanni ng Kel vi n



Microscopy Reveals Planar Defects Are Sources of Electronic Disorder in Organic

Semi conductor Crystalso, Advanc.ed El ectron

Chapter 7 summarizes work done to investigate charge transport in rubrene crystals
gated with a dipolaiduid 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
displa@ment current curves are observed and interpreted in terms of the dipolar response
of PFPE to the gate electric field. This work has been publish¥dRen, E. Schmidt, J.

Wal t er , K. Ganguly, C. L ei g hiCrysial Traasatats C. D.
with Perfluoropolyether iquid Dielectric: Exploiting Free Dipols to Induce Charge

Carriers atOrganic Surfaces, The Journal of Physical Cher

Chapter 8 summarizes work doneeixplore theconduction limit of electrolytgyated
rubrene crystals by performing detailedwidea nge r esi stanceltemper a
at multiple gate voltages. In the anomalous negative transconductance regime where the
device becomes more insulating with highdrarge density, distinctly coolirgte
dependent transport is detected for the first time. Two possible sources of electronic
disorder at the rubrene/electrolyte interface are proposed: (1) coategependent
structural order in the ionic liquid and) (e intriguing possibility of a gateduced glassy
shortrange chargerdered state in rubrene. This work has been publish€dRen, C. D.
Frisbie, and C. L e i ghateDependerit BhagenBdngportsin Co o |
ElectrolyteGated RubreneCryatl s 6, The Jour nal 0g, 20889y si c al

4828

Chapter 9 proposes potentthitections for future research basedtlo@ abovdindings.
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Chapter 2 Organi&emiconductors an@rganicField-Effect

Transistors

Organic semiconductors acenjucated small molecules or polymers with delocalized
“-orbitals. In the solid state, these molecules are bonded together byaved&r Waals
forces, which leads to their different mechanical, optical and electronic properties than
inorganic semiconductorsFeatures of organic semiconductors, such as weak
intermolecular electronic coupling and strong chaygenon interaction, sigicantly
affect charge transport physics in organic semiconducidrs. chapter will focus on basi
aspects of charge transport in organic materialdettteniquesor charge transport study,

and the benchmark organic semiconductor materials.

2.1 Chargetransport in organic semiconductors
2.1.1 Delocalized molecular orbitadsnd intermolecular bonding

Organic semiconductors are made of individual catased conjugated molecules.
Those conjugated molecules, usuahowingsp? hybridization,have regions ofinearly
overlapgd sp? orbitals,which form the strongl bonds that hold the neighboring atoms
together. The superposition of the remainipgorbitals leads to the formation of
delocalized bonds over the entire moleculghich makes intramolecular charge transport
feasible Benzenewhich has a-@&tom carboming, is probably the most famogsnjugated
molecule Figure 2.1a shows the localized bonds (left), and delocalizédorbitals (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 ateitisn the molecule



Based on the linear combination of atomic orbitals (LCAQO) theoryntilecular energy
levels of the bonding state and amtinding state can be calculated. The bonding state is
energetically favored and serves as the ground state. In orgalgicules, the bonding and
antibonding states correspond to the highest occupiel@aular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO), respectivelhe energy difference
between HOMO and LUMO is called the band ,gapich is usually in the range of2eV
for organic semiconductors. In real organic semiconductorsenienbers of molecules
are bonded together, however, the energy levels become different than those in an isolated
molecule.When two moleculesre bonded together, the HOMO and LUMO levels will
split due to the intermolecular interaction; when the nurobarolecules 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 c{€&jade

2.1b).

™

Figure 2.1 (a) Schematics aii and” orbitals in a benzene molecufe(b) Formation of
HOMO and LUMO levelg?




2.12 Charge transfer and chargehonon interaction

In addition to charge delocalizatiatthe molecular level, another essential process for
charge transport in organic semiconductors is intermolecular charge transfer, which is
achieved by the overlap of neighborihgrbitals and the formation dhe 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 represemise charge
delocalization. Covalently bonded inorganic semiconductors such as Si have bandwidths
on the order of 10 eV, whilean der Waals bonded organic semiconductors usually have
bandwidths smaller than 1 eVhe small bandwidth is one of the major factors that leads

to the relatively low carrier mobility in organic semiconductors.

a b 350
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d spacing (A) cos(n/(N+1))
Figure 2.2(a) Transfer integralsf two tetracene molecules a function of intermolecular
spacing!® (b) Transfer integralof rubrenecrystals along different crystallographic
directions!*

A key parameter describing the degree of intermolecular electronic coupling is the
intermolecular transfer integralt)( which is proportional to the bandwidth.
Microscopically, the magnitude of transfer integral is determined by the degreé of
orbital overlaplt is already known that the transfer integral decreases with increasing

stacking distancéFigure 2.23).° Therefore, smallef -stacking distances are preferred
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when designing high mobility organic semiconductdrse transfer integral difference
along different crystallographic directions aso the main origin of charge transport
anisotropy in organic senoaductorsFor example, due to the anisotropic crystal structure
of rubrene, within thé-stacking planethe transfer integral along theaxisis the largest

and hence highest mobility is observed altmgp-axis (Figure 2.20).*

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

A second important parameter for charge transport is ctideeeorganization energy
(®, which describes the strength of chapd®non interactiorin organic semiconductors,
the chargephonon interactiorusuallyinvolves the formation of a quasiparticle called
polaront® Polarors form when an extra charge is introduced into the lattice and the charge
polarizesthe electron cloud on the surrounding molec(ifégure 2.3). A lattice distortion
is created due to the attraction between the charge and the patanimadchdings, and the
polarization travels together with the chat§é® The timescale of polarizatids related
to the frequency of lattice vibration, and is on the order of* 0 If this characteristic
timescale is longer #nthe charge residence tinth¢ average time that a charge stays on
a moleculg, the movement of the charge is fast enough that the influence of lattice

polarization can be ignored; if it is comparabder 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 frordseof a neutral moleculd-or inorganic semiconductors,

due to the high mobility, the charge residency timefisn much smaller than the time
required for polaron formation. For organic semiconductors with relatively low mobility,

however, the influeresof polaros on charge transport cannot be ignored.

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

Marcus theory!??In this theory, the charge transfer rke, is expressed as:

~

QN ——A0Db— (2.1)

Whereh andks are the Planck and Boltzmann constants, Rigdthe temperaturdased
on Equation (2.1), it is clear thi@mtachieve faster charge transfer, larg@arger degree of

charge delocalization) and smal&fweaker charg@honon interaction) are required.

2.13 Band transport and hopping transport

The two most commonly used mosl&r charge transport in semiconductors are band
transport and hopping traport. In solid state physics, band transport has been well
established in highly crystalline inorganic semiconductors exhibliting rangeperiodic
potentials such as Si or GaAs. In this model, the charge carriers are treated as delocalized
wavefunctiongpropagating in the bands and charge transport is forbidden in the band gap.
The simplest physical picture describing band transport is the classical Drude model
which the charge moves under an applied electric field and is scattered elastically due to
the existence of impurity atoms and lattice vibratiQgure 2.48). The speed of the

charge travelling through the material scales linearly with the applied electri(Hjelalt
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also depends on how often the scattering ocduts.e car r i er 6vscardbei ft v
written asv = E, wherep is called carrier mobility Mobility is the key parameter
describing how fast a charge can mawel influencing the actual device performarioe

the Drude model, it is expressed@s =/m" ewheree is the elementary charggjs the

average time between scattering, ands the effective mass of the charge carrier.

a b c
Band Transport Hopping Transport Dynamic Disorder Model
Localized charge )
Delocalized charge Delocalized charge
—p
® o
Lattice vibration (phonon) Transient localization by dynamic disorder
Scattered charge Transport assisted by intermolecular vibrations

. Localized charge \/\/\/\/\

Figure 2.4 Schematics for (a) band transport, (b) hopping transport, and (c) dynamic
disorder modelNote that the potential profile in (c) is not static.

The emperature dependence of mobildgn provide valuable information about the
nature of transport. In band transport, mobiligcrease withincreasing temperature ps
¢ T" because the chargdhonon interaction is stronger at hightemperatureand
therefore more scattering events ocdure temperature exponemis a positive number,
but the value oh depends on the type of scattering event. For exaraptejstic phonon
scattering gives = 1.5.1n addition, different combinationsf scattering events can exist

in different materials, snis also materiatlependent.
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Different from the band transport mod#éige hopping transporinodel depicts charge
transport through a series of localized electronic statdmch is often thecase for
amorphous materials and for most organic semicondugtbese theintermolecular
bonding interaction is weakn this model, the charge carriers are no longer treated as
delocalized wavefunctions, but as localized particles on individual(&itgsre 2.4b). If
the localization is stronghe charge can only hop to the nearest stated this is called
the nearest neighbor hopping or Milldbraham hopping® Hopping is a thermally
assisted procesince the potential barrier meten neighboring sites needs to be overgcome
so the hoppingconductivity (andmobility) follows an Arrheniugype temperature
dependenceél ¢ exp(E/ksT). If the localization is noso 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 (VRIH)s worth noting that the
temperature dependence of VRH mobility is deteadiby the details of trap density of
states (DOS). For Mott VRH where the DOS distribution is constant, the temperature
dependence i ¢ exp((To/T)%29;24for Efros-Shklovskii VRH where goft Coulomb gap
is introduced near the Fermi leval low temperatureshe temperature dependence is

modified tol ¢ exp¢(To/T)%9).%

2.1.4Dynamic disordeftransient localizationynodel

The weakvan der Waals bonding and low mobility of organic semiconductors indicate
thatcharge transport in organic semiconductors is not dominated by the same mechanism
in inorganic semiconductors. In the early stages of organic semiconductor reseanch wh
the mobility was found to be very low (< 1 éls?), band transport in those materials

was thought to be impossible. Therefore, theoretical models based on the molecular

13



characteristics instead of the band characteristics were developed. One example is the
famous Marcus model for hopping transport, whishstill currently used by many
researchers, though some of its critical assumptions are no longer valid in Hud-8iate

art high mobility organic semiconductdis2® 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 ordgasicasingle crystals since

the pioneering timef-flight (TOF) measurement by Kadnd coworker$! In the last
decaa, similar phenomena have also been observed in several high mobility organic single
crystal FETS:283" However, one caestimateahe carrier mean free path in the best organic
semiconductor (rubrene single crysjdtom the mobility(~ 10 cnfV-s?), 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 inorganic semiconductors (> 10 nf&learly, charge transport

in organic crystals is not as "batike" as that in inorganic semiconductors.

The difficulty in developing a universal modfgr charge transport in high mobility
organic semiconductors mainly comes from the fact that several important interactions
have comparable energy scalesparticular, the transfer integrahnd the reorganization
energya-are both ~ 100 meVThis intermediate condition fulfills the requirements of
neither hopping nor band transpdRecently, it was found that thermal intermolecular
vibrations can be very large due to the weaik der Waals bonding and the large molecular
mass, anguch vibrations can modify the transfer integral significaiftBased on this
phenomenon, the dynamic disorder model was developed by Troisi, Fratini and coworkers,
and it provides a consistent piaurof charge transport in high mobility organic

semiconductoré¥ 44
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The basic assumption of the dynamic disordedd is that the electronic wavefunction
is transiently localizedue to thermal vibration@-igure 2.49. For this reason, this model
is also called transient localizatiofhe 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 modésthis scenario, the carrier mobility can be

expressed &¥:
—Q 1 (2.2)

Here, ¥ is the intermolecular vibration frequency and' can be viewed as the
characteristic time that charge is transiently localized due to the lattice dyniagaiEshe
length that charge can spread within the characteristic tith@nd is limited by the
dynamic disorder as well as the transfer integrajher temperatures lead to higher
degrees of dynamic disorder, reducing the transfer intagchthe localization lengtti\s

a result, a lower mobility is expectedhen thetemperaturencreasesand bad-like

transport is predicted by this model.

2.2 Organic field-effect transistors(OFETS)
2.2.1 Device structurand operating mechanism

One of the most widetysed 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 soutbedrain and the gatandthesecomponentgan be
stacked in different orde(&igure 2.5. For an OFET, the semiconducting layer is made
of an organic semiconductor, which could be a soluttwrvaporprocessed thin film or a
single crystal. Unlike conventional -Based metabxide-semiconductor FETS

(MOSFETSs), 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 thettowic conductivity

of the organic semiconductor leadghelow off-current.

a b
Source  \ /  Drain Semiconductor
O A e Source \W«r Drain
Gate dielectric Gate dielectric
A Gate electrode B\ Y/ Gate electrode '\
Substrate Substrate
c d
y Gate electrode N A Gate electrode N
Gate dielectric Gate dielectric
BT R Source \ Drain
Source /  Drain il
Substrate Substrate

Figure 2.5 Different architectures of FETs: (a) bottayate, top-contact, (b) bottorgate,
bottomcontact, (c) topate, bottomcontact, (d) togyate, topcontact®

A FET behaves like a valve, which controls the magnitude of the current flougtihro
it. Such a function is achieved by applying a voltage to the gate electrode, a process called
gating. When a gate voltag¥d) is applied, charge carrier accumulation occurs at the
semiconductor/dielectric interface, and the application of a d@tage {/o) makes the
current flow from source to draiftherefore the device performance is mainly affected by

two processes, charge accumulation and injection.

Depending on the polarity oV, either hole (p-type) or electros (n-type) may
accumulag at the semiconductor/dielectric interface. A schematic of charge accumulation
is shown inFigure 2.6a At the gateinsulatorsemiconductor junctiorthe Fermi levels of
all the materials are equal across the junction whevigie applied.For a ptype OFET,
when a negativ¥c is applied, the Fermi level of the gateetalis shifted according to the
magnitude of applied potential. the Fermi level a&f gemiconductor 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 actation is favored.Changing the
magnitude ofVs will change the degree of band bending dmhcethe density of
accumulated charge carridt®les) For an ntype OFET asimilar process happens when

a positiveVg is applied.The hole densityg in unit of cm?) is modulated byg asp =

CiVele, whereC; is the specific capacitance of the dielectric. In commonly used solid

dielectric materialsCi is determined by the thicknedsind the dielectric constabit

a Vgs << 0 (p-channel transistor) Vgs >> 0 (n<hannel transistor)
N vacuum level vacuum level
“ P
WF EA]
= WF (2] ——
Ef mememm= “;.’.
-------- = Es £ ([ i e
Gate Ef mmmmad 2
= =
- 8
Gate a HOMO
Semiconductor Semiconductor

p-channel transistor (Vgs << 0, Vps < 0) n-channel transistor (Vgs >> 0, Vs > 0)

vacuum level

vacuum level

Source Source
Drain
[ howo R

Semiconductor )

Figure 2.6 (a) Energylevel diagrams across the semiconductor/dielectric interface,
showing hole (electron) accumulation for negative (posittée)b) Energylevel diagrams

along the channel, showing the transport of holes (electrons) from the source to the drain
under negative (positiva)p.*

When negativ&/c andVp are applied, holes are injected from the source, flowing in the
HOMO band across the channel, aam@ extracted from the draifFigure 2.6b). The
magnitude of the souradrain currentlp) is not only controlled by accumulated charge

density, but also bthe magnitude o¥p. It is worth noting that, however, the workfunction
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of source/drain contacts plays an important role in charge inje@mnptype OFETS,
highrworkfunction metals such as Au or &t preferred, because large Schottky barriers
for hole injection would form at the metal/semiconductor interfaogimpedethe ptype
conductionif low-workfunction metals were uség Similarly, low-workfunction metals
are beneficial for electron injection. In some cases, both holes and electrons ¢actée in

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

2.22 Electrical characterization

The performance of OFETSs usually characterized by measuring transfer curkes (
Ve at constantVp) and output curvesld-Vp at constantVg). The gradual channel
approximation still holds in OFETs, which means all the principles for conventional
inorganic FETs are stilvalid. The detailed derivation ofp can be found in several

referencesnd the general expressifan Ip is:*8

0 —8n o o  — 23)

where W and L are the channel width and lengWky is the threshold voltagerhich
physically represents the transition from-stéte to orstate If the appliedvp is small ¥/

<< Vg1 VtH), the device is ithelinear regime, and the expressiori®tan be reduced to:
0O —o6w w (24
Equation (24) is effectively another form of the definition of conductivity ‘ 1 Q
——, wherepe = Ci(Ve T VrH). Based on guation (24), themobility can be extracted

from the slope of the transfer curve:

o (25)
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Figure 2.7 lllustrations of operating regimes of FETs: (a) linear regime, (b) onset of
saturation regime at pinedff, (c) saturation regim¥.

For a drain voltag that is large enough/f > Vs 1 Vr4), the device operates the
saturation regimeHere the gradual channel approximation breaks down, because the
lateral potential drop becomes comparable to the longitudinal potentialFigope 2.7).

The carrier distribution is no longer uniform across the channel. In the-pfhobgion
near the drain electrode, the charge carrier density falls to zero. At this stage, further
increase o¥p will not increasdp, but only expand the pinetff region The real potential

drop across the channeNs i Vrw, and Equation (2)3ecomes:
O —0w w (2.6)

The saturation mobility can be extracted from the slope'®@fversusVe:

o 2.7)
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Figure 2.8 Textbooklike transfer curves of a rubrene single crystal OFET in (a) linear
regime and (b) saturation regime.

Carrier mobility is the key parameters for evaluating peeformance of OFETSs.
However, great care has to be taken when extracting mobility from a real dEvece.
mobility is assumed to Bé&s-independent during the derivation of equations in this section,
which works well in some good devices (d6gure 2.8as an example) but et always
true in real experimentdue to the existence of natealities including contact resistance
and trapsReliable extraction of mobility ishereforecritical for organic semiconductor

research andiill be discussed in theext section.

2.23 Reliable extraction ofarrier mobility

In real OFETS, there are always some-igwalities. The most commonly observed ene
are the nosinearitiesin transfer curvegFigure 2.9).*° In many OFETs, especially those
based on high mobility polymer semiconductors, thecsol | ed sfidpeldl e
phenomenon widely exists, where the apparent mobility is high a¥ddout low at high
Ve. According to Uemurat al>® and Bittleet al > this is due to the fact that the contact
resistance dominates the overall resistance at Vewand decreases very fast with
increasingVe. The high slope at lowg is just an artifact due to thés-modulated rapid

decrease of contact resistandefortunately, many researchers simply report the mobility
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value extracted from the highedbpe region As a result, overestimation of mobility

widely exists and may misguide future research directions of the’fiedd.

In addition to contact resistanceyagher important source of error ghargedensity
dependent mobility® 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 largky, since the Fermi level is closer to the band
edge when the charge density is highetthis case, the mobility should be calculated from
thelinear regime, in which the carrier distribution across the channel is unifiommeany
publications, howevemnly saturation mobilies arereported. The camr density inthe
saturation regime varies significantly from source (maximum) to drain (Beregturation

mobility is less reliable.

]

|
(o
(o]

.
9% (30%) ,*
p

Vilsp|  CorIsp)
Vol Cor Igp)

L’
I ,,' 13% (36%)
’,

Vel Vel

Vol Corlsp)

0 V[ 0 [Vgl™
Vel ol Vel '

Figure 2.9 Commonly observed nelmearities in OFET transfer curves: (a)sBape
curve, (b) supelinear curve, (c) sutinear curve, (d) doubisloped curve, (e) linear curve
with a large threshold voltage, (f) ideal transfer curve.

In order to accurately extracarrier mobility from an OFETin a recent commentary,

Choiet al. suggested thatneshouldpay attention to severglidelinesto avoid common
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pitfalls.*® 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 sweegate dependence; (5) avoid applying laMgewhen measuring OFETs with
smdl channels; (6) perform Hall measurements on claimed-tighility devices.They

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

mobility can be evaluated properly.

Based on the paragraplbove,two methods a found to yield reliable values of
mobility. The first one is gated-grobe measurement the linear regime, which is a
slightly modified version ofa standard transfer curve measuren¥érin the 4probe
geometry, 2 voltagsensing probes are inserted betwi#ersource and drain to measure
the real potential drop within the chann@igure 2.109. In this configuration, the
potential drop is linear across the channel, so the channefshistinceRc), the contact

resistanceR), and the contaatorrected 4orobe mobility (14p) are given by:

v (2.8)
Y - —— (2.9
‘ _ - (2.10)

wh e rLex n gV amg respectively, the distance and the potential difference between the
two referene probesin high quality OFETs}l4p is usually independent &g, indicating
the goodreliability of the extract mobility valueDetails of gated 4robe measurement

can be found in several referené¥’
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Figure 2.10Device geometries for (a) gateepdobe measuremeftand (b) Hall effect
measurement

If a high mobility is claimed in an OFEHall measurement is highly favored to confirm
the reliability of themobility, because stronger charge delocalization is indicated by high
mobility and Hall measurement provides information about diffusive,-bkadransport
through delocalized stateBhe typical geometry for Hall measurement is cattezHall-
bar geometry, in which 2 voltageensing probes are inserted betwisesource and drain
on oppositesides of the channelRigure 2.10b). During a typicalHall measurement, a
constand/p (or Ip) is appliedand the transverse Hall voltagé. is measurement while
sweeping a magnetic field perpendicular todhannel. The relationship between the Hall
resistanceRyy, defined asyy = Vxy/Ip) and the magnetic flux densit)is usuallyplotted.
The slope ofR«-B is the Hall coefficientR4, which is related to thiole (or electron)

densitypHai (Or NHai) asR4 = 1/epyan. The Hall mobility (Han) can be calculated using

: - (2.11)
whereRxxis defined aRxx=Mjp. It is worth noting that &ll effect has only been
observed in very few organisemiconductorg3:325%62 However, tens or hundreds of
organic semiconductsiare claimed to exhibit mobilities oveem?V-1s. 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 farsintdharge
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
phenomenabserved in those organic crystals have never been reportedvientional

thin film OFETSs.

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 groarganic crystals. The growth methods can be divided

into 3major categories: melt growtsplution growth and vapor growtf?

Melt growth methodsincluding zone refining* the Bridgman methoff, and the
Czochralski methoff have beenvidely used to grovhigh qualityinorganiccrystalssuch
as Si(Figure 2.17). 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
acumulate at the end of the crystals and fgghlity crystals are obtained in the middle
part. Other methods such as the Bridgman and the Czochralski megais the usage
of seed crystals as the starting point of large crystal gr@wtng the Bridgman growth,
the whole ingot of source materials is melted, and crystallization occurs on the seed as the

ingot moves across the temperature gradienting the Czochralski process, the seed
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crystal is pulled out of the meib get a largerystal. However, melt growth can only be
used to grow organic molecular crystals which have low vapor pressure and are stable at
high temperaturesThese conditions are hard to meet, so only a few organic molecules,

including naphthaleféand anthracen®® have been grown from the melt.
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Figure 2.11(a) Zone refining proce$8 (b) Bridgman method’ (c) Czochralski methott.
(d) An anthracene crystal grown by zone refirfibig.

Solutionbased methods are perhaps the simplest ones to grow organic cfybials
organic moleculg aresduble in certain solventd he 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 sélgents.
instancejf 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 temperaturelependent solubilitysimilar crystal nucleation and growttan be
induced by changing the temperature across the saturation [pdi@. solubility of the

material is high in one solvent but low in another solvdifitusion of poor solvent into
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good solvent leads to crystal nucleation and growth. The diffusianbe achieved by

either the evaporation or the direct injection of poor solvent.
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Figure 2.12(a) TTF crystals grown by dregasting’? (b) TIPSpentacene crystals grown
by dip-coating’® (c) C8&BTBT crystals grown by solvergixchangé? (d) PCBM crystals
grown by solvenvapor diffusion’®

Various solutiorprocessible techniques have been applied to drolk crystalsor
singlecrystalline films including but not limited to drepasting, dipcoating,solvent
exchange, and vapdgiiffusion (Figure 2.12. Recent advances in solutipnocessed
organic semiconductors includgowth of large arearystalline thin films’® large area
patterning of organic transistor arral$ining the lattice strain and intermolecular spacing
by solution shearind’ In terms of device applications, solutibased techniques are
advantageous due to the lmost, highefficiency nature. They do have drawbacks,
however.Trapping of solent molecules in the solutiegrown crystals is inevitable, which

causesmore extrinsic electronic disordeAs a result, solutiolgrown 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 K&al, is probably the most common
techrique to grow high quality freestanding crystals for device applicaffofidn 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, By and crystallization occurs on teelewall of the growth tube
(Figure 2.1339. 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 isemductor 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 hBRIThe PVT growth parameters, such as tempegaguadient, 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 depositiqdPVD) techniqu&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 P\#bUsually crystal substrates or crystal seeds are
required to enable epitaxial growth of target crystte main disadvantage is tHRWD-
grown crystals are usually small (~10 pm) and device fabrication can be very challenging.
Another example is vapddridgman 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 béow the melting point. Large crystals can be grown by wigradgman method,

but the impurity level can be high because of the simultaneous sublimation of imgarities.
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Figure 2.13 (a) Physical vapor transport growth of organic crystals. The temperature
profile along the growth tube is also shoffrfb) Physical vapor deposition growth with
the help of a liquid crystal aligning lay&r.(c) A tetracene crystal grown by vapor
Bridgman method?
2.3.2Device 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 #eniconductor/dielectric interface must have high
guality. 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
crystalsdue to the fragéd natureof organic crystalsThis problem was firssolved by

Podzorovet al, who introduced the CVIdeposited parylene as the dielectric layer of

rubrene FETEFigure 2.149.2* CVD deposition of parylene occurs at room temperature,
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so a conformal, defedtee layer can be coated on rubrene crystals under mild conditions.
Recently, it was found that spaoating a thin layer of a fluorinated polymer cal@gtop

on rubrene crystals before parylene deposition can improve the device perfoduance
reducedinterfacial trap @nsity®® In addition to CVD deposition of parylenanother
simple method called vacuum lamination was developed byetYal, in which a
freestanding plastic thin film is pressed on the crystal surface lbyraand sengas the
dielectric layer(Figure 2.14b).8¢ The vacuum lamination process is reversible, making it

advantageous for comparing the properties of the same crystal under different genditio

O-ring Mylar
o :

BB

Organic crystal

doped sihcon

Figure 2.14(a) A freestanding rubrene FET with C\Wated parylene dielectric(b)
Single crystal OFET with a vacudlaminated plastic film as the dielectric layér(c)
Single crystal OFET fabricated on OTi®@ated Si@substrate by fligcrystal method! (d)
Air-gap single crystal OFET fabricated on flexible PDMS substfate.
Instead of building the device on a crystal, an alternative approach is to laminate the
crystal on a prepatterned sulysttrad (Bigumeitthfo dm

2.149 was developed by de Boet al®® and Takeyaet al,®” which involves manually

aligning a fresh, thin crystal between the source/drain electrodes on the substrate. The
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crystaladheres to the substrate by the electrostatic fiareas found that if the crystal is
thin enough (~ 1 pm), it can stick to almost any smooth surface firmly. Single crystal
OFETs with different dielectric materials, including oxides (5803, TaOs€¢ ) and

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

When a solid dielectric is used to fabricate OFETSs, 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 airgap transistar (Figure 2.14d), in which the dielectric material is &ft.

To fabricateair-gap transistors, the desired patterns are defined on a silicon wafer by
photolithography. The wafer is then put in a clean gb$i and polydimethylsiloxane
(PDMS) prepolymer is mixed with curing agent and poured into the joeh. Afterit is
degassed and baked, the PDMS stamp is peeled off. Finally, Cr/Au contacts are formed by
electronbeam evaporation. THabrication of arair-gap transistor isinishedby simply

laminating the crystal over the source and drain electrodes.

The airgap geomey 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 elativdy thick crystalswhich is impossible for rigid substraidse Si. Thick
crystals are more mechanically robust, which is criticalstanviving low-temperature
measurements where the strain is large due to thermal expansion midmaidthtion,
thick crystals can be reversibly removed and laminated onto PDMS, making multiple

measurements on the same crystal possible.
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2.3.3 Charge transport in single crystal OFETs

Organic single crystals are different franorganic ones due to theemk 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, bémehmark organic

semiconductor, are discussed in this section as examples.
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Figure 2.15(a) Mobility anisotropy in a rubrene single crystal measured by multiple re
lamination. (b) Molecular packing and optical image of rubrene cry$tét3. Device
structure with the faishaped electrode pattern. (d) Mobility anisotropy measured using the
fan-shaped electrode patteth.

Thecrystal structures ajrganic crystalsisually have low degree of symmetry, leading
to anisotropic mobility along different crystallographic directidRgbrene single crystals

have he rerringbonetype molecular packing ithe " -stacking plan€Figure 2.150). It is

clear that thé -stacking direction is along theaxis. As a result, mobility along theaxis
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should be much larger than that along other directions due to the strengeerlap. This

is exactly what people obtained from experimer8sndaret al. reported the first
measurement of mobility anisotropy in rubrene byaraeinating the same rubreceystal

over the source/drain contacts with different orientatf8s shown inFigure 2.15a the
mobility along theb-axis is 34 times higher than the mobility along the perpendicular
direction. Reeseet al. designed a fashaped electrode pattern to avoid multiple re
lamination of the same crystahnd observed similar resul@igures 2.15ed).%*
Intriguingly, the shape of the crystal is also correlated with the anisotropic bonding
Rubrene single crystals are usually ke with a longb-axis, which is the -stacking

directionwith thestrongest intermolecular bonding.

To investigate the nature of charge transport, it is necessary to measure the transfer
curves of the same device at different temperatéediscussed in Chapter 2.1id some
highly ordered organic crystalacluding rubrenejncreasing mobilitywith decreasing
temperaturébandlike transporthasbeen observed he first experimental observation of
bandlike transport in rubrene agap transistors was given by Podzoetwal.® As shown
in Figure 2.16g the FET mobility of rubrene increases upon cooling. Importantly,
although the mobility along th&axis is much smaller, it still shows batlikke behavior.

Such bandike behavior only exists withim finite temperature rangeAfter a critical
temperaturethe mobility starts to decrease with decreasing temperahdehis regime
becomes trajdlominated, because in real crystals therdways 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 devicedikband

transport persists at temperature lower than 169°K.
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Figure 2.16(a) Temperature dependence of fieffiect mobility and threshold voltage of
a rubrene aigap transisto?.(b) Hall voltage and magnetic flux ity as a function of
time in a rubrene aigap transistor. (c) Temperature dependence of Hall mobility (blue)
and fieldeffect mobility (black) of the same device shown in%(b).

A straightfaward explanation of the transition from balilce to hopping transport is
given by the multiple trap and release model (M. this model, the impact of shallow
traps near the band edge on charge transport are also taken into consideratgothe

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

effective mobility(Uer) is herce limited by the trapping timig:
‘ , (2.12)

wherepo is the intrinsic bandike mobility andUis the time the carrier moving in the band.
At high temperatures, trapped carriers candsslyeactivated by thermal eneryT, sol
L Uand the measured mobility is the intrinsic mobility. If the temperature is low enough

that(@ | () the effective mobility becomgs(U{), which has a temperature dependence
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of ¢ exp(E/ksT). The low temperature mobility follows an Arrhenius behavior because

charge transport isow limited by the thermal activation of charge carrieosn traps

Further evidence for barike transport inrubrene is provided by the Hall effect
measurements in rubrene single crystal transigfgsire 2.160).° 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 decregstemperature, again demonstrating the
existence of bantlke transport(Figure 2.169. 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 idalbility represents the intrinsic, trafee
mobility of the rubrene crystaln some materials, coexistence of bdiké carriers and
hopping carriers leads to a partially delocalized transport, and the Hall effect may become
underdeveloped (Hall mob#itsmaller than FET mobility). A model describing such

phenomenon was recently developed btyal.8°

The choice of dielectric material is aléery important for achieving barike transport
in rubrene. Actually, most of the observations of bhke& transport in organic
semiconductors are based on thegaip geometry discussed in Chapter 2.3 Be
influence of dielectric constant on chargangport in rubrensingle crystal FETs has been
studied by Morpurgo and coworkerfs’® With increasing dielectric constant, the mobility
decreases sharply from-PB cnfV-1s? (air-gap, ) = 1) to ~1 criV-is? (TaOs, J = 25)
(Figure 2.179.1! Furthermore, the temperature dependence of mobility changes from
bandlike to thermally activated with increasing dielectric const&igure 2.170.% This

U-dependent behavior iexplained by the formation of Froelich polaron at the

34



rubrene/dielectric interfacelhe polarizability ofthe dielectric becomes stronger with
increasing dielectric constangsulting in stronger coupling between the charge and the
surrounding polarization. The charge becomes localized due to the Froelich polaron,
exhibiting lower mobility and thermally activatéeghavior.In addition to rubrene, similar

U-dependent behavior has also been observed in other materials such-&N\2EAF
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Figure 2.17 (a) Influence of dielectric constant on room temperature FET mobility of
rubrene single crystals.(b) Temperaturelependence of mobility for rubrene FETs with
different dielectric material&
2.3.4 Molecules exhibitindelocalizedbandlike transport

Figure 2.18andTable 2.1 summarizehe chemical name, molecular structure, carrier
type, room temperature mobility, and referersmurce of the molecules exhibiting
delocalized, bantlke transportOnly organic semiconductors which show clear bikel
temperature dependezof mobility and nearly ideal transfer characteristics are considered

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

theserequirements, and thus are not listed here.
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transport

. Room temperature mobility
Name Carrier type (cPV-isY) Reference
1 Rubrene p-type ~15 many
5 C10 tvpe 7 Adv. Mater.
DNTT P-typ 2011, 23, 1626
Adv. Mater.
3 C8BTBT p-type ~3 2011. 23 523
C10
Nat. Commun.
4 | DNBDT- P-type ~10 2016, 7, 11156
NW H )
Phys. Rev. B
5 | TMTSF P-type 4 2000 80, 24530
6 | PDIFCN; | n-type -5 aov. Mater.
Adv. Mater.
7 PDISF n-type ~3 2014. 26. 1254
Adv. Mater.
8 F>-TCNQ n-type ~6 2015, 27 2453
9 | Cl-NDI ntype -2 oL ssommun:

Table 2.1 Name, carrier type, room temperature mohiliand reference sourcd 9
different organic semiconductors exhibiting bdike transport.
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Chapter ElectrolyteGated Transistors (EGTS)

In conventionalFETs with solid dielectric materials (SIOHfO2€ ) , spduific
capacitance of the device is given I/ € YW/d, ( is the vacuum permittivity)and the
total charge density is written pgor n) = Ci(Ve T VrH)/e. The maximungate voltage one
can applyis not infinite, since every dielectric material has its own breakdown. field
Typically, themaximumchargedensit achieved by using solid dielectritsson the order
of 10'2 cm?. To increase the maximum accumulated charge density, people have tried
sewral different methods, including these of ultrathin films such as se#ssembled
monolayers or employing highl oxides®*°In the best casesharge densiéson the order
of 10" cm? can be achievedy using highl) complex oxide ferroelectrics. The
fabrication process, however, can be tedious and matiependent, and it iherefore
difficult to obtain a universal platform for accumulating high charge densitifferent
semiconductorsRecently, a technique called electrolyte gatingvhich the injection of
high charge densitigd0*to 10> cm?) is allowed by using an electrolyte as the dielectric
layer, has been developed and widely applied in fefigct transport experimenbased
on a variety of materials, including both inorganic and orga@miconducta. This
chapter willreviewthe working principles of electrolyigated transistors (EGTanhd te

charge transport phenomena observed in these devices.
3.1 Concept of electrolyte gating

Electrolytesconsist of mobile ions and thaye ioni@lly conductingbut electronially
insulaing. TounderstandhowanEGTwetk t he i ons®6 response to t

field needs to be considerdsrst, imaginea metal/electrolyte/metal capaci(@igure 3.1).
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When a electric field is appliedjons can respond to the electric field quickly and
accumulate at the electyte/metal interfaceto form the secalled 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 cap&iitoe the thickness of

the capacitor is very small and capacitance is inversely proportional to thickness, the
capacitance of aindividual EDL capacitor can be very hudeor a metaklectrolyte/metal
capacitor, two EDLs are formed at the electrolyte/metal interfaces, and the bulk electrolyte
is ideally charge neutralbecause there is no driving force for ion migration after the
formation of EDLs The equivalent circuibf a metal/eletrolyte/metal capacitois two

EDL capacitors in series, and the total capacitance is one half oaplaeitance of the
individual EDL capacitor.In addition, unlike the conventional dielectrics where the
potential drops linearly across the dielectric layke, total capacitancef an electrolyte

layer does not depend dtme thickness, since potential drop only occurs at the EDLSs.
Typically, capacitance valuasver 1 |F/cnt are obtained by electrolyte gating, which
means charge densities ovet3d@n? can be easily achieved by applying a gate voltage of

afew volts.

a E-field b Efield E=0 E-field
— >

Metal Dielectric Metal Metal Electrolyte Metal
ke d e )
I -
~1nm ~1 nm
3 S
s 5
& g

Distance Distance
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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 thle semiconductoEGTs can be divided into two categories:
electrical doubléayer transistors (EDLTS) and electrochemical transistors (E{Eig)re
3.2).% In an EDLT,the semiconductor layer is not permeablthtgionsin the electrolyte
Upon the application dfc, the ions accumulate both theelectrolyte/semiconduct@nd
the electrolyte/metainterfaces, resulting incharge accumulation in the semiconductor
layer. The schematic of an EDLT is pretty similar to a metal/electrolyte/metal capacitor,
except thathe capacitance of the electrolyte/semiconductor ERypieally smaller than
the capacitance of the electrolyte/metal EBE. a result, the total capacitance is limited
by the former oneSemiconducting materials used in EDLTs are usually single crystals or
epitaxial thin films.lons cannot diffuse into the semiconductor layer during the operation
of EDLTs due to the highlyrdered structure and small intermolecular distance in those
materials. If the applied voltage iggreaterthan the electrochemical window of the
electrolyte, however, dielectric breakdoWwappens and the EDLT is no largvorking
properly. To maximize thdectrochemical window, sometimes the EDLT is characterized

at low temperatures so that a larger charge density cachieved®

If the semiconductor layer becomes permeable to the ions in the electitodyEeGTs
are called ECTslIn this case, the EDL is still created at the electrolyte/metal interface;
however, on the electrolyte/semiconductor side, ions can diffuse into theoselnitor
layerto induce chargehen a gate voltage is appliéchis process is called electrochemical

doping and has been observediany polymer semiconductors in contact with electrolytes
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due to the permeable nature of polymer filfilse operation oECTsis mainly described
in terms of gatéunable electrochemical doping anddiging of the semiconductor layer.
It is worth noting that in addition tthe accumuléion mode, some ECTs work ihme
depletion mode One example is the ECT based BEDOT:PSS, m intrinsically
conducting polyme?® When a positive/s is applied, cations diffuse into and-depe the
semiconductor layer, leading to the decrease of channel contuand eventually

turning off the device
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Figure 3.2Charge accumulation mechanisms in EGTs: double layer electrostatic charging
(left) and electrochemical charging (rigff).

Charge accumulation in EDLTsconsidered as 2D, while charge accumulation in ECTs
is believed to be 308D electrochemical doping ECTs usually causes structural changes
such as swelling of the semiconductor layétich has been experimentally observed using
X-ray diffraction® Therefore, for a long time, people believe that EDLTshetter for
fundamental charge transport studies since the original structures of semiconductors are
not disruptedRecently, breakthroughs in ECTs based on inorganic crystalline this film
havedemonstratéthat ECTs are also usefor tuning electronic phase transitions in some

cases. For example, gdtenableoxidation and reductiomesuls in the insulatometal
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transition in VQ;'°! gateinduced Lf intercalation into several 2D materials including

MoTe; leads to the obseation of superconductivit}f?

3.2 Electrolyte materials

Theelectrolytes used in ECTs in the early stageseliquid solutions of small ionsuch
as Li", K¥, CI, CIOs (Figure 3.39. Application of liquid electrolytes inrganicECTswas
pioneered by Wrighton and coworkers in 198552 By immersing a reference electrode
serving as the gatato theliquid electrolyte, the conductivity of polymer sexonductors
including polyaniline and poly(&ethylthiophene) can be reversibly tuned by
electrochemical doping and-deping.Similar techniquesverelaterwidely used to gate
singlestrand  carbomanotube transistof§>'°© The band bending at the
semiconductor/electrolyte interface is strongly affected by the type and concentration of
ions in theelectrolyte solutionsoliquid-electrolytegated transistors have been applied in

the area of chemical and biological sensitg*?

Obviously, the flowing nature of liquid electrolgtmakesthemnonideal for practial
applications. In addition to dissolving ions in agueous or organic solvents, ions can also be
dissolved in solvenrtree polymers to form the smalledpolymer electrolytesOne of the
most famous polymer electrolgés LiClIO4 dissolved in poly(ethylene oxid€PEO)
(Figure 3.3b).113 The ionic motion is coupled with and boosted by the kamelitude
relaxation of PEO chains due to the low glass transition temperature of PO)( which
leads to high ionic conductivit comparable to that in liquid electrolyteg room
temperaturePolymer electrolytes can be easily fabricated by -ahagiing or spircoating
from solutions. Thewverefirst used togate carbon nanotube network transistétut

soon become popular as dielectric matefra@FETs.For example, Panzet al. utilized
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LiICIO4/PEO to gate various organic semiconductors, including single crygtas (
rubrene):*® small molecule thin filmse.g.,pentacene}!® and polymersd.g.,P3HT)’
and obtained stable stBY device operatiorSimilar polymer electrolytesere also used
in inorganic EDLTS, resulting in accumulatiof charge densities over ¥@m? and novel

phenomena such as gaeluced superconductivity in STE?
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Figure 3.3 (a) Schematic of KCI dissolved in waféf. (b)) Schematic of Li ion
coordination with a PEO chain in LICHPEO?’ (c) Chemical structures of several
polyelectrolytes’ (d) Crystal structure of LaFleft) and schematic of EDLs formation
(right).120

Another class ofvidely usedpolymerelectrolytess known agolyelectrolyteswhich
consist of ionic polymer backbones and moboenteriongFigure 3.39. Since only one
type of ions are mobilét, becomes possible to tune the operation mode (EDLT or ECT) of

the EGTby properly choosing the polyelectrolyt@ne example is poly(styrene sulfonic

acid) (PSSH)introduced by Berggren and coworkerghich is a ptyanionic proton
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conducto(mobile H").12!When PSSH is used to gatéype polymersemiconducta@such

as P3HT undemegativeVg, the H forms the EDL at the gate/electrolyte interface, and the
PSS forms another EDL at theelectrolyte/semiconductor interfaceithout any
electrochemistrglopingdue to the negligible diffusivity of polyanion$ PSSH is used to
gate an rtype polymersemiconductor, howevannderpositiveVg, the H can diffuse into

the semiconductor layer and electrochemically dbpesemicaductor

Recently,a new type of solid electrolyseinorganic iorconductive solidshas been
identified.In these electrolytes, ions are free to move within a solid framework composed
of inorganic elementsThe mobile ions can be either catioesg( Li* conducting glass
ceramic$ or aniong(e.g, LaFs) (Figure 3.3d).120122124 The main advantage of inorganic
ion-conductive solids is that they che useds substrates for micror nanefabrication
processeswhich is not possible for any othimpe of electrolytes. After transferring or
growing semiconductors on top of the substrate, source/drain contacts can be patterned by
standard lithography technique, and the Bat#of the substrate can be metalizederve
as the gataJsing thismethod EDLTs based on graphei&;***MoS:'?°and FeS¥*have

been fabricated on different inorganic ioonductive solicubstrates

Most solid electrolytes mentioned earlier in this chapter have relatively slow ionic
mobilities, which neans the timescale of EDL formation is laegel the switching speed
of the device is lowTo achieve fasteswitching EGTs, convention@horganic ions are
replaced byonic liquids(ILs) with high ionicconductivities. ILs are solvenfree molten
salts at room temperatudee to the weak Coulonfbrces between large iong&igure 3.4a
shows several commonly used ionic compon&itShe high ionic conductivity comes

from the weak electrostatic interactions between the ions and from the high ionic
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concentrationiLs also have negligible vapor pressusaggeshg that they aredeal for
low-temperatureharge transporheasurements wacuum. Furthermore, ILs anet very
chemically reactive and have relatively largiectrochemical windowd.he combination
of all these features makdlLs probably the most widely used electrolyte studying
charge transport in EGbased on both organic and inorganic materBdsides]Ls are
chemically designable as well, which provides the opportunity to study the structure

property relationshipat the semiconductor/electrolyte interfaces.
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Figure 3.4 (a) Cations (left half) ashanions (right half) of the commonly uskg.12° (b)
Seltassembly of an ABA triblock copolymer in an ionic liquid to form an ion°gét)
Optical image of a freestanding film of mechanically robust ion gel (a mixture of IL
[EMI][TFSI] and polymer P(VDFHFP))126

Despite thei excellent electrical propertieghe liquid nature of ILs limits their
application in practical device3.o increase the mechanical rigidity without losing too
much ionic conductivity, ILs are mixed witltosslinked block copolymerg~10 wt%)to

form the solid electrolytes calleibn gels*?’” Typically, ABA-type triblock copolymers

with soluble B block and insoluble A blocksuch as PPMMA-PS,are usedFigure
44



3.4b). The properties ofan gels can be tuned by variations of block copolymieos.
example, when mirg ILs with different polymers,the resulting ion gels can be
printable}?® freestanding (Figure 3.49,'%®¢ UV curable!®® or even degradabfé®
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 basegolymer semiconductor

P3HT13!

3.3 Devicefabrication and characterization
3.3.1 Fabrication of EGTs

In mostEGTSs,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 devic@igure 3.58). To put ILs oro the device, people usuallypdiools
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 desisétbn.Application
of other electrolytes such as ion gels is much eaBery can be printed directly onto the
substrate bynk jet or aerosol jet printing techniqu&é:'*? For certain im gels that are
mechanical l y r odndisstti ceknoo uagphp,r oaa cfhic whiechghe b e e n
ion gel film is cut by a razor blade, then peeled off and transferred by a paeaders

(Figure 3.49.1%6

One advantage OoEGTs is that due to the thicknesslependent capacitance of
electrolytes, the gate electrode doeshateto stay above or below the semiconducting

channel(i.e., the sidegated geometry becomes possibfé Consequentlypne no longer
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needsto worry about how to precisely align a gate over the EGT channetharside
gated geometry becomes the mashvenientdevice geometry forcharge transport
experimentswhen ILs are used as electrolytdsiglire 3.5b). For solid electrolytes
including polymer electrolytes and ion getsis possible to deposit metal gatan top of

the electrolytes by evaporation or printing to form thedaped geometryRegardless of

the gate position, hi s fiedneemr obyptact or dronsldrge pacasitic r e
capacitance due to the overlap of the electrolyte and the source/drain eleCirdesiny
reports, the source/drain electrodes are @maith an insulating layer (PMMA, Sig )

by additional lithography stepso only the semiconducting channel is exposed to the

electrolyte!8:133.134
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Figure 3.5(a) Device architecture of a tajated EGT->®(b) Device architecture of a side
gated EGT-3¢ (c) Crosssectional schematic of an-gated rubrene EG¥’ (d) Topview
optical image of an Hgated rubrene EG¥8

When performing electrolyte gating on single crystal OFETSs, an alternative device
geometry is usually adoptedFigure 3.59.1% This geometry is based on the-gap
geometry described in Chapter 2.3A%er putting a drop of IL on the PDMS substrate,

one can drag the IL drop to the edge of the crystal using a pradttatiped to ghreeaxis
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micromanipulator Owing to the capillary force, the aigap isspontaneouslyilled with

liquid once thdiquid touches the crystabnd the ahgap transistor is converted into an
EGT (Figure 3.5d). Using this method, comparisons of charge transport in the same crystal
with and without the liquictlectrolytecan be madeAnother beneficial feature of this
architecture is thathe parasitic capacitance is minimized, sinca¢hs almost n@ontact

between ILs and source/drain electrodes
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Figure 3.6(a) The floating gate EGT geometry for detection of biomolecdféb) Duat
gated geometry for gatmodulated electrochemigton surface of 2D semiconductdf.

The device geometries of EGTs discussed above can be slightly modified to integrate
other functionalitiesFigure 3.6ashows theuseof sidegated EGTs as biosenséf8 An
extra floating gate, which is exposed to the solution of target molecules (DNA ang)ote
is introduced into the EGWhen the target molecules bind to the floating gate, the EGT
transducer can convert the binding event to an electrical sighaih is usually the shift
of threshold voltageSeparating the binding chemistry from the wodgkEGT channel
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minimizing the contamination of the devidegure 3.6b describesapplyingEGTs based

on 2D materialsn tuning the charge transfer process in electrochemiéripue to the
ultrathin nature of 2D materials, the semiconducting channel can be gated from the bottom
through oxide dielectric and from the top through electrofmsequently, the band edges

of 2D materials can be continuously tunedy&taligned with the target redox reactions

and the rate constant canrbedifiedover 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 straightforwardOne only needthe dielectric constant and the thickness of the
dielectric materiato estimate the specific capacitar@e= J/d, and thercalculate the
charge density using = CiV/e. Simply plugging the charge density back into thé
characteristics of the FET would give the mobilfpr electrolytes, howeveestimating
charge density is not trivial and cannot be achieved usirggmale formula.The
capacitance of an electrolyte layer highly depends on both the operation frequency and the
applied voltagelt is thus very important to extract charge density consistently and
correctly Otherwise comparisons among experimental resfilom different devices and
different groups become meaningleSarrently, four different methods have been used to
determine charge density in EGTs: spaggential chargingAC impedance analysigate

displacement current measurement, and iMaksurement

Steppotential chargings the simplest way to estimatee equilibriumcharge density
in a static statdt involves changing the potential abruptly and measgithe charging (or

discharging) current of the capacitor as a function of {fgure 3.73.14! By integrating
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chargng current with respect to timene can get the charge denditye area of capacitor

(A) is known

- (3.1)

The decay of charging current is related toRI@&time constant of the dielectriEor most
electrolytesthe time constants are larged the charging curreshouldbe measured over

a long timegltens of minutesiintil the current decays to a relativélat plateauThe plateau

is used as the integration baseline for charge density extraction, and physically represents

the leakage current
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Figure 3.7(a) Charge density of a P3HT EGT estimated from-pt#pntial charging. Inset:
integrated charge as a function of charging tif¢b) Typical capacitanerequency C-

f) plots in the metaglectrolytemetal structure for several 118 (c) A typical capacitanece
voltage C-V) plot and integrated charge density at 50 Hz in a rubrene'&@d).A typical
gate displacement current curve and integrated charge density in a rubreft€ EGT.

AC impedance analysis a powerful tool tcassesshe capacitance as a function of

frequency (f) or voltage In this experimenta sine wave of oscillating voltage is
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superimposed on a DC offsghe current response é&valuated and the impedance is
extractedThe total impedanceZ] contains a lobf information including the phase angle
(), the resistance, and the capacitariogical C-f characteristics of ionic liquids are
shown in Figure 3.7b%" The capacitance is large and weakhdependent at low
frequencies but decreases at high frequencies. The roll off frequency of capacitance is
related to the ionic mobility of thelectrolyte andcan beutilized to roughly estimate the
time scale of EDL formatiorif the electric field switchs so quickly that the ions are pulled
away before reaching the electrode surface, thessflahnot formTherefore, onlyhelow
frequency capacitance represents the EDL capacittmaaeal EGTC-V measurements
can be performeat low frequencyby grounding the source/drain contacts and apply
voltages to the gatéFigure 3.79.13" Charge density is given by integratisgecific

capacitance versus gate voltadeer subtracting the integration baseline

n —— (3.2)
A Ve-dependent charge mobility is obtained by pluggitogck into theransfercurves:

L —— (3.3)

Gate displacement current measuremisna more rigorouspproach which has been
extensivelyused to study the charge injection properties of OFETs with different
dielectrics, including conventionablid dielectrics and electrolytéd’ 142143t 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 estnated from gate displacement current measurement is more relralihés

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 recofamthnically, the gate
displacement current casobe simultaneously measured along with the transfer curve, if
the appliedVp is very small.The gate displacement current is related to the specific

capacitance by:
0 — 00— (3.4)

In a typical displacement current cunkegure 3.7d), turn-on and turroff of the EGT are
clearly exhibited®” The forward (reverse) sweep corresponds to charge injection
(retraction).After subtracting the baselinghe small current in the offegime due to
parasitic capacitange the injected charge density is calculated ihtegrating gate

displacement current with respect to gate voltage:

hn — —— (3.5)

The last methodHall effect measuremensthe most accurate one for high performance
EGTs, but imot applicable to all the materiaBetails of charge density extraction using
Hall effect measurements have beeovidedin Chapter 2.2.35pecial care has to be taken
when using Hall effect measurememtd determine charge densities in EGTs based on
organic semiconductofS. As indicated in Chapter 2.2.3 only high mobility
semiconductorgan give robust, reliable Hall sigsalUnfortunately,only 2 electrolyte
gated organisemiconductorsP3HT and rubrendiave beemeported to exhibithe Hall
effect, and theaccuracy of the measured charge dessremainsproblematic(Figure
3.9).14114%n EGTs based on rubrene single crystals, the idability and charge density
aremore accurate whevt is small while the results from Hall measuremedéviate from

the FET results and are believed to be less reliablargenVs. In EGTs based on P3HT,
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the Hall effect is heavily underdevelopew{i >> nret, HHan << HreT) andthe results have
to be properly analyzedlthough the observation thfe Hall effect in an electrochemically
doped polymer semiconductor is a remarkable achieveni2espite the limited

universality Hall effect measurement is stdl powerfulway to get charge density and

mobility in most inorganibased EGTSs.
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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 thesame devicé (b) Top left: Hall voltag 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 ef4/
3.4 Charge transport in EGTs

The importance of charge density canno¢bmphasized enougBesides controlling the
conductivity of the semiconductor so that the transistor can be turned on tumofif
transitions among different electronics phases is also possible by changing the charge
density Figure 3.9 summarizes thelectronic ground states of sevepabtotype inorganic

and organic materials as a function of charge def&sifylt is obvious that mosif those

interesting phenomena occur at charge densities abéveni® Such charge densities are
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virtually impossible to achieve in conventionBETs butcan be accumulated using
electrolyte gatingThe ultrahigh charge density induced by electrolyte gdtasged tdahe
observation of novajatetunablephenomenancludingbut not limitedtom s ul at or 1T me t

transitiors, superconductivity, ferromagnetisrand ambipolar transporin a variety of
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Figure 3.9 (a) lllustration of the zertemperatureground state®f variousinorganic
materials as a function charge density*® (b) lllustration of the zertemperature ground
states of various organic materials as a function of charge dehsitgte: AF,
antiferromagnetic; FM, ferromagnetic; I, insulator; M, metal; SC, superconductor; FQHE,
fractional quantum Hall effect; Wignawigner crystal.
3.4.1 Insulator metal transition

The first breakthroughn electrolytegatetunable phase transitiomsas theobservation
of insulatof metal transition in Zn@DLTs by Shimotankt al.in 2007(Figure 3.10g).14
By gating highly crystalline epitaxial ZnO films with polymer electrolyte KEIBEO,
charge densities up to 4.2*f@m? (detemined by Hall measurement) caocumulate at
the ZnO surface, and the resistaneeperature Ki T) characteristics becoma@-
independent at largedy demonstrating thgateinducedinsulatoi metal transition By
replacing the polymer electrolyte with ILs and applyig at low temperatures,

accumulation of charge carriers as high as 8*&6v2 can be achieved in Zn® Inspired

by the success in Zn@]Jectrolyte gatindhas been applied to a broad range of materials
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including correlated oxide§1147151 2D materialsi?%134152.153 and topological

insulators®*to pursue insulatdmetal transition.

In addition to EDLTs, ECTs based on severatgamic 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 materidlaong these materials, \6@s
a particularly interesting onéecause an insulaianetal transition caused by electrolyte
gatingwas found to beaccompanied bygharge delocalization over the bulk, which is
contradictory to the assumption 2D electrostatic dopinf® The formation of metallic
statein VO, was later proved to be oxygesensitive,which suggests thatharge
accumulation occurthrough the formation of oxygen vacancies when a posityés
applied(Figure 3.10b).1°* The diffusion length of xygen vacanciesanbe larger than the
electronic screening lengthodoping in VQ is no longer limited to the VAL interface,
but is actually a 3D electrochemical dopingimilar suppression of insulatenetal

transition in oxygen environment has been observed in other oxides such.&® TiO

Comparedwith inorganic counterparts, realization of insulatoetal transition n
electrolytegated organic semiconductorsmairs elusive. Efforts have been made in
benchmark small molecule semiconductor rubremed polymer semiconductor
P3HT. 14114415610 rubrene EGTs, aximum charge density of 0.33 charge per molecule
(6.3*10"2 cm®) has been reached using ionic liquid [P14][FAPigure 3.109. The
mobility of IL-gated rubrene, however, is only8XntV-1s! at room temperature, much
smaller than the aigap mobility (~15 crfv-!s!). Remarkably, poorly understood
conductance peaks have been observed in transfer curves, where the conductance decreases

at the highesVc magnitude. Near the conductance peak, the resistance decrgases
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cooling to as low as 120 K, reaching within a factor of 2/ef, which is close to a 2D
insulatof metal transitionAt higher charge densities, reentranceastrongly insulating
regime indicate the existence of interfacial electronic disorder such asharge binding
interaction.In P3HT, he absencef insulatoi metal transition at extremely high hole
densities (~1¢ cm?®) suggests that similar dopifigduced electronic disorddimits
charge transporin order to obtain a truly metallistatein organic semiconductors, the

influence of thesémiting factors needto beunderstood anthitigated
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Figure 3.10 (a) Insulatoimetal transition in electrolytgated ZnJ“% (b) Sheet
condwctance of a V@ EGT as a function o¥/c and oxygen pressuté! (c) Resistance
versus temperature plots of a rubrene EGdiffgrent charge densitie4?
3.4.2 Superconductivity

Electrolytegateinduced superconductivity was first observed in SgT{STO) in
200818 Pristine STO is avell-known highly resistivénsulatog which is widely used &
growth substrate fooxide films. When fabricated into EDLTs, STO crystals can be

electrondoped at positive/e, and the resistancbeginsto decrease with decreasing

temperature at charge densities ovéef &2, similar to the observation of insulsitonetal
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transition in ZnOFurther cooled down to sttK using a dilution refrigeratothe device
exhibits superconductivity with a critical temperat(ife) of 0.4 K (Figure 3.113. The
inducedsuperconductivity can be confirmed tine observation of critical field arwtitical
current. Motivated by this achievemenglectrolytegateinduced superconductivity has
been reported in many materials, including the extensively studidh€ad and Fbased
superconductot§"13515719%gndvan der Waals layered materia?$1691¢4Phase diagrams
of Tcversus charge density have been built for several matenaisy of which exhibit a
domelike shape with amaximum Tc at an optimal charge densi{fFigure 3.11b.
Intriguingly, the domelike phase diagrans similar to those observed in chemically doped

Cu-based and Fbased superconductors

In some materials, purely electrostatic doping cannot lead to thizateal of
superconductivity. Instead, superconductivity is induced by electrochemical d@miag.
example is MoTg which does not show superconductivity in EDLT architecture, but has
a Tc of 2.8 K after K intercalationt®® The origin of intercalatiorinduced
supercondutivity is the ultrahigh electrochemical doping level (charge density ovér 10
cm?), one order of magnitude higher than the maximum charge density achieved by
electrostatic doping.Similar intercalatiorinduced superconductivity has also been
observed inWS, and Ta$.'% In addition to metal ion intercalation, electrochemical
etchingwas found to increase tAe of the famous Féased superconductor FeSe from 8
K to 40 K13° These observations indicate theectrochemistrycan be as powerful as

electrostaticsvhen exploitinghovelphysical phenomena EGTs
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Figure 3.11(a) Gateinduced superconductivity in STO. Insetagnetoresistance ahidvV
characteristic in the superconducting stat¢b) Critical temperature versus charge density
phase diagram of electrafoped MoS, MoSe, and MoTe.'%? (c) Gateinduced
ferromagnetism in TixCo02.1%° (d) Temperaire dependence of magnetization in
electrolytegated Co at differents.1%°

3.4.3 Ferromagnetism

Manipulating the magnetic properties materials which has been realized in several
ferromagnetic oxides;an be achieved Ishifting the Fermievel viaelectrolyte gating to
tune the density and type of charge carriBrge to the high charge densities accumulated
by electrolyte gatingthe Curie temperatures can be shifted A K in ferromagnetic
oxides such as baSh sC0o0s:.1%"18Room temperature gatanable ferromagnetism has
also beembservedn a magnetic semiconductorikiCoOz, as confirmed bgatetunable
anomalous Hall effeqtFigure 3.119.1%° The same strateggan beapplied in controlling
the magnetic properties of magnetic megadsvell Due to the high density of free charge
carriers in metals, the electric field is heawstyreenedand the fieldeffect is only limited

near the surfaces of metalfierefore, only ultrathin metal filntan be used for electrolyte
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gating.Nevertheless, GTs are still capable of tuning tmeagnetic propertiesf several

metal films including FePt and C81%°Remarkably, he Curie temperaturef ultrathin

Co film can be tuned over a range of 100 K witicarangeof +2 V (Figure 3.119.1%¢In
addition to controlling the properties of magnetic materials, another interesting research
direction is to make nemagnetic netds magnetic. By using paramagnetic IL
[BMIM][FeCl 4] to gate Pt film, a clear anomalous Hall effect was obsdryddanget al,
demonstrating the induced ferromagnetism ih’®PThis experiment highlights theseof

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/oh igp density for minority charge
carriers.The rise of electrolyte gating has promoted the recovery of ambipolar transport in
certainsemiconductorsddccumulation of high charge density fills the traps eetlics the
threshold voltage fominority carrer accumulationMoreover, he 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.
Thefirst ambipolar EGT was fabricated using carbon nanoauzepolymer electrolytes
in 20041 Following this achievementambipolar transport has been demonstrated in
EGTs based on other materials, including colloidal quantum #6t& 2D
materialst®?134162176 and organic single crystat§’ 1’8t is worth noting that ean those
organic semiconductorsvith large band gapge.g., rubren@ can exhibit ambipolar

behavior when gatedith ion gels indicating thegating power of EGT&Figure 3.129.177
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The application of electrolyte gating ambipolar devices significantly reduces the
threshold voltage for both hole and electron accumulatgmortantly, in many EGTSs, the
threshold voltage isnly affected by the edge of conduction band or valence Fend.
result, a new method to probe the band gaps of ambipolar semicosdbhamhbeen
proposed where the magnitude of band gap is quantitatively given by the difference
between thehreshold voltages of-fype and rtype operation(Figure 3.120.17* This
method produces consistent results argblean applied to many 2D materials whose band

gaps are difficult to measure by othertieigues.
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Figure 3.12 (a) Ambipolar transport in icgelgated pentacene single crystdis(b)
Ambipolar transport in Ikgated WS. Inset: extracted band gap at differ&ft’’ (c)
Light-emission in iorgekgated rubrene single crystals.

Another feature of ambipolar transistors is the formation of latérajynctions and the
possibility of light emission by charge injection and recombinafitas type of device is
called lightemitting transistas (LETs), which combines the switching and liggnhitting
capabilitieg Figure 3.129.17817°The recombination of holes and electrons can be spatially
controlled by the applied gate voltageéonsequetty, the light emission zone becomes
gatetunable, and can be directly observed due to the planar geometry of thABGIY

all those reports of LETs based on organic semiconductors, carbon nanotubes and 2D
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materials, a particularly interesting one is the observation of circularly polarized light
emissionin WSe EGTS due to the unique band structure of monolayer ¥¥8in the

valley degree of freedoii?

3.4.5 Other interesting phenomena

Recently, EGTs have been found to be a powerful tool to find and optimize
thermoelectric material§.he thermoelectric performancecisaracterizedby the figure of
merit, ZT = S0 M, whereS and a represent the Seebeck coefficient and the thermal
conductivity.In semiconductorsS and have opposite dependence of charge density, so
the ZT value reachs its maximum aa certain charge densitfthanks to the continuous
and widerange charge accumulation capability, electrolyte gating provides a unique
platform forthe optimization of thermoelectric performantising the device geometry
shown inFigure 3.13a charge transport and the Seebeck effect can be simultaneously
measured in the same EGF Thermoelectric properties of several semiconductors,
including metal oxide&%18 transitionmetal chalogenides® and carbon
nanotubes®'®have been investigated ngielectrolyte gating=or exampleWSe EGTs
exhibit larger ZT compared with chemically doped bulk \4/$®e ZT value can also be
optimized in EGTgue to thecontinuoustuning of charge accumulatiorwhile in bulk
WSe the ZT value has a weak charge density depend&titee advantages of electrolyte

gating over chemical doping are therefore demonstrated.

Electrolyte gating can lead to not only electronic phase transimensioned earliebut

alsostructural phase transitisin certain material3.he crystal structuref a 2D material,

MoTe, can be tuned between a semiconducting, hexagonal phase (2H phase) and a

metallic, monoclinic phase ( 1Ycon?apetindusesd ) |,
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by electrolyte gatingThe phase transition is directednfirmedby Raman spectroscopy
while sweepingVe andis found to be reversible and puraiarginginduced(Figure
3.13b).187 Although themechanism is still controversiahis achievement indicates the
potential of electrolyte gating as a platform for studying the competition between different
structural orderinglt might be worth trying to apply this technique in other materials, in

which similar charginginduced structural phase transitohave been theoretically

proposed.
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Chapter 4 Experimental Methsd

4.1 Crystal growth

All the organic crystals in this work are grown by the PVT method described in Chapter
2.31. The experimental setup in the Frisbie lab is showrigre 4.1 Two Pyrex tubes
are used as the insulation tube and the gas flow amioe, quartz tube igsed as the crystal
growth tubePowders of source matesareplaced in a quartz boat and placed closed to
one end of the growth tublichrome resistance wire is wrapped outside the gas flow tube
for global heatingwhile heating tapes wrapped around the insulation tube near the source
material to generate thentperature gradienfThe heatingpoweris controlledby two
Variac variable transformers. To monitor the temperature gradient, two thermal couples
are taped near the source material and near the growthitragure Ar is used as the

carrier gas.

Figure 4.1 (a) Photograph of PVT growth setup including PYibes, 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 crystalgFigure 4.2 can be growrunder the following conditions. Thick crystals
(> 10 um) are obtained after several days at source temperatures & 280 ; t hi

crystals(< 1 pm) are obtained after 360 min at source temperatures of 3@ 0 The.
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temperature ofhe crystal growth zone needs to be maintainetdtelow?2 5 0 The.gas
flow rate should be @00 sccm depending on tkesired crystals. If the gas flow is too

large, the obtained crystals usually have very bad quality

Figure 4.2 (a) Photograph of a P\{grown rubrene crystal. (b) Tools used to handle
rubrene crystals: Ted Pella MieBrale (top) and MiTeGen Microtod (bottom).

Handling the crystals can be very challenging for beginmfergery steady hand is
always required wén working with these tiny crystaldsing sharp tools such as tweezers
will damage the crystals, so it is better to pick up the crystals electrostatiCiaibk
crystalscan begently picked up by the small met&dol shown inFigure 4.2b andare
relatively easy to handle since they are mechanically robbst. crystals, however, are
more brittle and flexible, so one needs to be extremely careful wbeking with thin
crystals The tools used to handle thin crystals are MiTeGen Microtdplshich have tips
made from soft, flexible polymer film3.he polymer tip should be moved slowly towards
the target thin crystal, and the electrostatic force will stick the thin crystal and the tip
togetherWhen 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, aydsleade 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 bya) diffraction (XRD).
The equipment used for XRDPANA yt i cal Xoépert Pro with Cu
0.154 nm)Out-of-plane wde angle2d-¥ scan of a typical rubrene single crystal is shown
in Figure 4.3a Sincelargerubrene crystalare usually platéike and the largest face
correspondto theab-plane, (O0L) planes are prabky 2d-¥ scan.lt 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 positiofi$ie single crystallinity is further confirmed bytane
XRD (also known as scan)of the {200} peaks The multiplicityof {200} is 2, so2 peaks
separated by 18@hould beobtainedfor a single crystalwhich is exactly what is shown

in Figure 4.3b.

The surface morphology of the obtainegstals can be characterized by atomic force
microscopy (AFM).Figure 4.3cis a tapping mode AFM image of a rubrene cry#al.
series of molecular steps are observed, and the step height matches the intermolecular
distance along the-axis of therubrene unit cellWithin a terrace, the surface roughness is
very small, demonstrating the molecularly flat nature of rubrene single crySidia.
information of surface potential can be given by scanning Kelvin probe microscopy
(SKPM), which is able todetect electronic disorder at the surface of crysSeafé:18°
Surface potential variations correspond to traps or barriers in HOMO/LUMO bands, which
can limit charge transpotfEor high quality rubrene crystals, usualkggligible roughness

is observedn SKPM imageskigure 4.3d).
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Figure 4.3 (a) Outof-plane wide angle XRD pattern of a rubrene single crystal. () In
planet scan of the {200} peaks. (c) Topographyaofubrene single crystal with typical
terracestructure. Inset: height profile along the dashed line. (d) Surface potential image
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obtained simultaneously with topography by SKE®1.

4.3 Device fabrication

Fabrication oPDMS-based devices

1. A cleanenvironment 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 regiotheiADMS
obtained

3. Fabricate the master wafesing the following procedures:

T

= =4 =

Clean the wafer in piranha solution&0u:H202) for 10 min. Rinse with
DI water and blow dry with

Prebakeat105 f or . 1 mi n
Spin coat SU005 photoresidfor30s 2500 rpm ( ~5
Softbake at 95 for 2 min.
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f Exposuregtotal dose needed is 105 mJfgsoftconact , gap 25 & m,
for 9 sif using the Karl Sus#MA-6 contact aligner with 12nJ/cnt lamp
intensity)
Poste x posure bake at 95 for 3 min.
Develop with SU8 developer for 50 ~ 55 s.
Rinse with IPA for 2 mins and blow dry withpN
Hard bake at 150 for 5 min,
4. Check the thickness of the -@ap using surfacgrofilometry.
5. MakethePDMS stamp using the following procedures:
1 Put the master wafer in a clean pelish with the patterned side facing up.
1 Mix (stir > 5 min) PDMS prepolymer (Sylgard 184, Dow Corning) and
curing agent with a weight ratio of 10:1. RHle mixture into the petdish.
The thickness of the PDMS stamp is determined by the amount of PDMS.
1 Degas in a vacuum chamber overnight. Make sure that thedpsiris
placed in a flat position.
1 Bake in oven at 80 eC for 3 h.
1 Carefully take out the PIS stamp and peel it from the surface of the
master wafer.
Put Scotch tape onto the patterned surface of PDMS stamp to emboss the patterns
Cut the PDMS stamp into smaller stamps with individual device pattsinga
razor blade. Clean the baskle of PDMSstampswith Scotch tape angentlyput
themon precleaned glass slides (cleaned with Scotch tapge 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 nnwith a rate of 0.1 nm/s using a-beam evaporator.
10. Leave thametalized PDMS in the air for at least 1 momibte: this step is critical
for fabricating high performance devices, since devices fabricated on fresh PDMS
exhibitsevere contact problems and performance degradation.
11.To fabricate an aigap transistor, arefully laminate a single crystal across the
source/drain electrodes under a microscope.achieve good lamination, the
PDMS substrate must be dust free and the surface of the crystal must be very
smooth.
12.To fabricate a liquiebated transistor, after Step 11, put a drop of liquid dielectric
on the ®MS substrate using a needlsoad 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.gép due to the capillary
force.
13.To fabricae a metainsulatormetal capacitor, just replace the semiconductor
crystal with a piece of conductirsyibstratgITO glass or Aucoated Si wafer).

= =4 =4 4

N o

Sample preparation for Hall effeshdRi T measurements

1. Fabricate a device according to the previous detson. Pretest the transistor
performance in the probe station.

66



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 for2min tocure the GE Varnish.

3. Prepare the materials for wibmnding Cut Au wire (25 pm or 50 pun diameter)
into smaller pieces (~1 cm lond)lix the part A and B of solvefftee Ag epoxy
(Chemtronics CW2400) with a ratio of 1Note: The u® of solventfree Ag epoxy
is critical for the success & T measurements at very low tperatures (< 50 K).

If solventbased Ag paintd.g, Leitsilber 200 conductive Ag paints 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 PBiag cooling

4. Use a sharpened wooden stick to put a small amount of Ag epoxy oetedtrede
regionof the PDMS substrate.

5. Use a pair of tweezers imsertone end of a Au wire into the Ag epoxy on PDMS.
Adjust the position othe other end of the Awire 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 usingaigt (Leitsilber 200)Ag paint
is used here because it sticks well to rigid metal pads aad ibe easily removed
after measurements.

9. Load the sample puck into the PPMS to start measurements.

a b
spin-coat exposure & pour & cure B Si wafer
photoresist develop PDMS [ photoresist

ST - - - - B
= 3 Cr/Au
peel off PDMS evaporate Cr/Au
N L 5 S

Figure 44 (a) Schematic cartoons of fabrication steps foicAated PDMS substrate(b)
Photograph of a rubrene EGT winended to the PPMS sample puck.

4 .4 Electrical characterization

Most of the electrical measuremerts single crystal OFETsre carried out in a
cryogenicprobe statior{Lakeshore Desert Cryogenidsgated in a glovebofilled with
N2. Transistol-V measurements are taken using a variety of Keigoeycemeasure units

(SMUs) and multimeters (236, 238517A, 2612)A Lakeshore 331 temperature controller
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is used for variable temperature measuremeétiddl. effect andRi T measurements are
made in a Quantum Design PPMS with a 9 T superconducting ma&gKetthley 220
current source is used to sourced¢heent, a Keithley 2400 SMU is used to apply the gate
voltage, and a Keithley 2002 multimeter is used to measure the Hall voltage rtitee4

voltage.

Keithley SMUs
multimeters

Figure 4.5 Photograph of equipment used in this study. (a) Cryogenic probe station. (b)
Keithley SMUs and multimeters. (c) Quantum Design PPMS.

68



Chapter 5 Negative Isotope Effect on Fielfiect Hole Transport

in Fully Substituted3C-Rubrere

Isotopic substution 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 fieddfect mobility has been reported. To understand the
chargetransport mechanism in rubrene, the benchmark organic semiconductor, we have
synthesized and characterized crystals of fully isotopically substituted rubi@mebrene
(3Ca2H2s). Vaporgrown *C-rubrene single crystals have the same crystalkture and
guality 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 crV-is?, intrinsic bandike transport, andalear Hall behavior in the
accumulation layer of aigap transistors, are also observed!f@:-rubrene crystals. The
field-effect mobility distributions based on 74 rubrene ah@-rubrene devices,
respectively, reveal thafC isotopic substitution pragtes a 13% reduction in the hole
mobility of rubrene. The origin of the negative isotope effect is linked to thehiéidof
vibrational frequencies aftéfC-substitution, as demonstrated by computer simulations
based on the transient localization (dymamisorder) scenario. Overall, the data and
analysis provide an important benchmark for ongoing efforts to understand transport in
ordered organic semiconductof$is work has been published>asRen, M. J. Bruzek, D.

A. Hanifi, A. Schulzetenberg, Y. W Kim, Z. Zhang, J. E. Johns, A. Salleo, S. Fratini, A.

Troisi, C. J. Dougl as, and C. DEffecEHoles b i e,
Transport in Fully SubstitutefC-Rubr ene 0, Advanced EIl ectroni
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! /1% Field-effect transportneasurements on crystals of the benchmark organic
semiconductor rubrene {25, 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 cfv-1s? 8 and, crucially, a negative temperature exponent for the
mobility, i.e., mobility increases as temperature decreases down to about®THGeke
observations and others, including mobility anisotf88and a robust Hall effeét:® are
strong evidence for barike transport in rubrene (bandwidth ~0.5 é¥)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 battile transport in organic semiconductor crystals is still
being explored® 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 lerdgttand the propagation rate
¥ are determined by a competition between intermolecular electronic coupling and charge

phonon interaction; in this scenario the carrier mobjligan be evaluated 4$:
e =IZ o, (5. 1)

Here,¥! can be viewed as the characteristic time that charge is transiently localized due

to the lattice dynamics, and it is set by the predami low frequency intermolecular
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modes that modulate the intermolecular electronic couplisags the length that charge

can spread within the characteristic timié and is limited by the dynamic disorder as well

as the intermolecular transfer intafrlioc 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 chiaagefer integrals was
recently investigated biyhermal diffuse electron diffraction scattering in crystalline FIPS
pentacene, combined with quantum chemical calculations, and it was shown that

intermolecular coupling can change by over 100% relative to equilibrium Vlues.

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 interoudde vibrations, both enhancing
loc (<5 nm at room temperatur&)?®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 p ~ ¥.%* For rubrene, 100% substitution of thé&C 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 complaeigiase in
charge mobility. In contrast, a true band transport system dominated by acoustic phonon
scattering has no isotope effect on mobit§/Thus, the study of isotopically labeled
organic semiconductors with identiedectronic 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
systemg%3 1% Thus, the opportunity to clarify the nature of the kinetic isotopic effect in
crystalline organic semicaluctors 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 carbotased materials, and their hopping model also predicts a significant
negative isotopefect on charge mobility upof®C-substitution:®22%° Such a hopping
model, which is based on a modified Marcus picture, is however only strictly valid in the

narrowband limit, which does not apply to rubrene.

Here we report our experimental and theoretical investigations ofifgdt transport
in 13C-rubrene {3CazH2s, 574 g/mol) single crystals. We synthesiz&irubrene, grew the
single crystals from the vapor phase, and performed structural and electrical
characterizations. The results confirm that the crystal structdf€atibrene is identical
to native rubrene. We find a surprisingly significant negaseéope effect of 13% on the
mobility, which is consistent with DDM, though the effect is somewhat larger than DDM
simulations predict® Importantly, our reslts also demonstrate definitively that semi
classical band transport is not the transport mechanism in rubrertbe Taest of our
knowledge, this is the first report of a negative isotope effect on-diéddt charge
transport in an organic semiconducémd 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 t&C-rubrene can be found somewhere élsBingle
crystals were grown by the horizontal physical vapor transport (PVT) method. XRD and

AFM were used to examine the quality of the crystlgure 5.1adisplays the widangle
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diffraction patterns fof*C-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®C-rubrene and native rubrene single crystals, we can see that the positions
of correponding (hkl) peaks are almost identical, which implies that they share the same
crystal structure and lattice constant. Moreover, AFM height imdggaré 5.1b) show

that the surfaces of both rubrene &#@rubrene crystals are clean and molecularly fla

with an average step height of 1.3 nm. The step height is close to the interlayer distance
along thec-axis, which is 1.34 nm calculated from Bragg's Lawtlier (002) reflectionin
addition, the crystals were analyzed by singlgstal Xray crystallgraphy (seelable

Al.1 in Appendi¥ and revealed a solistate packing essentially identical to that of native
rubren€?®! The structural characterization was crucial to this study to ensure that no large
difference in measured transistor properties could be attributdidiféoences 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 omdavenumber intermolecular modes
(Figure 5.1¢). Peaks from th&C-rubrene sample in the range of 40 to 200'@ppeared

at systematically lower wavenumbers, as predicted. These low frequency modes are
expected to be critical for transport as they transientigiulate the intermolecular transfer
integrals. For example, the Raman peak at 48.0 shifts to 46.3 cm after °C-
substitution, a 3.5% decrease, which is expected to cause a comparable decrease in mobility
according to Equation5.1). In addition, thehighhrwavenumber modes were also
investigated by both IR and Ramdfigure Al.1 inAppendi®, demonstrating thafC-

substitution leads to a reshift for all the vibrational modes in rubrene.
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Figure 5.1 Structural characterization of rubrene @i@-rubrene. (a) Widangle Xray
diffraction patterns. (b) Tappirgiode atomic force microscopy height images (inset:
height profiles of the white lines in the image). (c) kavenumber Raman spectrum
(inset: @omedin image of the first peak). The crystal structures are identical, but all the
vibrational modes are shifted to lower frequencies.

Air-gap transistors based &fC-rubrene single crystals were fabricated on PDMS
substrates according to earlier pabtions2 The device structure is shownHigure 5.2a.
The *3C-rubrene single crystal transistors exhibitype operation like native rubrene

transistors, in which theemiconducting channel opens at negative gate Yitas 0 V).

The lack of hysteresis in both transfer cunkggyre 5.2b) and output curves-{gure 5.2¢)
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is evidence for a low density of trap states at the rubrene/air interface, as can be expected
for the airgap structuré® As shown inFigure 5.2b, the device turns on nedg = 0 V and

has an on/off ratio of ~*0ForVp =-1V, -2 V and-5 V, the device operates in the linear
regime at larg&c, and the perfectly linear transfer curves are indicative of a high quality
single crystal FET. The fieldffect mobility can be calculated by the stawmd&ET

equation {p << Vg1 VrH):
W,
ID: ro SVD VG-VTH ( 5. 2)

whereW andL are the width and length of the semiconducting char@eés, the specific
gate capacitanc@~ @i aR/chfand/ B the threslgoll poltage,
which is determined by the intercept from linear extrapolationpaofo the Vg axis.
Regardless of the drain voltage, the device showkigare 5.2b has a threshold voltage

of ~15.5 V, and a hole mobility of 15.3 éws?, which is a typical value for high
performance single crystal ajap FETs. From the output characteristicBigure 5.2c, a
linearlp-Vp 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*¥€-rubrene with the work function of

Au 202

Variabletemperature electrical measurements were employed to elucidate the charge
transport behavior dfC-rubrene single crystals, and were carried out on devices with a 4
probe configuration to correct for temperatdependen contact resistancé. 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 contemtrected 4probe fieldeffect

mobility (€4p) is calculated by:

. !
4 W O/g

e

(5. 3)

w h e rLea n @V amp respectively the distance and the potential difference between the
two reference probes. Tlegp vs. T relationships for three different devices are presented

in Figure 5.2d. It is clear that the mobility increases with decreasengperature @dT <

0), which implies that banlike transport is operative iiC-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 comiwacfor 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 eTthandlike transport phenomenon is reproducible

in 13C-rubrene single crystals and has been observed in almost all the devices with room
temperaturessp > 10 cnfVisl Interestingly, all three devices shown Rigure 5.2d

exhibit bandlike transport behdgoruntiTO 100 K. I n other words,
temperatureT(*) from the intrinsic bandike regime to the shallowrap-dominated regime

can be as low as 100 K. According to Morpurgo and coworkers, a Ibwaeans that a
smaller degree oftatic disorder is present in the -giap transistof® For organic single
crystal FETSs, such a loWw* has only been reported in high quality rubrene and deuterated
rubrene fH-rubrene) single crystaf.Based on these results, it is reasonable to say that
13C-rubrene single crystals have essentially the s@rdependent 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 sameice with gate voltages froml10 V toi50 V.
(Device dimensionst = 3 00W=m100 &m.) (d) Temper at ur e
mobility for three different3C-rubrene devices. Badike transport persists to 100 K in
these samples.

To further elucidate the intrinsic transport behavior, we carried out Hall measurements
on a®C-rubrene single crystal FET which displayed béikd transport down to 100 K.
Figure 5.3a shows the Hall resistance (definedRsg= Vx/lg) as a function omagnetic
flux density(B) between 5 T and5 T at different temperatures with a scan rate of 0.01
T/s. The gate voltage and source current were fixéd@t/ and 10 nA, respectively. A
clear Hall signal with a positive slope can be observed, which is consistent withyfies p
conduction in*3C-rubrene FETs. The noise level increases very rapidly upon cooling, so

any Hall measurement @k 180 K is prevented, which has been reported earlier in rubrene

air-gap transistor.The slope ofRy - B, which is the Hall coefficienR4 = llepyan,
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increases with decreasing temperature, indicating smaller charge density at lower

temperature. We can extract tHall mobility (€xan) from the equations below:

0 Ry

e = — =
Hal IepHaI |BRx xW

(5. 4)

wherel is the channel conductivity amly is defined af« = g//la. As shown irFigure
5.3b, bothenar anderer increase upon cooling and their trends are similar, implying that
our device is still in the barlike regime even at 180 K. The Hall measurement confirms

that the intrinsic, bantike hole transport has been achievedf@rubrene single crystals.
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Figure 5.3 (a) Temperature dependence of Hall resistance féiCaubrene aigap
transistor. Measurements were takerpat 10 nA andVs = 740 V. This device has
di mensilen S 50f Wagn 22@ em. (b)) Temperature
Hall mobility for this device. Bandike transport persists over the whole temperature range
(T > 180 K) in this device.

5.3 Isotope effect and theoretical explanation
To compare FET mobilities fdfC-rubrene and native rubrene, we fabricatedz4

rubrene mgle crystal FETs in order to get a reasonable distribution ottt 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 12.6ca#\2s?
and 14.6 +2.4 criv-!s?, respectively, for'3C-rubrene and native rubrene, where the
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uncertainty interval represents 1 standard deviation. However, as many measurements were
made, the-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 imisiervals. Based

on the full statistics of mobility ifrigure 5.4a, our calculations reveal that even the 99%
confidence intervals have no overlap (#emendix for detailed calculation). The 99%
confidence interval on the mean value of mobility f&@-rubrene single crystal FETs is

found to be 12.6 +0.7 cAV-1s?, while that for native rubrene is 14.6 +0.7 @n's?. That

is, statistically speaking the mean values of mobility for native rubren€@mdbrene are

truly different and based on the maaaiues, the isotope effectii43%. We conclude that

we have observed a negative isotope effect on charge transport in rubrene single crystals

upon completé3C-substitution.

It is unlikely that the negative isotope effect is due to extrinsic factors asich
impurities or structural defects because'fi@rubrene crystals exhibit beautiful transport
properties as shown above and are grown under the same conditions after extensive efforts
have been made to clean thi€-rubrene starting material. The pyriand 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 semiconductt¥&*In Figure 5.4b, it is obvious that both’C-
rubrene and native rubrene have cleandgaps. Spectra of 2 differéf€-rubrene crystals
are shown here in order to demonstrate that the measuremengigradeicible. Moreover,
the Urbach energy&(), 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 crystalFigure 5.4b reveals that’C-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 thegsonable to conclude that the origin of the

negative isotope effect is tlmed-shift of vibrational frequencies aftéfC-substitution as

predicted by DDM.
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Figure 5.4 (a) Histograms of the room temperature mobility for rubrene*3@dubrene.
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 2C-rubrene crystals. (c) Carbon mass dependence ochlt@ated mobility
of rubrene under two different assumptions: nrdegsendent 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 al*° In earlier work it was predicted from this
numerical model that increasing the molecular mass will cause a decrease in fobility.

However, this model did not include the effect of higgguency 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 nafreffing.
This effect effectively decreasdgs:. and is distinct from the role of low frequency
intermolecular modes which imapt throughy. Band narrowing is massependent and

from Holstein small polaron theory we find that the bandwidth (transfer integr&¥g-of
rubrene is 3.5% narrower (this is an upper limit) due to the increased mass. Adding mass
dependent bandarrowing to the dynamic disorder scenario, we computed the mobility at
300 K using rubrene parameters taken from a previous publid¢atibime computed
mobility decreases from 19.7 to 18.8atts in going from*%C- to 3C-rubrene, i.e. by

4.5%. If the band narrowing effect is neglected, the mobility reduction is 2.5%. Thus, the
simulations cofirm 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 moreritgady (

5.4c¢). Indeed, heavier C atoms produce a more pronounced negative isotope effect. The
gualitative 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 unavoidat#s sbu
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 becomenmoego 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 substitatis enhanced by a factor 632

5.4 Conclusions

In summary, we have successfully synthesiZé@-substituted rubrene and
systematically investigated the structural and electrical properties of-gepen 1°C-
rubrene single crystal$C-rubrene singlerystals maintain the intrinsic transport behavior
of native rubrene, including hysteresiee output and transfer characteristics, an average
hole mobility over 10 c#V-1s? at room temperature, and the clear signature of-bked
transport persistingtvery low temperaturef(O 1 0 Qvith l§ jnaximum mobility of ~45
cm?Vist at ~100 K. The excellent performance 8€-rubrene single crystal FETs is
further confirmed by the observation of the Hall effect in the conducting chann&®f a
rubrene ahgap transistor, which provides characteristic evidence of the diffusive
delocalization of charge carriers over a few ecoles. Importantly, we have observed a
significant negative isotope effect on charge transport in rubrene single crystat&Cafter
substitution, which originates from the decreased vibrational frequenciég-oibrene
and supports the physical pictwktransport under the influence of dynamic disorder. In
a general sense, we believe th¥€ isotopic substitution opens new opportunities to

understand transport phenomena in organic single crystals.

5.5 Experimentalmethods

Single crystals of*C-rubrene were grown by the waleveloped horizontal physical
vapor transport (PVT) method using ultrapure Ar as carrier'8fdsThe sublimation
temperature was kept at 2200 € 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 crystwlsed 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.

Singlecrystal Xray crystallography was otlected on a BRUKER APEX I
diffractometer with Cu Kiradiaton 6= 0. 154 nm) at 123 K. A
diffractometer was used for the widagle XRD experiment, in which monochromatic Cu
KUradiation 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 Gwyddiba.Raman spectra of were
collectedin a backscattering geometry using a confocal Raman spectrometer (Witec

Alpha300R) with linearly polarized radiation at 633 nm.

PDMS-based akgap transistors were fabricated according to previous refjdisst,
the desired patterns were defined on a silicon wafer by photolithography. The wafer was
then put in a clean petdish and PDMS prpolymer Sylgard 184, Dow Corninjgwas
mixed with curing agent and poured into the pdish. Afte it was degassed and baked,
the PDMS stamp was peeled off. The depth of thgair was measured to be roughly 5
em by -BenddrlP¥6 surface profiler. Finally, Cr/Au contacts (3/20 nm) were formed
by electrorbeam evaporation using a CHA electron besposition system. The agap
transistors were fabricated by simply laminating the crystals over the source and drain
electrodes with their lorgxis aligned across the channel. Ma@ der Waals interaction
between the crystal and the substrate ledbtmigontacts between organic crystal and Au

el ect r od e s-gap$enved astheegate dieieatric. All the devices were fabricated
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under ambient conditions and transferred into a nitrdijed glovebox for further

electrical measurements.

Outputand transfer characteristics of the transistors were taken in a Desert Cryogenics
(Lakeshore Inc.) probe station in a nitrogéled glovebox equipped with Keithley 236
and 2612 souremeasure units (SMUs) and homemade Labview programs. Two Keithley
6517A electrometers were connected to the vohlsgesing probes for -grobe
measurement. A Lakeshore 331 temperature controller was employedtenipsrature
currentvoltage (-V) measurements. All measurements were performed in vacuum and in

the dark.

Temperatureand fielddependent 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 &eithley 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-pegterned Hatbar geometry. The sample was

wired on the PPMSpc by Au wires (25 em diameter) an

PDS measurements were performed on a Roumile setup described by Vandewat
al.2%® Measurements were taken using a mechanically chopped (3.333Hz) monochromatic
light source using both a 150W Xenon and 100W halogen pump lampmvitrspectral
resolution focused onto the sample. Degassed and filtered perflourohexé&ing 3G1
Flourinert FGC72) was used as the deflection medium. Single crystal samples were

transferred onto PDMS on quartz substrates that were stored and transfarretiogen
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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 Electroridgsorder 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 probecnoiscopy. Chemical etching andry diffraction
indicate that the potential domains are correlated with planar defects such as stacking faults.
The results have important implications for understanding strii¢ctansport relationships
in organic semiconuttor single crystals. This work has been published.a&u, X. Ren,
K. A. Mc Garry, M. J. Bruzek, c. J. Dougl as
Microscopy Reveals Planar Defects Are Sources of Electronic Disorder in Organic

Semiconductor Crystas 6, Advanced El ectronic Material:

6.1 Introduction

Single crystals of organic semiconductors play a central role in organic electronics
research because their low levels of static disorderavis thin films) provide
opportunities for examining fundamental electrical transport behalidf® Field effect
transistor (FET) measurements based on single crystals of the benchmark semiconductor
rubrene, for example, have revealed remarkable transport propewdiesdaiined our
understanding of intrinsic transport limft&ey observations on rubrene single crystal
FETs include highly reproducible room temperature hole mobilities above A0'sth
bandlike temperature dependence of the mobility. (ineobility increasing with cooling

down to 100 K), robust Hall effect behavior, and clear mobility anisotropy correlated with
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the crystal structurg®®°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 semiconductéfs? 34.60.207,208

Yet in reality, the situation is not so simple. Many organic semiconductor materials that
appear to be promising in terms of their saidte packing and electronic structure’ (
overlap) do not perform well in commonly employed field effect transport measurements,
even in single crystal ford?22%This includes materials for which the calculated transfer
integralsexceed those for rubreA®.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,@lefects that lead to charge traps and barriers. However, it
is not always straightforward to detect such disorderayXmethods do provide a powerful
approach in some cases, though most reports of single crystal FET measurements are not
accompanied by daled X-ray analysis to reveal inhomoges strains or dislocation
densities, for example. -Kay approaches (e,gtomography) can also be laborious or
require specialized equipment, which can limit their routine application to organic crystals
that havenot performed well in transport experimeft$Thus, the highly desirable link
between performance and structure is often broken and, consequently, the inability to
consistently and rationally synthesize crystaih 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 semiotiod 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 morg %ilel), so that it is clear the

di sorder , whi ch c¢r e atchasge, vl affedt sharge drandportfi v a | |
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-pay diffraction and chemical etching. In some cases,

it is obvious that the Asingle crystal o sa
instead composed of large crystalline subdomains, much like highly twinned metal crystals.

In other cases it appeathat stacking faults (i.eplanar defects) are the source of the
surface potential variationg/hile prior work on thin films has shown the ability of SKPM

to visualize defects such as grain bound&tigs;® the discovery that structurand
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 iexg@ets. 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}dimethylrubrene (FMrubrene), preserves the same space group as
rubrene when grown by the physical vapor transport mefidthe molecular structure
and crystal packing of FiMubrene are shown fRigures 6.1a and6.1b. Single crystal X

ray crystallography shows that like rubrene, sublimagjoown FMrubrene crystals adopt
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an orthorhombic structur€mcaspace group) and slippéestack packing motif with the

" -stacking direction along thie axis2%? Interestingly, polarized light microscopy of-as
grown crystalsKigure 6.1¢) indicate a single crystal domain with the largest facet being
the (100) plane and the longest direction aligned with the crystallogtapkis. Quantum
chemical calculations kad on the crystal structure indicate that electronic transfer
integrals are somewhat larger for FMbrene than native rubrene suggesting that the
electrical transport properties should be favordftndeed, singt crystals of FMubrene
display reasonable transport properties in FETs (contact corrected hole mobility’¥'1 cm
1s1),292though not as good as native rubrene (contact corrected hole mobility >¥0 cm
s1), The poor performance com@d to native rubrene was puzzling to us and suggested

that there must be structural disorder in-FMrene.
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Figure 6.1 (a) Molecular structure of FNMubrene. (b) Crystal structure in thec plane.
(c) Crosspolarized optical micrograph of -@gown FMrubrene 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 pathrdgiogram
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 A molecular stempinciding with onehalf of thea 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 @ids andi CFs groups along this axis.

Significartly, 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 ddpdtesl
potential line profile inFigure 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, verifisgrt compared to
thermal voltagekT/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 showi\ppendix FigureA2.1.It is reasonable
to suppose that the stripesFigure 6.1 reflect structural defecté??#?19ndeed, 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 sc&ngufe 6.1d) or by polarized light microscopy
(Figure 6.1¢). In addition, standard ouwlf-plane Xray diffraction (XRD) revealed no
obvious anomalies for any of the crystals (see FiARe in Appendiy. As optical

microscopy and oubf-plane XRD are commonly employed to assess the quality of crystals,
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it is clear that the defects Figure 6.1, which ae readily observable by SKPM, could be

missed.
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Figure 6.2 @) Distribution of the orientations of the surface potential stripes in about 50
FM-rubrene samples. The orientation is quantified by the angbetween 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] axisj.e., parallel to the [011]as (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]xs.

The crystallographic orientation of the potential stripes was quantified by measuring the
angle ¢) between the stripes and the [010] direction, which is aligned along the long axis
of the crystal. As indicated iRigure 6.1e the surface potentiatrgpes correspond to the
[011] direction. However, upon sampling over 50 crystals, two distinct stripe orientation
populations were observed as showrrigure 6.2a, one witho close to 0°(i.e., stripes
along [010], termed a type 1 defect) and the otleecto 60°(i.e., stripes along [011], as

in Figure 6.1¢ termed a type 2 defecfigure 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 imagiguine

6.1e in which the stripes ardigned 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 clealy supports the cexistence of two different potential stripe

orientations, and two types of defects, in4fMbrene crystals.

6.3 Structural origin of electronic disorder

Nearly all FMrubrene crystals exhibited surface potential stripes. This is viéeyetit
from our previous examinations of rubrene single crystals by SKPM which show
homogeneous surface potential imatfsTo characterize the nature of the defects leading
to striping, we undertooln-plane (grazing incidence) XRD measurements of the (100)
major facet, as outf-plane XRD (i.e., with the scattering vector normal to (100)) was not
informative. Specificallywe performed scansy( is the angle of the incident-May beam
relative to a reference ystallographic direction in the (100) plane of the crystal). The
geometry of the experimental setup is showrFigure 6.3a. The incident Xray and
detector position§ 2d) ar e fi xed at grazing incidence
(i.e.,t is varied from 0%to 360}. Theinp| ane 2d value was det er mi
condition for a particular plane in Fibrene; we chose the (022) plane, corresportding
2 d 2%#68 Since the multiplicity of (022) plane of FMubrene is 4, we expected to
observe 4 peaks separated by &5125°according to the angle between planes (022) and
(022) of the crystal. However, as showrFigure 6.3b, thet 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 isota single crystal; there are sdbmains oriented at 90%o each other.
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The situation is depicted iRigure 6.3c. Importantly, we observe for such samples that
potential stripes align with the [010] direction. Thus, figure 6.3b data represent
detection of type 1 defects, which correspond to parallel domain boundaries between sub
crystals oriented at 90°with reget to each other. Again, neither optical microscopy nor

out-of-plane XRD revealed these defects.
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Figure 6.3Grazing incidence XRD revealing type 1 defects in-feMrene(a) Schematic
of the grazing incidence @iplane)- scan of an FMubrene singlerystal. The (022) plane
with multiplicity of 4 was chosen because
too close to the @values of other planes to cause any confusion (see Azul¢. (b) ¢
scan of FMrubrene shows two sets of peaks fog (022) diffraction plane. The angle
between the two sets of peaks is approximately @)Schematic of the proposed type 1
defect in FMrubrene in which surface potential stripes are aligned along [010].

To further explore the defestructures, we chemically etched the fflubrene crystals
with ethanol. Chemical etching of defects in organic single crystals was reported for
anthracene, naphthalene, and tetracene crystals as early as th&488@urprisingly,
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 directionFigures 6.4a and 6.4b show the topography armbrresponding surface

potential images of a partially etched HFibrene single crystal. The AFM topography
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image inFigure 6.4ashows parallel grooves with depths on the order of 100 nm according
to the line profile analysis. In the corresponding surfaterial imagekigure 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 eneone correlation between the etching

grooves and the surface potential stripes.

-

A N { Topography

0nm 100 nm 0mVv 1000 mV

Figure 6.4Chemical etching of type 2 defects in Fbrene(a) Topography of a partially
etched FMrubrene single crystal shows parallel etch grooves in the deeply etched regions.
(b) The simultaneously acquired surface potential image of the Ilcirygtg. 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 preferentiallg) Higher manification topography scan of the grooves
created by chemical etching. The stable crystallographic directions revealed by etching are
the [010] and (11] 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-Rl\rene that results in potential
stripes parallefo [011].

To take a closer look at how the grooves form, the etching time was controlled to render

an FMrubrene surface that was only slightly etched. The topography and the
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corresponding surface potential images at higher magnification are sh&iguias 6.4c

and 6.4d, respectively. The grooves are highly facetéidure 6.4c. It appears that the
stable crystallographic directions revealed by etching correspond to the [01@14hd [
directions, as labeled in the figure. The grooves along [01dighy 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 imageyure 6.4d reveals that

the center of the dark potential stripes coincidik 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-dimoensional planar defects, which
include, for instance, grain boundaries, twin bouiesaand stacking fauld¥??*We have
not yet identified the precise nature of the typgléhar defect in FMubrene; this will
require sophisticated electron microscopy of these soft crystals. However, considering the
specific orientations of the stripes and the groove faceBguares 6.4c and 6.4d, we
hypothesize that the type 2 defectaisstacking faultFigure 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 hdetectable by grazing incidence XRD, conventionaldftlane

XRD, or by polarized light microscopy.

A key point is that both type 1 and 2 defects do not change the molecular paktking (
spacing) along the-direction, so topographic AFM and widagle 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 sdbmains oriented at 90°to each otheill 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, amcial 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 surfextapo
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 excl¥fsions.

We will return to this point below.

T/IK 283 333 383 433 483

Crystal . :
Orthorhombic| Orthorhombic| Triclinic Triclinic Triclinic

Structure

a/A 34.1654 34.2709 17.4039 17.3801 17.2620
b/A 7.2502 7.2797 7.3439 7.4024 7.5012
c/A 14.0113 14.1173 14.1270 13.9034 14.8987
V] 90.0000 90.0000 89.2403 88.5863 89.6164
b 90.0000 90.0000 87.7138 86.0192 85.4755
) 90.0000 90.0000 78.0939 78.2871 77.7923
VIA3 3470.670 3522.014 1765.350 | 1747.167 | 1879.563

Table 6.1Unit cell parameters of FNMubrene 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 occurrencef planar defects in FMubrene can be understood by
temperaturaependent single crystal XRD measurements. As showalile 6.1, there is
a distinct structural transformation within the temperature range of 333 K to 383 K. At
room temperature, physicahporgrown FMrubrene crystals adopt an orthorhombic
crystal structure. As temperature increases to 333 K, the crystals undtergaalt
expansion but the orthorhombic structure is preserved. However, as the temperature

reaches 383 K a sohsblid phase transition occurs and the crystals adopt a triclinic
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structure. When the crystals are cooled back to the room temperature, tmkeoonthio
crystal structure is recovered. Such a settld phase transition does not occur in native
rubrene as shown in Tabk.2 in Appendix this table shows that in native rubrene only
uniform changes of lattice parameters resulting from thermal siparare 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 FMubrene 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 %\pgedixand Figure
A2.3) associated with such a solid state phase change, it is not surprisingaihandance
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 ddteetsselves 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 straiméncrystals is the cause of the surface
potential domains. We have previously shown that elastic strain leads to surface potential
variations in benchmark crystals of rubréff&According to our previousridings, elastic
strains of 0.1% can lead to surface potential variations of 100 mV. TH&@BV
excursions we observe for FMbrene crystals may indeed correspond to such very small

residual strains.
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Figure 6.5Potential stripes in other rubreneigatives.(a) Topography, surface potential,

and potential profile for ffubrene (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)fopography, surface potential, and potential profile of the
white dashed line for FMBubrene. The potential difference between the peaks and valleys
in the potential profile is ~35 mV. (c) Topography, surface potential, and potential profile
of the whitedashed line for FM3ubrene. 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 materkitpure 6.5 shows the
SKPM results of three other rubrene derivatives with different numbé&GHy andi CR

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. Furtresrasshown in
AppendixFigureA2.4, SKPM examinations of other organic semiconductor single crystals
including ptype dinaphtho[2®:2,3f]thieno[3,2b]thiophene (DNTTY?? and ntype
semiconductors buckminsterfullerene (C&and a naphthalene diimide derivative£Cl
NDI),%?* 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 Fkibrene, the defects appear to result from a salid 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 conventiodipane
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 crysfatsexampleby causing
fluctuations in the HOMO and LUMO baratige positions leading to barriers and traps
for charge Future experiments will focus on establishing atmene correlation between
the defect potentials and transport. Nevertheless, the currens taghlight 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 stypiipesty

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 gd&/° The sublimation temperatures varied from ~200 TCl
NDI) to ~600 € (C60) depending on the types of organic materials. Only thin crystals (<5
em) with uniform crystall i ne sdeetgfdifoosammpleand s
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 m00as 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 performetith a Bruker Nanoscope V Multimode 8
Sanning Probe Microscope whi ch wor ks i n Iathdfwsbpasgafs s il
each line of an image, the conductive probe scans the rubrene surface in atiegatiee
dynamic mode to generate the topographic data under conventional ampidgddation
feedback (also known as AACO or Atappingo
cantilever near resonanden stabilize performance in the attractive regime, the cantilever
was driven at a drive frequency slightly larger (~150 Hz) than the fundahresbnant
frequency, and the setpoint amplitude was about 90% of the free amplitude (~96 nm).
the second Ainterleaved pass, the probe wa
and scanned the topographic trajectory acquired in the first pags-applied AC bias
resonantly excites the cantilever (via a tsying electrostatic force gradient between
tip and sample) while a DC bias was adjusted under feedback soudishe AC excitation

by matching (and thus measuring) the surface pialgrdintto-point across the surfaéé.
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The measurements were carried iostde an argoffilled glove box with oxygen level <5
ppm.The typical probes were from Bruker (FMRT, 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 icvonglay. The applied AC voltage

in SKPM was Qo +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 aldistille
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 agaiwwvaasnthen

dried with N> gas (~60 s).

High resolution iaplane (¢ scan) and owbf-plane XRD measurements were carried out
withaP ANal yt i c al-raXdiffRcometemiracCukUs our ce (o = 0. 1
operated at 45 kV and 40 mA filament cutrefihe lattice parameters as a function of
temperature for FMubrene and rubrene single crystals were determined by a Bruker
SMART Platform CCD diffractometer using graphiteonochromated MoWr adi at i on (

=0.71073 A) at temperatures from 283 K to 48@%ith increments of 50 K.
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Chapter 7 Rubrene Singlerystal 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
singlecrystal transistors. In particular, we explore the effect of the free, permanent dipoles
in PFPE on the charge carrier accumulation and transport at the vuBFd?ie 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 curxesst ate 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 channeleHiansities on the order of 1011
cmi 2 are achieved at the sur f dikedo hoppingr ubr en
transport near the freezing point of PFPE is evidenced by tempedajpeadent Hall
effect and resistance measurements. Overall, ifftdesinduced 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. Thi®rk has been published s Ren, E. Schmidt, J.
Wal ter, K. Gangul vy, C. L e i g h 1Crysta) Traasistdrs C . D.
with Perfluoropolyether Liquid Dielectric: Exploiting Free Dipoles to Induce Charge

Carriers at Or glurnalof PBysicalfCaemestsy &, 2017,H121, 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 cryStafs:137.138.144.22828 pqp
fundamental work, liquid dielectrics offer several advantages,dimguthe possibility of
tuning the dielectric constant over a wide range.(2:§0), the possibility of introducing
mobile ions facilitating electrical double layer formation, the ability to insert the liquid at
room temperature thus minimizing crystahdage, and, in principle, the option to remove
the liquid and return to an agap structure such that comparisons of transport with and
without the liquid can be madé!* Using this strategy, we have shown that the carrier
mobility of systems such as rubrene syste
constant increases, consistent with earlier findings for siaiéctrics’>13®wWe have also
shown that it is possibl® achieve extremely high charge carrier densities on the surface
of rubrene crystals using ionic liquid electrolytes, which has allowed the observation of
gateinduced neametallic behavior, as well as intriguing peaks in conductance as a

function of clarge carrier densityt*228

Following initial work by Leeet al, here we gplore 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 DeB3felhe density of these dipoles is 410
cm®iand we could thus expect, based on Leeds
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 byt akindeal showed
that significant charge carrier densities, and a-lre@gding 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 otdrevastigated. Here,

by making such PFRBated 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 denkatesxceed the expected
values based on the dielectric constant of PFPE (~4) alone. Specifically, due to the
existence of dipokinduced charge (1810 cm?), we find a memory effect in the transfer
curves of PFPHated rubrene transistors, which ¢esaa 3orderof-magnitude difference

in the conductance ne¥le = 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. Overalh¢ 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 duilsin
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 D@, cu
we can extract the specific capacitanCe=(C/A,whereC is the total capacitance aAd

is the channel area) according to:

d cv, dv,
= G aac =S5

6= —51 gt (7. 1)

The specific capacitance of the device showrFigure 7.1b is 0.71 nF/crf, which
corresponds to a dielectric constant of ~4 (FIABEL in Appendi®. 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: moleculastructure of PFPE; Bottom: schematic cresstion of the

PFPE MI M capacitor
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PFPE MIM capacitor with sweep rates from 8.62 to 17.22 V/s at 300 K. Device dimensions:

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 (WieR< Vg1 V1H):

W
|D = ICiSVD VG'VT H

whereW andL are respectively the width and length of the semiconducting chanisel,

the carrier mobility, and/ry is the threshold voltage. The @ap transistor shown in

(7.

2)

Figure 7.2ahas a FET mobility of 14.5 civ s, and the transfer curve is hysteresis free,

both of which are typical for rubrene single crystalgap FETS. After selecting a high

performance device such as this, thegaip was then filled with PFPE liquid (see inset to

Figure 7.2b) to carry out liquidgating experimentsrigure 7.2a clearly iows that the

transfer curve of the PFRgated 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 ma@csm. It is known from Leet

albs earlier work that the dipole moment in
rubrene/PFPE interface even without a gate voltage, and that the induced charge carrier
density can be as high as'4a0' cm?.22° Thus, when the device Figure 7.2 is operating

under a negative gate bias, the charge carrier density in the rubrene channel consists of two
parts: a dipolenduced charge and a gateluced charge. In the current work, since the
deviceistestedundar gat e bias, the dipoleds respons:«

taken into consideration.
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Figure 7.2 (a) Transfer curves of a rubrene single crystal transistor with different
dielectrics at 300 K: air (red) and PFPE (black). Mobilities:= 14.5 cmdV-1s?, pprpe =
6.3 cnfV1st. (b) Displacement currents of the PF§&ed device with sweep rates from
5.75t0 17.24 V/s at 300 K (inset: device structure of the Rf&R&d rubrene FET). A large
hysteresis appears in the transfer curve of the Rjge&l device and two peaks are
obseved in the displacement currents. Device dimensiors: 5 0 OV=¢ n6,0 0 €& m.
To study the response of the PFPE dipoles to sweeping gate voltages, we also measured
the gate displacement currents of PFRiEed rubrene FETSs. In these measurements, the
sourcédrain 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 liqditdg#2143

Interestingly, the DCM curves of PFRfated devices are very different from those of
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devices with dter dielectrics. IrFigure 7.2b, for instance, regardless of the sweep rate,
there are always two peaks in a singteloop. The peak in the forward sweep (from
positive to negative voltage) appears@aV 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 gatdtages. In the forward sweep, which indicates a hole
injection process, the device turns on néax 0 V (Figure 7.2a), and a pronounced DCM

peak starts to form as the gate voltage is swept further negatiwed 7.2b). This peak

likely corresponds tohe 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 dielectricstelated to the formation of the conducting
channel*? However, the magnitude of the peaks in these Pg#Ed rubrene FETS is

much larger, indicating that the peaks in PKREEed FETdhave a different originAfter

the forward peak, the gate displacement current becomes nearly gate-valtggendent,

which again is anticipated from similar experiments on OFETs with conventional dielectric
materialst*® During the reverse sweep, however, which corresponds to the hole extraction
process, the displacement current is first flat and smaNdox 0 V, and no turoff is
observed by 0 V, consistent with the hysteresis in the transfer curve. As the cotductivi

of the channel is still high at this point, we suppose, as discussed further below, that a large
concentration of hol es in the surface char
oriented dipoles at the rubrene/PFPE interface. Importantly, gatédias 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 ofdsolrom the rubrene accumulation layer into the

source and drain contacts.
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Figure 7.3 (a) Displacement current of a PFgBted rubrene FET (the same device shown
in Figure 7.2) at 300 K. On the right are the schematics of diuleiced hole
accumulation at different gate voltages. (b) Stgiscale transfer curve of the same
device at 300 K. The amounts of charge injecpadl &nd extractedotu) are also shown.

Within this picture, the hysteresis in the transfer curve and the pe#tks DCM curve
are of course directly related. To better visualize this, the transfer curve is pldtigdrim
7.3 on a semiog scale, along with the DCM at a single sweep rate. Comparison of panels
(a) and (b) clearly shows that the peak in the fodwgate displacement swedpiqure
7.3a) appears when the device is almost totally turned=agyufe 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 onistexhen PFPE is in the liquid state. When

the PFPE is frozen, the dipoles cannot respond to the external electric field, so the dipole
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induced charge accumulation is no longer affected by the applied gate voltages, as would

be expected (see Figura8.2 and A3.3 in Appendixfor more details).

The injected charge carrier density can be extracted from the forward sweep of the DCM

curve inFigure 7.3ausing Equatior{7.3):

(7.3)

wheree is the elementary electron charge. The integrated charge carrier density increases
monotonically as a function of gate voltage and reaches 1.5 gtF atVs =-20 V. This

charge carrier density is clearly larger than what could be expected from entonal

dielectric withQ ~ 4, which would givep = 9 x10*°cm?atVe=-20 V for a 5 e
dielectric. Moreover, the quantities of charge injected and extracted (on the reverse sweep)

are very close (sdegure 7.3a), indicating a nearly trafreerubrene/PFPE interface. The

reverse peak ifrigure 7.3arepresents almost exclusively dipatbilized charge with a

density of ~18' cm? (it may vary with sweep rate), and its position on the voltage axis is

consistent with the hysteresis in the transfeve shown irrigure 7.3b.

Consistent with the above, we interpret the transfer curve hysteresis and related DCM
peaks in PFPigated rubrene devices in terms of a pinned dipole model. The behavior is
in fact somewhat reminiscent of a ferroeleetzated devicé® 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 chargiagd 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 betwidendipoles 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 PFPEgated FETsKigure 7.3a) areabsent in the DCM curves of the PFPE MIM
capacitors Figure 7.1b). One possible reason for this is that the dipoticed charge
interaction is fundamentally different in rubrene FETs and MIM devices. In the one case
we have interaction between PFPE stefdipoles 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 redeicthe 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 ocatharip

type organic crystals FETsuch as those based on DNTT (see Fig&d in Appendiy),
indicating that the phenomenon is indeed general to RfeRBEd ptype FETSs. We believe

that the dipolecharge interaction in antype semiconductor would be different due to the

asymmetric moladar structure of PFPE, though more experiments are required.

7.3 Hall effect andRi T measurements

The Hall effect, perhaps the most definitive method for studying charge transport in high
mobility organic semiconductors, has been successfully pertbmnerubrene single
crystal FETs with various dielectriés?44In pioneering work, Leet al. reported the
observation of the Hall effect at the surface of PfRiEtionalized rubrene single crystals

with an excellent signab-noise rati?® In this work, we thus performed Hall
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measurements on PFRfated rubrene devices at various temperatures atedvgltages.
Figure 7.4ashows the room temperature Hall resistance (defin&d,asVi/lp, whereVyy

is the Hall voltage) as a function of the magnetic flux denBitya( different gate voltages,
with a scan rate of 0.01 T/s. A clear Hall signal wattpositive slope was observed,
consistent with holelominated conduction in rubrene. The hole denpiiy) and the Hall

mobility (eran) were calculated using:

B 1 _ B (7. 4)
pHal_l eRH - eny '
&, =——= — (7.5)
Hal IepHaI | BRxxW
(a) b) 16
6015 12
_ 33 E D ,‘1'2'
g | O E
\; 0 200.8‘47 Pdipole
@ =
.V o=-0v] Tl
.V, =-20V
-60 4V, =-30V
T T é 0

9 6 -3 0 0 10 20 30
B(T) Vs (V)

w
@

Figure 7.4 (a) Zero field background subtracted Hall resistance as a function of magnetic
flux density at differen¥ for a PFPEgated FET at 300 K ard = 50 nA (inset: the Hall

bar geometry used in this experiment). (b) Hole density as a functdnaif300 K. The
density of dipoleénduced charge can be exacted from the intercept. Device dimerisions:
= 1000L=em,50M+c M50 ¢€&m.

whereR4i s t he Hal lla ncdd agréspectively the distampe and the potential
difference between thsvo reference electrodes, aRg is the channel resistance, which

is defined af = gq)//l4. The charge carrier densityHi) at different gate voltages is thus

summarized inFigure 7.4b. Clearly, with the increase of the gate voltage, the charge
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carrig density increases linearly. However, the fitted straight line that represepisithe
- Vg relationship does not go through the origin. Rather, it has an intercept of 73 x10
cm? at Ve = 0, which corresponds to the density of dipmigéuced charge. The Hall data
thus further confirm the earlier understanding that both dipaleced charge and gate

induced charge must exist when these devices are in operation.
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Figure 7.5(a) Zero fietl background subtracted Hall resistance as a function of magnetic
flux density at different temperatures for a different PigaEed FET aV/c =-30 V andip

= 200 nA. (b) Hole density and Hall mobility as a function of temperature. The Hall
mobility is nealy temperaturendependent down to 250 K. Device dimensidns: 1000
em,L=gpl50W=n3,00 €& m.

The temperature dependence offfagvs B response is shown Figure 7.5a. The gate
voltage and source current were fixed here38tV and 200 nAespectively. The Hall
signal is seen to possess a good siymabise ratio between 300 K and 250 Wy(~ 1
MV, Vnoise< 0.1 mV),enai andpuan being nearlyT-independent in this temperature range
(Figure 7.5b). However, at only slightly lower tempéuaes, 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 quantitativellfignre A3.5 in

Appendix The cause of this is apparerdglgharp decrease in charge carrier mobility as the

PFPE begins to freeze (the freezing point of PFPE is ~248'R)o support this, we
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measured theorresponding sheet resistanBe £ Ro\W [ as a function of temperature,
again at a fixed gate voltags = -30 V (Figure 7.6). Clearly, theRsvs T curve can be
divided into two distinct regimes. Above ~250 K, the resistance decreases upon cooling,
which corresponds to basike transport, consistent with the Hall dataFefure 7.5b.

Below 250 K, however, the resistance increases rapidly with decreasing temperature. This
suggests a sharp crossover from bikelto strongly insulating transport (liketlominated

by hopping), occurring very close to the freezing point of PFPE (~248'H)is thus
concluded, intriguingly, that the solldjuid phase tranton in PFPE strongly influences

the channel resistance in PFB&ed rubrene single crystal FETs, even when cooling in

the AONO state.

One possible explanation is that t he dir
detrapping of charge carriers irbrene. 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 fluctuaten(e.g
displacement aorientation 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 dotentia
corrugation becomes static. Another possible factor is thatha liquid cools and
approaches the freezing point, the contraction of liquid also creates a number of
microscopiedelamination 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

113



thatmore studies must be done in this area to further explorphbisomenon, including

possible links to the hysteresis effects in transfer curves, and DCM peaks.

5.2

4.8

Rs (MQ/sq)

4.0+

Figure 7.6 Sheet resistance as a function of temperature for the samedakREFET
shown in Figure 7.5 afc = -30 V. There is a clear transition near theezing point of
PFPE.

7.4 Conclusions

In summary, we have investigated the electrical transport properties ofdE&E
rubrene single crystal FETs. Using various electrical characterization methods, room
temperature mobilities over 6 éwi's? ard charge densities over 10cm? have been
obtained. This mobility is lower than the-giap mobility (> 10 crfv-!s?), consistent with
the welkknown result that as the dielectric constant increases, the mobility decitases.
dipole moment present in the structure of PFPE is found to play a significant role in the
transport behavior of PFPgated devices, being responsible for the high carrier density at
the PFPE/rubrene interface. The dipalerene interaction also ressiin 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 pacagc. The charge transport properties

of PFPEgated devices were also studied by Hall measurements, which show a
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temperaturendependent Hall mobility above the freezing point of PFPE. Below the
freezing point, however, the Hall coefficient shrinks Bedomes abruptly lower in sigral

to-noise ratio, coincident with a clear crossover from Hémto hopping in channel
resistancess. T. These observations indicate that the liggndid transition in PFPE has a
surprising influence on the conductonm¢ r ubr ene channel, even
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 g@ 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 €. ’®"9Polydimethylsiloxane (PDMS,
Dow Corning Sylgard® 184) stampswithangiap structure (depth ~5
according to previous publicatiorf§.Cr/Au (3/20 nm) electrodes were then deposited onto
the PDMS stamps using a CHAbeam evaporator to form the source, drain and gate
contacts. Airgap FETs were faicated by laminating rubrene single crystals with smooth
surfaces across the source/drain electrodes. The performanceyap alevices was first
tested, and then the gap was filled with PFPE liquid, with the aid of capillarity, to fabricate

PFPEgateddevices. For the fabrication of metabulatormetal (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.

Currentvoltage (-V) characteristics and gate displacement currents efagr and
PFPEgated 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 fitrogen gas. For transfer curves, two Keithley 236/237 seurce
measure units (SMUs) were used to apply the drain/gate voldagasdVs) and measure
the resulting currentd andlg), and a Keithley 2612 SMU was used to ground and
measure the source cent (s). 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. Temparaduield
dependent Hall effect measurertseeand resistanoss temperatureRvs 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 sourcetand 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 gateerned Hatbar geometry. The

sample was thenwiredanh e PPMS puck using Au wires (2
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Chapter 8 Anomalous CoolirFigate Dependent Charge Transport

in ElectrolyteGated Rubrene Crystals

Although electrolyte gating has been demonstrated to enable control of electronic
phase transitions in many materials, long sowdtar gatse nduc e d i nsul ato
transitions in organic semiconductors remain elusive. To better understand linatorg fa
in this regard, here we report detailed wida n g e resi starR®ei t emp
measurements at multiple gate voltages on #gigd gated rubrene single crystals.
Focusing on the previously observed highs regime where conductance anomalously
decreases with increasing bias magnitude, we uncover two surprising (and related) features.
First, distinctly coolingratedependent transport is detected for the first time. Second,
power lawRi T is observed over a significaiitwindow, which is highly unsual in an
insulator. These features are discussed in terms of electronic disorder at the rubrene/ionic
liquid interface influenced by (i) cooliagatedependent structural order in the ionic liquid
and (ii) the intriguing possibility of a gateduced glasy shoHdrange chargerdered 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 publishéd Ben, C. D. Frisbie,
and C. Lei ght on,-Rae-BRependeatiCbamgs Trabsport ini Efegirolyte

Gated Rubrene Crystalsodo, The Journal of Ph

8.1 Introduction

Electrolyte gating in the fieléffect transistor (FET) geometry has emerged as an
effective technique to ingbe very high charge carrier densitiesf1® 10° cm?) at
surfaces”#32233ccumulation of ach charge densities has led to a series of breakthroughs

in electrical control of ground states, including gaiduced insulatemetal transitions,
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superconductivity, and ferromagnetigtf134.148.151.15164,167.234Thase achievaents have

been largely limited to electrolyigated transistors (EGTs) basedionorganic materials,
however, such as oxides and 2D materials. Although tuning transitions among electronic
ground states iarganicconductors has been an active area since the 1970s, the techniques
used to control charge density (e.g., chemical dépiRd chagetransfer
interaction$®:2% etc) are discrete and irreversible. Notably, gateed electronic phase
transitionssuch as insulatemetal transitions, or even superconducting transitions, remain

elusive in organic semiconductor EGTSs.

Driven by the above, several recent studies have reported EGTs based on single crystals
of the benchmark organic semiconductor euta, which exhibits high hole mobility (>10
cm?V-1sh) and bandike transport in aigap trnasistorst®137:144.226.23¢4igh hole densities
(of order 163 cm?) have been induced on the surface of rubrene crystals using ionic liquid
(IL) electrolytes, but, critically,without an insulatomrmetal transition. Rather, pdg
understood conductance peaks have been obseweghte voltage \(c), where the
conductancealecreasesat the highesVc magnitudes3’14* Temperature T)-dependent
measurements reveal conventional (activated or hogmsgd) insulating transport at low
[Vc|, nearmetallic behavior at the conductance peak, but then reentrance of anomalous,
stronglylocalized transport at the highegg|. Renmarkably, near the conductance peak the
resistance decreases on cooling to as low as 120 K, reaching within a factoha?26f
This is tantalizingly close to a 2D insulatmetal transition, and it is thus imperative to

understand the reentrance of strongly insulating behat high Yg|.

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/lL interface. Intrinsic
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electrostatic doping (without gate bias) and free carrier saturation have Isseneobat

the rubrene/IL interface by charge modulation spectroscopy, for example, which are not
present in rubrene FETs with conventional dielecit#.has also been observed that the
sizes of the ions in ILs impact Wee 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 interfatiglectrostatic disorder at high bias in rubrene E&%&!

Better understanding of the ile interaction at the IL/rubrene interface would thus
provide vital insight, both for device optimization and realization of metallicity on the

rubrene surfae.

In this work we have performed systematic wideange resistaneemperatureR-T)
measurements on dgated rubrene crystals at multiple gate voltages and cooling rates.
Consistent with earlier observatiolf8 with increasing\c| the transport mechanism is
found to crosover from thermalbactivated to a highly unusual power |avdependence.
More surprisingly, in the anomalous power law regime, devices are found to exhibit
distinctly coolingratedependenR-T. Specifically, significantly smaller resistances are
achieve at lowT (e.g., 50 K) when cooled from high(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 iding interfacial
electrostatic disorder. Inspired by recent observations in related organic condthars,
fascinating possibility of glassy behavior due to geometridalistrated shortange

chargeorder at fractioal filling is also discussed.
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8.2 Coolingrate-dependentRi T measurements
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Figure 8.1(a) Crosssectional device structure of a rubrene EGT. (b) Molecular structures
of rubrene (left) and [P14][FAP] (right). (8&)s-dependent sheet resistance of a rubrene
EGT at 200 K. (dY dependence of the sheet resistance (log scale) aVeatiown in(c),

at a 1 K/min cooling rate. (e) Arrhenius plots @¢s. 1M) for Ve =-0.5V,-1V, and-1.5

V. Extracted activation energies are shown. (f)dagplot of R-T for Vo =-2 V,-2.5V,
and-3 V. Shown are the onset temperatures of power law behawidrthe extracted
exponents. Data shown in (e) and (f) are the same as shown in (B)TAlhta are taken

on warming.
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Rubrene EGTs were fabricated on polydimethylsiloxane (PDMS) stamps by first
fabricating airgap transistors and théditling the gap with IL Figure 8.1a).23"138The IL
[1-butyl-1-methylpyrrolidinium][tris(pentafluoroethyltrifluorophosphate] ([P14][FAP],
Figure 8.1b) was chosen here as it provides a lafgstability window!*’ Because of the
mechanical rigidity of the frozen IL, such rubrene EGTs can survive to much lower
temperatures than agap transistors bypvercoming the thermal expansion mismatch
between PDMS and rubrene. All electronic transport measurements were performed in a
standard cryostat (a Quantum Design Physical Property Measurement Systemy with 4
terminal methodsR-T data were taken both on dimg and warming, after cooling at the

rates specified. More details on experimental methods are given in Chapter 8.5.

TheR-Vg relationship at 200 K in a typical rubrene EGT is showhigure 8.1c. Note
that these data were not acquired by sweepitfigdue to the freezing point of the IL.
Instead,Ve was applied at 240 K, above the freezing point, and then the temperature
lowered to 200 K to record eag&hvalue. (For a typical 300 K EGT transfer curve, see
Figure A4.1 in Appendiy. Clearly, fromFigure 8.1c, R-Vg is nonmonotonic. A%/ is
driven from zero te1.5 V the resistance decreases, as expected, but ier at.5 V an
anomalous resistandéacreasesets in. As discussed above, such conductance peaks are
common in EGTs &sed on organic crystals and polymers, arising due to a poorly
understood mobility maximur#/144241.243\g in our prior work on rubrene, the minimum
resistance here is within a factor of 2hé€, indicating proximity to a 2D metallic phase.
CorrespondindR-T characteristics at a cooling rate of 1K/min are showfigure 8.1d,
where the nonmonotonié; response is again appardrdT is relatively weak at smaN/g|

(-0.5t0-1.5V), but alvs ¢ -2 V the resistance is first flat down to soméefore incresing
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rapidly at lowerT. As shown inFigure 8.1e at-0.5,-1 and-1.5 V,R-T at low T can be
well fit by an Arrhenius functiorR® exp(-Ex~/ksT), with Ea as low as 8.2 meV at V. At

-2, -2.5 and-3 V, however, the |ldg-logT plot in Figure 8.1f illustrates highly unusual
power lawT-dependenca,e., R® T", with n consistently around 6. Note that the power
law R-T turns on abruptly below some fairly welefined {/c-dependent] © 100-160 K,
and that it is obeyed over substantfiandVs windows. Zabrodskii ploté* (FigureA4.2

in Appendi® confirm the crossover from thermalctivated to power law behavior,
consistent with our previous publicatiétt. This behavior is thus reproducible across

devices.

In addition to these relativelyal cooling rate (1 K/minR-T measurements, data were
also acquired on the same deviEg(re 8.2) at orderof-magnitude faster cooling rates
(10 K/min). The cooling rate is seen to have negligible impacvor -1 and-1.5 V
(Figures 8.2a and 8.2b). ForVs = -2 and-2.5 V, however, in the anomalous high bias
regime, substantially smaller loWwresistance is found after fast coolifigures 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 ak iswomehow kineticaliyrapped
in a different electronic state tofaawhen
cool edo stat e Tibhseallertha atslowacaoting ratase., fdstacaoling

is beneficial for charge transport.
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Figure 8.2Cooling ratedependenR-T curves (log scale), from the same device shown in
Figure 8.1, at different gate voltages: {a)V; (b)-1.5V; (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 d&a are taken on both cooling and warming.

It should be emphasized that cooliraje dependence is only observed in the anomalous
high bias regime, coincident with power Ia&T, i.e., the onset of the two unusual
phenomena reported here is simultanebigure 8.3aillustrates this by summarizing the
cooling rate dependence AT for 6 devices. Two new parameters are defined to this end.
The first is the ratio of sloweooling to fasicooling resistance&siow/Reast, which is 1 in the
absence of coolingate dependence, but >1 in the presence of cooling rate dependence.
The second parameter V&, the Vg at which power lawl-dependence is first detected.

This latter parameter is introduced to enable facile comparison between devices, which

tend to have dljhtly different onsets of powdaw R-T. Figure 8.3a plots Rsiow/Riast VS

123



[Va|-|V*|, vividly illustrating that cooling ratelependenR-T turns on simultaneously with
the crossover from thermaitbctivated to power la-T; the vertical dashed line marks

the transition between these two regimes.
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Figure 8.3(a) Summary of the cooling rate dependence of the resistance at different gate
voltages for 6 different deviceBsiow/Rrast (50 K), i.e., the ratio of 50 K resistances at 1
K/min and 10 K/min cooling rates, is plotted the magnitude o¥s-V*. V* is ddfined in

the text. Note the simultaneous onset of cooling rate dependence in all devices, coinciding
with power lawR-T. The starting temperatuiis is 240 K here. (b) Influence &fs on
Rsiow/Rrast (50 K). Note that these data were taken from anothercddwithose 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 Kr'gpthen fastcooled to 50 K.

Additional information was obtained by varying tearting temperaturer§) for fast
cooling. To do this, devices were first slowly cooled at 1 K/min from 240 K down to some
temperaturds, below which they were fasboled at 10 K/minRsiow/Riastat T = 50 K is
then plotted as a function ©f in Figure 8.3b. Significantly, a criticalls between 210 and
220 K (vertical dashed line) is discovered, below whReh/Riast is very close to 1, i.e.,
there is no cooling rate dependence. This critical temperature coincides remarkably with
the freezing point athe IL, [P14][FAP]. As shown in Figures4.3 andA4.4 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 teoss the freezing point

of the ILthat affects transport in tgated rubrene EGTSs. 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 coboling (a
10 K/min) was done from 240 to 200 K, followed by slow cooling to 50 K at 1 K/Rain.

T under these conditions is identical to that obtained when the device is simply cooled to
50 K at 10 K/min (Figuré4.4b in Appendi®. The dynamics of freezing ttie IL are thus

clearly important.
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0.9 —— : : :
50 100 150 200 250
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Figure 8.4 Rsiow/Rrast, 1.€., 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-B.3 (device dirensionsL = 1 5 0 L ©7#0 pm, \¢p= 370 pm). A T*
© 80 K is obtained.

A final observation is provided iRigure 8.4, which plotsRsiow/Rias{T), comparing 1
K/min and 10 K/min cooling rates ¥t =-2 V. A clear onset temperatui, is uncovered,
below which cooling rate dependence kicks in. Although the device studied here is not
identical toFigure 8.1, note thafT* is quite similar to the point at which the resistance
dramatically increasesnacooling, following the anomalous power I&aT. 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 rélgyre 8.3b), the coolingrate

dependenR-T does not develop until much lower

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 conditith3o
demonstrate this in our [P14][FAP], DSC measurements were pedoan different
cooling rates (Figuré4.3in Appendi®. 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 slowooled at 1 K/min, but is more glag@morphous) when fast
cooled at 10 K/min. We propose that this provides a viable explanation for coatég
dependenR-T in rubrene/lL EGTs. Specifically, the electrostatic disorder experienced by
holes at the rubrene surface due to the arrangemeiaingfin the IL is very likely
influenced by the (coolingatedependent) degree of ionic ordering. Interfacial
electrostatic disorder in rubrene/IL devices has been discussed in terms of Goulomb
mediated trapping of holes at clusters of anféf$* These anion clusters emerge at
negativeVg, from the anion/cation checkerboard anticipated on the IL side of the interface
atVe = 0. Hole conduction on the rubrene side of the interface is then percolative, occurring
through a network of trafree site$?®?4! 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 percolate 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 la# T, and we hope that this work will stimulate further theory
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in this context. Multiphonon hopping is one mechanism for powerTlalgpendence in
insulators, but is usually observed only in highly disordered systems, such as amorphous

semiconductors, very different to single crystal rubréhé&t’

We also discuss another class of phenomena that could pibgestalain our results:
charge ordering. Recently, a number of organic conductors, such as-BHBBased
compounds (bis(ethylenedithio)tetrathiafulvalene) have been found to display charge
ordering®422482%0 |n these materials an equilateral triangular structural motif leads to
geometric frustration of charge orderiagfractional (1/4) filling. This leads to a short
range chargerdered cluster glass, with strongly coolirajedependenR-T, strikingly
similar to our data on rubrene in some c&égighly significant in this contexs that the
molecular arrangement in the clgsacking plane of rubrene is essentially identical to that
of the conducting plane of BEBTTF compounds. Both have herringbone motifs, the
rubrene lattice in fact being even closer to an ideal equilatexagte?’! 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 ti®yhit2 range (Figure
A4.1 in Appendixand ref. L144]), corresponding to 1/3t1/4 filling, as in the reported

charge cluster glasses.

A shortrange chargerdered cluster glass analogous to that seen in the BHIBPT
compounds could potentially provide qualitative explanations for many aspects of our data.
First, the sharp onset temperatures for strongly insulating behavikagure 8.1f could
correspond tdVe-dependent charge ordering temperatures, thus explaining the overall
increase in resistance at hiyhk||(Figure 8.1¢), as fractional filling (e.qg., ¥4) is approached.

The coolingratedependenR-T of Figure 8.2c,d would then be natural, arising from the
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glassy shortange chargerdered state, i.e., kinetic avoidance of chamgter at high
cooling rate. This would also qualitatively explain the datgigfire 8.4, whereRsiow/Reast
turns on sharply, reminiscent afphase transition, at a temperattire Importantly, in
certain charg®rdered systems, such as karFeQ;, the unusual power lalR T we report
here has also been obseré&dwhile this is not well understood, it nevertheless points to
an important additional parallel with atgeordered systems. While challenging, we note
that in operandosynchrotron Xray 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 difficulinderstand within either of the
pictures advanced. Specifically, it is difficult to reconcile that the onset of powdR-Taw
and strong coolingate dependence occurs bele®60 K Figures 8.1f, 8.2c,d and8.4),
while the temperature important foling rate dependence is 22P0 K, i.e., the freezing
point of the IL Figure 8.3b). Within the picture of coolinglependent structural ordering
in the IL, it is difficult to understand why cooling rate dependené®ironly emerges far
below the 215 Kfreezing 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
temperatue T has no impact oR-T (FigureA4.5 in Appendi®y. One possible resolution
involves interplay, across the interface, between rubrene charge ordering and IL structural
ordering. Unlike the BEDATTF systems, the rubrene here is electrostatichijyedvia
electric double layers. Since the electric double layer configuration will be different at
different cooling rates, different chargedered states in the rubrene could be anticipated,

and these may be frozen in below 215 K.
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8.4 Conclusions

In summary we have reported extensivés- and coolingratedependentR-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 previsna 2D insulatemetal transition. In this regime we find a
crossover from thermaklgctivated to powelaw T-dependence, as well as significant
coolingrate dependence, apparently overlooked in prior work. These results have been
thoroughly discussed iterms of coolingratedependent structural ordering in the ionic
liquid, as well as possible shadnge frustrated chargedering near fractional filling.
This work thus not only uncovers new physics at the rubrene/IL interface, but points to

clear needor additional experimental and theoretical work.

8.5 Experimental methods

Rubrene and [P14][FAP] ILs were purchased from Sidydich. Rubrene crystals
were grown by physical vapor transp8t? and device fabrication was based on
previously established metho#sFirst, a burterminal rubrene aigap transistor was
fabricated on a patterned PDMS (Dow Sylgard®184) substrate by laminating a rubrene
crystal across the channel so that Itieecrystal plane of rubrene (space grdbmca is
gated. The metal electrodes were forrhgad-beam evaporation of Cr/Au (3/20 nm) prior
to crystal lamination. Devices dimensions are: channel lebhgth 150 € m, di st
between 2 voltage ensi ngLpr 806 e s mp CMasideterininedviydhe h
width of the rubrene crystal, which is inethange of 20 0 0 & m. Next, a dr
was dragged by a probe tip to fill the-gap by capillarity, thus completing the fabrication

process. For electrical characterization, devices were loaded into a Quantum Design
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Physical Property Measurements8&m and cooled to 240 K to apMy. To measur®-T
characteristicsyc was held constant while the device was cooled down to 50 K at desired
cooling rates. A Keithley 2612B sourogeasure unit and a Keithley 2002 multimeter were

used to measure DC resiate between 50 K and 240 K at a constant drain voltage of 0.1

V.
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Chapter 9 Future Work

9.1In-operandoprobe of the rubrene/IL interface by synchrotron X-ray

As discussed in Chapter 8, the IL/rubrene interface plays a significant rohaige
transport in rubrene EGTs. Possible limiting factors exist on both the rubrene side and the
IL side of the interfaceOn the rubrene side, the possibility of sh@amge charge ordering
at fractionalfilling deserves exploringin the IL side, the GQulomb corrugation potential
experienced by holes could effectively serve as interfacial electrostatic disorder. To get a
better understanding of what occurgreg IL/rubrene interface duringlectrolyte gating,
other probes beyond electronic transpotichs asin-operando X-ray scattering, are

urgently needed.

X-ray scattering has been developed as a powerful tool to study charge ordering in many
correlated materiaf®?2% Recently, it has also been used to confirm the existence of
charge ordering in several BEBPITF-based organic conductc?®248249f 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 mapnigag
charge ordering would give small, bright spots, while shemmge charge ordering would
lead to the appearance of diffuse rods with lower intensities. Therefore, in rubrene EGTS,
if shortrange charge ordering really exists, charge ordering signailgdsbe detected by

X-ray when the appliedc becomes large enough.

Unlike those organic conductors in which charge ordering is developed over the bulk, in
rubrene EGTSs, charge accumulation and transport are limited at the rubrene/IL interface.
Consequently, grazing incidencerXy scattering is required to probe 2D phepom 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, synchrotreayXsources with large
intensities are needed. Although progress has been made in studyimgrthetructure of

organic semiconductors using grazing incidenemy it is still challenging to perform
synchrotron Xray scattering experiments on electrolgtted rubrene crystals. The main
difficulty comes from the overlying electrolyte layer, whictay cause problems such as

extra scattering and absorption ofray. Recently, synchrotron-kKay scattering and
absorption spectroscopy experiments have been made in EGTs based on several inorganic
materials, leading to findings including gateluced latice expansion and oxygen vacancy
formation?34256261 Similar experiments on organic single crystal EGTs, however, have not

been done yet.

To performin-operandoX-ray scattering experiments on rubrene EGTSs, the device
structure needs to lmeodified. The PDM&bhased 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 incideneea}{. An alternative sidgated geometry is
therefore proposedHigures 9.1a and 9.1h To make sure that most of the appl\ésl
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 camgaeks
in transfer curves of rubrene EGTEdure 9.14. It is worth noting that the variation of
peak positions in different devices is very small, demonstrating great reproducibility of the

sidegated rubrene EGTs.
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Figure 9.1 (a) Schematic of sidgated rubrene EGTs. (b) Optical image of a -gjdid
rubrene EGT with IL covering both the gate and the channel. (c) Typical transfer curve of
a sidegated rubrene EGT. (d) Grazing incidence synchrotramyXscattering of an H
gaked rubrene crystal at differe¥t. (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 synchrotrorra§ s@ttering experiments on rubrene
EGTs in the Advanced Photon Source at Argonne National LabordtoeyX-ray used
here is a grazing incidencerdy beam with an energy of 23 keV and a grazing angle of
0.4° The sample is mounted to the sample stage usm@aint and the conducting wires
are soldered to the Au electrodes on the sample by indium in order to\appiin
rubrene crystals with relatively large dimensiobhss( 1 00W>e¢ D0 e m) ar e
because the diameter of therXxay b e am i Adter applyin@ the IE dnoplet, 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 electrgigted rubrene crystals have

been observedrigure 9.1dshows the roortemperature iplane (HO0) 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 observedatp to-1.2 V, confirming the electrostatic nature
of charge aaemulation in rubrene EGTs. Note that the conductance peak usually appears
at Ve = 0 t0-0.5 V, so the possibility of electrochemisinduced conductance peak is

excluded.

The influence of beam damage, however, still exists and needs to be ovdfume.
9.1eexhibits the beam damage test of the same sample sh&igune 9.1d In the beam
damage test, the crystal is scanned continuously-byyXand each scan takes about 20
min. Obviously, the intensity of the (400) peak decreases dramatically upptinte 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 crystatrafyer X

scattering experiments, in which some regions of the crystal are fouredetched by X
ray (Figure 9.1f).

Several approaches might be helpful to reduce the influence of beam damage. The first
one is to perform Xay scattering experiments at low temperatures, which has been found
to mitigate beam damage in EGTs based onganic materials such as LSEG®Taking
measurements at different positions on the same crystal could also further lower the
influence of beam damage, which is not difft to achieve considering the length of the
crystal (> 1000 em). Anot he-freepricdiquid,lsihce s ol u
people believe that the major source of beam damage is the absorptioaydiXfluorine.
Despite the technical difulties, the realization of stable, reproducible synchrotrenayX
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 EGTSs, the eistence 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 surfaceuld 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 he case of rubrene EGTSs, the observation of negative transconductance
and free carrier saturation further suggest that thechamge interaction should be

mitigated to improve charge transport in rubré&tié>6240.241

One way to reduce the interfacial electronic disorder is to separate the ions and the
chargefarther, 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 bktiaat
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 Flioblpolaron®® 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-tHdetween 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 itkghas room

temperature by CVD to form a pinhéiee, conformal coating, and therefore was used as
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the dielectric to fabricate the first rubrene single crystal trantstohas recently been
found that controllable deposition of nmick parylene films can be achieved by an
effusionlimited CVD process®? The ultrathin parylene films can be observed under an
optical microsope, which exhibit a blugreen color Figure 9.28. 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 (FilmetHEXR30

asshown inFigure 9.2h.
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Figure 9.2 (a) Optical image of an ultrathin parylene film on Si/Si€ubstrate. (b)
Theoretical reflectance versus wavelength for parylene films with different thicknesses. (c)
Capacitance of rubrene EGTs with various thicknesses of parylene spacer layers. (d)
Saturationlike transfer curve of a rubrene EGT with parylepacer.

Based on the device geometry shownFigure 9.1a rubrene EGTs with parylene
spacers have been fabricated and tested. After laminating thin rubrene crystals onto the

Si/SIG; wafer with prepatterned electrodes, the devices are loaded into the l@viber

to deposit the parylene spacers, and IL droplets are applied onto the papdése

136



rubrene crystals. With the increase of parylene thickness, the decrease of capacitance is
observed as expecte#figure 9.29. In transfer curves of some deviceghwparylene
spacers, the conductance peaks are no longer observed; instead, sdikeatomn

current appears at higlis (Figure 9.2d). The maximumVgs window, however, is not
improved, probably due to the relatively large roughness of parylene (~3vhial, may

allow the ions to diffuse through the spacer layer and to touch the rubrene crystal. Therefore,
the maximum conductivity of rubrene EGTSs is not improved owing to the decreased charge

density.

Recently, using hexagonal boron nitride (hBN) assp#ayers in EGTs based on 2D
materials has been reported, and improved mobility and device stability have been
observed®¥ 2% The atomically flat, dangling borilee 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
€ m)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, apphinder Waals
layered insulators in rubrene EGTs is still promising, if sokexd transfer of large area

ultrathin films could be realized.
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Appendix

Al Supporting information for Chapter 5

Al.1 Structural and vibrational analysis

Temperature 123(2) K
Wavelength 1.54178A
Crystal system Orthorhombic
Spacegroup Cmca
a 26.818914) A
b 7.1626(4) A
C 1422798) A
U 90°
b 90°
2 90°
Volume 2733.13) A3
Z 4

Table Al.1Crystal data for vapegrown3C-rubrene single crystals. The crystal structure
of rubrene is not changed afté€-substitution.
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Figure Al.1(a) IR and (b) Raman spectra of native rubrene*3@dubrene. The spectra
demonstrate thafC-substitution leads to a reshift for allthe vibrational modes in rubrene.

Al.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 mob#igsttis employed based
on the full statistics of mobility. The confidenicgerval can be represented'ds 6 JVE,
where' [is the meangis a parameter which depends on the sample size and the confidence
level and can be found in theable,( is the standard deviation, ands the sample size.
It should be noted thatehcorrecbvalues sit in the row dil =ni 1 in the ttable, where

N is the degree of freedom. The results are summarized in the following tables.

H (cm?V-1s?h 0 (cm?V-is? n
rubrene 14.59 2.37 74
13C-rubrene 12.57 2.23 74
Table Al.2 Statistical data of mobility.
confidence level 90% 95% 97.5% 99%
AN =73) 1.6660 1.9930 2.2886 2.6449
<= for rubrene
(cmPV-isY) 0.46 0.55 0.63 0.73
<= for 3C-rubrene
(cmPV-isY) 0.43 0.52 0.59 0.69
confidence interval for (14.13, (14.04, (13.96, (13.86,
rubrene (cn?V-1s?h 15.05) 15.14) 15.22) 15.32)
confidence interval for (12.14, (12.05, (11.98, (11.88,
13C-rubrene (cnm?V-1s?) 13.00) 13.09) 13.16) 13.26)

Table Al.3Confidence intervals on the mean values of mobility.




A2 Supporting information for Chapter 6

A2.1 Histogram of the surface potential differences
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Surface Potential Difference [mV]

Figure A2.1 Histogram of the average surface potential differences between the dark and
bright stripes measured in 100 FMbrene samples. The distribution shows a large tall
with the surface potential difference goes towards up to 700 mV. The mean surface
potential dfference is ~100 mV.

A2.2 More XRD data of FMubreneand rubrene crystals

a b
(002) FM rubrene 2d = (002) FM rubrene
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Figure A2.2 Out-of-plane XRD of FMrubrene and rubrene single crystals. (a) Typical
wide-angle outof-plane 2fi ¥ diffraction pattern (coupled scan) for FiMbrene crystal.

A seies of narrow and high intensity peaks are observed, corresponding to the family of
(002) planes. (b) Owf-planey-scan pattern (rocking curve) of FMbrene when @is

fixed at 5.13; the Bragg diffraction angle of (002) plane. The-fuldith-at-half-maximum
(FWHM) of the rocking curve is around 0.016°? (c) Typical widagle outof-plane 2fi ¥
diffraction pattern (coupled scan) for rubrene crystal. A series of narrow and high intensity
peaks are observed, corresponding to the family of (002) plang3utdf-plane¥-scan
pattern (rocking curve) of rubrene whethi2 fixed at 6.58; the Bragg diffraction angle of
(002) plane. The fullvidth-at-half-maximum (FWHM) in the rocking curve, known as the
mosaicity spread, is only 0.018°?

Plane h K I d/A 2 d/ d el| 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 A2.1FM-rubrene inplane diffraction peaks. Diffraction of (002) plane was chosen
for the scamimeasurement because itsghcing, and thus thef2alue is distinct from other
planes. This could ensure that the observed peaks frsttan are all from (022).

T/IK 283 333 383 433 483
Crystal Orthorhomb| Orthorhomb| Orthorhomb| Orthorhomb| Orthorhomb
Structure ic ic ic ic ic
a/A 26.91 26.94 26.97 26.98 27.02
b/A 7.19q 7.203 7.21¢ 7.22€¢ 7.234
c/A 14. 42 14.49 14.55 14.62 14.68
U 90.0000 90.0000 90.0000 90.0000 90.0000
b 90.0000 90.0000 90.0000 90.0000 90.0000
) 90.0000 90.0000 90.0000 90.0000 90.0000
VIA? 2791.| 2813.| 2834.| 2850.| 2870.

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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A2.3Analysis of the strain associatedth the solidsolid phasdransition

For FMrrubrene crystals, there an orthorhombic to triclinic phase transition between 333
K and 383 K. At 333 K, the orthorhombic lattice constantsaare84.2709 Ab = 7.2797

A, c=14.1173 AU=b=2= 90 at 383 K, the triclinic lattice parameters aae= 17.4039

A, b=7.3439A, c=14.1270 AU=89.2403 b=87.7138 o= 78.0939 At first glance

one would think a andichange 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 17A54¥8
17.4039 A for a, ad from 78.0077to 78.0939 for 0. Therefore, the phase transition does
not affect the molecular packing verymuch,afly i | t i ngo the unit cell
in the lattice parameters is the changeb,oivhich corresponds to a shear strain of 4%
(estimated fromJ= tan [90 i 87.7138]). Such a tremendous strain may explain the origin
of planar defects. For example, although this shear strain lies smdimane, it can be
decomposed into a component along the [011] direction that may be padieiged by

the formation of stacking faults.
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