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Abstract

Organic single crystals are of particular fundarakniterest as tools in probing the
intrinsic electrical properties and the upper limitperformance for a given organic
semiconducting molecule devoid of disorder. Rubr&ngle crystals are of particular
interest in the field of organic electronics duethe high levels of charge carrier
mobilities measured in transistors constructechefdgame. In this thesis, we explore

the properties of rubrene single crystal transsstor

The photocurrent properties of rubrene single afystre measured in ‘air-gap’
transistors whose unique structure allows the nreasent of photocarrier dynamics
without the influence of a dielectric that can asta source for traps. This structure
has allowed us to identify phenomenon like perstsghotoconductivity associated
with the creation of oxygen related traps on therene surface. Transient studies of
the photocurrent reveal the presence of bimolectdaombination of the charge
carriers. In addition, we have also performed @ptgpectroscopy studies including
Raman spectra measurements which revealed thenpeesé endoperoxide related
signature on the surface of the crystal while asmfirming the low levels of

intermolecular coupling present between the mo&scul

We have also explored the extrinsic factors thatmi@ne the surface conductivity of
the rubrene crystal, particularly the presence xitl® related compounds on the
surface of the crystal using XPS and photolumineseeneasurements. The impact of
photo-oxidation of the rubrene crystal on the stefaonductivities were evaluated by
a novel experiment involving the gradual photo-axioin of the rubrene surface using
a focussed laser. The creation of a deep accefatierthat can trap electrons indicates

that the electrical properties of the rubrene s@fdike high unipolar p-type



conductivity and photoconductivity may be modulateyl the presence of these

oxygen induced states.
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General Introduction

Chapter 1

General Introduction

The use of organic materials in electronics hasb@storically in the important role of
photoresists that act as stencils in the lithogygmiocess for defining features on inorganic
semiconductors like silicon and gallium arsenide®encapsulates of the finished electronic
devices. In the past decade or so, there has bberstin research activities which explore
the use of organic materials as #utive component of the device. The interest in the fadld
organic electronics has been widely growing sirtoe fabrication of the first field-effect
transistors (FETs) based on polymer and small-nigesemiconductor§®. The fabrication

of the first all ‘plastic’ transistors were an intpant step in revealing the potential of organic
electronic ’.Other organic devices fabricated include light tind diodes (OLEDS$)™,
photovoltaic cell§™*3 waveguide¥ and organic lasels Organic transistors who are the
workhorses of this field are especially interestismce they can serve as the main
components in cheap and flexible electronic ciscuiith applications in displays, sensors and
radio frequency identifications tags (RF-IDS)*>. The main advantage of using organic
semiconductors for electronics is their ability b® processed from solution at room
temperatures making them ideal for low area, lost,darge volume manufacturing processes
like printing as well as ink-jetting. Another impgant advantage of using organic materials is
that their properties like ionization potential che tailored by varying their molecular
structure, either by changing the degree of conjogan the polymer or by the introduction

of electronically active substituefts®

In general, organic semiconductors consistrotonjugated structures which allows for

delocalization of electrons along the length of thelecule. They are wide band gap



General Introduction

semiconductors with band gaps in the range of 2-&&Y/ can normally be classified into two
families: polymers and small molecules. During flaérication of active devices, small
molecule organic semiconductors are thermally exatpd, forming a polycrystalline active
layer whose properties are determined by surfaesrrent, temperature, material purity, as
well as testing and deposition vacuum condititrisThe changes caused in film growth and
morphology like varying crystallinity, microstrue®) molecular packing and alignment are
manifested in the mobility values. Even for deviceish the same organic active layer,
reported results often vary over an order of magi@t In addition to the inconsistency of
basic performance parameters, variations in moggyknd ‘orientation averaging’ will

mask properties intrinsic to molecular arrangemsunth as electrical anisotropy.

Crystals made of organic semiconductors play anomapt role in the study of the
fundamental properties of the molecdfe¥. Single crystals are a useful tool in probing the
intrinsic electrical properties and perhaps theangpnit of performance for a given organic
semiconducting moleculén order to link molecular functionality and crylstaicrostructure

to their optical and electrical properties, it rei@al that variation in both overall molecular
order and device quality are minimized or elimidat€he use of a single crystal of organic
material addresses this by providing near-perfedemnover its entirety, which is often
centimetres in size. In particular, they have depetl from a tool useful for simply gauging
the upper limit of thin-film performance into a pexul method for examining both device
physics and the intrinsic transport propertiesevhisonductor materials. In addition, newly
developed patterning techniques for single crystaly both vapouand solution method%*°

— suggest that organic transistors based on simyigals may have potential as a viable
method for hands-free circuit fabrication with thieighest performance organic

semiconductors available.
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Figure 1.1: Modlecular structure of rubrene showing the tetracene backbone and the four pendant phenyl
ringsin atwisted configuration

Among the various crystals prepared from small ks, rubrene single crystals are of
special interest. The rubrene molecule (5, 6, 2itetraphenyl tetracene) is a relatively small
aromatic hydrocarbon consisting of a backbone of fosed benzene rings (tetracene) with
four substituted phenyl rings as shown in Figurg. Due to the bulky nature of the
sidegroups, there is a large torsion anffleetween the phenyl rings and the tetracene
backbone in rubrene (85°), which strongly reduceg mixing of the molecular orbitals
between the backbone and the side groups. Thisrmitnplies that the HOMO and LUMO
levels of the rubrene and tetracene molecules iat#ag’®. Rubrene single crystals are of
particular interest in the field of organic electics due to the high hole mobilities recorded in
this materia®. The development of various fabrication technigpasticularly the “air-gap”
technique allows a non invasive study of the sendaator crystal surface due to the absence
of the semiconductor-dielectric interf4¢eOur group observed unipolar conduction of holes

under illumination through scanning tunneling sesdon the surface of rubrene crystals.

In this thesis, we report the characteristics direme single crystal field-effect transistors
(SCFETSs) fabricated using the “air-gap” techniglre.addition, we explore photocurrent
measurements in the steady state and in the trarsdae in this conformation. The “air-gap”

technique allows us to study the direct photocunmesponse of the rubrene crystal transistors
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without the influence of a dielectric. The sourdetlee electronic properties of rubrene is
explored by the characterization of the single talyby photoluminescence as well as by
Raman scattering measurements. Finally, extringictofs that influence the surface

conductivity of rubrene single crystals are expiore

1.1 Thesisoverview

The following chapter introduces the reader to tlious concepts regarding organic
semiconductors and molecular crystals. The eleictrproperties of the crystals will be
explored including the influence of the molecularusture and the intermolecular
interactions. The charge transport characterisbitsnolecular crystals are explored and

concepts relating to band like transport and poldaransport are introduced.

Chapter 3 deals with the fabrication and electridadracteristics of free-space dielectric
transistors as well as the details of the physiaalbr transport growth process of the organic
crystals. The general principles behind the worlahg field effect transistor are described as
well. Contact effects and their dependence on gmam@@nt mobility values measured in the

transistors are briefly explored through tempemtiependent measurements.

The steady-state and transient photocurrents mezhsn rubrene crystals in the transistor
configuration are described in Chapter 4. The stestdte measurements have revealed
oxygen induced trap states on the surface of tlrene crystal as evidenced by the
observation of persistent photoconductivity in theamples. Transient photocurrents on the
other hand has shown bimolecular recombinatiomefinduced charge carriers which can be
modulated by increased carrier densities induceatical power as well as gate electric

field.

Chapter 5 delves in to the various optical andatibnal characterizations performed on the

rubrene crystal in order to explain the electripabperties of rubrene crystal. Raman
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measurements on the surface of the crystal havebeenh able to detect intermolecular

coupling, but may have revealed the presence oéngbperoxide on the surface.

Finally chapter 6 explores the extrinsic factorBuencing surface conductivities of rubrene
crystals. This chapter details the various expanm@erformed to detect the presence of
rubrene endoperoxide on the surface of the crysalvell as its influence on the charge

transport properties of the rubrene crystal surface
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Chapter 2

Electronic properties of molecular crystals

Organic semiconductor molecules can be broadlysified into two families:
polymers and small molecules. Polymeric molecujgscally have high molecular
weights and are relatively easy to process fromt®wsl and are present as amorphous
or partially crystalline in the solid-state. Amotige many polymers in this category,
thiophene based polymers are notable for their drigblectrical performance.
Polymers like, Poly (3-hexylthiophene) (P3HT), polyquarterthiophenes (PQT)
poly(9,9-dioctylfluorene-co-bithiophene) (F8T2nd poly(2,5-bis(3-alkylthiophen-2-
yl)thieno[3,2-b]thiophenes) (PTTTjall into this category of compounds.

PQT-12
CioHos

CeHis CeHis

F8T2

Hi17Cg  CgH17

Figure 2.1: Chemical structure of some widely used semiconducting organic polymers

Small molecules on the other hand have low molecwieights and are normally
deposited by thermal evaporation. They normallys@inof acenes like pentacene,

tetracene, anthraceti€ as well as oligomers like quarterthiophene, ségithend®?%
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Pentacene Quarterthiophene
OO0 P~O~
s/ s\

Tetracene Sexithiophene

0

Figure 2.2: Chemical structure of some well known small molecule semiconductors

The charge transport properties of the moleculespamymers mentioned above are
determined by the individual energy levels of thesdecules as well as the level of
interaction between them which is mediated by mt#ecular distances and the
extent of the electron cloud overlap. Sectionsatd 2.2 introduce the molecular and

intermolecular determinants of charge conductirttggle®ur in organic devices.

2.1 Organic semiconducting molecules

In order to discuss the electrical properties @séhsemiconducting molecules, it is
appropriate to first focus on the building blockgteese organic molecules-the carbon
atoms. The carbon atom in the ground state haslestxrons in which four of them are
valence electrons with the atomic configuratiof2&2p>. The orbitals of these
electrons may mix, under creation of four chemimahds, to form four equivalent
degenerate orbitals referred to a3Isybrid orbitals in a tetrahedral orientation aréun
the carbon atom like in diamond. In saturated pefgnthe valence electrons of the
carbon atom are hybridized in the* sponfiguration and every carbon is bonded to
four neighbouring atoms and therefore the orbitats fully saturated. This is the
case of polyethylene in which carbornsi®onded to two neighbouring carbon atoms
and two hydrogen atoms. Conjugated polymers on atier hand differ from
saturated polymers in that each carbon in the rizam is bonded to only three other

atoms. The orbitals are Sybridized and three electrons from each carbomat
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reside in the three-bonding orbitals, forming covalent bonds with thiher atoms.
The remaining unpaired electron remains in theaiped 2p orbital with its charge
density lobes perpendicular to the plane definethby-bonds. These porbitals can
then overlap to form delocalizedbands which make the conjugated polymers metals

or semiconductors depending on whether the barmdfllad or partially filled.

The n-electrons are delocalized over several carbon stonthe polymeric chain to
form n-bands. The presence of an energy gap betweenligge dnd empty bands
imparts a semiconducting nature to the polymereastof a metallic one. The
delocalized n-electrons are primarily responsible for the eleatr and optical
properties in these systems. EquivalentlytHgonding and antibonding orbitals can
be visualized to form a continuum of energy statdher than a discreet one. The
resultant continuum of antibonding and bonding tatbiare referred to as lowest
unoccupied molecular orbital (LUMO) and highest wwed molecular orbital
(HOMO) respectively. The HOMO and LUMO with an egemgap between them is

analogous to the valence and conduction bandsyitanganic semiconductor.

Figure 2.3: Creation of delocalized m electron system in a benzene molecule-the building block of
the acene group

In the case of small molecule semiconductors ld@nas with the benzene ring as the
basic unit, ther bonds become delocalized and formrasystem that extends
throughout the system (Figure 2.3). The gap betwe®enpied and unoccupied states

in this = system becomes lesser with increased delocalizatiche system. Thus

11
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pentacene with its 5 aromatic rings acts a semieciod, while benzene remains an
electrical insulator (Figure 2.4). Charge carrieas easily move along a conjugated
molecule because of the presence of the delocais®ecular orbitals. For example,

in oligomers with well defined chain lengths, itshaeen shown that the primary gap
excitations are delocalized over the entire mokecahd that the corresponding
excitons scale with the length of the moleétildn contrast, the charge carriers move
with greater difficulty between different moleculdse to the fact that conjugated

semiconductors in their thin film form are disorel@materials with a low degree of

crystallinity.
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Figure 2.4: Energy levels of (single) ionic states of the acenes from benzene to pentacene for the
free molecule in the gas (g) state (left, sdid lines), and for the crystal (c) (right, double lines),

defined by the eectron-binding energy reative to the vacuum level. 14 and I stand for ionization
energies for gas phase and crystalline phase, Ag and A for electron affinities for gas and solid
phases, Pe and Py, for electron and hole polarization ener gies respectively.

2.2 Intermolecular interaction

Efficient charge transport requires that the chautge able to move from molecule to
molecule and not be trapped or scattered. Thusgehaarrier mobilities are

influenced by many factors including molecular pagkdisorder and the presence of
impurities. In molecular crystals, the molecules held together in a lattice by weak

forces. These forces (primarily van der Waals axtBon) are much weaker than the
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intramolecular covalent bonds such that the moéecpioperties are hardly affected
by the intermolecular interactions. The weaknesghef intermolecular forces in
molecular crystals is expressed in the low meclarstrengths of these crystals as
well as their propensity to form polymorphs. Foraewle in pentacene, four
polymorphs have been detected by Mattheus Bt?alall of which are layered
herringbone structures. These polymorphs can haffereiht charge transport
properties caused due to the difference in the Wwaltds of the conduction and

valence band€

The van der Waals force comes from the interaabiba fluctuating dipole moment
on a molecule, induced by the electron motion witiie molecule, with the induced
dipole moment on a neighbouring molecule. In araenatd heterocyclic molecular
crystals, the weakly bound and therefore easilgnisdbler electrons provide van der
Waals interactions. The van der Waals force ofrauion favours face to face
orientation of planar molecules in the lattice irder to maximise the interaction
energy. This co facial structure is not commonlgrsan most organic crystals due to

the contribution of quadrupole-quadrupole inte@tiin conjugated systerfis >

Due to the delocalization of theelectrons above and below the plane of the madecul
and the net positive charge in the plane of theemdé, the molecule resembles two
dipoles oriented head to head. This results inadmupolar field around the molecule
that provides a considerable share of the totatrmmblecular interaction. The
repulsion induced by the quadrupolar interactionstsongest in a co facial
arrangement due to the repulsion induced by theestcapproaching electron clouds.
Thus the interplay between the van der Waals foerebs quadrupolar interaction
results determines the final order. Desiraju ét defined four possible packing types
for polynuclear aromatic hydrocarbons : herringbosgucture (naphthalene,
anthracene, tetracefiepentacen® and rubren® **), sandwich herringbone structure

(pyrene, perylene)y structure (benzopyrene, coronene) @nstructure (trybenzopy-
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rene, tetrabenzoperylene). Important work by Anthenhaf® ¢ has shown that the
different types of packing are possible by varythg nature, size and position of
substituent groups on the pentacene backbone.a8iw@tiations have been illustrated
in chloro and bromo substituted tetrac&reerivatives where the stacking structure
which enhances the orbital overlap between the molecules (as compé&wethe

herringbone motif) results in an enhanced chargeetanobility.

Figure 25: A top view of the ab- plane crystal structure of rubrene. The herringbone
configuration is apparent.

Locally, charge transport in conjugated materigldetermined by the charge transfer
from one neighbouring molecule to another and isrefore very sensitive to
orientation of the molecules with respect to eathelo The electronic coupling
between adjacent molecules, quantified by the teansfegral t, is modulated by the
molecular arrangement and directly associated thigtelectronic mobility . In the
framework of these calculations, the amplitude bé telectronic coupling is
influenced by the intermolecular separation distatice molecular overlap, the length
of the molecule, and, in the case of herringbongcgires, the rotation of molecular
plane€® “*3Thus transfer integrals between the adjacent migsdn these crystals
vary significantly depending on the crystallographirectioi® ** ** One apparent

implication is that the charge carrier mobility kit a molecular plane (ab plane in
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rubrene) is much more efficient in comparison targe carrier transport between
layers (c direction). This strong anisotropy ohsport properties of organic crystals
has been well documented in the TOF experinfénithe conductivity anisotropy
within the ab-plane is anticipated to be less pumoed. However, prior to the
development of single-crystal OFETSs, the anisotrbag never been observed in the
field-induced transport on the surface of orgaremisonductors. Several types of
single-crystal OFETs based on rubrene demonstratsoteopy of surface

conductivity*6 4

. In rubrene devices based on PDMS stamps, thelitp@dong the

crystallographid axis exceeds the mobility along thexis by a factor of ~ 3 (Figure
2.6). Similar anisotropies have been observed dbrene transistors with parylene
gate dielectrics as well. A clear correlation betwethe mobility and molecular
packing has also been found recently in a familytedfathiafulvalene derivativ&s

and in air-gap transistors built on tetracene aigdt Recently, non-destructive
probing techniques have been developed that allbev éxploration of these

anisotropies at high angular resolution withoutihgvto move the fragile crystals

around®!
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Figure 2.6: (L €eft) Molecular packing in the rubrene crystal. Blue arrow indicates the direction of
highest mobility (Right) Charge carrier mobility anisotropy on the surface of rubrene crystal*
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2.3 Chargetransport characteristics of organic single crystals

Due to the weak van der Waals bonding betweenntiidual organic molecules,
many electronic properties of these organic sadidsdetermined by the property of
the molecule itself- specifically the energy gapgween the highest occupied and
lowest occupied molecular orbitals (HOMO and LUMO@he transport mechanism is
usually understood with respect to the limitingesasf small polaron transport and
bandlike transport corresponding to the extremalipation or delocalization of the

charge carriers.

2.3.1 Band like transport

The classical work performed by N. Karl and cowaeskeon highly purified

naphthalene and perylene single crystals revealedirst proof of band transport in
organic molecular crystafs®* Mobilities as high as 400 étvs were obtained at 10K
and 3kV/cm by the time-of —flight method (Figur&Rin extremely pure naphthalene

crystals. These TOF velocities could not be expldiny charge hopping models.

16



Electronic propertiesof molecular crystals

T 7T T T ] TTTT T T
- .D —q
300 + A 7
e OO
- (=] ]
1 g conn %n&ﬂ- Ella 1
Py r an ]
£ 100 o 3
& — |.i. ... :
2 F . .
- l. 1
- .‘ -
3[]__ \.__ " T
- n= =140 '\n:-z.gﬂ -1
:F' .'- ]
1Ur: W éﬂ 3
N “ ;
3r ]
. o E= 3kVWem B
& E= SkWem ]
1O E =10k ecm -
C ¢ E=12kVfem =
—|=r|||=“-.1.1|||||JJ..J.|.L‘:

3 10 30 100 300

—i——  T[K]

Figure 2.7: Electron and hole mobilitiesin the a-direction of highly purified naphthalene crystals
for different field strengths. Adapted from %

In addition, the sub-linear velocity-field relaticat high fields observed in these
samples could be explained by the Schottky modeicotistic deformation potential
scattering by hot charge carriers, a model whidbased on band transportus the
authors® proposed that the charge carrier transport in pateperfect low molecular
weight aromatic organic photoconductor crystalkattemperature can be described
by coherent transport in bands. Space charge tmderrent measurements on
ultrapure pentacer® as well as in tetracené® single crystals have shown intrinsic
band like transport. Picosecond transient photogciidty measurements conducted

on a variety of organic crystals including rubrengport the band picture as w¥IP°.

It is conceivable that in organic crystals where tholecules are in an ordered

arrangement, each molecutasystem can interact with tesystems of the adjacent
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molecules resulting in the formation of energy lsamnd the crystal. The crystal
valence bands originate from the overlapping HOMG@rghe individual molecules,

whereas the conduction band is formed by the qupma of the LUMOs. The

organic semiconductors are normally characterizgdwitle bandgaps and small
bandwidths. The molecular crystal's bandwidth i¢atedl to the orbital overlap
strength of the HOMOs and the LUMOs. Calculatiorsveh shown that the
bandwidths are in the range of 0.1 -0.5% This compares unfavourably with the
values in inorganic semiconductors like silicon @@) and could explain the huge

difference in the mobilities.

2.3.2 Influence of traps

Since organic crystals possess a better crystaidlider and reduced concentration of
defects, they are expected to have a very low cdrateon of electrical traps. The
reduced number of defects still creates localizkdtecal states in the HOMO-
LUMO gap. The impact of these traps on the eleaitiiansport properties depends
on their location in the energy gap. In the casp-tfpe carriers, if the traps exist near
the edge of HOMO, separated by energy of a fgW khey act as shallow traps. If the
energy of the localized state is separated fromnthbility edge by more than a few
keT, they are characterized as deep traps. Oncergecigtrapped in a deep state, it
cannot be released by thermal energy alone. Faorikegne surface of rubrene single
crystals at room temperature, for instance, thesitenf deep traps can be as low as
10" cn? Shallow traps on the other hand are charactetiged finite trapping time.
After being trapped for a characteristic timg a polaron can be thermally activated
and released to the band. The effect of shallopstan charge transport is normally

described in terms of the multiple trap and rele@$&R)** &

model. According to
this model, not all the charges induced in thedisiar on application of a voltagesV
above the threshold voltagen\¢ontributes to the current. A fraction of the niebi

charge can be momentarily trapped by shallow ttapdraction being determined by
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the number of traps and the temperature (whichrohites ther,). This idea can be
represented in two ways- either by assuming tHathal carriers induced above the
threshold flow, but with a lower effective mobilithan the intrinsic mobility or by
assuming that the number of carriers moving atteng is limited, but they travel at

the intrinsic trap free mobility. The first appodacan be described by:

eff — oT Z'(l-)
Ha =00 Ty o)

Heret,(T) is the average trapping time on shallow trapgem(T) is the average time
that a polaron spends diffusively travelling betwélee consecutive trapping events.
Thus the intrinsic mobility is only realised whdmet is much more tham, which
happens when there is a low concentration of defectvhen the temperature is high
enough to ensure rapid detrapping. This regimenalithe exploration of the intrinsic

properties of the crystal surface like mobilitysotropy.
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Figure 2.8: Temperature dependent conductivity measurements on the rubrene transistor
showing thetrap limited regime at low temperaturesand intrinsic regime at higher temper atures

Figure 2.8 reveals the two regimes at play in émeperature dependent characteristics
of rubrene single crystal transistors. At highemperatures (above 150K), the
intrinsic properties like the pronounced anisotraipijerence for conductivity along
the b-axis and the a-axis. As the temperaturewgied, the charges localized in the
shallow traps are released after a much longerstale. This is indicated by the rapid
fall in mobility values below 150K where the trapl®minate. This transition
temperature would be strongly dependent on the esdration of the traps with a
higher concentration shifting this threshold to ighbr temperature. The classical
work performed by N.Karl and co-workers on ultrapuerystals of naphthalene and

perylene revealed similar results with an incrdéasee mobility (up to 400 cfiVs)
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with the lowering of temperature (intrinsic regima)til the shallow traps become

active and result in a reduction of the effectivebitity.*” >3

The high-quality TOF data of Karl et al implies ttltmherent transport characterizes
the intrinsic charge transport in ultra-pure orgasingle crystals. However the
calculation of the charge carrier's mean free pltm experimental evidence
indicates that they are smaller than the intermdéecdistanc®. This of course
violates the assumption of charge delocalizatiooesgary for the band model. In
narrow-band molecular solids, polarization effeféwor localization of charge
carriers and narrow the bandwidth even furthers Tasults in self-trapped electronic
states called polarons which differ in their bebavirom nearly free electrons
(necessary for band-type behavior) and stronglgliped electrons (which can lead to

hopping behavior). The next section discusses polermation and transport

2.3.3 Polaron transport

Polarons are quasiparticles composed of a chargeercaaccompanying its
polarization field. The polarization field causedistortion in the local lattice. As the
charge moves through the crystal, the electronesathe lattice distortion with it. The
resulting lattice polarization acts as a potentiall that hinders the movements of the
charge, thus decreasing the mobility. In an orgamitecular crystal, the polarization
associated with the charge include the polarizabérthe electronic orbitals on
molecules surrounding the excess charge whichusethdue to the interaction of the
charge with the induced dipole moments and quadeupoments of the surrounding

molecules.

The term of polaron owes its origin to that it wamnsidered for the case of polar

crystals, where interactions between electrons apdical polarizations are
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particularly strong, so that an excess carriertesza local distortion of the lattice in
which it is self-trapped. The indications for paafformation in organic molecular
crystals can be seen in photo-emission experinféiotoemission data from single
crystals generally show lines that are broadenedsaifted in energy relative to the
corresponding gas phase spectral lines. The broaflensuggested to originate from
fluctuations in the intermolecular electronic paation while the spectral line shift
can be explained by the increased binding energy dfarge due to polarizations in
the local crystal environment. Pioneering theoedtigork in this area was done by
Holsteirf®, who introduced the concept of small-polaron bafudsa local (on-site)

electron —phonon coupling. A small polaron is ori®se linear dimensions are of the
order of one lattice spacing. The main predictiérhis theory is that the mobilities

initially decrease with rising temperature T duébtmdwidth narrowing but increase

again for higher T due to phonon-assisted hopping.

Interestingly electron mobility values of naphthmesingle crystals below 100K
follows a power law (proportional to™T) consistent with the band model. However,
between 100K and 300K the electron mobility aloimg trystallographic c direction
remains constarit. This constant region has been described as herpusition of
two independent carrier mechanisms. According lins$i et af® the first mechanism
is described using the concept of an adiabatiajJynsmall molecular polaron (MP),in
which the carriers are treated as heavy polaroa-tymsiparticles, which are formed
as a result of the interaction of the carriers vintinamolecular vibrations of the local
lattice environment, and move coherently via tumgel The second mechanism
involves a small lattice polaron (LP), which mou®g thermally activated hopping
and thus exhibits a typical exponential dependericeobility on temperature. This
polaronic hopping-type temperature dependence hss l@een measured for the
electron mobility in pyrene and for the hole madbilin perylen&. Kenkre et &f
were also able to fit the measured electron madsliteasonably well to Holstein’'s

model assuming directionally dependent local-cawgptionstants.
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Despite the success of such fitting proceduresetivas a need for a first-principles
description of charge-carrier mobilities in orgamystals that could explain the
different behavior of electrons and holes, the ascopic origin of the
crystallographic anisotropy in the temperature ddpece and the influence of
nonlocal (Peierls-type) couplings. This has beemmensated by the proposal of a
Holstein-Peierls model by Hannewald e’ which is based on Holstein's original
concept of small-polaron bands but generalized wébpect to the inclusion of
nonlocal electron-phonon coupling. Using this modatl microscopic parameters
derived from ab-initio calculations, the authors reveable to reproduce the
experimental data in naphthal&heThe model, however, only accounts for the
intermolecular optical modes and neglects the dariion from intra-molecular
vibrations and the coupling to acoustic modes fHay a significant role in charge

transport.”

The polaron theories described above are mostliicapye to charge conduction in
the bulk of the crystal for a low density of charcgriers (as is the case in TOF
experiments). On the surface of rubrene singletarysansistors where the density of
charge carriers is much higher due to its proxinitya polar dielectric, conduction
has been proposed to occur through the motion dhlieh polaron§' In common
inorganic semiconductors, the effective strength tié interactions that create
Frohlich polarons are weak due to both the lowagrolarizabilities and the low band
masses of these materials. This is not the casegemnic transistors where the band
masses are high due to the weak van der Waals rigpmdhile using gate dielectrics
with increasing ionic polarizabilities permits te&ength of interaction to be tuned

from weak to the strong coupling regimes.
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Figure 2.9: Temperature dependence of the carrier mobility for six different gate dielectrics. The
temper ature dependence evolves from metallic-like to insulator-like, as the dielectric constant is
increased.

The gate modulated electrostatic ‘doping’ of chazgeriers in organic single crystal
transistors allows the observation and study of peenomena. For example, the use
of highly polarizable T#0s gate dielectrics allows a high carrier density megi(0.1
carrier per molecule) which enables observationcofilombic repulsion in the

Frohlich polarons and drain current saturatiomamsistors?

Recently, Troisi”et al have proposed in a recent computational ptiey at room

temperature, the transfer integral between closkecutes is strongly modulated by
thermal motions. Since the amplitude of this mottais of the same order of
magnitude as the average transfer integral, thesladonal symmetry of the
electronic Hamiltonian is completely lost and theemll electronic structure of the
crystal resembles that of an amorphous materiaé $énsitivity of the transfer
integral to small nuclear displacements (discugsexViously in this chapter) was

recognized by these authors as the crucial difftsrdxetween transport mechanisms in
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organic and inorganic semiconductors. A minimalisbdel Hamiltonia® that
neglects the effect of reorganization energy antsiders only the fluctuation of the
transfer integral has been used to explain the ¢eatpre dependence of the charge
mobility of organic semiconductors and has beenliegpto predict the absolute

charge mobility of rubrené'

In conclusion, this chapter has discussed the bésiory of charge transport in

organic crystals including the origin of semicontlug behaviour in organic

molecules. The intermolecular interactions thatpghthe order and arrangement of
organic molecules in lattices have been describbad.position and orientation of the
molecules modulate the intermolecular transfergretewhich determines the charge
transfer properties of these molecules. The bandemehich is commonly used to

discuss the charge transport in single crystalsaisxs introduced here along with the
characteristics of polaron transport in these nater The widespread interest in
unraveling the underlying factors determining therge transport is spurring the
development of new theories which consider locdl aon-local interactions between

the charge carrier and its environment.
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Chapter 3

Free-space dielectric field effect transistors

This chapter introduces the various fabricatiommégues used in the construction of
organic single crystal transistors with a strongbkasis on free-space dielectric field
effect transistors. This was the configuration emgetl throughout the construction
and testing of rubrene single crystal transistoescdbed in this thesis. General
characteristics of organic single crystal fieldeefftransistors are described as well as

the influence of contacts on electrical charadiegsxtracted from the transistors.

Molecular crystals are of importance in the fielidooganic electronics due to the
opportunity that they allow for the explorationfahdamental properties without the
influence of disorder. Molecular crystals due teithigid order and tendency to form
two dimensional crystallites are normally very fagand difficult to handle. The
purity of the crystals makes it very sensitive &dedts and contamination introduced
while fabricating devices. Traditionally, anthraeehas been studied as a model
organic semiconductor and photoconductor with ahitvork on anthracene crystals
going as far back as 1906 The development of efficient purification methtds
allowed the exploration of fundamental propertiéssthracene such as its intrinsic
energy levels and its charge carrier transport gntig$’ °. Since the explorations of
the properties of these molecules are possible onliigh quality crystals, it is
relevant to begin the chapter with a brief disaussin the techniques used to prepare

the crystals.
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3.1 Single crystal growth

The most common way of growing organic crystalsnidiorizontal reactors in the
vapor phase in a stream of transport gas. In thigsiPal Vapor Transport (PVT)
method, the starting material is placed on theesbttegion of the reactor and the
crystal is grown on the colder parts of the reackeavy impurities (with a vapor
pressure lower than that of the pure organic comg@premain at the position of the
source material. Light impurities (with a vapor gsere higher than that of the pure
organic compound) condense at a lower temperatereat a different position from
where the crystals grow. Therefore, the crystamginoprocess also results in the
purification of the material. The characteristidstite crystal depends on the carrier
transport gas used (Argon is best for tetracendewtydrogen is best for rubrene)
although the mechanism is not clear. Good crystaith involves very careful tuning
of parameters and precautions to prevent the oreaif photoinduced oxidation
defects. Details of the physical vapour transpamcess have been described

exhaustively by a series of papers by Laudise dnd°K.

Physical Vapor Transport

Vaporized organic carried by gas ——p—

i

Highly purified Source Heavy Crystallization Light Exhaust
inert gas material impurities region impurilnes to bubbler
O 3npy ———3Zone 1 + Zone 2
‘® 250 i
E 200-
150
E 100
E 50 i
= 0l - : —, 3 ' : : ; g : . = ;
0

10 20 30 40 50 60 70
Distance from furnace inlet (cm)

Figure 3.1: Schematic of the PVT crystal growth aparatus®
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Starting material is loaded into the source zoreraaintained at a temperatufgrce
where sublimation takes place, and molecules amedaby the gas stream into the
region of lower temperature. For a given conceimabf evaporated molecules,
defined by the temperaturBouce there is a point located downstream at a lower
temperature, growth, where crystallization occus.this point, the crystallization
rate (proportional to the density of molecular vdgmecomes slightly greater than the
rate of sublimation from crystal facets kept at pematureTcys Although both
crystallization and sublimation occur at a facetudtaneously, the growth is favoured
and free-standing crystals grow. In the region e teft of the growth zone,
sublimation prevails and no growth occurs; in thgion to the right (downstream),
the density of molecular vapor decreases and d¢ligatéoon also does not occur. In
this region, only smaller molecular weight impw#icondense. If the temperature of
the starting material is kept very close to thelisudition point, the heavier molecular
impurities do not sublime and remain in the sowmee. Thus crystal growth by PVT

results in purification at the same time.

The crystals which are obtained after the PVT pgs¢eonducted over several tens of
hours) are normally in the form of platelets ordies.The crystal shape is controlled
by the anisotropy of intermolecular interactionsir Fnany materials, the largest
crystal dimension corresponds to the direction led strongest interactions and,
presumably, the strongest overlapredrbitals of adjacent molecules. For this reason,
the direction of the fastest growth of elongateorene crystalsh(axis) coincides with
the direction of the highest mobility of field-inded carriers. In platelet-like crystals,

the largest natural facet typically correspondthém—bplane.

In some molecular crystals (eg. Anthracene), int@srihave been shown to strongly
influence the electrical as well as the opticalgemies. This is similar to the case of
inorganic semiconductors like silicon where the umty levels are kept below the

ppm range. Tetracene in ppm traces form shallowtrele and hole traps at room
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temperature in anthracene single crystals. Intrboin®f an impurity with a smaller
ionization energy and/or larger electron affinityah the host molecules will form trap
levels in the energy gaps between the transpoetdeAdditional effects can also be
caused due to the excess strain induced by thesiod of the impurity in the matrix.
This highlights the importance of starting the griowith pure organic powder. This
especially becomes important in the case of highelting point hydrocarbons where
purification methods like zone-melting are not feks®. The rubrene crystals used in
this thesis have been prepared by Dr. Vitaly Poalzat the Rutgers University using
hydrogen as a carrier gas. As the crystal growtitgss also results in the chemical
purification of the material, several re-growth legcmay be required for improving
the field-effect mobility, with the grown crystalsed as the starting materials for the

subsequent regrowth.

3.2 Organic single crystal transistors

Broadly, single crystal transistors can be clasdiin two categories- top contact and
bottom contact. The top-contact SCFET configuraiiovolves the fabrication of a
transistor structure directly on top of the orgasiitgle crystal and is at most times a
top-gate structure with the semiconductor crysteiing as the substrate. This
architecture requires that source and drain eldet@nd dielectric are deposited onto
the surface of the single crystal. This is a venitioal step in the fabrication of the
transistor. The commonly used methods include pmi@ation of conducting paste
and Ag epoxy" *%r direct shadow mask deposittbmnto the crystal surface. While
each of these methods is relatively straightforwamd has been employed
successfully, both have been implicated in the &diom of defects at the critical
semiconductor/electrode interface. During the apgplbn of the silver paste, the
solvents in the mixture will attack the surface tbe organic crystal. Another
disadvantage of the manual application of elecsodethe difficulty in preparing

small and well shaped contacts. The direct depositif electrodes on top of the
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crystal also results in damage due to the kinetergy of the hot gold atoms arriving

from the source.

In addition, the manual application of electrodad ¢éhe limitation of shadow-mask
feature sizes necessitate large crystals and loheigce density. Another critical step
is the deposition of a dielectric layer on toplw# trystal which has proven even more
problematic. Attempts at sputtering-® and other dielectrics on the crystal resulted
in a very high density of traps and a prohibitiveigh field-effect threshold. This
problem has been addressed with the introductiencainformal evaporated parylene
dielectric film **. With a very simple homemade reactor, an inenhgle-free,
conformal film can be controllably deposited ontiee tcrystal surface without
apparently damaging it. A gate electrode deposiedhis film completes the top-
contact, top-gate structure. Introduced by Podzertoal., the technique has resulted
in high mobility being recorded in a variety of amc crystals and has been

instrumental in the investigation of intrinsic pespes of the rubrene single crystal

17

The bottom-contact SCFETSs take advantage of pliobgjiaphy to pattern source and
drain electrodes as well as the dielectric on atsate containing a gate electrode on
to which the crystal is placed or grown. The uselodtolithography allows for the
patterning of features at length scales and dessitnpossible with top-contact
geometries. The ‘electrostatic bonding’ technigire,which a thin single crystal
adheres to the dielectric surface by simply beimgught into contact, has been

é8-23

performed on thermally grown SiQubstrate as well as other high k-dielectrics

deposited through sputtering.
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3.2.1 Elastomeric transistor stamps

The elastomeric technique developed by E. Menardaletalso involved the
prefabrication of source/drain/ gate electrodes dlexible elastomeric substrate. The
elastomeric technique, however, compares favoraltly the Si-based technique in
two important aspects. Firstly, in contrast to 8séd substrates that require very thin
(~1 pum) and bendable crystals (which are prone ttainsinduced defects), the
elastomeric stamps are compatible with much thigkgr to a few mm) and rigid
crystals: the flexible elastomeric surface and theti Au contacts adjust easily to
the crystal shape. Secondly, the elastomeric st@mTimnique is non-destructive and
reversible: the contact between the stamp and mrgaystals can be re-established
many times without affecting the transistor chaggstics. This experimental
capability was used to explore the dependence effitid effect mobility on the
orientation of the transistor channel relativethe trystallographic axes, and observed
for the first time a strong anisotropy of the fiefteet mobility within the a-b plane of

single crystals of rubrefié* (Chapter 2, Figure 2.6).

! R

orientation of the crystal wetting of the crystal complete lamination

Figure 3.2: Transistor fabrication by lamination of an organic crystal against the transistor
stamp. Initiating contact between the two surfacegesults in a wetting front that progresses
across the semiconductor-stamp interface until thentire crystal is in intimate contact with the
stamp®*
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3.3 Air-gap stamps

As mentioned previously, organic field effect tratmis (OFETS) that facilitate
studies on the electrical characteristics of orgasemiconductors are complex
structures whose properties depend on interactetseen the semiconductor, gate
dielectric and electrodes. Carrier trapping, chatgeing, molecular reorientation,
dipole formation and a range of possible chemiotdractions are among the many
phenomena that can occur at the semiconductorétiielenterface to degrade device
performancet® 't %2

E. Menard et &f proposed an unusual device design that avoids #féscts entirely
by replacing the standard solid dielectric layethva thin free space gap that can be
filled with air, nitrogen, other gases or even vanuWhen combined with high-
quality organic crystals, this design reveals themate in OFET performance,
determined solely by the intrinsic (not limited digorder) polaronic transport on the
pristine surface of the crystals. Unlike the eMeassociated with electrical contacts,
which can be subtracted from the device respons®inypoint probing or channel
length scaling analysis, it is difficult or impos& to predict or account for
interactions between a semiconductor and a coromaitimaterial dielectrfé’ 2% The
free space dielectric simply eliminates these ¢dfdmy eliminating the dielectric
insulating material. It is uniquely well suited tlee study of organic semiconductors,
which do not possess the types of dangling bondsidace states that are present in
many inorganic materials. The advantages of tlokrtigue were demonstrated in the
construction of TCNQ single crystal transistorshwiigh intrinsic carrier mobilities
of 1.6 cnf/Vs.2® It must be noted that transistors which were coostd using the
elastomeric stamp technique as well as with paeylsthe dielectric showed much

lower mobilities.
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3.3.1 Fabrication of air-gap stamps

PDMS stamp

ﬂ Master

Single Crystal Ti/Au coating  Drain

-—

Source

S

Figure 3.3: Schematic illustration of the construdion of organic single crystal transistors with
free space gate dielectrics.

Figure 3.3 schematically illustrates the stepsbiaifding these devices. The stamp is
fabricated by casting a pre-polymer of poly (dinygthoxane) (PDMS; Sylgard 184,
Dow Corning Corp.) against a pattern of photorg8%18) on a silicon wafer defines
an elastomeric element with relief features in geemetry of the resist. The PDMS
can also be casted on top of a master with rediafuires. The casted feature is left in
low vacuum to degas the mixture of PDMS and cumggnt. After heating, the
PDMS hardens and can be carefully removed fronp#itern. Coating this element
with a collimated flux of metal generates electticadolated electrodes on the raised
and recessed regions. This single processing stéped source and drain (raised
regions) electrodes together with a self-alignetk geecessed region) electrode. The
size of the electrodes and their separation argelihonly by the resolution of soft
lithographic casting and curing procedures: dimnemsias small as a few tens of

nanometers are possible
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Gently placing a single crystal sample on the serfaf such an element leads to soft,
van der Waals contacts to the source/drain elees.ofihe crystal itself forms a free
standing bridge that spans the gap between thestrages. The thin space between
the bottom surface of the crystal and the gatetrelde plays the role of the gate
dielectric. This space can be filled with any gag(air) or by vacuum, depending on
the experimental conditions. The standard spacietyvéen the crystal and gate
electrodes of the stamps utilized in this thesi® mmicrons. The electrical breakdown
fields for air gaps which are much narrower tham itirean free path of air molecule
can be exceptionally high due to the suppressiothefavalanche phenomena that

generate dischargés.

3.4 Working principle of field effect transistors

The basic idea of a field effect transistor is todulate the current that flows between
two ohmic contacts (source and drain electrodesafiplying a voltage to a third
contact (the gate electrode). The semiconducton find the gate electrode are
capacitively coupled such that the application dfigs on the gate induces charge in
the semiconductor film. The inorganic Metal InsatatField Effect Transistor
(MISFETSs) normally operate in the inversion modeesvehthe electric field applied at
the gate electrode is enough to induce minorityriee at the semiconductor-
dielectric interface. In the case of organic materwith the low density of charge

carriers, the preferred regime of operation idadccumulation mode.

For a transistor based on a p-type semicondut¢teratcumulation regime is induced
on the application of a sufficiently high negatigate voltage. The application of a
negative bias causes the HOMO and LUMO levels tft sh such that the HOMO

becomes resonant with the Fermi energy level of dbetact. This allows the
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injection of holes from the contacts (or spillingetectrons from the semiconductor to
the contacts). The injected holes can then movesutige application of an applied
drain electric field. In the case of an n-type s&iator, the application of a positive
gate voltage results in the HOMO and LUMO levéistsg down so that the LUMO
levels align with the Fermi level of the electrodélowing injection of electrons into
the semiconductor. In the following section, theeyal electrical features of a p-type

channel FET will be described.

Figure 3.4 shows the biasing conditions of the petyransistors. Being a three
terminal device, the gate voltage modulates theeatiflowing between the source
and drain. In a p-type device, the threshold vetsg is normally negative. Thus for

the transistor to work, a more negative voltagethan the threshold voltage should
be applied. By convention, the source electrods as the source of the carrier
flowing in the transistor. During the normal testiof a p-type transistor, the source is
grounded (¥=0V) while negative gate voltages %0V) and drain voltages

(Vps<OV) are applied.
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V=0

I:I V=0
LUMO

n-channel p-channel
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Figure 3.4:a) Idealized energy level diagram of amrganic TFT at Vg = 0 and \p = 0. (b-e)
Demonstrate the principle of field effect transisto operation for the case of (b) electron
accumulation, (d) transport, (c) hole accumulationand (e) transport2

b‘anspun

V=0

In the channel, the two dimensional current dendpiyflowing due to the holes is

given by:

=qpVv, (3.1)

where q is the elementary charge, p is the holsigeand y is the hole drift velocity.
Thus the expression for the drain current whiclivan an opposite direction to the

hole current is given by:

¢ = —Wapy, (3.2)

The charge density of the carriers and the driibaigy of the holes can be dependent
on the spatial position in the channel. For thes acddrift velocity, the dependence is

as follows:
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1 2 (33)

Vp =kpE(X) =

In the above expressiop,is the hole mobility,E(x) is the electric field directed
from the source to the drain apdx) is the potential along the channel, at position x.
The charge density generated in the channel ragiowdependent of the position in
the channel when there is no applied drain voltade formation of a conducting
channel creates a capacitor structure with the glatgrode and the channel acting as
the plates of a capacitor with the dielectric saictied in between.

Thus the total charge at the interface (Q) on thaieation of a gate voltagec¥ is

give by:

Q=0ap=-C(Vgs— Vi) (3.4)

where C is the capacitance of the insulator. Thyatnee sign in the above expression
compensates for the negative gate voltages. Thdsruthe absence of the drain
voltage, the concentration of charge carriers §p)inearly dependent on the gate
voltage. On the application of a potential betwd#ensource and the drain electrodes,

the charge density becomes position dependent. Eduation 4 becomes:
qp=-C(Vgs — Vin —(X) (3.5)
Thus equation 3.2 can be rewritten as:

lq =WC(Vgs — Vin —d(X))v,, (3.6)

which when combined with equation (3.3) yields:

do(x) (3.7)

lg = —1pWC(Vgs — Vi — ¢(X))W

On integrating the above expression over the lewdtthe channel L, O<x<L and

Vs<d(X) <Vp yields
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lg :—upr (Ves —Vin)Vos —V—SS (3.8)

L 2
This is the general equation for the drain curflawing in a p channel transistor.
Depending on the magnitudes of the voltagg &d \ss, the transistor could be said
to be working either in the linear regime or thdéusation regime. For a p-type
channel FET, the linear regime corresponds to dnge at which the absolute value
of the drain-source voltage remains small compdcedhe absolute value of the
difference between the gate-source voltage anthtieehold voltage (i.e. d >> Vgs
— Vi, where all the quantities are negative). Undeseheonditions, the quadratic part

of equation 8 can be ignored and thus the drairentibecomes:

w
lg =—Hp T Cl(Ves = Vin)Vos)] (3.9)

Now, for a constant gate-source voltages{\* Vg — Vs = Vg), @ more negative
voltage can be applied to the drain electrode, ngatie drain-source voltage become
more negative (Ws = Vb — Vs = Vp). If this is done while ¥ remains constant then
the absolute value of the difference between the gad the drain voltage decreases
(i.e. the gate-drain voltage,c¥ = Vg - Vp, becomes less negative). When the
difference between the gate voltage and the draitage becomes equal to the
threshold voltage (M=Ve-Vp = Vi), the transistor enters the saturation regime. In
this case equation 8 becomes

W C(Vgs — Vin)®

|, =—n,— 3.10
d l'Lp L 2 ( )

When the transistor enters the saturation modeydliage next to the drain electrode
is smaller than the threshold voltage and the letattric field cannot accumulate
enough charge at the surface of the semicondudtater this condition, a depletion
region in which the charge carrier concentrationeso is formed at the drain side of

the channel and the channel is said to be pinclfedq@m this point on, any further
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increase of the drain-source voltage has no comeseguon the current flowing from
drain to source and a current is maintained bectugsholes at the pinch-off position

are swept away from the edge of the channel irgalthin by the high electric field.

3.5 Contact effects in transistors

During the discussion regarding the electrical abgristics of field effect transistors,
one of the inherent assumptions was the ohmic eatuthe charge injecting contacts.
This assumption is not completely valid in the vasfjority of the organic transistor
devices reported in the literatd¥é®. With considerable improvements in the material
control of organic thin films and crystals, FETghiigh mobility values are possible.
A consequence of realizing high field-effect mdyilis that the parasitic contact
effects in OTFTs have become more pronounced amch@w posing limits to the

performance of the organic transistors.

Output characteristics-295K Output characteristics-210K

1.0n+4

0.0+

0.0+

-1.0n4

-40.0n

-2.0n4

o -80.0n- -3.0n4

Ips

-120.0n+

-160.0n+ 200

Figure 3.5: Output characteristics of a rubrene airgap transistor (L=300 um, W=1000um)
measured at 295K and 210K illustrating contact effets.

44



Free-space dielectric field effect transistors

Figure 3.5 displays the output characteristics olilarene single crystal transistor
constructed in the air-gap configuration as descriln the previous section. The
effect of contact resistance is clearly visible nirahe bunching of the output
characteristics at the lowerpY values. A cursory comparison of the output
characteristics at 210 K reveals that the effe€th® contact are more prominent at
this lower temperature. In an organic FET therghthbe two possible contact effects,
either contact resistanéé > 3*dr contact Schottky barriéfs*® The first might be
caused by the formation of a high resistive arethénvicinity of the drain and source
electrodes. This can impede carrier injection. &tton of contact resistance in
organic transistors is done usually be measuringcderesistance for devices of
varying channel lengths and then extrapolating thermero. This treatment is valid
normally for thin film transistors where the morpdgy of thermally grown thin films
differs in the regions near bottom electrodes oenvithermal evaporation of top
electrodes creates defects on the organic thirsfilidue to the design of the air-gap

transistor, these effects are normally avoided.

On the other hand, when a metal is brought inionetie contact with a semiconductor,
usually a depletion layer is formed at the inteffdcWhen the respective work
functions are different, a Schottky barrier resulst limits the charge carrier

injection. To a first approximation, both the sacfrabrene contact and the
drain/rubrene contact can be considered to be &ghoontacts so that the rubrene
single crystal field effect transistor can be disat as a pair of back-to-back, gate
modulated diodes. A negative voltage on the dr#e @ituation during normal

operation) results in a forward biased drain/ruergunction and a reverse-biased
source/rubrene junction. The resistance of thecgeld thus also determined by the

reverse-biased source/rubrene contact.

The general form of the Schottky diode equatidh is
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J :J{exr{%j—l} (3.11)

where J is the current density, & the reverse saturation current (metal to
semiconductor) and V is the applied bias. The esgiom for Jo depends on the
relevant transport mechanism. Transport is typycéihited by either thermionic
emission of carriers ovess (the charge injection barrier) or subsequent/diifusion

of carriers in the depletion region. The driftfd#ion limited injection pertains more
to injection into low mobility semiconductdisand can hence be neglected for

rubrene single crystal transistors. The tegrfodthe thermionic emission is given by:

~¢s
J.=0gN 12
o =NV, exp( = J (3.12)

where q is the elementary chargeis the recombination velocity of carriers crossing
the metal/semiconductor interface, ¥ the effective density of valence band states

andog is the charge injection barrier.

Recent work®®*3nvestigating the contacts between rubrene andde wariety of
metals (Ni, Co, Cu, Au and Pt) has shown that #gaducibility in the values of
contact resistance strongly depends on the metdah Wi showing a strong
reproducibility as opposed to Au whose contactstasce varied by three orders of
magnitude. The reproducibility of their devices lwiCu electrodes (with a CyO
surface layer) has allowed the systematic studythef barriers at the surface.
Following the same formalism described above, Muoliret al have modified the
conventional theory for Schottky diodes to incluagtage-induced Schottky barrier
lowering and the field-induced change in the dipdlee to electrons occupying

surface states.

The effect of the Schottky contacts on the perforeeaof the rubrene single crystal

transistors is more apparent at lowsWalues. This implies that the mobility values
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extracted from the linear regime of the transisames much more affected by contact
effects as compared to saturation level mobiliti€ee difference in the values
between the mobilities in the linear regime andt #etracted from the saturated
regime are normally much more significant as thenciel length decreas@sThis
result is because the linear regime is more styoatfected by interface properties
and contacts than the saturation regime. Any veltadrop across the
electrode/semiconductor interfaces will lower tffective voltage across the channel
and the currents that are used to compute therlmedility. In the saturation regime,

this same voltage drop has only a relatively smfidict since the source drain current

is already independent of the source-drain voltage.

T T T T T
®  Mobility(saturation regime)
0lg B Mobility(linear regime) E

0,01 |

Mobility (cm?/Vs)

1E-3 |

. 1 . 1 . 1
0,003 0,004 0,005 0,006 0,007

UT (KY

Figure 3.6: Mobility dependence on temperature forsaturation and linear regime indicating the
influence of the contacts. Activation energy extraed using simple Arrhenius dependence shows
E.=0.059¢eV for saturation regime, 0.1eV for linear rgime

Figure 3.6 shows the mobility dependence of a abriffiected rubrene transistor with
temperature. The rapid increase of the Schottkyidraeffect with reduction in

temperature conceals the temperature dependerdctdastics of the charge carrier
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mobility of the rubrene crystal itself. The tempera dependence is well
approximated as thermal activation, with the atibraenergy values of 0.1eV for
linear mobilities and 0.059eV for saturation ler@bilities. Since these devices were
not completely contact limited, the temperatureeselency is a convolution of the
contact temperature dependence as well as the ehdmubrene) temperature
dependence. As discussed previously, the effe¢h@fcontacts is more visible in

linear mobility which decreases much more rapidighweducing temperature.

The channel dimensions of the transistors measdrethg this thesis are large
enough such that they do not result in the formmatd completely contact limited
devices. This has prevented a systematic studligeo€ontact resistances for rubrene
single crystal transistors. Similar to the resolt$violinari et al, transistors prepared
with the gold covered stamps showed variations ha butput characteristics
indicative of a wide range of contact effects. Tharsthe photocurrent measurements

described in the next chapter, samples with ndgégiontact effects were chosen.

This chapter has described the fabrication of tiferane single crystal transistors
beginning from the growth of an organic crystatite lamination of the crystal on to
the gold coated stamps. The working principle o tinansistor has also been
described as well as the influence of the electroolgtacts to the semiconductor.
After this introduction to the measurement confagiom, the next chapter will detail

the photocurrent properties measured in the rubreystal.
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Chapter 4
Photoconductivity in rubrene single crystals

This chapter examines one of the most fundamemntgdepties of an organic crystal-
the photoconductivity. The creation of charge easrunder the excitation of incident
illumination reveals many fundamental propertiegarding the molecular and
intermolecular processes at play in an organictaty3 here still exists a lot of

controversy in the field regarding the fundamemiacess behind the formation of
photogeneration of charge carriers in organicsh wibth direct photogeneration of
carriers as well as exciton creation being obseriredddition to probing fundamental
processes, photoconductivity is of practical use vadl with applications in

photodiodes and sensors. Despite the high levietefest in organic semiconductors,
photocurrent studies in transistor configuratioasehbeen very few in number and

primarily limited to thin-film configuratioh®.

In this chapter, we report an investigation of theeady-state and transient
photocurrents in rubrene single crystal field-effé@nsistors (SCFET) fabricated
using the “air-gap” technique. The particular cgafation used in this study allows
us to modulate the density of the charge carrietheasurface of the rubrene crystal
under pristine conditions in the absence of trapgha semiconductor-dielectric
interface. This configuration is ideally suited fdahe study of the intrinsic

photoelectrical properties of the rubrene semicatatun FETs. Before proceeding to
the photocurrent properties of the rubrene crystaisistors, it is instructive to look at

the photoexcitation picture in organic materials.
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4.1 Photoexcitation picturein organic molecular crystals

The nature of photoexcitation and charge carrieregdion in organic molecular
crystals as well as conjugated polymers has not lokarly understood despite the
extensive research on the subject for the pastdewvadeS® A large number of
excitations have been used to describe the varpheomena observed. These
excitations include excitons, polarons and bipalaroTwo principal models which
have emerged describing the nature of photoexaitaind carrier generation are the
semiconductor band model and the molecular exeitodel. The semiconductor band
model has been used to describe the propertiesnafganic semiconductors
successfully. Akin to the creation of a valence dbamd a conduction band in
semiconductors like Silicon and Germanium, the lagerof the bonding and the
antibonding orbitals of organic molecules couldiéa the formation of bands. In this
case, the primary photoexcitations are mobile elest and holes created by the
absorption of photons with energies above the bamdd the material. Accordingly,
the onset of optical absorption at the band gapggrie the semiconductor coincides
with the onset of photoconductivity. This has bebeserved in PPV thin films where

the optical absorption edge and the onset in pbaihectivity coincide at 2.3e¥,

SEMICCONDUCTOR MOLECULAR EXCITON
BAND MODEL MODEL
— conduction exciton =7
EIGRIeH (o) band [vibronic) 7 T
a levels T gé\_ { i :

/ ........ F. (TR (R, T 1 I|| ‘ | ! creation of exciton
polaron hf hf || | 1y i followed by dissociation
levels \—'\/\/-D- band gop (B -’\N—)-'l ;' | lll ! | i into mobile charge carers

.............................................. & i r |,| 1" '{ i
hole @ valence ‘{3/' @/ < 3
band L
- ¢
\ N
creation of bound elecfron-hole
¥ creation of mobile pairs [excitons) followed by
charge caniers geminate recombination

Figure 4.1: Energy band diagrams of photoexcitations in organic semiconductors according to
semiconductor band mode (left) and molecular exciton model (right).*
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In other cases, the onset of photoconductivity ogati energies much higher than the
absorption edge. These cases are thus best delstriberms of a molecular exciton
model. In such cases, the primary species creatadgdphotoexcitation are strongly
bound electron hole pairs (excitons) with bindintemgies as high as 0.5eV. The
molecular exciton dissociates into photocarriersvayious mechanisms including
external electric fields, defects or thermal digsten (Onsager model). Both the
models are illustrated in Figure 4.1. At this paant introduction to excitons may be

deemed appropriate

4.2 Excitons

Let us consider a transition of an electron from #alence band to the conduction
band of a semiconductor induced by the absorpticaghoton. The excited electron
leaves behind a hole in the valence band, whiclav®has a positive charge carrier.
The electron interacts with the hole through a esoee Coulomb potential and may
therefore form bound states. The resulting bouedtein—hole pairs are known as
excitons. The presence of excitons induces stréiegts in the optical properties of
semiconductors. They manifest themselves as resqmesks in the absorption,
reflection and luminescence spectra correspondingainsitions to or from discrete
bound states, and as shifts of the main spectedlifes due to the electron—hole
interactiori’. Excitons generated in inorganic semiconductorswsia very small
binding energy (5 to 30 meV) which is normally aa@me by thermal energy. When
a molecule is part of an extended molecular salisl, energetic processes are
determined by the interaction with its neighbolmshe case of strong intermolecular
interaction, the exciton can be delocalized oveumber of molecules. Depending on
the degree of delocalization the excitons are iledtas Frenkel, charge-transfer or

Wannier-Mott.
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4.2 .1 Frenkel excitons

The Frenkel exciton corresponds to a correlatedtrele-hole pair localized on a
single molecule. Its radius is comparable to tlze sif a molecule or is smaller than
the intermolecular distance (<5A°). A Frenkel eanihas no degrees of freedom and
hence has no internal quantum numbers. It is cersida neutral particle that can
diffuse from site to site. The local electric fietd the exciton will polarize the
surrounding lattice, and its motion can generattarpo-type quasi-particles. The
Frenkel exciton is normally created in materialdmow dielectric constant due to the

strong coulombic interaction between the electruhfaole.

4.2.2 Wannier-Mott excitons

The Wannier-Mott excitons in contrast to Frenketimns are normally seen in
crystalline materials with strong intermoleculatenactions. A significant potential
overlap between the neighboring atoms reduces thdo@bic interaction between
the electron and the hole of the exciton. This ltesa a large exciton radius (40-
100A°) which is much bigger than the lattice const&Vannier-Mott excitons are

normally seen in inorganic crystals.
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Figure4.2: lllustration of the charge delocalization in Wannier-Mott and Frenkel excitons

4.2.3 Charge-Transfer excitons

The Charge-transfer exciton is of an intermediate, sneither very extended nor
tightly bound at a single molecular site. Its tlegmal formulation has proven difficult

as it requires the reconciliation between the iaedl and extended character of the
two aforementioned cases. A charge-transfer excitan be considered as an
unrelaxed polaron pair with the positive and negapolarons located on adjacent
moleculed But this picture is only true if each moleculerfis a deep potential well

in which charges are confined. Such a localizecem@l would be expected for a
molecular crystal with weak intermolecular interacs and small overlap between

the neighbouring orbitals.

In many of the organic molecular crystals, the prynphotoexcitations are tightly
bound Frenkel excitoh§ **** This is supported by the fact that the optical
absorption spectrum of an organic molecular cryistakry similar to the absorption
spectrum of the isolated molecule. This is dueht® weak van der Waals bonding
between molecules which preserve much of the @igipectroscopic character of the

molecule. One model for the origin of photocondtittiis described in Figure 4.3.

57



Photoconductivity in rubrene single crystals

vacuum level [|:I
. Z=_3" __ autoionization
conduction band S;
o L~ S 1
= 3=
i} T8, \
. charge
photon | aexciton transfer
distance excitation levels states

Figure 4.3: Descriptions of photoexcitationsin organic molecular crystals. Adapted from 2

Absorption of light causes a primary Frenkel extitbat is tightly bound and has a
high probability for geminate recombination. Theagtum yield for charge carriers
close to the threshold for photoconductivity iserdéfore quite low (16). Given

enough energy, the exciton may autoionize intogd&ransfer states on neighbouring
molecules or dissociate completely into separatemige carriers (or polarons) at
larger intermolecular spacings. Splitting of theiton is also possible at interfaces,

traps and at the application of an electrical field

Next we introduce some basic concepts of photoootiity. Since

photoconductivity deals with the flow of chargelse tequations that determine the
current contributions deal with free carriers withdaking into consideration the
actual process of creation of charge carriers ydinadirect photoexcitation or through
splitting of excitons). Subsequent retrapping o€ thhotogenerated carriers is

important especially while monitoring the transieature of the photocurrent.
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4.3 Basic concepts of photoconductivity

Photoconductivity was first noted in 1843 as a dase in the resistance of
amorphous selenium by shining light off.itSince then, many publications and in
depth analyses of the photoconductive propertiesseshiconductors have been
published® *” The phenomenon of photoconductivity includes smverocesses
which include (but are not limited to) light abstop, photogeneration of excitons,
charge carrier generation and their subsequensgaat) trapping, detrapping and
recombination. The magnitude of the photocurrespoese is linked to the quantum
efficiency of forming charge carriers (which is tmember of charge carriers
produced on the absorption of one photon) as welthe mobility of the charge
carriers. Studying the time evolution of photocoettlity on the other hand, reveals
other properties of the semiconductor such as iteénte of excited intermediate
states (if any) as well as the lifetime of the ¢feacarriers and the time required for
them to encounter a trap. The knowledge of photdaotivity effects is much more
important for organic semiconductors since the primapplications intended for

these materials are in active matrix display ajgpias.

The simplest photoconductivity experiment uses as@nt monochromatic light
source to generate equal excess densities of izegans and holegy\n=Ap, that lead

to a change in the conductivity by

Ac =op, =1, AN+ p,Ap) (4.1)

where e is the electrical charge; and p, are the electron and hole mobility
respectivelyThe basic experimental arrangement is illustrateBigure 4.4 wheré
andsA are the length and cross-sectional area of the lsaamgl the photocurreiph

corresponds tophAF, with F = V/L being the applied electric field.
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Figure 4.4: Simplest setup for measuring photoconductivity

In the experiments done during the extent of thésis, coplanar electrodes are used
which limit the study to the surface of the cryslalmany materials, a fraction of the
photogenerated carriers becomes immobilized byingpat various defects and traps
such that not every part ain and Ap contributes equally to the photoconductivity in
Equation 4.1. In fact, for a significant numbemaéterials with widespread practical
applications, eithepinAn or ppAp product turns out to be much larger than the other
one because of strongly unequal carrier mobilifi@s. instance, in intrinsic silicon the
electron term dominates, while the photocurrenthalcogenide glasses is carried by
holes. In those instances, Equation 4.1 effectivetipices to a one-carrier equation. In
the case of rubrene single crystals, the electrohility (in the few cases it has been
measured) is far exceeded by the hole mobility eeind the photoconductivity to be

determined by the photogenerated holes.

The steady state nonequilibrium charge carrieritheoan also be written in the form

of the product of the number of carriers liberabgdight per unit time in unit volume
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(G - the generation rate) and the average timéaif existence in the band before

recombinationt). Thus equation 4.1 can be rewritten as

Ao =0, =e(u,Gr, +pu,G7,)

(4.2)
Ao =eG(uy7, + pp7,)
This generation rate G is defined by
| 1-e™
G-t )-RES (4.3)
v d

where n is the quantum efficiency of the generation precéds is the incident
illumination intensity,hv the photon energy, R the reflection coefficientrsf sample,

a the optical absorption coefficient of the mateaat d is the thickness of the sample.
In the case of photoexcitation configurations wheéhe material has coplanar
electrodes on them, the thickness effects can rtyrbha neglected since only the

carriers generated on the surface of the matevrdtibute to the photocurrent.

4.4 Trandent photoconductivity

If illumination begins at a certain moment, there thteady-state value of the
equilibrium conductivity of a semiconductor is rbad only after a finite time.
Similarly, the nonequilibrium conductivity does ndg¢cay instantaneously when the
illumination ceases. The rise or decay curves efrthnequilibrium conductivity are
called the relaxation curves of the nonequilibriconductivity. Since at any given
time the electron and hole components of the nalilequm conductivity Ac are

proportional to the nonequilibrium densitieen and Ap, studying the transient
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photoconductivity in a system can reveal the dyeamof the photogenerated
electrons and holes. The change in the numberraérsa(electrons or holes) per unit
time in unit volume is the difference between tlenber of carriers liberated (given
by G) and the number of carriers that recombineer@lare two special cases which
can be considered, dependent on the recombinatees-r monomolecular

recombination (also called linear recombinatiord &molecular recombination (also

called quadratic recombination).

4.4.1 Monomolecular recombination

Under monomolecular recombination, the rate of mdwoation or capture is
proportional to the first power of the nonequiliom carrier density. This case is
realized, for example, when there are holes of onlg type which recombine with
the nonequilibrium electrons, and the density odséh holes is very high and
practically independent of illumination). In suchlinear recombination case, the
change in the nonequilibrium density of holes p@t time may be written in the form

9 apy=g_2r
(49 =G-= (4.4)

Assuming constant intensity illumination beginniagt=0 and settingp=0 at t=0 as

the initial condition, we obtain

t
Ap=Gr|l-e * (4.5)

Thus the relaxation of equilibrium density in thmebr recombination case is

exponential. If the sample is not illuminated, dgra4.4 can be rewritten as
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d apy= 2P
prd G . (4.6)

Considering that the illumination ceased at t=Qia¢ipn 4.6 can be solved to obtain,

~t

Thus in the case of linear recombination, the rése decay curves for the
nonequilibrium conductivity are exponential in n&and has a time constant equal to

the lifetime of the charge carriers.

4.4 .2 Bimolecular recombination

In this case, the rate of recombination is propodl to the square of the
nonequilibrium carrier density. Following the prdoee set forth in the previous

section, in the presence of illumination:

£ (49) =G /(4P (48)

v is the recombination (capture coefficient) whichturrn is a product of the capture
cross section and the average relative velocitwéen the electrons and holes.

When the illumination ceases, equation 4.8 redtes

a9 =7 (4P’ (4.9)

Solving the above equations leads to the expreésiathe rise and decay curves.
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For rise

Ap= \/Etanhtw/G;/ (4.10)
I

For decay
ap= S L (4.11)
7 tyGy +1

4.5 Steady state photoconductivity measurementsin rubrenetransistors

Thick rubrene crystals with large flat surfacesevesed in the construction of air-gap
field effect transistors. These crystals were latéd on to the soft PDMS (poly-
methyl disoloxane) stamps by applying a small pressn to them. For the purpose
of the photocurrent measurements, the probing pattisthe largest spacing between
them were used (normally 20@m). This was done to reduce the effects of the
illumination at the electrode/semiconductor integfaA 405 nm blue laser (Compass
405 from Spectra-Physics) was used as the illunoinagource for the majority of
experiments. The laser was operated mainly in trgimuous wave (CW) mode but
could be forced to apply pulses by the applicatbm TTL signal. All the voltages
and currents were measured using Keithley 2602npetr&c analyzer in the ambient

on a Cascade Micro-probestation. The setup is shiowigure 4.5.
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Source

Rubrene

—

Figure4.5: [llumination configuration during phototransistor measur ements

Figure 4.6 shows the shows the output characesisif a representative rubrene
transistor measured in the dark and under 1.2mwhitlation. . As is noted from the
figure, the off current of the transistor (measuae¥ss=0V) has increased under the
illumination and this extra contribution to the idraurrent is reflected in the output

curves measured at other gate voltdyes

I'ps = ldark * litium (4.12)

2
s CW v (New, wr)
== | Vs~V Vs - 'ZS ] J{ E DS

lpe =—1
DS 2L

where C is the capacitance per unit area, W,L, Taagde the channel width, channel
length, and the thickness of the active materigpeetively and N is the charge
density in the bulk. The charge density N is motigaby changing the incident
optical power and a clear increase in the draimeciirwith increasing optical density

was observed in all the rubrene SCFETSs tested.
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Output characteristics
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Figure 4.6: Output characteristics of a representative rubrene transistor in dark and under
illumination showing clear photocurrent effects

The photosensitivity of the rubrene SCFETs defiedthe ratio ijlum/ldark Shows
higher magnitudes when the transistor is operating V<<Vt regime. The highest
photosensitivity measured was 2.65%18s measured in the off-state while the
corresponding value under turn-on conditions wa&x@". This large difference
(four orders of magnitude) is due to the high backgd dark current in the turn-on
condition which reduces the effect of the photoentron the total current. This is
supported by comparing the photocurrent measuréteion-state which is almost ten

times higher than the photocurrent measured inthstate.

The effect of the illumination can also be viewatbtgh the transfer characteristics.

The threshold voltages (used here to charactdre@hotocarrier concentration) were
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1/2

obtained by plotting s)™° vs Vs for the saturation regime. Figure 4.7 clearly
shows that the threshold voltage Nas shifted to more positive values with respect t

the dark characteristics.

Transfer characteristics
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Figure 4.7: Excess carrier accumulation at the channel due to photogeneration expressed as a
shift in threshold voltage

This Vy increase is as high as ~28 V, indicative of thierise photoresponse. Note
that among the many SCFETSs we tested the averagease of VY is in the range of
20-22 V. The shift in the threshold voltage canuged to calculate the photocarrier

concentration from the equation below:

An= CaVy (4.13)
€
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where C is the dielectric capacitance per unit a@2nF/cm, AV is the threshold

voltage shift under illumination and e is the elamaey charge.

The average threshold voltage shift correspondsa tphotocarrier concentration
around of 2.5 x 1¥/cn?. This concentration is comparable to the typidadrge
density created by the gate field in air-gap canfigion and corresponds to 1.25 x 10
* holes/molecul€.An alternative way of looking at the thresholdtage shifts in the
SCFET is by investigating the band-bending andgnkvel structure in the organic
semiconductor in the direction normal to the chamfghe device. This theory has

been developed for TFTs based on amorphous sifiédn

The non-equilibrium state of the illuminated devian be characterized by a splitting
of the equilibrium Fermi level into two quasi-Fertavels for each type of carriérd
The splitting depends upon both the intensity anergy of the incident light. The
band-bending (i.e. the effect the gate has on taraulated carrier concentration in
the channel), at a certain gate bias, is reducdtianlluminated device due to the
increased density of charge carriers from photoggio®m. A permanent threshold
voltage shift in rubrene transistors with paryleshelectrics had been previously
observed and attributed to charge transfer froms#maiconductor to the dielectric
under illuminatioR®. In the case of the present SCFETS, the photecsmenerated at
the interface are non-permanent due to the fadt tthere are fewer traps at the

channel-dielectric interface to permanently immiabithem.

68



Photoconductivity in rubrene single crystals

Transfer characteristics
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Figure 4.8:Hysteresis effectsin the transfer characteristics caused duetoillumination

The influence of photogenerated carriers is alsibl by sweeping ¥s back and
forth between +40 V and -40V (Figure 4.6). Whenf@ened in the dark, thexVss
loop does not show any hysteresis. However, utidbt irradiation the transfer
characteristics exhibit a hysteresis which can kelagned by the effect of gate
voltage on photocarriers. When the gate voltagswept towards the negative
voltages, the separation of charges as explainegteabccurs. The photoelectrons
which move towards the bulk reduce the effectivee gdectric field applied at the

channel, thus creating the hysteresis.

We have also measured the photocurrent transierdsiri setup. Figure 4.9 shows a
typical time dependence ofsl upon continuous illumination. The drain curregg |
measured at = -40V and \bs = -40V increases initially and then saturates at a
baseline value. Followingpé saturation, the pkVgs transfer characteristics were
measured. They were measured again after thevigbtturned off. The drain current
decays gradually to the pre-illumination value owerperiod of 2 minutes. The

measurement of the transfer curves displayed inrEig.7 is indicated on the graph.
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It has to be noted that the gate and drain elefi¢rids were not applied continuously
through the whole time period, but at every 0.2ider to minimize trapping at
interfaces. This kind of persistent photoconduttivias been observed previously in
organic polymeric thin film transistors of regiogtdar poly(3-hexylthiophené¥'and
has been explained in terms of a model develope@umsisser et &. Due to the
presence of the gate voltage inducing a conductiaanel, charge carrier separation
would result with negative charges diffusing towsaitie semiconductor bulk and
being trapped; meanwhile the photogenerated hoteddamove towards the channel
region where the potential of positive chargesowedred. Both the fast and slow
components of the decay are assumed to have aticalephysical mechanism for
recombination and vary only in the spatial sepamtf the photogenerated carriers.
Thus the rate of recombination indirectly pointsthe spatial distribution of the

electron traps in rubrene.

35 ———
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Figure 4.9: Persistent photoconductive effects created on illumination
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Mitrofanov et af®. have recently proven the existence of an oxygdated deep
acceptor band gap state in single crystal rubrerearacterized by a
photoluminescence band at 650nm. The details of ptoluminescence
characteristics of rubrene and the influence ofgexyon it will be described in
Chapter 5 and 6 respectively. Since all our expeni: have been conducted in air
and no special precautions have been used to gréwemxidation of rubrene, it is
reasonable to assume that these traps exist osutfece of the transistors tested in
this experiment. We have conducted photoluminescemeasurements on the surface
of these crystals. The photoluminescence spectre weeasured under excitation
from a 488nm laser. They display a peak at 650indicative of the oxygen induced

band states measured by Mitrofanov et al. (Figute)y

Incident A =488nm
3 N
NS o
2 R
g O, induced states 3 i
2] o
£ ‘ ;
o ) 3 i -
(al | E
500 550 600 650 700

Wavelength @A)

Figure 4.10: Photoluminescence spectra proving the presence of oxygen related band states on
rubrene surface

71



Photoconductivity in rubrene single crystals

In the case of optical excitation, the generateditems could dissociate at these
impurity sites with the electrons continuing to eemtrapped while the holes drift
towards the channel. Thus the presence of persigikatoconductivity can be

explained by these oxygen generated traps.

This behavior is in stark contrast with the transiphotocurrent measured on these
samples (discussed in more detail in the laterim®ctFigure 4.11 illustrates the
photocurrent response when instead of steady shateination; pulses of 600us
duration were applied to the crystal. The photenirresponse was recorded using a

high speed probe (Picoprobe) and a 100 MHz TDS30istBloscope.

Al (arb. units)

T T T T T T T T v )
0,0 200,0u 400,0p 600,04 800,04 1,0m
Time

Figure 4.11: Representative photocurrent response under pulsed illumination

In contrast to the persistent photoconductivity ade seen under continuous
illumination, the photocurrent decays in about 1€Qp its previous value. We
believe that this difference arises from variouatisp distributions of the electrons in
the rubrene sample. The short pulse does not akwugh time for the

photogenerated electrons to move into the bulk,s thesulting in immediate
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recombination with the holes when the laser puisstdpped. The general equaffon

for the rate of recombination of the electrons halks R is

R (ﬂ] exr{—_zxj (4.14)
7, a

Where An is the persistent hole density angdis the lifetime for vanishing spatial
separation, a is the Bohr radius and x is the wtigtebetween the electrons and the
holes. This exponential dependence of the recortibman the distance between

electrons and holes gives rise to the two diffecasies described above.

4.6 Photocurrent transients measured under pulsed illumination

As mentioned in the previous section, photocurteamsients were measured under
pulsed illumination with the aid of an active elgl probe (GGB Industries,
Picoprobe). Initial experiments had shown that ghetocurrent transients being
measured in the system were restricted by the iapezlin the DC probes normally
employed in common electrical measurements. Theopésponse is recorded with
the aid of a TDS3014B oscilloscope (100MHz) witle #id of a program written in
LABVIEW.

A representative photoresponse of the system hers fr@viously displayed in Figure
4.11. It is to be noted that during the measurerénhe transient photocurrent, the
voltages in the transistors are applied first teate steady electric fields, before
applying the laser pulses. The pulse widths aresehcso that the photogenerated
current reaches a steady state. Photoconductity complex phenomenon, as it
involves various processes such as light absorptibarge photogeneration, charge
transport, charge recombination and possible trappnd de-trapping from localized

states. A transient photocurrent measured in aesystan be either transport or
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generation limited. The charge carrier mobility frafles measured in these rubrene
single crystal transistors fall in the range of2@enf/Vs. Assuming a lower bound
value of 10 crfiVs, the transit time for these carriers would lels: Since the width
of the laser pulses applied to these samples greatleeds these transit times, it is
safe to assume that the observed transient phoémtus controlled by charge carrier
generation processes rather than by tranSpaite have also varied the horizontal
electric field which determines the transit timetloé charge carriers (by varying the
drain voltage) and were not able to detect anyifsigmt change in the shape and
form of the transients. This is indicative of thesensitivity of the photocurrent

transients in the electric fields explored in ttigdy.

log (photocurrent)

Photocurrent (a.u.)

0,0 20,0u 40,04 60,04 80,04 100,04

v I v I v I v I v I
0,0  100,0p 200,04 300,04 400,04 500,0p
time(s)

Figure 4.12: Non exponential behaviour of photocurrent decay eliminating monomolecular
recombination at work

Figure 4.12 shows in detail the photocurrent deehigh is non-exponential in nature.
As discussed previously in this chapter, the nqroeential nature of the photocurrent

rules out monomolecular recombination as the dgmaygess. We will therefore

74



Photoconductivity in rubrene single crystals

model this decay by means of bimolecular recomlmnatFor a Langevin type

recombination process, carrier recombination israom process and is kinetically
bimolecular?®®. Such Langevin type recombination processes baea observed in

anthracené® single crystals as well as octithiophefleand sexithiophené" single

crystals. Under bimolecular recombination,

®_
fol

—7(Po + P)P (4.15)

In Equation 4.15, G is the photogeneration rages phe equilibrium density of charge
carriers in rubrene while p corresponds to the remalb photogenerated carriers and
to the bimolecular recombination coefficient. Thengral solution of the above

equation yields

0 _
p= po(%expwot)—l 1 (4.16)

where p(0) is the density of photocarriers at t=0.

At short time and under strong illumination, Eqaaté.16 reduces to
1 1

—=—+
0~ pO) n (4.17)

Our results are in agreement with the work of Naja#t.al*who have also identified
a quadratic recombination process in rubrene siagistals between 510 and 420 nm

wavelengths.
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Figure 4.13: Optical power dependence on photocurrent transient

Figure 4.13 illustrates the normalized current gleszaves at various incident optical
powers. The Photoconductive decay waveform is faonide strongly dependent on
excitation intensity; the higher is the intensihetfaster is the decay rate. This is
indeed expected from a bimolecular recombinatiooc@ss. The increase in the
optical power leads to a higher density of photegeted charge carriers which in
turn increases the probability of recombinationisTeads to the ‘quicker’ decay rates

at high intensities

Another key factor to note in these decay curvehasthe decay in the photocarriers
is not immediate. The decay of the curves over nae tiscale extending into
microseconds implies that there are other processasring as well. The appearance
of such a long-lived photocurrent reveals the ¢ffef localized states that
significantly extend the carrier lifetime via a gpmng and detrapping mechanism.
Trap states in rubrene can arise from structurigatie on the surface of the crystal or

oxygen induced defedfs® .We had also measured the photoluminescence ap@ttr
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the surface of the rubrene crystal which revealéeature at 650 nm associated with
the presence of oxygen induced defects. These &n@psevealed to be spontaneously
formed on the surface of the rubrene crystal orosxpe to air. Models that consider
the effects of charge localization in electricalps have to take into consideration the
rate equations for all the relevant impurity levelsich lead to a set of non-linear
differential equations. This approach, although plicated has been employed to

inorganic semiconductors in a set of classicalisafd *.

Thus photoexcitation in rubrene at 405 nm coulgtmposed to happen in two steps.
First, the absorption of the photons result indivect photogeneration of free charge
carriers (as detected by pump probe experiments The density of these free
charge carriers subsequently fall due to bimolecukcombination as well as
localization of the charge carriers in the trapestaThe direct photogeneration of
charge carriers present at 405nm need not be f@lidther range of wavelengths

where the photogeneration process could be congdida

Photocurrent (a.u.)

s -. e
time(s)

Figure 4.14: Gate voltage modulation of photocurrent transients
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Figure 4.14 reveals the potential advantages afystg photocurrent dynamics in this
air-gap transistor configuration. Due to the a\ality of a second vertical electric
field (applied by the gate electrode), it is polksibo study the photogeneration
processes with varying concentrations of pre-etioitecarrier density. In Figure 4.14,
the application of a negative gate voltage indudss to populate the surface before
photo-excitation takes place. This results in ameased recombination probability of
the photogenerated carriers, both due to the exbeles as well as because of
increased carrier localization created by the gégetric field. In our current device
configuration, the thickness of the air-gap is elés 4 micron, which limits the range

of applied electric fields.

In summary, this chapter has looked at the stetatg ®nd transient photocurrent
characteristics of rubrene single crystal studredrn air-gap transistor configuration.
This has enabled the study of the rubrene crystabwt the effects of a dielectric that
can result in complications associated with tragpBteady state characterization has
revealed the generation of charge carriers withraal density similar to that induced
by the gate voltage during transistor operationrsiBent photoconductivity
phenomenon has been observed associated with dppirtg of photogenerated
electrons on oxygen induced trap states. Trangibatocurrents have revealed the

presence of bimolecular recombination and othgr tetated dynamics at play.
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Chapter 5

Optical Characterisation of rubrenecrystals

Techniques using electromagnetic radiation are wesgful in the probing of the
properties of solids. The very short wavelengthX-ofys are essential in the study of
atomic lattices which define crystalline solids lehthe wavelengths through the
visible and infrared to the millimeter range pravidaluable information as well. In
the case of semiconductors, the electronic straciacluding the band gap is
determined by the absorption spectra while thetallyge lattice and its quantized
vibrations are studied through phonons. This chiapitails the various optical
spectroscopies performed on rubrene (either insthgle crystalline form or in the
form of a solution) to characterize the propertdshis interesting molecule. The
techniques detailed in this section include theogii®on spectra, Photoluminescence,

and UV- Raman Spectroscopy.

Absorption of light raises the molecule from thewgnd state to one of the upper
electronically excited states. From the excitedestthe molecule can return to the
ground state in a variety of ways as indicatedigufe 5.1. It can return to the ground
state with emission of fluorescence, through iry&esm crossing (possibly followed
by the emission of phosphorescence), through iateronversion (a direct return to
ground state without fluorescence), intramolecularge transfer and conformational
change. The presence of other molecules near tb®gicited molecule (as is the
case of organic solids as well as concentratedisn8) could lead to processes like
electron transfer, proton transfer, energy transéecimer and exciplex formation.
The processes of fluorescence and phosphorescemagauped together under the

title of photoluminescence.
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Figure5.1: Possible de-excitation pathways of excited molecules

5.1 Absorption and luminescence in Rubrene

5.1.1 Theory

The emission of light is closely tied in with thiesarption process and is described by
Einstein’s B coefficient. Einstein’s coefficient,Adescribes the rate for spontaneous
emission due to a transition from energy level mtowhile B,y is the rate for either
absorption or stimulated emission from level neeel m which Einstein has proved

to be equal to B, (i.e. Byw=Bmn).

Einstein’'s constant of absorption B appears astrfwesition rate per unit energy
density of the radiation. The values of B for eatisorption is dependent on the
transition moment associated with the displacenoémharges during the transition.
On the other hand, in classical theory, the mo#cabsorption of light can be
described by considering the molecule as a caliectf damped oscillator states
characterized by angular frequencies, damping aatstand effective charges. The

degree to which this maximum charge is realizethé®rporated in a parametér
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called the oscillator strength of the transitiomeToscillator strength f can be shown
to be related to the square of the transition mdrmgegral, thus bridging the gap
between classical and quantum mechanical approadlmes concept of transition
moment is especially important for all experimec#sried out with polarized light.
The transition moment can be drawn as a vectdnancbordinate system defined by
the location of the nuclei of the atoms and theeethe molecules whose absorption
transition moments are parallel to the electricteeof the linearly polarized incident
light are excited. The probability of excitation psoportional to the square of the
scalar product of the transition moment and thetetevector. This probability is thus
at its maximum when the two vectors are paralletl @ero when they are

perpendicul

In addition, the absorption transitions that camuscin conjugated molecules are
restricted by spin considerations. Transitions ketwstates of different multiplicities
are forbidden, i.e. singlet —singlet and triplatiplet transitions are allowed, but
singlet—triplet and triplet—singlet transitions &ebidden. However, there is always a
weak interaction between the wavefunctions of d#ffié multiplicities via spin-orbit
coupling. As a result, a wavefunction for the #hgtate always contains a small
fraction of a triplet (or singlet) wavefunction whileads to a small but non-negligible
value of the intensity integral during a transitiogtween a singlet state and a triplet

state or vice versa
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5.1.2 Absorption spectra of rubrene solution arydtets
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Figure 5.2: Absor ption spectrum of rubrene solution in cyclohexane

The graph above shows the absorption spectra sémabpowder (purchased from
Aldrich) dissolved in cyclohexane. The spectra weodlected on a Perkin Elmer
Lambda 900 UV-Vis-NIR spectrophotometer. There @ww main regions of
absorption for rubrene. The first is a region fogh intensity absorption at about
300nm and corresponds to theSztransition. This region has also been denoted as
Group | absorption bands by Bradderhe second set of transitions (at 430nm -2.88
eV, 460nm -2.69 eV, 490nm-2.53 eV and 525nm-2.3§ edfresponds to the
vibronic bands of théL;-'A transitiorf®. The spectrum of rubrene resembles that of
the parent hydrocarbon, tetracene very clogsely this may be taken as
evidence that the four phenyl groups are cmplanar with the central tetracene

backbone, so that conjugation is markedly redit
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Figure 5.3: Rubrene moleculewith theL, M, N molecular axes defined.

The rubrene molecule in figure 5.3 possessass@nmetry with the twofold axis of
rotation along the short backbone axis M. The md& dipole-allowed excited
states have symmetry either, Ar B, with dipole moments along M and in the LN
plane respectively where L is the long molecularsaand N the normal to the
backbone plane (Figure 5.3).Theoretical simulatipesformed using INDO/SCI
method to calculate the oscillator strength havewsh that the first transition
(measured here at 525 nm) is polarized along M wakide the other transitions are

LN polarized®*?

The absorption spectra above can be comparedttoftiiae rubrene crystal available

in the literaturé® >
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Figure5.4: The absorption spectra of rubrenecrystal. Adapted from™

Figure 5.4 shows the absorption spectra of thdesitrystal taken at normal incidence
on the ab face with a and b polarized light showiitigonic progressions with main
peaks at 2.50 eV, 2.67 eV, and 2.86 eV as well agak shoulder is detected
centered at about 2.32 eV. In considering the adtisor spectra of the crystal, it must
be remembered that according to the definitiondefmolecule axes above, the short
axis M lies along the c direction of the crystaheTL axis lies along the ab plane at an
angle of 3% to the a-axis. This implies that each écited state (M polarized) gives
rise to a dipole allowed excitonic state in thestay with a ¢ polarization. The B
transitions polarized in the LN plane of the singlelecule are split with polarizations
along the a axis and b axis. The transitions magded2 and bl,b2 etc in Figure 5.4
are attributed to a and b polarized excitonic \‘ibres arising from the molecular
transition at 3.09 eV with LN polarization. Duette fact that the absorption spectra
was measured at normal incidence, the lowest eleicttransition which gives rise to
a c polarized transition in the crystal is not detd and is only observed in the
absorbance spectra measured at an oblique'angtether critical conclusion is the
weak indication of Davydov splitting in the rubreweystal spectrum which is

apparent in the tetracene spectrum. This impliasttie steric factors due to the side
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phenyl groups diminish the crystalline forces itbmane such that the environment
may be said to resemble that of a solid solutidherathan a crystalline array of

identical moleculés’ 18

5.2 Photoluminescence Spectr oscopy

Photoluminescence is the direct emission of ligbtrf an excited medium under the
photoexcitation of electrons. In photoluminescertbe,excitation source is greater in
energy than the energy gap of the material, inrot@gromote electrons to excited
states. After a relaxation period, electrons that back to lower states through
radiative recombinative pathways emit photons. Bu¢hermal relaxation whereby
the excess energy of the excited electrons canoberadiatively lost, the emitted
photons have no correlation with the excitation cpss (wavelength used for

excitation).

5.2.1 Theory

The Einstein coefficient A determines the rate rfadiative transitions between two

levels. If the upper level has a population N @utit, the radiative emission rate is

dN j
- = _An N
( dt radiative )

Solving this to find the population of the uppetstas a function of time yields:
N(t) = N(0)e A =N (0)e ™

wheretg =Al is the radiative lifetime of the transition.

Electrons can also relax through non-radiative \pagts, for example by emitting
phonons or getting trapped in defects and impuritieaking both the radiative and

non-radiative path into account, the total emissaie of the excited state is
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The photoluminescence efficiency is the ratio efthdiative emission rate to the total

de-excitation rate. Thus,

)

Np = dt radiative _ AN — 1

R (de N/ 7+ 7g) 1+7:/70q
dt total

5.2.2 Luminescence in conjugated systems
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Figure 5.5: Schematic illustration of the main eectronic configurations contributing to the
ground state S and the lowest singlet excited states S, and S, in the case of octatetraene. From ¥

Most fluorescent compounds are aromatic. The mddecstructure of these
compounds determine the nature of the lowest lyiramsition and hence the
absorption and luminescent characteristics. Incése oft- conjugated systems, the
excited state electronic structure is strongly delpat on the effective degree of
bond-length alternation. This is most apparent wtmmparing conjugated polymers
such as polyacetylenes who have purely polyeni&bzaees with poly (p-phenylene-

vinylene) who have a mixed aromatic-polyenic backholn polyenes, the singly
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excited HOMO to LUMO +1 and HOMO-1 to LUMO configtions and the doubly
excited HOMO to LUMO configuration (illustrated figure 5.5) strongly mix and
result in the 24 state being located below the J18ate. In the 1Bexcited state, the
n-bond densities are strongly modified and are ctar&ed by a significant reduction
in the C-C bond alternation. This means that iny@aés, the lowest excited singlet
state, $ is one-photon forbidden vs. the ground state. Thesequence is that
polyenes and polyacetylenes do not luminesce. énctise of polymers with mixed
aromatic character in the backbone (as in poly H@Aaglene-vinylene)) or a
completely aromatic backbone (as in poly(p-phergjend poly(2,5-thienylene)), the
2Aq state becomes destabilized vs. theg $te up to the point that JBecomes the
lowest singlet §state. As a result, poly (p-phenylene-vinylene) as derivatives are
strongly luminesceft. An increase in the extent of the pi-electron systeads to a
shift in the absorption and fluorescent spectralotoger wavelengths and to an
increase in the fluorescent quantum yield. Thspde rule is illustrated by the series
of linear aromatic hydrocarbons: naphthalene, actne, tetracene and pentacene

emit fluorescence in the ultraviolet, blue, gread ged respectively.

There are various radiative processes that occsemiconductors that can give rise
to photoluminescence. One of the primary proceesesarring in semiconductors is
the band-to-band transitions. This happens whesxaited electron in the conduction
band recombines with a hole in the valence banthdfsemiconductor has a direct
band gap and an allowed electric dipole transitihis recombination occurs with
high probability. In indirect semiconductors, tleEeombination can only occur if it is
mediated by a phonon. The simple band to bandsitians mentioned above are
valid only at high temperatures or at low trap dés At low temperatures or high
trap densities, the excited electrons can recomi@datively with holes trapped on
acceptor like impurities. The wavelength of the toins emitted thus, reveal the

energetic location of the impurities. As mentioriadhe previous chapter, excitons
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are very commonly formed in organic molecular aigstdue to the low dielectric
constant which leads to a strong electron-holeracten. If these excitons annihilate
radiatively, a free-exciton peak will be presenttie emission spectrum. Another

critical factor that can determine the PL spectisnthe presence of environmental

impurities that can act as exciton dissociatiorteesn

5.2.3 Luminescence in rubrene solutions and crystal

The luminescence spectra of both the crystal ahatieo were measured. Solution

measurements were performed on a Shimadzu RF-p@@irafluorophotometer.
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Figure 5.6: Luminescence spectra of rubrene solution(excited at 254 nm)

The luminescence shows two main peaks at 548 nnb&Adm in agreement with

previously published data®™ '°?2 In addition to direct photoexcitation, rubrene
solutions have also been shown to display delayeordscence especially in the
presence of sensitizers like anthracene. Delaysurdscence of P-type acts through
the interaction of two triplet states in the saatiwvhose collision can provide enough

energy to allow one of them to return to the sihgtate. Rubrene is also able to self
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sensitize although with a much lower efficiency doghe low yield of triplet states
formed under direct photoexcitation of rubrene sohs. The efficiency of the
delayed fluorescence in rubrene increases in thsepce of oxygen in the solutions
due to the propensity of the triplet states to treath it. This increased luminescence
is in competition with the parallel photo-oxidatiprocess which results in a final loss

of luminescend®.
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Figure 5.7: Phatoluminescence spectra measured on the different facets of the rubrene crystal.
Inset shows the ab planeresult in mor e detail

The measurement of photoluminescence in rubrergatris complicated due to the
wave guiding effects present in the crystal. Thus neasured photoluminescence
spectra can depend on the incident angle of thétatmm as well as the area
addressed by the collection optics. The photolusdeace characteristics of the
crystal were measured using a 488 nm laser foctisedgh a 100X microscope lens
(WITec CRM200). This allowed a very local measuratre the photoluminescence

with reduced wave guiding effects.
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Figure 5.7 displays the photoluminescence chairatitey for the different facets of
the crystal. The photoluminescence measuremertieoalt plane reveals two main PL
bands at 610 nm (2.03 eV) and 565 nm (2.19 eV) whehformer peak stronger in
comparison. In contrast, the PL band at 565 nminiaes the spectra measured on
the ac plane and bc plane. This is a clear indicahat the dipole moment of the
corresponding optical transition that gives ris¢h® PL band at 565 nm is polarized
along the c axis. As discussed previously, the owde short axis M of the rubrene
molecule lies in the plane of the c-axis. Thusitogical to attribute this c-polarized
band to the lowest M polarized transition in thérane molecule (indicated in the
solution absorption spectra at 525 nm). It mushbted that the detection of the c-
polarized emission at the ab surface was possiblg because the emission is
collected within a nonzero solid angle. The PL bah@10 nm on the other hand, can
be attributed to L polarized transitions. The add#l peaks present in the spectrum

measured on the ac plane may be related to defedte surface of the ac plane.

Important work done by Najafov et'&lon the primary photoexcitations in rubrene
have identified the species emitting the peak &t &6 as a free exciton created by
photoexcitation with incident energies above 2e\hisTwas evidenced by the
difference in the excitation spectrum with respegctother PL bands. The authors
attributed the band emitting at 620 nm to a selppred molecular exciton created by a
transition from the free-exciton state in orderexplain the observation that the
transient photoluminescence arising from the mdéecexciton has the same
excitation spectrum as the free exciton. Pronoumaetkcular vibronic bands in the
PL spectrum have been suggested as proof that gemecated carriers are initially
tightly bound in the form of molecular excitons tthean couple to the molecular
vibration. Mitrofanov et al®* on the other hand have argued that the transient
photoluminescence is an indication of oxide relatedects on the surface of the

rubrene crystal. However both the c transition obMjin and the a and b transitions
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of LN origin contribute to the population of the ing level, as deduced from the

continuous-wave excitation spectrum by monitorimg PL at 620 nr.

5.3 Raman spectroscopy

In the context of semiclassical electron trarfSfértheory and its extensions, there are
two major parameters that determine self-exchanigetren-transfer rates and
ultimately charge mobility: (i) the electronic cdimg (transfer integral) between
adjacent molecules, which needs to be maximizedigritie reorganization energy
which needs to be small for efficient transport.asigrement of the Raman spectra is
an ideal tool to investigate the intermoleculaerattions in a rubrene crystal as a

source for the high mobilities.

5.3.1 Theory

During the course of the development of the quantnethanical theory of light
scattering at the beginning of the century, Smekal was studying the scattering of
light by a system with two quantized levels preelicthat the radiation scattered from
the molecules contains not only photons with thees&requency, but also some with
a changed frequen®y The actual discovery of this inelastic scatteriidight rose
from the fascination of Sir Chandrasekhara Venkseman with the deep blue colour
of the Mediterranean Sea. Sir C.V. Raman and higodker K.S. Krishnan were
finally able to observe Raman shift in liquids wittuch of the early work relying on
visual inspection for the effédt Since then, considerable progress has been made i
Raman studies, with the invention of the laser amgbrovement in detection
techniques allowing it to be widely used in thedstwf material composition and

structure in molecular spectral analysis.
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In Raman spectroscopy, the sample is irradiatethteynse laser beams in the UV-
visible region (with frequencyp) and the scattered light is observed in the doact
perpendicular to the incident beam. The scatteigitt tonsists of two types: one,
called Rayleigh scattering is strong and has theesfrequency as the incident beam
(vo). A very small concentration of the photons (1 1if°) undergoes inelastic
scattering. This weak Raman scattering has frege®r{g +vn), wherevy, is the
vibrational frequency of a molecule as well theaygnd strength of the bonds in the
material which create phonons. The- vy, andvy + vy, lines are respectively called

the Stokes and the anti-Stokes lines, respectively.

According to classical theory, Raman scattering banexplained as follows: The

electric field strength (E) of the laser beam fliates with time (t) as show by:
E=E,cos2zv,t
where E is the vibrational amplitude and is the frequency of the laser. If a diatomic

molecule is irradiated by this light, an electrip@le moment P is induced:

P=akE= aEO cos2zv it

Here,a is a proportionality constant and is called paklility. The polarizability of
a molecule is usually anisotropic. The variationha polarizability with direction can

generally be given in the form of a polarizabilignsor:

Oy ley Oyz
aij = Olyx Olyy Olyz
Oy Otzy (087

If the molecule is vibrating with a frequency, the nuclear displacement g is written
q=4, cosZm/mt
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where @ is the vibrational amplitude. For small amplitudé vibration, the
components of the polarizability tensof may be represented in the following

approximate form

B aaij
aij —(Olij)o-i- a—q Jo +----
0

Here, @ij)o is the value ofy; at the equilibrium position, ar(@aij /aq)o is the rate of

change ofy; in the course of the vibration, evaluated at the equulib position.

Combining the previous equations,

P= aEO CoS2rv it

P=a,E, cos2zvt + oa gE, cos2zvt

0

P=a, E0 CcoS2zv,t + {Z—a] g, E, cos2zv,tcos2zv,t
a0

P=ar B coS2r, 4 (‘Z_Z] 0uE,[cos2z (v, + v )+ cos2z(vy — v ]
0

In the final expression above, the first term represantsoscillating dipole that
radiates light of frequenay, (corresponding to Rayleigh scattering), while the second
term corresponds to the Raman scattering of frequesn€yn, (anti-Stokes) anay -
vm(Stokes). The expression also sets the condition wisration to be Raman active.

If the (aa/aq)o is zero, the vibration is not Raman-active. Thus to bedRaagtive,

the rate of change of polarizability with the vibration must be zero.

5.3.2 Experimental
The UV micro-Raman measurements were carried angguke 325 nm line of a He-

Cd laser as an excitation source. The scattered ligig dispersed through a

JYT64000 triple monochromator system attached to adlisutrogen cooled CCD
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detector. The UV Raman spectra are recorded witteealaand spectral resolution of
2.0 pm and 0.6 cth respectively. For variable temperature (78 — 500 Km&n
measurements, the samples were kept inside the liguaben cooled microscope
cryostat (Oxford). The laser power on the sample sarf@as kept very low (<250
microwatt) to avoid laser heating of the organic cily§the Raman spectral recording
time on each sample spot was controlled to avoid pgeldnUV light exposure.
Rubrene crystals of various dimensions were testedghout the extent of this study.
Since rubrene crystal prefers to grow in the form oftefjites, the ab plane is the
most accessible plane for the measurements. Goldazestwere deposited on some
of the samples through e-beam evaporation with a mearirgy of 20Q0m between
the two electrodes. Very thin gold wires (bfh in diameter) were attached to these
gold pads using silver paste to enable the applicatioanadlectric field under the

micro-Raman configuration.
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Figure5.8: Schematicillustration of the Raman measurement setup utilised®
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5.3.3 Rubrene Single Crystal Raman spectra

Figure5.9: Geometrical structure of rubrene molecule extracted from single crystal diffraction®

Table5.1: Bond lengths and anglesin rubrene molecule

Bond Distance Bond Distance
Ci-C1 1.453 C1l-C2 1.428
C2-C3 1.405 C2-C6 1.494
C3-C4 1.435 C3-C3 1.428
C4-C5 1.354 C5-C5 1.391
C6-C7 1.386 C6-C11 1.388
C7-C8 1.373 C8-C9 1.371
C9-C10 1.370 Cl1l0-C11 1.378
Angles

C4-C3-C2 121.83

C3-C2-C6 116.01

C1-C2-C6 123.36

C2-C1-C2 121.72
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In Raman spectroscopy, the cross section for scattdapgnds in part on the scalar
product of the incident light polarization, the Raman a@erisr a particular mode as
well as the polarization of the scattered [fghThus the geometric arrangement of the
experimental setup, the polarization of the incident aodttered light, and the
symmetry of the crystal are therefore important parammétedetermining the overall
scattering cross section. Rubrene crystals have an lootinbic structure with axes
a=14.44 A, b=7.18 A, ¢=26.97 A which crystallizes in tBg> point groug®
Consultation of the standard character taBlsisows that this allows for vibrations of
eight symmetry types: A Ay, Big, Biu B2g Bau, Bsg and By This point group has a
center of inversion and therefore only the gerade maate Raman active. The

Raman tensors for these allowed mode¥are

a 00 0 do
Ag=|0 b 0 Bg=/d 0 0
0 0 ¢ 0 0O

0 0 e 0 0O
Bog=/0 0 O B3g=|0 0 f
e 00 o f O

In the backscattering configuration employed in thigezxnent, one can observe only
the Ay and the By modes. The relative intensities of thg @d the By mode should
be dependent on the relative orientation of the cryates in the face of the
crystallites and the incident polarization. In addition to ¢bestraints posed by the
D%ﬁ symmetry of the rubrene crystal structure, the poinugreymmetry of the
isolated rubrene molecule should also be taken intsideration. The isolated
rubrene molecule has € point group symmetry and also a point of inversion

implying that the Raman active modes are thand B, moded?
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During the course of our experiments, we have investigaddarization dependencies,
studied the different facets of the rubrene crystalpemature dependencies as well as
explored the possible effects of application of an dtedteld. Figure 5.10 is a

representative Raman spectrum obtained under amiieditions.

Excitation laser wavelength: 325 nm
Room temperature
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Figure 5.10: Representative room temperature Raman spectra measured on the surface of
Rubrene crystals

A similar Raman study on the properties of the rubreygtarhas been performed by
the group of Prof. Laurie McNeil at the University of HoCarolina using resonant
Raman techniqu@s In this study, the authors were able to correlate albtiserved

Raman modes from the crystal to that originating fromntleéecule alone. This had

enabled them to extend the hypothesis that the intermolecolgpling in rubrene
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crystals is surprisingly weak. Our results are in galnegreement with that obtained

by the aforementioned group.

Table 2 compares the experimentally observed peakstiwgttheoretically calculated

Raman modes of the rubrene molecule extracted frefi@rence®. Hartree-Fock

method was used for structural optimization and the tefsictional theory (DFT)

B3LYP method was used to calculate the Raman frequen8iese the current

experiment employed a UV laser as the source oftatiam, many of the modes

predicted by the theoretical simulation were not deteatehgl our experiment.

Table5.2: Comparison of theoretically calculated Raman modes to experimentally measured
Raman modesin this experiment and in the literature

Symmetry Theory Measured by | Measured in % Difference
cm*t Resonance current with theory
Spectrsocopy | experiment
cm* cm*

By 72.2 73.7 No Undefined
By 80.3 85.7 No Undefined
Ag 83.2 107 No Undefined
By 96.5 120.3 No Undefined
Ag 128.6 141.7 140 8.9%
Ag 205.3 204.4 No Undefined
Ag 254.4 236.6 258 1.4%
Ag 326.4 342 341 4.5%

Bg 385.4 393 No Undefined
By 467.7 470 No Undefined
By 514.1 517 No Undefined
Bg 575.3 613.7 No Undefined

Not predicted Not measure( 661 Undefined

Ag 872.8 896.3 895 2.6%
Ag 977.7 1003.09 1002 2.5%
Ag 1026.6 1046 1042 1.5%
Ag 1183.9 1163 1168 -1.2%
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Not predicted Not measured 1213 Undefined

By 1251.1 1268.2 1268 1.3%

Ag 1295.1 1299.9 1300 0.3%

Ag 1307.1 1310.9 1311 0.3%

By 1330.5 1315.7 1336 0.4%

Ag 1420.8 1432.3 1431 0.7%

Bg 1487.7 1519.9 No Undefined
Ag 1530.4 1539.9 1540 0.62%

Ag 1592.3 1616.8 1596 0.23%

In our experiments, we have been able to detect twoR@man signals at 1213 ¢m
and 661 cit using the 325 nm Raman excitation which is not ptediby the
theoretical calculations employed and were also nosured in the previous work by
Weinberg et &F. The location of these modes at such high wavenunbless out the
possibility that they are linked to intermolecular raedAt the time of writing this
thesis, a DFT simulation on an isolated rubrene molewitle an experimentally
determined geographical structuteis being pursued to probe the source of these
Raman modes. Figure 5.9 and Table 5.1 display theingtageometry of the
calculation. Another possibility for the origin of thesedas could be the presence of
rubrene peroxide on the surface of the cri&t@ue to the fact that a UV laser is
employed in these measurements, the spectra recoréetsiesy sensitive to the
chemical species present on the top surface. The 6wétching mode in
endoperoxides ranges from 650 tmo 800 cni depending on the type of
peroxided’.An additional consequence of a measurement whitikastia UV laser is
the possibility of photo-oxidation on the rubrene surfatéch would also increase
the concentration of the rubrene peroxide specieseMetails on the presence of
rubrene peroxide on the surface of the rubrene drgsich its consequences will be
discussed in Chapter 6. The absence of these Ramwd@snn the work by Weinberg
et al may be related to the fact that the wavelength emeglin their experiment

(653.55nm) primarily measured the rubrene crystal bulk
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The dependence of polarization on the Raman speétfaubrene crystals were
measured by changing the sample alignment on the ab pla@aly high

wavenumbers were measured during this experimentaltieethigh noise to signal
ratio at the low wavenumbers. Table 9 holds the nozetlintensities of the
dominant peaks of the Raman spectra for the threeretitfesample alignments. The
normalization was done with respect to the strongest pettie spectrum (at 1295
cm?). As mentioned previously, the incident laser is valycpolarized and all the
Raman measurements are carried out in the z(x_)-zduattering configuration. We
tried to perform polarization measurements such ag-z(@xd z(xy)-z geometries but
we did not detect any significant changes. The 45 degtagon to make z(x, x+y)-z
also did not result in any significant changes. Then&a modes with the A

symmetry were insensitive to the changing of the polarizatibite the lone Raman
mode with the B symmetry was more prominent along the b axis ratren the a

axis.

Table5.3: Normalised intensitiesfor different incident polarization showing B, variation.

Rel.
Theor Z(xx)-z Rel. z(xy)-z Rel. +v)- .
Symmetry| - 1 g ((cm')l) Intensity ((cr%/')l) Intensity Z()((c’:)r(ﬁl);) i Intinsn
660 0.093 660 0.12 660 0.095
Aq 872.8 894 0.36 894 0.38 894 0.38
Aq 977.7 1002 0.068 1000 0.086 1001 0.08
Aqg 1026.6| 1042 0.17 1042 0.21 1042 0.19
Ag 1183.9| 1168 0.09 1164 0.10 1166 0.09
1213 0.33 1213 0.36 1213 0.32
Bg 1251.1 1268 0.082 1268 0.054 1268 0.061
Aq 1295.1] 1299 1 1299 1 1299 1
Ag 1307.1| 1311 0.45 1311 0.47 1311 0.44
Aq 1420.8| 1433 0.29 1431 0.24 1431 0.24
Aqg 1530.4| 1540 0.10 1540 0.08 1540 0.08
Aq 1592.3| 1596 0.08 1597 0.066 1597 0.067
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5.3.4 Raman spectra for the different facets of thetarys
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Figure 5.11: Exploration of the different facets of the rubrene crystal indicating no dependency
on the Raman spectra

The different facets of the rubrene crystal were suidih order to explore the
presence of the intermolecular modes completely. Asntioned before, Raman
spectra are also determined by the symmetry of thetatrpsane on which the

excitation is incident. In this case, no new peaks werasured during the experiment.

5.3.5 Temperature dependency
Temperature will affect a crystal in two distinct manneypictlly referred to as

implicit and explicit temperature effects. The explicit temgiure effect is related to

the phonon occupation number that occurs with changesnperature. The implicit
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temperature effect quantifies the change in vibratidreduency due to thermal
expansion and contraction of the crystal lattice with teatpee. Normally lowering
the temperature of a material will cause Raman lines tootrarrow and to shift to
higher frequency. Due to the higher sensitivity ofalvean der Waals forces to the
temperature rather than the stronger covalent bondsntéenolecular modes will
vary disproportionately when exposed to changes inpéeature compared to
intermolecular modes. During the course of the experiniew Raman modes in the
low wavenumbers were measured and thus the effet@ngberature on these low

modes could not be studied clearly.

Intensity (au)

— T - 1 T T 1 ' T T T " 1T T
1250 1260 1270 1280 1290 1300 1310 1320 1330 1340 1350

Raman Shift (cm'l)

Figure5.12: Raman intensities for the two strongest modes measured at 79K and 300K
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Table5.4: Peak positionsfor rubrene modes at 300K and 79K

Symmetry| Position Position Difference| % Difference
(cm™) (cm™)
300K 79K
Aq 340.4 342 1.6 0.47
Unknown| 661.79 662.87 1.08 0.16
Ag 896.08 897.63 1.55 0.17
Aq 1003 1005.19 2.19 0.22
Ag 1044 1046.7 2.7 0.26
Ag 1168 1169.8 1.8 0.15
Unknown| 1215.54 1217 1.46 0.12
Bg 1271.54 1272.34 0.8 0.06
Ag 1301.8 1303.89 2.09 0.16
Aq 1313.14 1314.12 0.98 0.07
Aq 1434.3 1435.71 141 0.10
Aq 1539.8 1542.9 3.1 0.20
Ag 1599.26 1600.2 0.94 0.06

Figure 5.12 and Table 5.4 confirms the shifting of tlenBn modes to higher values
with a decrease of temperature. However the degrshiftihg is low as compared to
similar measurements performed on other organic semictmd®. The relative

insensitivities of the measured Raman modes to the tetuperare again a clear
indication that the primary modes observed during #peement are intramolecular

in nature.

5.3.6 Electric field dependencies

In-situ measurements of the vibrational spectra of peméathin fiims under a
transistor configuration have been pursued by a fewpgtoll *° This has proven to
be a valuable tool in identifying microstructural cbas in the pentacene layer on
application of an electric field. Further effects pphed electric field on organic thin
films include downshifts of the D and G modes andddurction of their intensity
based on carbon nanotubé€On the application of a source drain electric figld i
pentacene transistors, Raman measurements indicateénlamcement of the

intermolecular interactions. We have deposited goldtrelees through e-beam
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evaporation on the surfaces of multiple rubrene cls/staorder to apply an electric
field across the top surface of the crystal. In ordeagply voltages in the micro-
Raman configuration, fine gold wires were delicately &itdc to the electrodes
(typically spaced at 2Q0n) using silver paste. All the electrical voltages wengiag

using a Keithley 2612. The spacing between the elgesravere about 200 micron
and voltages up to 200V were applied<(B.0° V/m). Again, there were no shifts on
application of the voltage Raman peaks indicating the &tmpnsularity of the

measured spectra and the vibrational states of the mibretecule to applied electric

fields.

] ——— 200V ”

Intensity (au)

T T T T T T T T T T T T T 1
400 600 800 1000 1200 1400 1600 1800

Wavenumbers (cm™)

Figure 5.13: Insensitivity to applied eectric fidd

In conclusion, this chapter discussed the variousalpspectroscopies performed on
rubrene during the extent of this thesis. Photoluminescsepectroscopy revealed the
fundamental excitations of the rubrene molecule prddrialong the different axes of
the molecule. The photoluminescence data also revealhéherystal field effects are

very weak in rubrene with the absence of Davydov smiiteimd related effects.
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Raman spectroscopy was performed on rubrene sings¢ats in order to probe the
intermolecular coupling which is important for the exiserof high charge carrier
mobility. UV-Raman spectroscopy did not reveal théstence of Raman modes
indicative of intermolecular coupling but instead regdathe possible presence of
Raman modes associated with the presence of rubreoperndide. These modes
were not detected in the previous investigations dubecurface insensitive nature

of the excitations used.
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Chapter 6

Extrinsic effects on charge conducting properties of
rubrene

In the discussion of the properties of organic mwoler crystals in Chapter 2, only the
intrinsic properties were focused on. The intringioperties of the molecular crystals are
determined by the HOMO, LUMO levels of the molecids well as the order and
arrangement of these molecules in their latticekil@\tesigning the practical application of
organic semiconductors like rubrene, it is very artpnt to consider extrinsic effects on their
electrical properties. In chapter 3, we have byiédbked at the various defects that can be
created on the surface of the molecular crystahduhe formation of devices that could have
a debilitating effect on their intrinsic properti€hapter 4, which dealt with the photocurrent
properties of the rubrene free space dielectriasistior, further drove in the importance of
extrinsically created oxygen states which leadh® dbservation of phenomena like steady
state photoconductivity associated with the loedian of charge carriers in traps. This
chapter consolidates various experiments done gifi@ut this thesis which showed the
influence of extrinsic factors (especially oxygewuced effects) on the charge conducting

properties of rubrene.
6.1 Common extringc effects in organic devices

Molecules in organic solids interact weakly as ac#jc molecule’s unoccupied molecular
orbit (LUMO) and highest occupied molecular orbHQMO) are independent of the
surrounding matrix. A trap is formed when the HOMOLUMO of a dopant molecule is
positioned in the gap of the host molecules. Samattdefects occur when HOMO/LUMO

levels vary from molecule to molecule of the samecges and mismatch occurs. The exact
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energy position is not only determined by the cloainstructure but also by the electronic
polarization of the surrounding molecules. An add#l source of variation in the electronic
properties of an organic solid is the structurgbamiections that lead to fluctuations, causing
the states in the tail ends of the distributiorfdom trap states. Chemical defects include

incorporated impurities during fabrication processhin film deposition.

An inhomogenity in the crystal lattice which leatds an electrical defect can lead to the
localization of charge carriers. A passing chargeier prefers to occupy this lower energy
state and the trap localizes the charge carrigs aite. Considering the activation energy that
is needed to free the charge carrier, traps caspbein shallow traps, when the activation

energy is in the order of kT, and deep traps, wheractivation energy is outside the range of
thermal excitation. Shallow traps can capture &aergior a time period shorter than the transit
time. Deep traps capture carriers for a time pelooder than the transit time. Shallow traps
are formed by distribution of energy levels arouie limits of the conduction and valence

bands.

Another dimension of the extrinsic effects in ongasemiconductor is doping. The presence
of external chemical entities in the molecules tituteng the film or the crystal can change
the properties of the solid especially the conditgti The utility of conventional inorganic

semiconductors in the myriad devices depends alligion the ability to precisely dope these
materials n-type (electron conducting) or p-typeoléhconducting) with high spatial

resolution. In contrast, the quantitative studytieé doping (intended or unintended) of
organic semiconductors is still growifi§. The basic principles of chemical doping in organi

semiconductors are similar to those in inorganitemes: Mobile carriers are generated by
electron donors or acceptors. In organics, onettiald constituents, which either donate
electrons to the lowest unoccupied orbital (LUM@as (n-type doping) or remove electrons
from the highest occupied orbital (HOMO) stateg¢émerate holes (p-type doping). Several

results on molecular doping have been reportederature in the last decades. For instance,
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phthalocyanines have been doped by adding orgaciEpsor molecules like orthochloranil,
tetracyano-quinodimethane (TCNQ), or dicyano-diotdminone (DDQ) among othér¥. In
addition to doping by the mixing of molecular compats, increases in the conductivity of
organic layers have also been observed when mek@re exposed to strongly oxidising
gases like bromine or iodine and metals like lithjicesium or strontiuffi* A strong factor
that prevents the utilisation of the gases or metaldopants in order to create stable devices
is their propensity to diffuse. In a p-n junctiavith n-type dopants on one side and p-type on
the other, there is a strong chemical gradienttévads to randomize the dopants. The electric
field also drives the dopants towards intermixiifgthe dopants are mobile, the electrical
properties of the material will change with timeltage and other factors resulting in the

disappearance of pn junctions.

Very recently Podzorov et'dlhave shown that the conductivity on the surfacthefrubrene
crystal can be modulated by electronic functiorsion with self-assembled monolayers. The
reason behind this SAM-induced conductivity is doe to chemical doping, which would
require mixing of dopants into the bulk of orgamaterial, but rather it is due to a ground-
state charge transfer at the interface betweermttenic semiconductor and the SAM. The
degree of the charge transfer and, therefore, ativity of SAM-functionalized samples
depend on the electron-withdrawing ability of thermalayers with organosilanes of larger
fluorine content inducing a higher conductivity. @iy surface binding in combination with
the charge transfer creates a stable, well-aliggngetr of negatively charged SAM molecules,
immobilized above the SAM—crystal interface, andoaresponding layer of mobile holes

below the interface.

Thus it can be clearly concluded that in additionttie intrinsic properties of the organic
semiconductors, extrinsic factors especially thespnce of foreign compounds in the bulk or
the surface of the organic layers and crystals cadulate the measured properties

significantly. This is particularly pertinent foredices like transistors based on the rubrene
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single crystal, where the gate modulated chanrisia@n the surface of the crystal. From the
point of view of utilising rubrene transistors imaptical applications, the stability of the
measured properties to atmosphere especially oxiggemportant. In the succeeding pages,
we show the presence of oxidation in rubrene smutnonitored by optical spectra, the
presence of rubrene peroxide on the surface of dhstals by photoluminescence
measurements and X-ray photoelectron spectroscopg. effect of the oxidation on the
surface conductivity is described, followed by tbHect of oxidising gases on surface

conductivity.

6.2 Oxidation of rubrenein solution

Rubrene (Sigma Aldrich) was dissolved in cyclohexaat a concentration of about
0.01mg/ml. Prior to dissolution, the solvent wadblied with argon in order to remove all
dissolved oxygen. The absorption spectra andltioegscence of the solution were measured
and revealed characteristics detailed in chaptef the thesis. The solution of rubrene was
exposed to UV light at 365 nm for 2 hours and meswagain with no change in optical
absorption spectra. Injecting a few bubbles ofrao the solution and exposing it again to the

UV light for a similar period of time resulted imsible changes.
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Figure 6.1: Absorption spectra of rubrene solution measured over time indicating the reduction in
rubrene concentration over time due to oxidation
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Figure 6.2: Fluorescence measurementsindicative of the loss of conjugation associated with rubrene.

The changes are visible to the eye with the salubecoming colourless. The absorption
peaks associated with the rubrene start to decied®ating a reduction in the concentration

of the rubrene in the solution. The luminescendeices drastically as well. Both these results
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indicate a loss of conjugation associated withrtliene molecule. Previous researchers who
have observed similar phenomenon with rubrene mtdeattribute the changes to the
formation of rubrene peroxide which is colourlessniaturé®*®. The reaction scheme has

been given b¥:

R hv lR

lR +02—)3R+102(02)
3 1
R +02—)R+ 02

R+102 —> RO,

Another possibility for the formation of stable rebe endoperoxide is the direct
photooxygenation of rubrene where two rubrene miectake part in the reactidnHaving
established the possibility of oxidation in rubresmutions, it is now necessary to move the

studies to the surface of rubrene crystal in otdeletect oxidative effects.

6.3 Photoluminescence measur ements on rubrene crystal surface

Chapter 5 has discussed in detail, the luminescpraggerties of the different rubrene crystal
facets. The spectra measured in figure 5.7 areeshly grown crystals when the possibility
of oxidation is the least. Shown below is the phatanescence spectrum of the ab plane of
crystals which were stored in the ambient cond#idhis clear that the luminescence spectra
shown below display an additional excitation at 6850 absent from the ab spectra of the

fresh crystals.
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Figure 6.3;: Photoluminescence spectra of rubrene crystals stored in ambient conditions indicating
presence of an additional peak at 650nm

This confirms studies by Mitrofanov et?al?® who have seen the development of this PL
signature on heating freshly grown rubrene cryistaln atmosphere of oxygen. Two photon
luminescence measurements which were able to samplerystal at various depths showed
that this oxygen induced peak is present only atttip surface. The authors have attributed
this PL peak as induced by the formation of a rabrendoperoxide on the rubrene crystal

surfacé”.

6.4 X-ray Photoelectron Spectroscopy

In a bid to investigate the effects of oxygen oa shirface of rubrene crystal, surface analysis
was performed using X-ray Photoelectron Spectrog¢¥pS). The phenomenon is based on
the photoelectric effect outlined by Einstein in0OR9where the concept of the photon was
used to describe the ejection of electrons fromrtase when photons impinge upon it. When

a high energy photon (in the X-ray region of thecelomagnetic spectrum) strikes a surface,
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photo-ionisation occurs. The beam of X-rays produioeto-ionisation and the kinetic energy
of the ejected photoelectrons is measured by pagbim electrons through some kind of
energy analyser (either a time-of-flight or magnetnalyser or electrostatic energy analyser).
The equation which describes the energetics optimoionisation process is
hv = Eg + E¢

where Iv is the incident X-ray photon energyg i the binding (ionisation) energy of the
electron from a particular energy level, ang B the kinetic energy of the ejected
photoelectron. A measurement of the kinetic enesfyhe photoelectron allows for the
determination of the binding energy and hence efeateidentification and chemical

information on the surface materials.

For the surface analysis, rubrene crystals whiclhewstored in ambient conditons were
selected to check for a naturally formed endope®3ayer. This measurement was done by
Kratos AXIS spectrometer (UK) with the monochromasil K-alpha X-ray radiation at
1486.71 eV. The base vacuum in XPS analysis chambagrabout 1x10-9 Torr. All spectra
were calibrated using C1s at 284.6 eV as a referdpass energy was kept at 40 eV and the
step size 0.1eV. The O1s core level binding enevgg monitored. Surface layers were
etched using Arions to conduct a depth study. Each etch cycleesponds to a calibrated
value of 3nm on silicon dioxide. Organic crystatny softer would have a higher etching
depth. Figure 6.4 clearly indicates the strong @dak which is strongly observed on the top
surface prior to etching, is still visible afteetfirst etch cycle and is still visible weakly imet
two subsequent etched surfaces. There are pos$siblgources for this signal at 532.6 eV. It
could correspond to surface adsorbed oxygemith subsequent traces found on the layers
below due to diffusion into the bulk. Diffusion okygen into Gy molecular crystals have
been observed previoudly.The other source for the signal could be the mesef the
rubrene endoperoxide on reaction with oxygen. Tindibg energy of the O1s level present

in a C-O bond (created during endoperoxide fornmtis also located at 532.6 e¥/.
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Figure 6.4: XPS spectrum of the rubrene crystal surface with an oxygen peak indicative of the presence of
rubrene peroxide

Thus there are many indications to the presenceirally formed rubrene peroxide on the
surface of the rubrene crystals. Additional pramfthe presence of rubrene endoperoxide has
come from Witte et al who have detected the rubperexide molecule (with concentration
upto 1%) at a depth of 50nm through LDI-TOF-MS altgh it has to be noted that the
process of crystal growth differs in this c&&eDue to the fact that the rubrene endoperoxide
has a different conformation as compared to theeng molecule, the molecule cannot be
easily accommodated in a crystalline network. Togild mean that the sites for the creation
of rubrene endoperoxide would be the defects ligeamcies and dislocations in rubrene
crystal. Now that the presence of rubrene endojdedxas been established, its influence on

charge conduction can be studied.

6.5 In-situ photo-oxidation measur ements

As discussed previously, the mechanism for the &ion of rubrene endoperoxide requires
the input of photo-excitation. Utilising the sameasurement setup previously employed for
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raman measurement, we monitored the current flowimghe rubrene crystal surface. Gold
electrodes were deposited through e-beam evaporatiol fine 50um gold wires were
attached to them using silver epoxy. The laserpsefuequipped with an xy scanner that
allows precise movements in the order of a mict@ser exposures were made at points at a
distance of 3 microns for from each other for 6 um@s each while scanning from one

electrode to another.

0 5000 10000 15000 20000 25000
1 L 1 L 1 L 1 L 1 L
70,0n- 70,0n
60,0n- 60,0n
50,0n- 50,0n
= _ 360s
(O]
£ 40,0n- ‘ ‘ 40,0n
& . 56,0n
|
30,0n- 55.0n WJ\M 30,0n
20,0n 54,0n W 20,0n
10.0n- 13500 14250 10.0n
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Figure 6.5: Surface current measured over time during spatial scan. Inset shows a blown up view of the
current profileclearly identifying the time spent at each paint.

Figure 6.5 shows the surface current measured plicapon of 100 V across a gap of 200
micron while continuously scanning the laser spoinfone electrode to the other. Data from
the electrodes are not displayed to avoid confuskmis evident from the graph, the net
current flowing on the rubrene surface increasei tirme. As the laser spot is scanned across
the surface of the crystal, photo-oxidation ocduarthe area beneath it. The photo-oxidised
rubrene is more conductive than the unoxidised.a®a&ace the overall area of the photo-

oxidised rubrene in the sample is increasing witthef the current follows the trend and
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increases as well. The inset of the graph clesinlyws the current dynamics at each spot

illustrating the sensitivity of the data to thedtion of the illumination.

6.6 Sour ce of conductivity modulation induced by oxygen effects

The previous sections of this chapter have shoere#istence of oxygen induced compounds
on the surface of the rubrene crystal and thatekalt of these oxygen induced effects is an
increase in the surface conductivity. The presericthe oxygen related photoluminescence
band at 650nm is an indication of the presencestéte located 0.25 eV below the lowest 0-0
transitiorf>. A study of the density of states in rubrene singtystals performed by
temperature dependent space charge limited spegprp$ias also revealed the presence of a
deep level acceptor state at 0.27 eV in agreemigintte PL dat&. Thus it can be tentatively
stated that these acceptor centers capture elsdgawving free holes in the valence band. This
increases the dark conductivity of rubrene and goesrds explaining the predominant
number of reports of unipolar conductivity in rubeecrystals. Previously, our group had
performed scanning tunnelling spectroscopy on tihéase of the rubrene crystals and had
revealed unipolar conductith Electron trapping in these deep acceptor staiakice the
reason for this observation. The presence of thstdes can also increase the
photoconductivity by acting as centers for excgpiitting. In organic semiconductors, where
the exciton binding energy is high, these deepl laveeptor states can trap electrons resulting
in a free hole that can contribute to the conditgtiv his is consistent with the observation of

persistent photoconductivity and related phenometiseussed in Chapter 4.
6.7 Influence of nitrogen dioxide on rubrenetransistors
In addition to the influence of oxygen on the aleal characteristics of the rubrene crystal,

the exposure of an oxidising gas like N@as also studied. These measurements were

performed by Keke Zhang at Nanyang Technological/&isity, Singapore. A modified air-
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gap configuration was employed in these experimehiereby rubrene crystals were adhered
on to gold electrodes which were a part of a bottmmtact substrate with silicon dioxide as
the dielectric. Nitrogen dioxide was introduced asmixture with nitrogen with the

concentration of nitrogen dioxide in the mixturegsely controlled using mass flow meters.

Figure 6.6 reveals the log-scale characteristidgh@fubrene air gap transistor on exposure to
ppm levels of nitrogen dioxide. The drain currentreases by more than one order of

magnitude at Y=0 V from 4.4 X 10° A to 1.3X 10° A.

NOz concentration
increase

—2.3 ppm

——1.92 ppm
—1.31 ppm | 3
——0.86 ppm | 1
—0.66 ppm | |
—0.38 ppm |
——O0ppm 3

20 0 20 40  -60
Vg [V]

Figure 6.6:L og-scale transfer characteristic of the identical rubrene single crystal OFET under different
NO, concentration at Vd=-60 V.

An important factor to note is that the shape dogdesof the transfer curve does not change
significantly on exposure to NOThis is a strong indication that the variationsthe drain
current are caused due to an increase in the clearger density rather than the mobility of

the holes.

Time-resolved source-drain current under periodi® Bxposure and Nourge has also been

studied. The transistor was in accumulation modé an applied gate voltage of -50 V and
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drain voltage of -40 V. Figure 6.7 shows threeat#ht NQ concentrations normalized at
time = 0 s for comparison. As observed previousig, drain current dramatically increases
under NQ exposure. However, for the lower B@oncentration (0.38 ppm), the current
increase is slow and non-linear with time, while the higher N@ concentration, the
increase is almost linear. During the third expesaf the device to 1.92 ppm NQOthe
modulation is not linear anymore. It's also inténgsto note that the effects of low NO
concentration exposure could almost be completbiyimated using N purge, while the

higher NQ concentrations have a longer recovery time.

—1.92 ppm
1.0x10°4 | ——0.86 ppm /
——0.38 ppm /

9.5x10" -

|d [A]

//

9.0x10" - -

0 '100 200 300 400 500 600
Time [s]

Figure6.7: Variation of drain current with time on cyclic exposureto NO,

The rapidity with which the conductivity modulat®roccur, makes a chemical reaction
between the N@gas and the rubrene molecule unlikely. The abdity\N, purging to revert
the rubrene back to its initial state further supgpthis. Thus the interaction of the N@as
and the rubrene is a pure surface phenomenon as=avith the adsorption of the NO
molecules on receptive sites. As discussed betioeepresence of defects like vacancies and
dislocations on the surface of the rubrene crystald act as receptive centers. The purging
of nitrogen removes the NOmolecules from the active sites, thus reducing ¢harge

conductivity again. The surface adsorption of NO@leoules may be enough to enable a
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charge transfer between the rubrene surface andhittegen dioxide, resulting in charge

carrier doping.

In summary, we have explored the extrinsic facttrat modulate the charge carrier
conductivity on the surface of the rubrene crystalse presence of rubrene peroxide on the
surface of the rubrene crystal is strongly indidaéed is evidenced by photoluminescence
and XPS measurements. In situ surface conductiviBasurements during local photo-
oxidation have confirmed that the oxidation results the increase in charge carrier
conductivity. The sensitivity of an oxidising gag&el NO, to the surface conductivity of
rubrene single crystals has also been exploredgatieny dramatic increases in surface
currents on exposure. An important factor to beaa@mong all these studies is that the factor
that modulated the conductivities is the chargeiearconcentration and not the mobility
values. On the other hand, secondary effects lkpravements in the charge injection

efficiencies could lead to the conclusion of inse@apparent charge carrier mobilities.
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Chapter 6

Conclusions and Per spectives

In this thesis report, the properties of rubremglsi crystals have been explored in a variety
of ways. Air-gap transistors have been fabricatednd this thesis which allows for study of

the rubrene single crystal without the influencehef dielectric. The advantages of the air-gap
transistors have been used in the exploration titapcharge generation in rubrene single
crystals. The excitation of rubrene transistor atlgein the channel region has allowed us to

explore intrinsic properties.

Rubrene transistors show a strong photocurrentorssp which is seen as a shift in the
threshold voltage on the measurement of transfearacheristics. The steady state
measurements of rubrene phototransistors has eslvetlhe presence of persistent
photoconductivity caused due to the slow relaxatboharge carriers from oxygen induced
traps. Pulsed laser illumination of the rubrenestalyon the other hand revealed details about
the dynamics of the photo-injected holes and ebestr A bimolecular recombination of the

charge carriers has been observed in these crystals

In addition to the photocurrent measurements, aptibaracterization of the rubrene crystal
was performed using Photoluminescence and Ramarsurezaents. Exhaustive Raman
scattering measurements were performed on the meloeystal in a bid to probe the weak
intermolecular interactions between the molecules the crystal. No significant

intermolecular coupling was found but additionaldas associated with the presence of
rubrene peroxide on the surface of the crystal.télaminescence measurements of the
different facets of the rubrene crystal were usedchiaracterize the different transitions

occurring in the molecule and the dependence ofrysal axes on these excitations.
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Extrinsic factors that can modify the electricabjperties of the rubrene crystal surface were
also studied. The presence of rubrene peroxidd@surface of the crystal was confirmed by
XPS and photoluminescence measurements. A noveriexpnt whereby the surface of the
rubrene crystal was locally photo-oxidised whilemtoring the surface current has revealed
that the photo-oxidised areas are more conduchtia®m the original rubrene surface. The
photoluminescence measurements indicate the preeséracdeep acceptor state that can trap
electrons. Thus it can be postulated that the rdattproperties of the rubrene surface like
high unipolar p-type conductivity and photocondutyi may be significantly modulated by

the presence of these oxygen induced states.

The experimental techniques explored in this thasisvell as the results allow for a further

exploration of rubrene single crystal transistgkscareful study of persistent photocurrent

effects in the rubrene single crystal transistaaa be used to study the profile of traps

existing on the crystal surface. Since persistéwittgconductivity is a general phenomenon,
such studies can be extended to organic thin fased transistors as well. The use of the air-
gap transistor configuration also allows us to siwi a horizontal time-of —flight

measurement with the aid of superior laser positgpand fast electronics.

The data regarding the interaction of N®With the rubrene crystal opens the possibility of
exploring the interaction between the rubrene senaactor surface and other types of
analytes. The possibility of locally and stably dwpthe rubrene crystal can lead to the
fabrication of pn junctions and pnp transistorsu@ed with recent developments regarding
the arrayed growth of organic crystals from the @jad the bulk, it could lead to the practical

utilization of these high performance organic caist
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