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Historical Perspective/ Foreword

The applications for transparent conductive coatingareas such as liquid
crystal displays, touch screens, photovoltaics,atdriving research in materials
which may replace the industry standard, indiunokide (ITO). ITO and other
inorganic oxides are not solution processable agdire expensive vacuum systems
to deposit while carbon nanotubes, conducting pelgmand graphene oxide can be
deposited using solution methods such as airbrgsdmd inkjet printing. A good
figure of merit for the performance of these maileris the sheet resistance of the
films at 80% transparency.

Sprayed carbon nanotube thin films have already peaven to have a sheet
resistance (70-8Q/sq) close to that of ITO (4-Q/sq)[1]. Many companies are
fabricating and distributing carbon nanotubes ceutyancluding Carbon Solutions,
Unidym, lljen Nanotech, and Cheap Tubes. Sinc&28@ompany called Eikos has
been developing and marketing carbon nanotubefarksansparent, conductive
coatings. It is likely, that carbon nanotube thiim coatings will soon follow. One
of the main challenges to making use of carbon tudosothin films is their surface
roughness; however, methods such as electrophdegtmsition may overcome this
problem[2]. Conducting polymers such as those logeel by TDA research have a
higher sheet resistance (Qfsq) than carbon nanotube films but form relativel
smooth films and are commonly used to develop acdaght-emitting diodes, an
emerging technology that has been in use in celhpd for many years. Finally, the

newest candidates for transparent conductive agmtane graphene and graphene



oxide[refs]. Graphene, a single atomic plane apbite, is a novel 2-D material in
which electrons behave like massless Dirac fermidasaphene field-effect devices
have already demonstrated field-effect mobility pamable to that seen in carbon
nanotubes[3]. A single graphene sheet has tramspagreater than 97%][4] and
conductivity as low as 30 Ohms/sq. at room tempeef®]. Currently the
development of large-area thin films of graphenia iss infancy. Solution
processing methods have focused on graphene gxmidyced by oxidizing graphite
in the presence of sulfuric acid. Graphene oxatele processed into thin films and
then reduced using chemical treatments and anige@i@®°C) under argon to form
transparent conductive coatings. These coatirgsach higher in sheet resistance
(~100 kOhms/sq) than carbon nanotube films.

Organic semiconductors are typically solutioogassable and recent
progress with polythiophenes has lead to the dewedmt of a solution processable
air-stable, p-type, organic semiconductor with geararrier mobility of ~1
cn’/Vs[3]. These materials are too costly to competh silicon in the market place
but may find applications where low cost, low peniance, flexible electronics are
needed. Applications for organic semiconductoctutte photovoltaics, sensors, and
transistors for displays and radio frequency idexiion tags. Photovoltaics appears
to be the most likely application for organic seomductors but efficiency is still low.
From a purely physics perspective, debate aboulyties of disorder present in these
materials still continues and more experimentsisave to be done to understand

what defects limit charge transport.
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1. General Introduction

1.1 Historical development and applications of organic
semiconductors and carbon nanotubes

In 1963, Weis%t al. reported passive high conductivity in iodine-"ddpe
oxidized polypyrrole. While not generally acknowdedl, this is the first report of
modern highly-conductive polyacetylenes and reléitexhr-backbone “polymer blacks”
or melanins. They achieved a resistivity d2dm. The authors also described the effects
of iodine doping on conductivity in polypyrrolen later papers, they achieved
resistivities as low as 0.3 cm, on the order of present-day efforts. Organiwdeictors
were first utilized by Xerox to assist in the reguation of printed materials in the 1960s.
In 1977, Heeger, MacDiarmid, and Shirakawa fabeida conducting polymer device
using oxidized polyacetylene[5] and were subseduyemtarded the Nobel prize in
chemistry in 2000. This work provided insight ith@ chemistry oft bonded
macromolecules and allowed condensed matter pbisia further explore models of
the metal-insulator transition introduced by MattlgAnderson and the Peierls instability
in 1-D materials (also known as a charge densityealt also stimulated a huge
research effort on conjugated organic materialsGMnest al. reported an organic
electronic device in 1974[6]. They achieved a hlighductivity "ON" state and hallmark
negative differential resistance in DOPA melanmpaidized copolymer of
polyacetylene, polypyrrole, and polyaniline.

Since then, new organic semiconductors such ashpobhenes, poly(p-
phenyline vinyline), and other polyacetylenes amals molecules containing aromatic

hydrocarbons such as anthracene, pentacene, rubrehtillerenes have been



synthesized. In 1996, Zhenan Bai@l. examined the ideal casting solvent for the spin
casting of poly(3-hexyltiophene) (P3HT) and esttidid a simple recipe to fabricate
P3HT transistors with mobility greater than 0.02%\/s)[7]. This paper stimulated a
great deal of research into polythiophene basedistors.

From an application standpoint, researchers irffi¢he of organic electronics
have endeavored to combine the electrical and aggroperties of metals and
semiconductors with the processability of organateoules. These efforts have led to
the fabrication of field-effect transistors on fllebe, plastic substrates, at low cost, and
over large areas[8], solar cells with > 6% efficg®], chemical sensors to detect nerve
agents and explosives[10], devices exhibiting maayesistance[11], and
photosensors[12,13]. The greatest recent commeswtaless has probably been in the
area of organic-light emitting diodes (OLEDSs) the# commonly used in cell-phones and
most recently in Sony’s™ first OLED television (Somodel XEL-1).

Carbon nanotubes (CNTs) are another promising mafer thin film electronics
applications. CNTs were first discovered in 1991Sb lijima[14]. Initially, most of the
scientific attention focused on the propertiesnalividual nanotubes. Metallic carbon
nanotubes could be incorporated into single-eledir@nsistors exhibiting quantum
effects even at room temperature[15]. Ballistmsport in nanotubes 2&n long make
them ideal candidates for interconnects[16]. Sendacting carbon nanotubes may
replace silicon based transistors in the futuraagount of their high field effect
mobilites (100,000 cAVs[17]). In 2004, Wet al. demonstrated that nanotubes could
be used to produce transparent conductive filmsqb8] soon thin films of nanotubes

were being investigated as replacements for indinroxide coatings[19] due to their



lower cost involved in processing the carbon naoegu These films can have been used

as coatings in solar cells[20,21] and in orgargbtiemitting diodes[22].

1.2 Layout of thesis

In Chapter 1, | will first introduce the most cormntly used organic
semiconductors and the structural disorder prasahin-films of the organic
semiconductors studied in this thesis: pentacedealy(3-hexylthiophene). Next, |
discuss the models that have been applied to uladeliag charge transport in disordered
organic semiconductors. As will be shown, thesdef®are constrained by the field,
temperature, and gate voltage dependence of theximgntally measured mobility. |
describe organic field-effect transistors and hbevfteld-effect mobility of the organic
semiconductor can be extracted from measuremetite afrain current in these devices.
| conclude the chapter with a discussion of thetadaic properties of single-walled
carbon nanotubes and the electronic transitionsepitan these systems.

In Chapter 2, | investigate the methods usedatiaster print the polymer
semiconductor poly(3-hexylthiophene) (P3HT) witlesjal attention to the control of the
adhesion of the P3HT layer to different substratsg surface treatments. A method to
determine the surface energy of a substrate usingact angle measurements is utilized
to predict the adhesion of P3HT. | compare théoperance of P3HT transistors
fabricated by transfer printing onto several polysgbstrates to that achieved with
reference devices on SifSiand discuss the cause of the enhanced performénce o
transfer printed devices.

Chapters 3 and 4 deal with the use of carbon naestfilms as transparent

conductors to make electrical contacts to orgaemsisonductors. In Chapter 3, | discuss



methods to disperse carbon nanotubes in solutidrirenimportance of surfactant
concentration, carbon nanotube type, and sonidaBatrifugation. A technique for
gauging the effect of these variables on CNT dsipéity is described and a recipe is
given for the fabrication of thin films of carboamotubes by airbrushing which reduces
flocculation and is compatible with both silicondamrganic substrates. The benefits of
optimizing the type of nanotubes and sonicatiortfdfeigation parameters to lower sheet
resistance for a given transparency are also discus

In Chapter 4, | discuss the fabrication of P3HT padtacene organic field-effect
transistors on silicon substrates whose source&/@tactrodes are composed of thin films
of airbrushed carbon nanotubes, as described ipt€ha. | compare the contact
resistance and mobility of CNT-contacted deviceseterence devices on SiSi, and to
other OFETs incorporating nanotubes as electradteeiliterature. Furthermore, |
demonstrate the fabrication of a flexible, tranepaOFET on a polymer substrate that
utilizes the films of carbon nanotube for gate,rseyand drain electrodes.

In Chapter 5, | discuss electric field, gate votaand temperature dependence of
the conductance of pentacene thin-film transistditse dependences are consistent with
the Poole-Frenkel effect in which the activatiomriga for trapped charges is lowered by
an electric field. The origin of the Poole-Fren&éfkect in pentacene is discussed. The
gate voltage and temperature dependence of thaeictamte is also used to extract the

density of states as a function of activation enpdog the pentacene thin film.

1.3 Organic semiconductors

Organic semiconductors are materials composedgaindc molecules whose

conductivity can be tuned by doping. Organic moles contain carbon; however,



materials which are composed almost entirely db@arsuch as diamond, graphite, and
carbon nanotubes are not considered to be orgamicsnductors. Organic
semiconductors are molecular crystals composedgainic molecules with a high level
of pi-bond conjugation. These molecules are lgoselnd together by van der Waals
forces, not covalent bonds, and are typically otigos or relatively larger conjugated
polymers.

Oligomers are molecules made up of smaller pi-agated molecules such as aromatic
rings e.g. benzene, thiophene, pyrroles, furan aetd unsaturated linear ones such as
acetylene. The aromatic rings are either fusad Hge acenes, or linked by linear
molecules which maintain the conjugation throughbatbackbone as in sexithiophene.
Among the acenes, pentacene (see Figure 1) hasegtke most attention. Smaller
acenes form more disordered crystals while largesa@re limited by chemical
instability; while pentacene has been extensivalgstigated due to its relatively weak
reactivity with oxygen to form pentacenequinonesduene has generated relatively little

interest because of its high reactivity to oxygen.

Figure 2.1 Pentacene molecule

1.3.1 Pentacene

Pentacene forms a triclinic crystal structure vt molecules per unit cell as in
Figure 2.2. The molecules arrange in a herringlpateern. Four crystal polymorphs of

pentacene have been observed, distinguished spHung between layers in the crystal.



The first two polymorphs are the “single-crystahpf” (observed in vapor-phase-grown
single crystal pentacene) and “bulk phase” (obskemehick films of vapor-deposited
pentacene), while the other two polymorphs aramedeto as “thin-film phases”.
Polymorph Il is observed only on kapton or NaGbstmates[23]. Films discussed in the
thesis will always be of polymorph IV which hash, andc axis spacings of 7.5, 5.92,
and 15.35 A, respectively. Studies of the film pialogy of pentacene on silicon
dioxide using x-ray diffraction of the film india shift from the thin film phase
towards the bulk phase of the material with anease in film thickness. In films of
pentacene thicker than 8 nm, the first 8 nm of @esme deposited is in the thin-film
phase while the rest is in the bulk phase[24]erktingly, the thin-film phase has been
shown to have field-effect mobility greater thaattbf the single crystal or bulk

phases[25].
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Figure 2.2 Herringbone motif

1.3.2 Conjugated polymers including regio-regular poly(3-
hexylthiophene)
Conjugated polymers are much larger than oligonmeisrons in length and
contain thousands of repeat units. They are tjlgisaluble in organic solvents and

sometimes, as in the case of macromolecular dedtpoly(3,4-ethylenedioxythiophene)

poly(styrenesulfonate), soluble in agueous solveAtpromising semiconducting



polymer discovered in the late 1990s is regiorag@&HT which is soluble in chlorinated
solvents. The term regioregular refers to the tlaat the hexyl groups, represented by
“R”, are oriented head to tail in this variationtbé polymer as shown in Figure 2.3.
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Figure 2.3 Various regioisomers of P3HT where HTtands for head to tail, TT stands for tail to tail,
and HH stands for head to head. The HT-HT is themy regioisomer present in pure regioregular
P3HT.

On SiQy/silicon substrates, the plane of the P3HT molews found to be
perpendicular to the plane of the surface and fidms in which the molecules are
parallel to one another (See Figure 2.4). Thislpces favorable pi-orbital overlap and
leads to higher mobility within the plane of ovgnéng pi-orbitals. In addition, the alkyl
groups of adjacent molecules interdigitate andetneform well ordered structures (See
Figure 2.4). The molecular structure of regio-taglP3HT has more recently been

modified to achieve the optimum spacing betweeratkg groups for maximum



interdigitation while only slightly disrupting th@-conjugated network. This increases
stability without decreasing mobility. This had l® the development of poly[2,5-bis(3-

alkylthiophen-2-yl)thieno(3,2-b)thiophene] PBTT TegSFigure 2.5).

Figure 2.4 Vertical stack of regio-regular P3HT clains shown from two different perspectives
(reprinted from [26]) with crystal spacing a=16.8A, b=7.66 A, c=7.7 A [26].

Figure 2.5 Repeating unit of poly[2,5-bis(3-alkyhiophen-2-yl)thieno(3,2-b)thiophene] PBTTT where
R is an alkyl chain typically composed of 14 carboatoms.



1.4 Disorder in Organic Semiconductors

While single crystal materials are the simplesiniderstand and have the best
electronic properties, single crystal organic semdtictors are unlikely to be fabricated
in sizes suitable for applications, and are extigrmagile. Hence, the study of thin films
of organic semiconductors is of practical interg3tganic films deposited from solution
or sublimed in an evaporation chamber will typigdlé polycrystalline, with grain
boundaries and other defects. In organic semiadndiicomposed of small molecules
like pentacene or sexithiophene the disorder givisgyto these localized states is due to
the noncrystalline organization of molecules, odagrprimarily at the interface between
two crystal grains. In the case of polymer semianors, the interruption of
conjugation within an individual polymer chain istiuces an additional source of
disorder. Models of conduction in organic thin¥fd typically assume that localized

states induced by disorder play an important role.

1.5 Hopping in Disordered Materials

1.5.1 Miller Abrahams conductance

To understand hopping in disordered materialsnanduction to Miller
Abrahams (MA) conductance and its incorporation etnodel accounting for the
density of states in these materials is necesdargt consider the net hopping rate
between two sites. These two sites may in gemerakparated spatially as well as
energetically. The site could be a segment ofrgugated polymer or the grain
boundaries of a polycrystalline film.

The net hopping rate between sindj has the form:
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Iij =f@- fj )w.j - fj @-f; )a)“ (1.1)
wheref; is the Fermi function for the probability of ocglipg a state with enerdy;
given by

) 1
" 1+expE — 4 )

andwj is the transition rate from state i to state jved that hopping is a tunneling

i (1.2)
process, the rates are expected to be exponertgggndent on the distanRgbetween

sites. At equilibrium, the chemical potentials eggal, 14 = 1, and

(Ej _E|)

W. = e_za‘RJ" e — E] > Ei (1 3)
i =/ KT E <E .
1 J

whereq is influenced by the shape of the potential barikich correlates with the
wave function overlap between the two sites. Whéeld is applied, and

4 — i, << KT while all other energy differences are greater #iarthen the

conductance is approximately

(1.4)

|E -E- |+IE -E I+ E -F,
Gij :Go exp(—ZY‘Rj‘— E F j F E| ]

2k, T
which is known as the Miller-Abrahams conductanddAC). Here, Gjis a

proportionality factor which accounts for the coatiunce within a site.

1.5.2 Mott’s simplification

In an actual disordered material, there are maeyg sivailable for hopping. Mott
followed a approach similar to hat leading to th&®1to model conductivity in a

disordered system (for a review, see J. van Habg)t[ Mott proposed a simple model
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which ignored occupation probabilities and assumted only carriers with and energy
within KT of the Fermi level contribute to transport. Instimodel, the probability of
hopping from site to sitej depends on the distance of the h&p,and the difference in

energy of the two site§-E;:[27]

P ( 2 R ) —— E >E
i — eXp{— - KT
j = &P ) .\ E<E (1.5)
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Figure 2.6 Effect of electric field on the 2D rang. The application of a negative electric field @d)
causes the position of the minimum 2D range to shifo the right.

Therefore, it is more likely for a charge carriehbp to a site that is closer and has a
lower energy. Hopping rate increases with sitexpndy and energy decrease, however
the number of low energy sites increases with hogdistance. Mott’s great insight
was that there is an optimal hopping distance¢hatacterizes hopping. It can be

inferred that Mott realized that it was the hoppiadnigher energy levels which limits the

12



conductivity and is of greatest importance. Themoal hopping distance is found by
determining the most probable hop. The most preladyp is that hop which minimizes

the exponent in Eqn. (1.5) f& - E; > O, defined as the 2D rangé,;. The distance of

the most probable hop is given by

3 3 1/4
R== (1.6)
4{ 27N, KT

where N, is the density of states at the Fermi level. Theory is described as variable

range hopping. In the presence of a weak ele‘duetlht(|eéj * F k|eRF k KT), the

effect of the electric field can be approximatedtuy difference in probability for
hopping with or against the direction of the fi@d[ and the effect of the field on the

optimal hopping distance can be ignored. The atidensity is then

L —\ . [eRF
j ~ 2eRNuKTu exp(—Dm) sin WJ 2.7)

where 0’ _represents the minimized 2D range averaged ovesecotive hops and

v the hopping rate. UsingRF < KT, sinr(eETF j = (eETFJ and conductivity
becomes
1/4
logo ~ —(%) (1.8)

whereTy is a constant. Hapert[27] did not derive a mopitiom the model described
but it is easy to determine that all of the charaeiers are within T of the chemical
potential giving a mobility

_ 14
_og,exp ™M

(1.9)
2eKTN (1)

13



where N(u) is the density of states at the chemical poteahdlo, andT, are constants
that depend on the transmission coefficient betve#es andN (). Here it has been

assumed the density of states has no energy dependdich is valid when the density
of states does not vary exponentially on an enscgle comparable td. (This
assumption will be revisited in the discussionhef Vissenberg-Matters model below.)

Ignoring the temperature dependence in the denaaninbEqgn. (1.9),

_I_ 1/4
Inp =y, —(?OJ (1.10)
where 4, is a temperature independent constant.

At electric fields so high thdeRF| >>|W |, wheréWV = E, - E, hopping is no

longer necessary as the energy gained by therfielé@ than compensates the energy

difference between sites. In this regime, themalihopping distance is approximately

given by
_ 3 2
R=Z(ﬂeN#F) 4 (1.11)
and the conductivity becomes temperature indepefa¥gn
1/4
Ino ~ —(%) (1.12)

whereFqis a constant.

1.5.3 Vissenberg and Matters model

Vissenberg and Matters[28] developed a model thadunts for the energy
dependence of the localized density of statesamthterial. They used the MA

conductance to weight the conductance of eachinsitee material and then used the
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results of percolation theory to determine the catigtity and mobility. They calculated
the Fermi energy based on an exponential dens#yatés (an approximation to the tail
of a Gaussian) and used percolation theory to extne critical percolation conductance.

The exponential density of states,

N(E)=iexp( E ] fo<E< O

kB-I-O kB1_O
N(E)=0 (E> 0)

(1.13)

includes a constanty, which influences the decay of the density ofestatnd\;is the

number of states per unit volum&he characteristic jump is an activated one siheeet
are always many states at higher energies and lsjgse contrast to the Mott theory in
which the distance and energetic cost were eqimapyprtant. The conductivity has the

form:

T ON T\
Ino=Ing, +2In| ——_e~'®| 2 (1.14)
T B.(2a) T

HereB. is the ratio of “bonds” to sites in the materiatree critical conductance. Here a
“bond” is formed if the conductance between twesis greater than a critical value.
For 3D amorphous materiaB; =2.8 [29]. The overlap factor is denoted as as in the

Mott theory,Er is the Fermi energyg is the fraction of occupied states, atigls the

limiting conductivity at high temperaturén bulk material, the mobility could be found
by dividing the conductivity by the charge densitg.a thin-fillm transistor, the
accumulated charge density depends on the gateeddotential\/(x), which depends
on the distanceg from the semiconductor-insulator interface. Tie&fand voltage

distribution is determined under the assumption tti@ drain voltage is small and source
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is grounded. By solving Poisson’s equation underassumption thaf(x) =0 far from

the interface the field-effect mobility is

3 CV.)?
In fee =|n—00 +—TO In (To/T) + —TO -1]|In —( ' g)
e T 3 T T T 2K, T, &,

(2a)’B.I 1——_F r 1+—_F

1)

0 0

Here the mobility is determined by three parameter$,, ando. Fits were performed

by Vissenberg and Matters to experimental data fpolythienylene vinylene (PTV)-
based BC OFET, and a pentacene BC OFET. Thedi&dt mobility of these devices
was determined by fitting the dependence of tramdigctance on gate voltage in a
separate study (See Browtal.[30]). The mobility of the pentacene devices was two
orders of magnitude higher than the mobility of i/ devices. Despite this difference,
Vissenberg and Matters were able to fit the tentpesaand gate voltage dependence of
the field-effect mobility for both materials froly = -5 to -15 V andr = 200 to 330 K

(for PTV) and 125 to 330 K (for pentacene) by vagythe three parametetsT,, and

oo. The Vissenberg and Matters model could accaurihe gate voltage dependence of
the activation energy that was observed for pentae@d PTV. Meijert al. used the
same model to successfully explain the temperatapendent mobility in P3HT,
pentacene, and PTV[31]. In general, the VissenbatgMatters model predicts an
Arrhenius like temperature dependence of the ntgliliat agrees with observations for
many organics. However, the three parameter$y( ando) are difficult to predict

priori, and hard to correlate with physical propertie§[32
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1.5.4 Charge carrier transport in more ordered materials

Small pi-conjugated molecules, oligomers, liketaeane and sexithiophene form
more ordered films than polymers. The disordesligomers films is thought to
originate largely in the grain boundaries betwessstalline regions rather than
throughout the material itself. There is a polyméich has been reported in 2006 that
has large crystalline grains (100 microns or m@&@j)exhibiting order comparable to that
seen in oligomers. The models of carrier transpisdussed here are expected to apply
to this polymer as well.

In these more ordered materials, charge carriespr@art is dominated by free
carriers within a delocalized band (band-like cartaiin) while the Fermi level is
determined by the density of localized states @p%”. Localized carriers in traps are
not considered to participate in transport, butftbe carriers must be activated or
“released” for traps in order for conduction to mG@and this general class of models is
referred to as “multiple trap and release”. Thalalimg of charge carrier transport in this
regime is analogous to transport in amorphousosilic

Within the multiple trap and release model, tragpsan be thought of as reducing
the measured mobility even though the actual mgtwfithe charge carriers in the grains

or grain boundaries is the same:

N
UV, T) = Hy NmOb (1.15)
tot

whereNm, is the number density of mobile carriers &gl is the total density of carriers

(both trapped and mobile).
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The density of states in these materials refldedhtgher degree of order present.
A simple application of this theory was used by §atroyd to model activation in
amorphous silicon[34]. The presence of dopantsduices localized states, called “trap
states”, in the gap at a single energy level. v&atibn results from carriers being excited
from this energy level to the band. In Street 8atleo’s paper on transport in
poly(quaterthiophene)[32] they assumed the presehar exponential density of trap

states. In the band the DOS was assumed to befta@D free electron gas:

_& ~E/E,
N(E) = E, exp €E> 0 (1.16)

N(E) ~EY2 (E<0).

Models which incorporate a band often show activékehavior because there is a clearly
defined activation between the Fermi level anddied. The dependence of the
activation energy on gate voltage is explained byement of the Fermi energy through

the localized trap states by changing the gatagel

1.5.5 Polarons

Heeger demonstrated that charge carriers couldmaaitheir energy by locally
deforming the lattice as in poyacetylene[5]. Thitice deformation may extend over
just one molecule or may be delocalized over séweotecules, depending on the
relative size of the localization enerdy, and the electronic intermolecular interaction
J[23]. WhenJ < E, the polaron is localized on a single moleculer F~ E, the polaron

is delocalized over several molecules. ForE, , the coupling to the lattice can be
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neglected completely and mobility is determinedclsrier scattering as in an inorganic

semiconductor

u=9 (1.17)

whereris the relaxation time and* is the effective mass. Polarons represent a
distortion in the lattice, so the associated en&ggls split off from the HOMO and
LUMO level. As the charge carriers move, the tattilistortion moves with them.
Therefore, polarons can contribute to the curratike the charge trapped at the grain
boundaries in the multiple trapping and releaseehoModels incorporating polaron

theory have been applied to polymers[35]as wedlg®mers[23].

1.6 Summary of transport in disordered organic
semiconductors

It is likely that a complete description of trangpin organic field-effect
transistors over temperatures from 4 K to room &naure may include electric field-
driven tunneling at very low temperatures, hopgmnagsport at higher temperatures
where there is not enough energy to excite carrteesmobility edge, and, at yet higher
temperatures, multiple trapping and release in wthe conduction between localized
states becomes irrelevant compared to that takaggepn the band. Street and Salleo
suggest that this description describes transpgrbly(quaterthiophene) based
OFETs[32]. The clearest method for distinguishiogping transport from band-like
transport would be to make a measurement sensitikealization. A Hall resistance

measurement might distinguish between localizeddmhalcalized carriers since localized
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carriers would not be free to move and so wouldipce a smaller Hall voltage.
However, the expected signal in such a measureisier@ak. In this thesis, the
temperature, gate voltage, and field-dependenteeahobility are studied through
measurements of transistors that have been fabdicgatunusal ways with non-standard
electrodes and measurement techniques. Transpldoevexplained with the simplest
model that is physically plausible. The chargesitgntemperature and field dependence

of the mobility and conductivity at a specified @abltage will be explained.

1.7 Organic field-effect transistors

1.7.1 Contact geometry

Organic field-effect transistors (OFETS) are fielfliect transistors whose semiconductor
layer is made of an organic semiconductor. Theyaually fabricated in two different
configurations, top contact and bottom contact {Sgare 2.7). In top contact
transistors, the source and drain electrodes, aade deposited on top of the organic
semiconductor; for bottom contact transistors thgodition order is reversed. Finally,
planar contact geometry can be thought of as dapm=se of the bottom contact
geometry in which the electrodes are flush withdledectric. The source and drain
electrodes are typically made of a high work fumctmetal such as gold or platinum.
The dielectric used must be as close to an idealator as possible and have a smooth
surface so as not to disturb the morphology ofstraiconductor on top of it. Ideally, the
dielectric should be free of charge traps. A dittle with a high dielectric constant is

also favorable since the voltage necessary to mdbarge into the semiconductor is
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inversely proportional to dielectric constant. QBEeported in the literature often

utilize dielectrics that are thicker (greater tH&® nm) than those used in commercially
available silicon based transistors due to conceves gate leakage currents. The gate of
the OFET must conduct well and be easily accessilsilicon wafer composed of

doped silicon with its native oxide, silicon diogids routinely used as a gate and
dielectric in OFETs because silicon dioxide hagga breakdown field and polished

silicon wafers with sub nm roughness are widelyilaiée.

TOP CONTACT (TC) PLANAR CONTACT (PC)
g SN DI — semiconductor —»
T — semecondweor 1| |5 5
dielectric dielectric
I — [T
gate gate

BOTTOM CONTACT (BC)

—p D
dielectric
|
gate

Figure 2.7 Contact geometries of OFETs

1.7.2 Flat band voltage

Typically, the work function of the gate and orgasemiconductor will not be
equal, so a transfer of charge between the gatéhanskmiconductor will occur until
their Fermi levels are equilibrated. This occuterathe fabrication of the transistor as
soon as a conductive pathway is formed betweeBSMDelectrodes and the gate. Charge

does not flow through the insulator but is abl@da when the gate and source electrode
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are connected. If the gate is a metal with woricfion ®,, smaller than the work
function of ap-type organic semiconducteP, then as the two materials approach

thermal equilibrium, negative charge will be traarséd from the gate to the organic
semiconductor producing a voltage difference betwibe two (Figure 2.8a). This
coincides with bending of the conduction bd&kd and the valence bar away from
the Fermi level in the semiconducteys. When the metal gate and semiconductor are in
thermal equilibrium, the Fermi level in the meEa), is equal to the Fermi level in the
semiconductor. The bending of the valence band dwan the Fermi level in the
semiconductor is associated with depletion of hoksr the semiconductor-dielectric
interface resulting in a net negative layer of fix@arge density in the semiconductor
(see the bottom of Figure 2.8a).

The flat band voltage is simply the difference be#wthe metal work function
and semiconductor work function:

Ve =@, — D (1.18)

By applying a voltage to the gate equal to theldktd voltageVrs, the charge stored on
the MOS capacitor as a result of the work functidgference can be removed (Figure
2.8b). When the gate voltage is lowered belowfldteband voltage, the hole density in
the semiconductor is enhanced especially nearetméecenductor-dielectric interface.
This is referred to as the accumulation regionfédg2.8c). As the voltage on the gate is
made more positive than the flat band voltagejragheet of positive charge is formed at
the metal while a layer of negatively charged atmspextends into the semiconductor
from its surface. The layer of charged accep®rslled the depletion layer because it is

depleted of mobile charge. Thus, a depletion regidormed in the semiconductor.
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This coincides with the bending of the conductiandbtowards the Fermi level in the
vicinity of the semiconductor/dielectric interfack a silicon MOSFET, the gate voltage
could be increased further until the charge cadensity is inverted in a thin layer near
the semiconductor-dielectric interface. Most oigdield-effect transistors, however, are

unipolar which leads to poor transport when theieatype is inverted.
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Figure 2.8 Energy band diagrams for different gatevoltage values (a) ¥=0 (b) Vc=Vs (C) Ve<Vep
(d) Ve>Ves (€) Vo<<Vgs
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1.7.3 Transistor equations

In a p-type silicon MOSFET the local free chargasiy (per unit area) is given
by the capacitance of the oxid&,, the local potential, and the threshold voltagéy,
eree = _Cox (VG _V _VT) (119)
and using the relationship between the drain ctrtgnelectric field,F, channel width,

W, and mobilityu

Iy = (WQyee ) (4F) (1.20)
the transistor equations can be derived:
Iy = (1.21)
W 2
_Tcoxljp [((\/G Vi )VD Vo /2] Ve ~Vr <Vp <0
%coxy(vG -V, )%, V, <V -V <

whereL isthe channel length/p the drain voltage, and the sourde, is grounded. The
dependence of drain current on drain voltage cachbeacterized by regions depending
on the size of drain voltage. The first regidg ¢ Vr <Vp < 0) is the linear region, so
called because for small drain voltages the cudepends linearly on the drain voltage.
The second region/f < Vg - V7 < 0) is referred to as the saturation region,esihe

current “saturates”, i.e. does not increase witihéasing drain voltage (Figure 2.9).
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Figure 2.9 Drain current vs. drain voltage at fixel gate voltages for an OFET exhibiting the linear
and saturation regions.

1.7.4 Field-Effect Mobility

The simplest method of measuring field-effect miopis by sweeping the drain
voltage while fixing the gate voltage value and suging the drain current during the
sweep. The process is then repeated at diffeegatvpltages. From Eqgn. (1.21) we can

see that

ANy | WGV
Vp |, _ L

0

(1.22)

By fitting the drain current vs. drain voltage ces/for each gate voltage measured (in

the linear regime) we can plot the left side ajnE(1.22), the conductance, vs. gate
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voltage. The field-effect mobility can then beetetined from the slope of a fit to the

conductance vs. gate voltage.

1.7.5 Threshold Voltage and Onset Voltage

In an OFET, typicallyp(Ve, Vb) roughly obeys the transistor equations. Howeeera
conventional p-type inversion mode MOSF¥is defined as the gate voltage that
induces a hole density at the semiconductor-dieteiciterface equal to the electron
density in the bulk of the semiconductor, far frtms interface. For an OFEV; is

defined as the gate voltage at which all deep tirapise semiconductor are filled and
thermal activation of carriers to the transporelgithe band edge) begins to play a major
role in conduction. Roughly speaking, ¥ <V, the traps can be considered to be filled
and additional accumulated carriers are free[36§dtuality, an equilibrium between
trapped and untrapped carriers exists. Therefarezan be considered to be the point at
which the free charge density would extrapolateaim, i.e. at large free charge density

Eqgn. (1.19) is obeyed. In the literatiueis typically extracted by extrapolating a linear

fit of MVS.VG to Ip=0. Ideally, the linear fit tg/m vs.V,; should be preformed

over the region wher¥, <V, -V;. However, this requires knowledge\tf, which is
determined by the linear fit. Therefore, a selfigistent method can be used to determine
Vras follows. First, the threshold voltage is sel ¥, and a fit of\/m vs.V; with

Vp <V, —V; is performed, with a neWr found as the point of intersection of the fit line
with I, =0. Once the neWs is determined, the linear fit is performed agarerahe

new rang®, <V, —V,. This iteration leads to a threshold value wliohverges. |
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ended the iteration when subsequent threshold saeegate by less than 1 V. The

process is illustrated below:

3.0+
n .
2.5+ m  Raw data
— lteration 1
Iteration 2
g 2.0 — lteration 3
%—‘ Iteration 4
= 1.5+
I ]
= 1.0
=3
A ]
0.5+
00 T T T I , L. 5
-30 -20 -10 0

Figure 2.10 Method of extracting the threshold vaage by convergence

The advantage of this method is that it is wellugried in MOSFET theory and
leads to a threshold voltage that utilizes all detttn in the saturation regime and for
which Vg < Vr. This procedure sidesteps a common error illtestran Figure 2.11. |If
data had been taken from -30 V to 0 V, and thm{tis performed over the domain -30
to -26 V, then a threshold voltage of -15 (labélgg) is reported. If more data were
taken, including gate voltages down to -40 V, dr@ldomain -40 to -36 V was used, a

threshold of -18 (labele¥,) is found.
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lllustration of subjective fitting

VTl VT2

Sart (Il J) (wA)"

|Fit from -40 to -36 Volts !
0 T T T T T " —

-40 -30 -20 -10 0

Figure 2.11 A demonstration of the ambiguity preset in extracting threshold voltage from a fixed

voltage range.

This problem arises because the gate voltage depeadf the mobility has not

been taken into account in the standard MOSFET ({8%]e In OFETSs, the mobility

typically increases a¥¢| grows larger, resulting in a supralinear relagtop

betweeq/|| D| andV,; which makes an unambiguous determination of trestiold

voltage impossible. In addition, the oxide capaut used here is relatively small

resulting in a rather small subthreshold swingaltfh this can be improved using

hydroxyl-free dielectrics.
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Figure 2.12 A semilog plot of the onset of saturn current vs. gate.

The onset voltage, also known as the “turn on"swvitch on” voltage, is defined
as the gate voltage at which the semiconductor lageomes fully depleted[36] and the
drain current is at a minimum. A& becomes more negative than the onset voltage, the
absolute value of current begins to increase exga@ailly. The onset voltage can be
determined from a semilog plot of the saturatioment vs. gate voltage(Figure 2.12).
Here, the onset voltage is ~ -3 V. The on/offaaithe measured ratio of the maximum
to minimum saturation current. The on/off ratio flee data shown in Figure 2.12 is
greater than T0 The onset voltage is thought to be equivaletiédflat band voltage

when the semiconductor is not doped[38].
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1.8 Metallic and semiconducting carbon nanotubes

In Chapters 3 and 4 | will explore the use of filaisarbon nanotubes as
transparent, conducting electrodes for organid{edfect transistors. Below | briefly
discuss the electronic structure of carbon nanstube

A carbon nanotube can be thought of a piece offgmag rolled up and sewn
together with atomic precision. Whether a carbanatube is semiconducting or
metallic depends on how the graphene is rolledEgch nanotube is identified by the
chirality or roll up vector which spans the circiarénce of the nanotube. This vector is

written asc = ng, + ma, whered, and &, represent the common choice of the basis

vectors of the graphene sheet (Figure 2.13).
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Figure 2.13 Hexagonal lattice of a graphene sheéfthe dashed arrows indicate the directions of a

common choice of basis vector§, and &,to define chiral (or rollup) vectors in a carbon naiotube.
The solid arrow shows the chiral vectorC = 58, + 54,.
Figure 2.14a and Figure 2.14b show a so-called ¢hain” tube and “zigzag” tube,

respectively. The diameter of the tube is relabeithe roll-up vector through the

equation

a\/3(n2 +nm+ m2) 1)

T T T

(n,n)

*

3 :oi 9
-—..0"3::.-3'

(n,0)

c ;
'

semiconducting

Figure 2.14 Examples of different types of nanotus: (a) Metallic (1,n)-nanotube. The

configuration of bonds along the circumference (emmasized in red) resembles an armchair. (b)
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Semiconducting 6,0)-nanotube. Here the bonds are in a zigzag cogfiration along the

circumference.

It can be shown that if the indicesandm fulfill the relationshipn - m=3i wherei is an
integer , then the tube is metallic. Thereforgegia nanotube growth process that does
not selectively favor any particular chirality, 2i8the nanotubes will be semiconducting
and 1/3 metallic. The shape of the energy bana@sfasction of the wave vectlrcan be

described by the equation

E(D) =¢\/(h"2ij +(VA)? (1.24)

where the integer =0, 1, 2... counts the subbands, is the Fermi velocity, and to first

order[39]

A= 0.35 (in units of eV

d (in units of A) (1.25)

The two lowest energy bands in a metallic and sendacting tube come from=0,3

andv =1,2, respectively[40]. A schematic of these baat$ the associated density of
states are shown in Figure 2.15. The resonantrefec excitations, visible as peaks in
the absorption spectrum for these nanotubes, ai@el® M, for the metallic nanotubes
and 3; and $; for the semiconducting nanotubes. Note that gtexcitonic effects[41]
will quantitatively modify the energies of the agati transitions, and Eqns. 1.17 and 1.18
should only be treated as approximations for dateng the energies of the optical
transitions. The intensities of the absorptieaks relative to the background signal are
used to characterize the purity of the carbon ndyetispersions; this method will be

discussed in Chapter 3.
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Metallic carbon nanotubes

T \n—/ 107
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Semiconducting carbon nanotubes
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Figure 2.15 Electronic band structure and densityf states (DOS) of metallic (top) and
semiconducting (bottom) carbon nanotubes illustrdahg the lowest energy excitations of these

nanotubes: M;; for metallic nanotubes and $; and S, for semiconducting nanotubes.
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The resistance of thin films of carbon nanotubdargely due to the resistance at
the junctions between carbon nanotubes since thductivity of individual carbon
nanotubes approaches that of copper[19]. SinceldBlof the nanotubes in a film are
metallic (unless some complex chemistry is usesktectively remove semiconducting
nanotubes) junctions between metallic and semiodimyinanotubes are associated with

injection barriers that limit the resistance of fit.
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2 Transfer printed P3HT on flexible substrates

2.1 Introduction

The fabrication of high quality poly(3-hexylthiopte) (P3HT) organic thin-film
transistors on flexible, plastic substrates is destrated using the transfer-printing
method. Transfer printing was used to assembl&eégwnto both polyethylene
terephthalate (PET) and polycarbonate (PCO) substraéd PCO dielectric layer was
used with the PCO substrate while both poly(metleytracrylate) (PMMA) and
polystyrene (PS) dielectric layers were used WithRET substrate. In all cases, the
mobility of the transfer printed devices 0.019-0L@#f/(Vs) was higher than that of the
unprinted reference devices (Siflelectric layer on a Si substrate), 0.007/%s). The
contact resistance was also lower for the trarsfated devices, 0.13-0.23®Mcm, as
compared to that for the reference devices, 0.46dvh. The three dielectrics used have
different polarizabilities, dielectric constantadaadhesive properties. For the devices
studied, the threshold voltage became more posasuie polar component of the

surface energy of the polymer dielectric matenaleased.

2.2 Motivation

If organic electronics are going to be commerciallgcessful they will have to
used in applications where lower field-effect mabithan that found in silicon can be
tolerated and flexible, low cost electronics areaadageous such as inexpensive display
technology. For organic electronics to be inexpeans high-volume fabrication process
such as roll-to-roll printing (used to print newppes) will be needed. Plastics are

compatible with the roll-to-roll process and areap, light weight, and typically
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transparent. Also, much research has been ddeartohow to tailor the physical
properties of plastics. (The quote “There’s a gfeture in plastics. Think about it.,”

from the 1960s hit movi€he Graduate seems applicable here.) While devices fabricated
on silicon wafers with gold bottom contacts (se@tbia?) are useful for understanding
fundamental transport issues in organic semicodsitike P3HT, such devices are not
likely to be competitive commercially with silicatevices.

Transfer printing has been demonstrated using PREitacene, carbon nanotube
networks, graphene, and other inorganic semicoonds[d@2-44]. Here | describe the
printing of P3HT onto a variety of surfaces of diént surface energy to form high
quality OTFT devices[45]. The dielectric/substrapenbinations investigated are
PMMA/PET, PS/PET, PCO/PCO, and PHS/PET. All of@&-Ts use P3HT as the

semiconductor layer, and gold source, drain, anel giactrodes.

2.3 The benefits of transfer printing

Depositing P3HT requires simple solution castirghteques such as spin casting, dip
coating, or solution casting and avoids the netee$using vacuum deposition systems
which are costly. On the other hand, solution pssable semiconductors typically
exhibit lower field-effect mobility due to poorerdering in cast thin-films than films
made by vacuum deposition. Another drawback of spsting to deposit
semiconductors from solution is that the matengits the electrodes when a bottom
contact electrodes is used. The use of physiceh@mical pattering after spin coating
exposes the semiconductor to solvents and/or radiathich can degrade it. In addition,
spin casting P3HT onto polymer dielectrics usesesubk that may cause the dielectric to

swell or even dissolve.
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Transfer printing is a dry process by which a adoi layer is transferred from
the transfer substrate (TS), to the device sules(f2$). Transfer printing relies on
differential adhesion, i.e. the printable layer exiling to one surface better than another.
It is compatible with plastics and many other mater Most importantly, it enables a
device to be constructed layer by layer where é&agr can be processed with chemicals
or annealing prior to being printed. The procegsihthe each subsequent layer does not
adversely affect the previously printed layersr &mample, a P3HT transistor can be
assembled on a plastic substrate without expokmtgsuibstrate to the chemistry used in
spin casting P3HT. In addition, the transfer sttstused can be chosen to optimize the
morphology of the P3HT. The P3HT can be depositext electrodes that have been
patterned with photolithography of micron dimensioan improvement over the use of
top contacts that are typically formed using p@sotution shadow masks with poor
resolution. Prior to printing, the P3HT can alsodartially removed with a Q-tip to
allow for direct probing of the S/D electrodes.

Due to the nature of the high pressures and hedltingransfer printing, the
polymer dielectrics typically flow allowing the ekeodes to be submerged in them. The
electrodes then become flush with the dielectravjaling a relatively flat interface for
the subsequent deposition of P3HT and a largetiojearea at the interface between
electrode and P3HT.

While P3HT is used as an example, the advantagesstied here are quite

general and are applicable to many other semicdoduotaterials.
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2.4 Initial experiments transfer printing P3HT from unt reated
SiO,

Initial attempts to transfer print P3HT from unte SiQ resulted in incomplete
transfer of the P3HT onto corona discharge-treptégethylene terephthalate (PET,;
Dupont Melinex 453/700), a polymer substrate chdeeris good adhesive properties.
Two different temperatures were tried, 100 and C2@hd a pressure of 600 psi for three
minutes. The P3HT films printed over were barebible and did not conduct. This and

other printing problems require an understandinthefscience of adhesion.

2.5 The science behind transfer printing

Transfer printing relies on differential adhesibattis a printable layer sticking to
one surface better than another. The work of adhg€sohesion) is defined as the
reversible work done to separate two differentr{tdml) materials per unit area of
material. For the printable layer (PL) to be tfan®d from the transfer substrate (TS) to
the device substrate (DS), the work of adhesiowden the printable layer and the
device substrat&\V (PL, DS) must be greater than the work of adhel&iween the
printable layer and the transfer substraté, (PL, TS). In addition, the work of cohesion
of the printable layeWc(PL) must be greater than baty (PL, DS) andN, (PL, TS).
Otherwise, some of the printable layer will endampeach substrate, a process described
as inking. To summarize, three conditions are s&any:

(1) Wa (PL, DS) >W, (PL, TS),

(2) We(PL) >Wi(PL, DS), and

(3) We (PL) >Wi(PL, TS).
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2.5.1 Determining the work of adhesion

Robert J. Good reviewed measurements of contatésagd their use in
determining adhesion[46]. A summary of this reviewncluded here to make this thesis
more self-contained.

The three different interfaces formed when a ligiridp settles on a solid surface
give rise to surface tension or surface free enatdlye solid-liquid, solid-gas, and

liquid-gas interfaces. These surface tensionsadated by Young's equation,
Yoo = Vo +Vic COSE, (2.1)

where g, is the contact angle.

w» VLG

Figure 2.1 Schematic of a liquid drop on top of &8at solid surface. Force vectors due to surface
tension at the solid-liquid, liquid-gas, and solidgas interfaces are shown as arrows. The angle
denoted is the contact angle.

The work of adhesion and cohesion is best defingdrms of surface free

energy:
WL({)) =¥ ¥, — ¥ (2.2)
W, (1) =2y (2.3)

where y; is the surface free energy of fitle substance in its “pure state”, for a solid in

vacuum (=9) or a liquid in equilibrium with a vapor saturatedwthe same liquid
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(i=L). Under the approximation thgt = y,. andy, =y, and using Eqns. (2.1) and
(2.2) the Young-Dupré equation can be derived:

W, (SL) = 6 (1+ cost. ) . (2.4)
The surface free energy can be broken up into caems describing the different types

of interactions.

In The Owens-Wendt-Rabel-Kaelble method (OWRK)[ir]determining

surface free energy the surface free energy isdiyethe sum of the dispersiye’,, and
non-dispersive componerg,”,

=y +ut. (2.5)
The dispersive component is due to London forcaewine non-dispersive component
accounts for both dipole-dipole and hydrogen bogdteractions. Good al. discussed
an alternative approach accounting for acid-basgantions[46] combining ideas
proposed by Lifshitz and C. J. van Oss, which aotfor the fact that a polar
interaction can only exist between two complemgmtanlecules and does not contribute
to cohesion. This method will be referred to as®@ood method and is explained in
Appendix 1. While the Good method is more rigoradbe OWRK method is still
utilized today and gives good agreement with maqegmental results.
OWRK method:

The work of adhesion between two phases is given by

WL =2y v, +2ny," (2.6)
By applying equations (2.4) and (2.6) to the cdselmemispherical liquid drop on a non-

absorbing solid the work of adhesion is eliminated:
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v (1+cos8.) = 2[pyl + 2lyPyP 2.7)

This equation can be rewritten

1+ COS@ \/7\/7 \/7 2.8)

It now has the forny=m*x+b. If measurements are made for several liquids knbwn

v, y¢, andyP, the results can all be plotted as a sekof)(values using equation (1.22),

with the slopem=/y.” and intercepb=./y," determined from a linear regression.

2.6 Formation of an octyltrichlorosilane (OTS) self-asembled
monolayer.

The OTS treated silicon wafers used for contacteamgasurements were prepared as
follows: the SiQ/doped Si wafer was cleaned with a sequence oéstdvncluding
acetone, methanol, and isopropanol and then expgosedeactive ion etch (Technics PE
[I-A plasma system at 50 Watts power, 400 mtorip€ssure for 1 minute), and, in an
inert environment, immersed in a 0.2% (~5 mM) bijuwee solution of OTS in
hexadecane for 18 hours in an oxygen and moistaeg fitrogen purged glove box. The
wafers were removed and soaked in chloroform fomitutes, then rinsed with
chloroform followed by isopropanol and baked fantutes at 120 C. The wafers were
kept under a dry nitrogen environment prior to ugéater contact angle measurements
yielded an average contact angle of 1&80.2°. The OTS treatment used on the silicon
transfer substrates prior to deposition of P3HT d@se as described but using a ~1 mM

solution of OTS.
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2.7 Contact angle measurements on OTS treated and

untreated SiO,

Contact angle measurements were made op&10 OTS treated Spising a

series of reference liquids with known surface faergy components (Table 2.1).

Liquid v (mainf) Y (mInd) Y (mIind)
Water 72.8 21.8 51.0
Glycerol 63.4 37 26.4
Formamide 59.2 39.5 18.7
Diiodomethane 50.8 48.5 2.3

Table 2.1 Total surface energy and its dispersivend non-dispersive components of selected test

liquids (Temperature=20°C)[48]

The OWRK method and the Good method (Appendix Teva@plied to calculate the

components contributing toward the surface freegne
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Sample OWRK method Good method
% v 2 [z e I e I 7 B 2

Sio, 46+3 23+2 68+4 40+7 1.4t1.6 | 5H15 | 1#12 5~A14
(this work)
Sio, 68.13:0.01 | 9.2%0.02 | 77.360.02
(ref. [47])
SiO, with OTS 0.4+0.4 27.0t3.4 27434 | 28.6t 0.8 0 0.#£0.3 0 28.60.8
(this work)
SiO, with OTS 5.43:0.01 | 18.0#0.05 | 23.5@0.05
(ref. [47])

Table 2.2 Surface free energy components (in unitd mJ/m?) for OTS treated and untreated SiQ

based on two different methods. Literature valuesbtained by Janssen[47] are shown for the case of

the OWRK method.

It is also worth noting that the average contagi@nf water on an OTS treated surface

is 10T degrees whereas that measured on the untreafadesig 17. Regardless of the

method used the trend is clear. The OTS treated@te has a much lower surface

energy due to its significantly lower non-dispeescomponent. The results obtained

here are not in close agreement with those repartdee literature by Janssenal.[47]

but do support his conclusion that the non-dispersomponent is significantly higher

for the untreated Sigprobably due to the silanol groups extending alibeesurface of

the SiQ. These results suggest, in accordance with Eg#y), that the work of adhesion

between a solid and the OTS treated,Si@ be lower than that between the sadiad
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untreated Si@as long as the solid has a significant non-disgeiomponent to its

surface free energy.

2.8 Treated silicon dioxide surfaces for fabrication ofP3HT
transistors

Complete transfer of the P3HT layer onto a PET akesubstrate was achieved using
OTS treated Si@as a transfer substrate. A silicon backplanealssused to ensure that
the pressure applied to the PET substrate wasromif@rinting at 600 psi, 10, and 3
minutes was found to be optimal for P3HT. The ssstul printing of P3HT is an
indication that

W, (P3HT /OTS+S0,) < W,(P3HT /90,). (2.9

This is likely due to P3HT having a surface freergy with a significant non-dispersive
component. The same OTS release layer treatmentise to fabricate a set of transfer

printed transistors on all of the polymer dielexri

2.8.1 Reference devices

Reference devices were composed of a doped SirathE5iQ/Si) with the SiQ
used as a dielectric and doped Si used as a gateoele. Source/drain electrodes were
patterned using standard photolithography to yeblannel lengths from 3 to 1300 pm
and with channel width of 2000 um. Electrodes wermed by thermal evaporation
(10° torr) of a 10 A thick chromium wetting layer and@0 nm thick gold layer.
Following liftoff of the sacrificial resist layenisemiconductor grade acetone, the

substrate was spray rinsed with acetone, methandlisopropanol (semiconductor
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grade) followed by drying with nitrogen. The seamductor layer was formed by spin
casting a solution of 0.5 mg/mL 94.5% regioreg®@HT M,=13000 and\,,=26200
g/mole, Merck) in chloroform (ACS grade). The gsmos were stored in glass bottles
with Teflon lined foamed polyethylene caps to prewehloroform from escaping; these
caps offer better resistance to chemicals than wegae of poly-vinyl bonded to high
density polyeurethane. Brown glass bottles weeel tis limit exposure of the
chloroform to light since this exposure is knowrptoduce phosgene, a dangerous gas.
The solution was filtered using a 1 mL pipette (ielect) equipped with a Ow2n
polytetrafluoroethylene (Teflon) (PTFE) filter (b3 diameter, Nalgene) prior to spin
casting. Spin casting was done under ambient tondiat a speed of 1250 rpm with
1000 rpm/s acceleration, for 60 s, followed byrai@ute bake at 80C. The resulting
film thickness was about 20 nm as measured by attornte microscopy (Digital

Instruments 5000).
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Drain

Source

Gate

L ~5to 200 pm, Semiconductor
exponentially increasing

Figure 2.2 Optical image of reference device: a llom contact OFET with Si/SiO, substrate, gold
S/D electrodes, and P3HT semiconductor. Scratcmaight allows access to the doped Si gate with a
probe. Yellow areas are Au bottom-contact sourcefdin electrodes, and greenish area is the P3HT
semiconductor film. The film has been patterned wh a Q-tip to remove the P3HT far from the
electrode pattern.
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2.8.2 Conduction mechanism in P3HT films

A study of mobility as a function of temperaturesiyserformed on earlier devices
made using identical casting and baking conditemabove, but with a higher molecular
weight P3HT (M ~87 kg/mole, Regio-regularity >98%, Sigma Aldriemd an
additional oxygen plasma treatment (1 min, 300 Wirorr Q) on the substrates after
the solvent rinses. These devices showed roomeratye mobility a factor of ~7 times
lower than the devices discussed above.

The field-effect and saturation mobility of onetbése devices (L=20m,
W=2000pm) was measured under vacuum (<2*16rr) at temperatures as low as 20 K
(saturation mobility) and 90 K (field effect molyf). The data are shown in Figure 2.3.
While the temperature-dependence of the field-effeability could not be used to
discriminate between activated behavior or varimbtee hopping (VRH, see Figure
2.3), the saturation mobility, which could be prolweer a wider temperature range,
agrees with the VRH prediction but is inconsistgith the activated mechanisms.

A clear signature of VRH has only been observed3HT thin films once[49]. It
was hypothesized that Fe@dftover from the synthesis process may have aded
dopants that bound polaronic charge carrierss bt clear why the VRH temperature
dependence is observed in our P3HT films. The inafdéissenberg and Matters
predicts activated-like behavior in the exponertadlof localized states, in contrast to
the Mott VRH In(p) ~T"Y* mobility that is associated with a constant dgnsittrap
states. Also, in the saturation regime the sodraeéi electric field is significantly higher
(F = 50,000 V/cm or 5 meV/nm) than that used durindfigld-effect mobility

measurement$-&5000 V/cm) and it is not clear whether the measergswere in the

47



low-field regime whereF| < KT wherel is the average hopping length. Thus, these
results illustrate the role of localized stateshiarge transport in poorly ordered
materials. A more detailed study of the tempeeatund electric field dependence of the
mobility in disordered P3HT films is needed to drignm conclusions about the nature of

transport in these materials.
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Figure 2.3 Field-effect (black closed squares) arghturation (blue open squares) mobility of a spun
cast P3HT based OFET with 100 nm thick Au /1 nm thik Cr bottom contacts at temperatures from
20 to 330 K. Field-effect mobility was determinedising Eqn. (1.22)by fitting the -10 to 5 Volt regia
about Vp=0 to determine conductance and the gate voltagegi®n from -100 to -60 Volts to determine

mobility. The saturation mobility was obtained byfitting /I, VS. \ (see Eqgn. (1.21)) a¥p=-100
V and Vg from -60 to -100 V. The same mobility data are pkted on a semilog scale v&/T** (a) and

Linear fits show variable range hopping behaior in (a) and activated behavior in (b).
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2.8.3 Transfer printed devices

The fabrication of transfer printed transistorstshwith using a recipe
previously established by Daniel Hines for assengodi gate electrode, gate dielectric,
and source/drain electrodes on a substrate[44¢. pftcess is outlined schematically in
Figure 2.4. The first step is the printing of aegelectrode, patterned by
photolithography on a silicon transfer substratép@ PET device substrate. Due to
strong adhesion of the silicon to the PET, the ckaind transfer substrates adhere to one
another. This problem was addressed by treatmgititon with a low surface energy
SAM, 1H,1H,2H,2H-perfluorodecyltrichlorosilane (FBY. This treatment also
adversely lowered the adhesion of gold electrodé¢kd device substrate, so the
electrodes were coated with a thiol containing coamgl, benzyl mercaptan, to protect
them prior to the FDTS treatment. The polymereatigics and Au source/drain
electrodes were printed onto the device substoggether. Each polymer dielectric layer
required different processing conditions. Theeatigic layers used were PMMA, PS,
and PCO. These were spin cast onto the electd@sto printing the electrodes and
dielectric. The benzyl mercaptan and FDTS treatsiead to be used to transfer print
the PMMA/electrodes layer but were not require@riat the PS/electrodes or

PCOl/electrodes layers.
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The P3HT layer was prepared on a bare doped Si&sikstrate in the same way

as for the reference devices except for the useeoDTS treatment prior to spin casting.

The P3HT was printed onto all dielectrics at 600 p30° C, and 3 minutes.

100 nm Au Gate on Si 30 nm Au S/D on Si then Spin coat 20 nm P3HT

via. photolithography spin coat 600 nm PMMA on OTS treated Si
500 psi, 170 ‘C, 3 min 500 psi, 170 'C, 3 min 600 psi, 100 °C, 3 min
PET substrate

Figure 2.4 Fabrication of transfer printed P3HT based transistor on a PMMA dielectric and PET

Substrate.

|
gate

“
| s ]

Figure 2.5 Optical image of transfer-printed OTFTson a plastic(PET) substrate. For these devices,
Au source/drain and gate electrodes are separated/a 600 nm thick PMMA dielectric layer.

Starting at the left and moving clockwise, the foudevices shown here have channel lengths of L=1, 3,
6, and 9um and a width, W=100um.
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2.8.4 Characterization of transfer printed devices

The capacitance of the dielectric layers used véaimed by replacing the source/drain
electrodes with a 3 mm x 2Q@n electrode that overlapped an identical area @& ga
electrode to form a parallel-plate capacitor. Thpacitance was measured with a BK

Precision 820 capacitance meter. The values adatare listed in Table 2.2.

S/D Electrodes &

polymer dielectric| P3HT/PMMA/PET| P3HT/PS/PET | P3HT/PCO/PCO
Electrode 45 nm 45 nm 45 nm
Thickness
Electrode Surface O, plasma O, plasma O, plasma
Treatment Benzyl mercaptan
SAM
Transfer Substrate  Release Layer None None
Surface Treatmen SAM
Polymer/Solvent 7% 950K PMMA 7% 40K PS 10% PCO
in in in
Anisole Toluene Cyclohezanone
Polymer spin 2500 rpm for 60| 2500 rpm for 60 | 2500 rpm for 60
coating sec sec sec
Bake 90 °C for 3 | Bake 110 °C for 3| Bake 90 °C for 3
min. min. min.
Polymer thickness 600 nm 720 nm 460 nm
(prior to printing)
Printing Conditions 500 PSI 500 PSI 500 PSI
170°C 170°C 150 °C
3 min. 3 min. 3 min.
Dielectric layer 4 nF/cnf 3.2 nF/cm 6.3 nF/cm

capacitance
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Transfer printed devices similar to that showniguFe 2.5 were fabricated with
channel lengthd,, from 3 to 45:m with channel widthyw = 100um. The resistance of
each device was determined by fitting the linegiae of the output characteristics
betweenvp = -5 to -15 at gate voltages frovia = -20 to -60. Reference devices were
measured using lengths of 8, 50, and 200 microdsesistance was extracted by fitting
over drain voltages frordp = 5 to -10 and gate voltages frofg= -20 to -60. The
slightly shifted range utilized to compute the sémnce for the transfer printed devices
isn’t expected to alter the results reported hereessaturation only occurs in the transfer
printed devices &y ~ -40 V. The output characteristics of a P3HT/PMMET and the
resistance vs. length data for a series of suclteégwith varying channel length is
shown in Figure 2.6a and Figure 2.6b, respectivEigure 2.6¢ and Figure 2.6d show
the same two plots for the reference devices u3ée. mobilities shown in Figure 2.6b
and Figure 2.6d are corrected for contact resistasalescribed in Chapter 2. The
contact resistance reported is the average of corgsistances calculated Mg=-20 to -
60 V and then normalized by the channel widthallnthree different silicon chips, with
three reference devices apiece, were used to datethree contact resistances and three
values for mobility (corrected for contact resist@n The contact resistance varies
significantly with gate voltage (typically inverggbroportional to the absolute value of
gate voltage). However, averaging the contacstasces over identical gate voltage
ranges still leads to a figure of merit that carubed to compare the transfer printed and
reference devices. Threshold voltages are datedrfrom the transfer characteristics
by fitting the linear region of thép'? vs. Vg plot, over the gate voltage range

-60<V, < —20volts.
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Figure 2.6 Drain current vs. drain voltage and resstance vs. length. Transfer printed devices
(P3HT/PMMA/PET) are shown in a and b , respectivelywhile the same information is shown for

reference devices are shown in c and d..
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Device (# of devices) | u, cnf/Vs R*W, V1, Volts On/Off
MQ*cm Ratio

P3HT/SiO2/Si (9) 0.007 0.46 13 ~5x10

Reference samples

P3HT/PMMA/PET (15)] 0.0186 0.18 18.5 ~%0

P3HT/PS/PET (13) 0.0196 0.13 9.5 ~5x10

P3HT/PCO/PCO (14) 0.0408 0.23 -5 ~10

Table 2.4 Summary of the electrical properties aboth reference and transfer printed devices.

2.9 Conclusions

After correcting for contact resistance, the valsieswn in Table 2.4 indicate that
the transfer printed devices have both higher nitglaihd lower contact resistance than
the reference devices. We hypothesize that thelitydhcrease is due to the annealing
of the P3HT layer under pressure during the prinfirocess. Pentacene has been shown
to go through a restructuring process during amng#hat depends on the viscoeastic
properties of the polymer dielectric leading toHgg mobilities[44]. PMMA and PS
have been shown to affect the growth mode andftirerenorphology of pentacene
deposited on them at temperatures significantly fean their glass transition

temperature[50]. Chabinyat al.[51], found that poly(quaterthiophene) (PQT) extabi
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a higher mobility on OTS treated Si@ielectrics than untreated Si@ielectrics. After
transfer printing the PQT from that substrate amaintreated Sigdielectric, the field-
effect mobility was unchanged. However, after afing the device at 8TC the
mobility fell to a value typical of control devicesade using untreated SiOIt was
concluded that the change in mobility was due ¢ortiorphology of the P3HT which was
altered during the annealing process, not chasges tor interfacial chemical interactions.
Based on the result of Chabinstcal. [51] we have considered whether the OTS
used here as a release layer improved the mobflitye printed devices prior to their
printing. We do not assume that annealing elineisdhe effect the transfer substrate has
on P3HT, instead we argue that the OTS layer doesnprove the morphology of the
material prior to printing. To test this, we fadaied additional control devices by spin
casting from a 0.1 weight % P3HT chloroform solaotanto substrates with an oxygen
plasma treatment and substrates with this oxygasnma treatment followed by an
additional OTS treatment. These steps were dodessibed in section 2.6. Top
contact devices were tested so that contact rasstaould be minimal and unaffected
by the dielectric treatments- the junction formeteen a top contact and the
accumulation layer is much larger in area tharotie formed between a bottom contact
and the accumulation layer. Despite the largeatian in surface energy between the
plasma and plasma/OTS treated substrates, thesitdsted devices of identical
geometry were found to have similar field-effectmtities (uncorrected for contact
resistance) which, upon averaging over the mobditbtained from different channel
length devices, gave average mobilities that diddiféer by more than a factor of three.

There is evidence that the OTS does not affegbtiygmner structure relevant to the
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transfer printed devices in the literature. Klat@l. used rocking curves to analyze the
crystal structure of P3HT with varying moleculariglg on OTS treated silicon
dioxide[52]. The highest molecular weight P3HT digethe study (Mcpc-30
kgrams/mole) was cast at 2500 rpm from a chlorofeofution and exhibited a field-
effect mobility insensitive to SAM treatments. dddition, the crystal structure of low
molecular weight P3HT (2 kgrams/mole) was onlyraitewithin 17 nm of the SAM. It
was also shown to be more sensitive to surfacéniezds[52]. Our P3HT films were
~20 nm thick. Since only the structure of the pody in the top one nm of the spin cast
film is relevant to transport in the printed devitee OTS layer is unlikely to have
changed the morphology of the region of P3HT raléta transport. The morphology of
the spin cast P3HT layer is certainly affectedhmsy spin casting speed. For speeds of
2000 RPM the morphology is a mixture of plane-od adge-on orientations with
respect to an alkylsilane treated dielectric[SBherefore, it is unlikely that the OTS
treatment was the cause of the higher mobilitieasueed for the transfer printed devices
in which the top surface of the P3HT as depositatbines the device surface after
transfer printing. The improved performance intitamsfer printed devices can be
attributed to restructuring of the P3HT on the pady dielectrics or other interactions
with the various polymer dielectrics used.

We also observe a reduction in contact resistantee printed devices. This
may be partly due to the direct contact betweergthte electrodes and the polymer layer
In the reference devices the 10 A chromium wetkiygr introduces a 0.23 eV injection
barrier to transport into P3HT[54]The average mobilities of the top contact devices

tested above was 0.015 T(WVs) which is higher than that measured for thedso
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contact reference devices, suggesting that théeebdaer is important in bottom-contact
devices. In addition, the transfer printed eledtoare flush with the dielectric (planar
contacts) meaning, so there is little disruptiomhaf organic semiconductor structure
post-printing (see Figure 2.7) and direct injectidrtharge into the active semiconductor
region, unlike the injection characteristic of fmtacts. The planar contact geometry
has yielded pentacene devices with less disruptidine pentacene morphology at the
electrode-semiconductor interface and lower comgistance than either bottom or top
contacts[55]. Finally, a correlation has been ghbetween field-effect mobility and
inverse contact resistance in P3HT that may acdournihe improved contact

resistance[56]

2.10 Summary

Organic field-effect transistors on a variety ofypoer dielectrics were fabricated
using a novel transfer printing method. The trangfinted transistors had higher field-
effect mobility and lower contact resistance thiéina control devices.

Future work would include a quicker release layeatment (the OTS treatment
takes 24 hours) and tests of how the electricgigntees of the devices are influenced by
bending. While the increase in field-effect mdi@k in conventional silicon devices as
the surface energy of the treated dielectric iseised has been well documented[57]. it
is unclear whether this is due to an improvemenhefsemiconductor morphology or a
reduction in trap density in the semiconductortdha semiconductor interface. By
transfer printing the P3HT layers without anneglithg effect of the surface energy of
the dielectrics could be separated from the chamge®rphology they cause on the

P3HT layer. A printing process without annealingsvdemonstrated in 2005 by J. Park
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et al.[58], but there is no systematic study of surfavergy and device performance. A
careful study of the trap density and the morphploigthe P3HT film before and after

printing would be very useful.
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3 Fabrication of thin film, carbon nanotube electrodes
by airbrushing

3.1 Introduction

Research in flexible, transparent organic eleco®has been motivated by a wide
range of applications[59,60] such as flexible “&lecic paper’[22,61] , radio frequency
identification tags[62], photosensors[63], and sdialls[64]. The challenge lies in
finding inexpensive, robust techniques for proagesdiexible, transparent electronics
[60]. Currently oxide semiconductors (e.g. inditimoxide or ITO) are widely used as
transparent conducting films in organic electronéggplications. These materials are
inherently brittle, and require relatively expemsiwacuum deposition techniques.
Individual single walled carbon nanotubes (SWCNai® transparent in the visible and
IR due to their high aspect ratio, show condugticbmparable to copper[65], and are
environmentally stable[19]. SWCNT films have higlechanical flexibility, conductivity
and transparency approaching that of ITO[19], aad be prepared inexpensively
without vacuum equipment through solution technggsech as microfiltration [18,22],

airbrushing [66-68], dipcoating[68,69], and eleptioretic deposition[70].
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The use of CNT films as electrodes for OFETs walldiscussed in Chapter 4. Chapter 3
describes methods of preparing CNT dispersionstlamdirbrushing technique for
producing thin CNT films from these dispersionsieTairbrushing technique will be
described, and the conditions for obtaining CNTusohs which lead to airbrushed films
with high conductivity and high transparency widl locumented. Chapter 4 will discuss
patterning CNT films into electrodes for use in QBEand characterization of the CNT

film/organic semiconductor contact resistance.

3.2 Airbrushing

Most of the applications of CNT thin films requiikns which are dense enough to
be used as electrodes; sheet resistance shouavbgdt thin enough to be transparent.
The films should be smooth as well. Airbrushin@ isimple technique that produces
uniform coverage, thick CNT films. Many parametaffect the morphology of
deposited films. The setup used to deposit fililSNTs is shown irError! Reference
source not found. The airbrush is connected to an air compregsrshown) with an
external regulator capable of pressure outputarhft to more than 50 psError!
Reference source not foundshows the airbrush setup used for depositing fdins
carbon nanotubes. The laser pen offers a conviemegnto mark the center of the air
brush spot prior to adding a sample to the seG&gmples are held with the clamps
attached to the aluminum plate which sits on tlig@mmable hot plate, allowing for

deposition on a hot substrate.

61



Figure 3.1 Airbrush setup
Figure 3.2 shows a picture of the airbrush (Azdk0) with labels indicating the

controls and ports on the airbrush. As the trigggressed down, air is allowed to flow
past the hole where the feedstock reservoir attsaghd out the nozzle adapter. This
creates a suction which pulls solution held infdexistock reservoir out of the nozzle.
The control dial adjusts the ratio of air to saduti | labeled the control dial with a green
marker so that the number of rotations of the cloaild be counted. Zero rotations
corresponded to a setting in which almost no smtuivas allowed to mix with air. The
trigger can be both pushed in and throttled bacwaicontinuously adjust the valve

flow rate. The nozzle adapter adds an additicestriction to the flow. Larger diameters
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allow more flow and larger spot sizes. The spo¢ & the diameter of the spot formed
on the aluminum plate by the cone shaped sprangxte nozzle. The radius of the

spot size is proportional to the height of thedfipphe nozzle above the aluminum plate.

Control Dial 0.40 mm diameter nozzle adapter I

Trigger Feedstock bottle attaches here

Figure 3.2 Parts of the airbrush

3.3 Dispersions using different types of CNTs

3.3.1 Dispersions using HiIPCO tubes

Commercial carbon nanotubes are grown by a vaoietyethods. linitially
carbon nanotubes from Carbon Nanotechnology, afwidated by the high pressure
carbon monoxide (HIPCO) growth process were ugdpersions were prepared by
following a recipe provided by Kaempgetal .[71] in which a 1-2 mg per mL
concentration of carbon nanotubes is dispersedli &y wt. concentration of sodium
dodecyl sulfate (SDS) in water. Kaempgen found siregle walled tubes produced by

the HIPCO method gave lower sheet resistance forem transparency (SRfGT) than
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multiwalled tubes grown by chemical vapor deposifiGVD). He also found that the
longer CVD grown carbon nanotubes also formed nedsvavith lower SRfGT.

Detailed information is missing from the Kaempgeal. recipe. The duration
and intensity of the sonication, and the type oiicator were not fully explored by
Kaempgeret al. Also, it was not clear whether the concentratbnarbon nanotubes
and SDS were optimized. No airbrushing detailsewggven. The following recipe was
used initially

1) Disperse 2 mg/mL HiIPCO carbon nanotube producftrby wt. SDS in 20 mL
distilled water.

2) Sonicate solution in a VWR bath sonicator for 9dimes without heating.

3) Airbrush dispersions using control dial in posit®the 0.50 mm nozzle adapter

(white), a 12 second spray, and hotplate tempezatiui 00 C. Compressor

regulator set to output 45 psi.

1 An airbrush from Caswell plating (not shown) wised for the initial recipe. This airbrush hadxad
nozzle diameter but included a control dial to geathe solution to air ratio.
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Figure 3.3 Thin film of HIPCO CNTSs on glass slide

Figure 3.3 shows an SEM image of the CNT thin fileposited by the above
method. The network was patchy with bundles obhalpes greater than 100 nm in
diameter. Even though the deposition by airbruglas encouraging, problems with the
air brush clogging limited reproducibility of theplosition. Even after reduction of the
CNT concentration to 1 mg/mL the films were nonfonn partly due to the poor

adhesion of the CNTSs to glass (see Figure 3.4).

65



Figure 3.4 HiPCO tubes airbrushed onto glass slide
Reproducibility was improved by switching to thet@k airbrush with nozzle

adapters that could be removed and easily cleahkd.Aztek airbrush also allowed the
use of gravity feed which requires less air pressoratomize the dispersion, reduces

overspray, and leads to finer mist atomization.

3.3.2 Surfactant concentration and the problem with dispesing long
CNTs

Work by Bonardet al.[72] explains why the amount of surfactant must be
carefully chosen. Too little surfactant does ndbkate the nanotubes while too much
surfactant causes the formation of large, emptfastant micelles that exclude the
volume the CNTs have in solution. This cause<INd@'s to aggregate. Ideally, the
concentration of SDS should be slightly above ttitecal micellar concentration (CMC),
or the concentration of SDS at which the molecbkiag dispersed become saturated
with SDS and micelles begin to form. Bonat@dl. compared the dispersions formed
from 1 mg/mL of raw soot produced by the arc disgaanethod (a mix of carbon

nanotubes and nanoparticles) in water using SD8erdrations of 0.4 CMC, 2 CMC,
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and 12 CMC. They found that a concentration of 2GC(4.73 % by wt.) made the best
dispersions. They also found that longer CNTs niege stable dispersions because the
contact energy between two CNTSs is proportion&mgth. The loss of entropy during
aggregation of two CNTSs is not sufficient to pretvaggregation for high contact
energies. Another report by Jiagical.[73] found that 2% by wt. concentration of SDS
was optimum given a CNT concentration of 0.5 mg/imhyever, lower SDS

concentrations were adequate at dispersing comatiemis of CNTs below 2 mg/mL.

| observed that solutions of 0.2 mg/mL of HIPCO GNit 1% SDS (equivalent to
10 CMC) showed flocculation and phase separatiawanhours, consistent with

Bonard’s results.

3.3.3 Arc discharge carbon nanotubes from Carbon Solutios

Zhanget al. found that a commercially available source of carbanotubes
grown by arc discharge (P3, Carbon Solutions, fimcrhed films that had even lower
SRfGT and were smoother than films of HIPCO nanes${ib4]. The P3 carbon
nanotubes are open ended and functionalized wst3% carboxylic acid groups which
primarily functionalize the cap of the nanotube

The carboxylic acid group is thought to improve tiniees dispersibility; however,
the loss of the end cap during purification is tjlouto reduce the field-emission of
carriers from the nanotube end[72]. The lower SRiGfilms composed of P3 tubes is
likely due to three factors: (1) the impurity metahtent, (2) the diameter of the
nanotubes, and/or (3) the length of the nanotubb&e metal impurities in the HIPCO

nanotube product consist of ~15% by wt. iron wkile P3 nanotubes have 5-8% by wt.
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mix of nickel and titanium as determined by theesedive vendors using
thermogravimetric analysis. The amount of metalasenough to form a percolating
network; hence its presence only increases theat®o of light reducing the
transparency of the film without increasing the awaetivity. In addition, the HIiPCO
nanotubes have a diameter between 0.8-1 nm wharhadler than that of the P3 tubes
which have an average diameter of 1.4 nm. Largeneter semiconductor tubes have a
smaller bandgap, as was explained in Chapter &refdre, the intrinsic charge density
of these tubes is higher which increases their gotidty. The density of states for
bundles of metallic CNTs has been reported to axaibmall pseudo gap (0.1 eV) which
is also inversely proportional to diameter[2], drahce metallic CNTs of larger diameter
should also have higher conductivity. For bothatietand semiconducting CNTSs, the
resistivity due to phonon scattering is lower fanger diameters[75,76]. Metal-
semiconductor nanotube junctions, which form Séydbarriers, are also likely to be
more conductive with smaller bandgap semiconductangptubes[77,78]. Finally, the
length of the HIPCO tubes is 0.1-1 microns whilat thf the P3 CNTs is 0.5 to 1.5
microns. Given two films with equal concentratigng/cnf) of CNTs, films composed
of longer CNTs have been found to exhibit lowerethiesistance and higher

transparency [79].

3.4 Modifications for improved coatings.

The hotplate temperature was raised to A6%o reduce water aggregation and |
examined airbrushing onto corona treated polyetigyterephthalate (PET) from Dupont
(Teijin™ Melinex 454/700; thickness 170um). This material is a transparent plastic

known to have better adhesion than glass due togter surface energy. It is also
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compatible with transfer printing (as describedimapter 2). The distance of the
airbrush nozzle to the substrate was kept at 7'thagressure was reduced to 25 psi..
The following recipe was used.

1) Disperse 1 mg/mL P3 carbon nanotube product in $%tbSDS in 20 mL of
distilled water.

2) Sonicate solution in a VWR 50D bath sonicator fdom@inutes without heating

3) Cut up pieces of PET (1cm x 3 cm) long enough g0 &g able to clip them onto
the UV/VIS spectrometer holder and still leave wasthed surface for
measurements of sheet resistance.

4) Airbrush dispersions using control dial in positibrthe 0.50 mm nozzle adapter
(white), variable spray times, and hotplate temfoeesof 165°C. Set compressor
regulator to output 30 psi.

5) Soak PET pieces in distilled water for >30 minuf&sg: with nitrogen and then

characterize.

3.5 Characterization of airbrushed films using spectrosopy
and 4 probe measurements

A Schimadzu UV/VIS pharmaspec spectrometer was tesedaracterize the absorption
of the CNT films over the wavelength range 200-860 The absorption spectra of an
uncoated piece of PET and 5 pieces of PET coaté&NJyfilms are shown in Figure
3.5. Four probe sheet resistance methods wererpesfl on each of these films using
the Van der Pauw method (Cascade summit 12K pitaliers and a Kiethley 2400

source meter). The results of those measurementhawn on the right side of the
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scatter plot associated with that sample. Thetsiesestance of the uncoated PET sample

was not measured.
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Figure 3.5 Percent transmission as a function ofavelength of PET samples coated with CNT films

of varying thickness/density.

The percent transmission of the same films afterecting for polyethylene terephthalate

(PET) absorption is given by the formula

- Tonrper
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Figure 3.6 Corrected transmission as a function ofravelength of thin film of P3 CNTs on PET

3.5.1 Sonication and centrifugation on CNT dispersions wih
absorption spectroscopy

Visual inspection showed the films were too rougti¢ating the presence of
large particulates. The large particulates weeerdlsult of carbon nanotube aggregates
and carbonaceous impurities. ltktsal. [80] described a scheme by which the purity of a
CNT dispersion could be characterized using th&gpauaits absorption spectrum. These
peaks are associated with electronic transitiothwden the van Hove singularities in the
density of states of single-walled carbon nanotibee Chapter 1). The transitions
corresponding to 3 S», and M4[80] are centered at 1800, 1020, and 720 nnis dtk

al. used this technique to evaluate the purity of Citllameter 1.4 nm) produced by the
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arc discharge method[80]. Tahal.[81] pointed out that this technique could be used
characterize the effect of sonication and centafiggn. The method is illustrated in
Figure 3.7 using data from solutions prepared bysieg the recipe in section 3.4 but
with an additional centrifugation (7200 g, 10,00BNR VWR Galaxy 7). The S peak
from a centrifuged CNT dispersion (850-1200 nngisded into areas A and B. The
purity of the dispersion is proportional to theaaratio

R = A/(A+B) (3.2)
As the non-resonant background signal due to cademus particles is reduced the area
ratio will increase making this measure of puritgiisuited to comparing CNT

dispersions.
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Figure 3.7 UV-VIS-near IR spectrum of CNT dispersbn before and after centrifugation. The &,

peak from the centrifuged solution spectrum is usetb illustrate the area ratio method.

I examined the effect of sonication time on theospon spectrum of the
CNT/SDS/HO solution using a UV-1700 Pharmaspec spectrométe3DS/water
solution was used for baseline subtraction. Abaaaceous particles and tubes were
suspended, the absorption increased with nanotuteeotration as shown in Figure 3.8.
The M1 peak is visible around 750 nm. The backgroundtspecis due to the-

plasmons of SWCNTSs and carbonaceous impuritiesabserption spectrum of a 20 mL
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CNT/SDS/water solution was monitored every five u@s by extracting small 200
microL aliquots from the sonicated solution anditiiig them in a 1 cm path length
cuvette. The absorption of the CNT dispersiorsgianed to be proportional to the
concentration of nanotubes suspended in solufl¢re breaking of nanotubes by
sonication is only significant after sonication odays[81]. Since the concentration of
nanotubes in solution varied over an order of nagei and the instrument operates best
at absorption values less than 3, different dihgiof the CNTs dispersions were used to

capture the full range of the change in concematnati
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Figure 3.8 Effect of sonication on absorption of £NT/SDS/H,O dispersion.
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The area ratiof the Mi; spectral domain 625-833 nm was determined . Tée a
ratio was negative for sonication times less tHamihutes indicating negative curvature
in the absorption spectrum while the area ratiaira¢d a value of 0.005 +/- 0.002 after 50
minutes of sonication. Negative values for theaagtio are caused by concave curvature

of the spectrum within the spectral domain examined
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Figure 3.9 Area ratio of the My; peak in a CNT/SDS/HO dispersion over time

The use of centrifugation to purify CNT solutiorestheen well documented[81].
The effect of differential centrifugation over tirna the area ratio was investigated. The
benefit of centrifugation was investigated by amedyg the top 0.5 mL of 1 mL sonicated

solutions after differential centrifugation for &finutes (7200 g, 10,000 RPM, VWR
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Galaxy 7). The background is clearly reduced (Fedi10a) while the peak area is

slightly larger (Figure 3.10Db).

—— 90 min sonication
—— 90 min. + centrifugation
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Figure 3.10 The absorption spectrum of sonicatedCT/SDS/H,O dispersion before/after
centrifugation (a) and an abbreviated version of tk same spectrum after background subtraction

(b).

The improvement of % area ratio by centrifugaticaswepeated using the,peak (900-
1100 nm) since it gives a stronger signal tharMhgand has been oberseved to be less
sensitive to doping than the;:$eak[80]. A 1 mg/mL CNT/1% by wt. SDS in water
solution was sonicated for 90 minutes and somaisfsplution, labeled the raw solution,
was set aside for later analysis. The remainihgtism was separated into 1.5 mL vials
and centrifuged for 30 minutes. The top 1 mL @fsiavials was extracted into one
beaker and the remaining solution decanted inecarsl beaker. The % area ratio of the
uncentrifuged solution, top 1 mL, and decantedtswis was 4.97, 5.29, and 5.72,
respectively, indicating that the centrifugationgess does indeed purify the raw
solution and that the top 2/3 of the solution igenpure. Another sonicated but

uncentrifuged dispersion was made up and centfagexamine how the percent area
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ratio is affected by the duration of the centriftigga. In this test, a higher speed
centrifuge (Fisher Scientific 235 C, 13,600 g, 0D, &RPM) was used. The test began
with a 90 minute sonication of the CNT dispersidien, | separated the sonicated
solutions into 1.5 mL vials, filling the vials ugfter centrifugation for 10 minutes, |
removed 15QL from two opposing vials (to balance the centréugnd then repeated
this process every 10 minutes with a new opposaiggs centrifuge vials. The area
ratio of the &, peak was found to attain a constant value aftan2Qites of
centrifugation, an indication that the individuanotubes contributing to the signal were

precipitating out at the same rate as impurities.
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Figure 3.11 Area ratio of $, peak during centrifugation.

The improvement in area ratio can be understoaadgeling the effect of

differential centrifugation on the CNT bundles aabonaceous impurities by altering
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the Stokes equation for sedimentation of a sphgpendicle. For a spherical particle, the
drag force is given by

F, =6mRv. (3.3)
Here,Ris the radius of a spherical particle, anid the viscosity of the medium, amds

the velocity of the particle[82]. The centrifudatce of the centrifuge is given by
4 3
Fe =§7TR (ps—p)a (3.4)

where o5 is the density of the particlg,is the density of the surrounding medium, and
is the centrifugal acceleration of the particla aistance from the center of the

centrifuge. The steady-state terminal velocity is

v, =2R* (o, - p)al (97) (3.5)
For an extremely high aspect ratio particle such earbon nanotube bundle, the drag
force is more complicated. We may regard the Chde as tumbling under the
influence of Brownian motion and therefore as aesplwith diameter equal to the length
of the bundle. An exact solution requires soluing Navier-Stokes equation under
appropriate boundary conditions for a long, thid mo different orientations, assuming
low Reynolds number. In the limit where the nabetlength/, is much larger than its

radius,R, the terminal velocity reported by Fagairal .[83] is

v = R*(ps — p)a2in( /R)’ s R (3.6)
617

The radius of a P3 SWCNT is ~0.7 nm; thereforecamt theoretical calculation of the
diameter of a columnar micelle composed of a Oriddiameter HIPCO grown SWCNT
gives a relevant estimate of the diameter of alaimicelle composed of a P3 SWCNT.

The theoretical study [84] determined that the cwiar micelle had a radius of ~3 nm
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and a specific gravity of ~1.0. Since the spedfiavity of the micelle and that of the
medium, water, are the same, the micelle will moliment during centrifugation. A
columnar micelle of SDS composed of a seven tulpellewf radius 10 nm, however,
has a specific gravity of 1.2 [84]. Such a buratléhe minimum radius of the centrifuge
tube (~65.7 mm) reaches a terminal velocity of 880s. Then, assuming a homogenous
initial distribution of seven tube micelles in thispersion, equation (3.6) predicts that
only ~2 % of the seven tube bundles will pelleeaf0 minutes of centrifugation
yielding a poor separation of bundled carbon namedand individual carbon nanotubes.
The metallic impurities present in the commercialxilable P3 SWCNTS, nickel and
titanium, have a higher specific gravity, 8.912 dm@il 4, respectively, but have a
diameter that is likely to be on par with that leé ISWCNTs grown from them, ~1.4 nm.
Given diameters of even 6 nm , as has been replmté@wn catalysts particles[84], only
0.05% of the titanium particles present would gellgtill, centrifugation can remove the
large carbonaceous impurities (2-5 wt. %) whichaaéarge as 10m in radius (Figure
3.12). Using the Stoke’s equation for sphericatipias (3.5), such a particle reaches a
terminal velocity of 55 mm/s which means it wilbgh the end of the vial and pellet in
less than a second after the centrifuge reachlespieied (about 6 seconds). So, the effect
of centrifugation over short time periods of 20 otes is to remove the even larger
bundles and carbonaceous patrticles.

Figure 3.12 shows optical micrographs of CNT filpnepared from non-
centrifuged and centrifuged solutions. A 30 mincgatrifugation step removed all of the

particles visible in the optical image of the filmthout centrifugation (top left of Figure
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3.12). In addition, the surface roughness of tHaashed film (shown on the bottom

left) is characterized big,= 10 nm where

R=0 2 @7)
andy; is the height of the a sample and the sum is aVé&eights measured. The
roughness was measured with a DI 5000 AFM in tappinde. Finally, the sheet
resistance which is equivalent to the resistivitymnalized by channel length and channel

width, corrected for PET absorption, was as lo® &9hm/sq at 80% transparency (see

bottom right of Figure 3.12).

100

%T ey (550 nm)
B o [2]
s 8 8
1 1 1
L]

T T
0.1 1 10 100

Sheet Resistance (kQ/sq)

Figure 3.12 Films deposited on PET without centrifigation of solution (top left) and after 30 minutes
centrifugation of the solution (bottom left). Measired sheet resistance vs. transparency (right) usin
centrifuged dispersions is shown in black. The reft line is fit using Hu’s model[19] .

80



The %T vs. sheet resistance behavior is in agreewitna model that treats the
CNT film as a thin metallic film that is thin conmeal to the wavelength of light used
(550 nm was used here), on a fully transparenediet [19]. The model predicts that

or=— 100 3.8)

|
CR: Jdc
whereR; is the sheet resistanag, is the optical conductivity (real part of the AC
conductivity), gy is the dc conductivity, andlis the speed of light. A fit to the
experimental data is shown in Figure 3.12. The fnele parameter used is the ratio of
O 10 Oy ; we find that a ratio of 0.74 +/- 0.03 gives tlestfit to the data. This value is
slightly smaller than the value of 1 obtained byetal.[85].

The centrifugation of the CNT solutions is esseértieremoving large

aggregates. Only films airbrushed from solutiomstafuged for 20-30 minutes will be

discussed in the remainder of this chapter.

3.5.2 Commercial CVD carbon nanotubes

Long (5-30um) CVD grown SWCNTs (5 wt.% MWCNTSs) purified by HNO
and functionalized with hydroxyl groups (2.5 wt %@re obtained from Cheap Tubes.
The hypothesis was that the —OH functionality waulake better dispersions due to
hydrogen bonding with the water molecules in trspdision. The dispersion of longer
SWCNTs.was investigated.

Long —OH functionalized CNTs were mixed in wateaatoncentration of 1
mg/mL CNT with 1% by wt. SDS in water and the samalysis used on the dispersions

of P3 CNTs was repeated. First, the impact ofcaimn was examined. The dispersions
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with —OH functionalized tubes were not as stablthase with unfunctionalized P3

CNTs studied earlier. The increase of the absampif the dispersion with sonication
was observed with measurements of the absorptiorettrately after sonication;
however, the § peak at 952-953 nm was very weak. The low intgradithis peak
relative to that for the P3 CNTs is due to the faet the CVD process produces CNTs
with a broader distribution of radii, between 1+8,rwhile the P3 nanotubes have radii of
1.3-1.5 nm. The radius of a CNT affects thet&nsition and so the,Speak is
broadened. The larger peak around 250 nm is th&apmon peak which is present in all
graphitic carbon (not just CNTs) and could not becuto analyze the purity of the CNT
dispersion[86]. Sonication of the dispersion afddCNTs did show an increase in the pi-

plasmon peak height with time and reached a congédme after 15 minutes.
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Figure 3.13 Effect of sonication time on absorptio of CNT dispersion with CVD grown carbon
nanotubes
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The % area ratio was <0.1% and could not be deteinivith enough accuracy
to make conclusive predictions. The effect of gargation was investigated by
examining the area of the peak over the range 906 hm. The area ratio increased

from 0.06% to 0.12% after 35 minutes of centrifugat
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Figure 3.14 The effect of centrifugation on the sctrum of CVD grown —OH functionalized CNTs

Airbrushing of the dispersion centrifuged for 3nries yielded a film with sheet
resistance of 24/sq at 79% transparency (2@4sq @ 79%l ). This was below the
performance of films made from P3 CNTs. No furtilestigations were performed

with these nanotubes.

3.5.3 Airbrushed CNT films as semiconducting material

A series of transistors with varying channel léngere made by airbrushing
CNT dispersions onto a Si/SIC00 nm thick oxide) substrate with 3 nm chromiLo®

nm thick gold electrodes that were pre-patternBge contact resistance in these
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transistors was determined from an extrapolatioa fifto resistance vs. channel length;
the intercept of the fit is the contact resistafiigure 3.15). These devices exhibit low
contact resistance within error of z€ddcm. The conductance of the film varied slightly
with gate voltage on the Si back gate. This sendoating behavior gave a field-effect
mobility of 6 cnf/(Vs) but a poor on/off ratio due to the presentcetallic carbon

nanotubes.

P3 Nanotube Mats on Au electrodes with variable channel
length
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Figure 3.15 Resistance vs. channel length of Aurdacted CNT TFTs on SiGQ/Si (Vs=0 V).

3.5.4 Morphology of carbon nanotube films:

The spraying of the CNT dispersion onto a hot sabstorms droplets on that quickly
dry leaving rings of solute behind (The formatidriteese rings is a universal effect
known as the “coffee-stain effect” and has beeontepl on for years as the effect can be
observed in mineral deposits on washed glass, ndormity in coatings of paint, and
coffee stains[87]). The rings result from theialipinning of the drop perimeter by
either surface roughness, chemical inhomogenaityn ehe case of concentrated

dispersions, by the initial deposition of the se|8%7]. Preferential evaporation of solvent
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from the perimeter of the drop causes a radial dfudispersion from the drop’s center to
its periphery replacing the solvent lost and maiitg the perimeter. Images of

airbrushed CNTs thin films have these rings (Figide ).

AccV SpotMagn Det:WD Bp F——————. 50m. "
300kv 30 692x SE 87 1 %foo 3,

1
0.0 1: Height 50.0 pm

Figure 3.16 Images of CNT thin films after airbrusiing and rinsing away surfactant. The rings of
CNTs left by the “coffee-stain” effect are visibldan the SEM image (left) and the AFM image (right).

The overall coverage of CNTs on thin films usindpaishing was found to be more
uniform using airbrush pulses instead of continugrslying. A 30% duty cycle (3
seconds of spraying followed by a 7 second pauas)faund to yield more reproducible
results when airbrushing onto PET at 265

Vinod Sangwan in collaboration with me used theesdmpersion recipe but diluted
the CNT and SDS to 0.03% and 1 % by wt., respdgtivele demonstrated airbrushed
films without rings and was able to make transstaging titanium contacts with on/off

ratio of 1¢ and mobility of 10 crfi(Vs)[88].
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3.6 Summary

Stabilizing a dispersion of carbon nanotubes regusufficient surfactant to coat
them but not form micelles. Arc discharge (P3)otahes disperse more easily and yield
airbrushed films with lower SRfGT (I¥sq @ 80 % ) than CVD grown nanotubes. In
addition, their purity can be analyzed with moregision since the,gpeak is narrower.
The arc discharge nanotubes also yield lower SRf@m HiPCO nanotubes.
Dispersions made from P3 CNTs must be sonicatedtfl@ast 30 minutes to sufficiently
exfoliate the tubes and centrifuged for at leasti®@utes to effectively remove most of
the larger impurities. This was consistent withdelong of centrifugation using an
approximation of Fagaet al. model for centrifugation of CNTs in solution. Aitshing
should be done onto a heated substrate in ordurirntionize aggregation of tubes during
drying. However, high temperatures are to be avbtdeeduce material strain. Within
these constraints airbrushing can quickly depasit@attern CNTs over larger areas on

both glass and polymer substrates.
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4 Fabrication of transparent organic transistors usirg
CNT electrodes

4.1 Introduction

Understanding the electrical properties and linoteg of the SWCNT/organic
semiconductor interface is important to fully reali applications of transparent,
conducting SWCNT films such as organic light-emgtidiodes[89,61,22] and solar
cells[90,21]. Previous work using SWCNT films growsg chemical vapor deposition
(CVD) found a SWCNT/pentacene contact resistancéoasas 30 K-cm (Ve=-50
V)[91]. The CVD method is expensive and laborioss,solution-phase preparation of
CNT films is desirable for commercial applicationSolution-processed CNTs have also
been found to make good contact to poly(3,3”-dldoylquarterthiophene) (PQT-12)
[92], but it is not clear that this result could égpanded to pentacene, where contact
resistance in bottom-contacted devices is morel@nadtic.

Here, we utilize the airbrushed films describedChapter 3 as electrodes for
pentacene and poly-3-hexylthiophene thin-film tistoss (TFTS). Airbrushing CNT thin
films is an additive process that allows quickgéaarea patterning over any substrate and
is compatible with ink-jet printing. CNT films degpited by spraying have been found to
be rougher than films deposited by other methodsekhibit similar sheet resistance for
a given transparency[69]. The channel-length-dependutput characteristics of the
SWCNT-contacted TFTs on SiSi substrates are used to extract the mohili{p.093
cn’/Vs for pentacene, 0.014 éhds for P3HT) and contact resistivity. In the caxe
pentacene, we demonstrate that solution-proces¥¢dNS bottom-contact electrodes

make moderately low-resistance (as low as QOckn) contacts, which extends previous
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results for pentacene contacted by CVD-grown SW(8B[sto this much more easily
processed material. For P3HT, we verify low contasistance (<50 -cm) bottom
contact to solution-processed SWCNTs, similar tevimus results for poly(3,3"-
didodecylquarterthiophene)[92]. We also demonstitéie use of solution-processed
films of SWCNTSs as source, drain, and gate eleesad flexible, transparent SWCNT-

contacted pentacene TFTs on plastic polyethylereptiealate (PET) substrates.

4.2 Materials and Methods

SWCNT films were prepared as follows: A dispersiminlmg/mL SWCNTs
("P3”, Carbon Solutions) in 1% by wt. sodium dodesylfate (SDS) and water was
exfoliated by sonication for 90 minutes followed dijferential centrifugation at 12,000
rpm for one hour to remove carbonaceous impur2gs[The top 2/3 of the supernatant
liqguid was extracted and used as the airbrush feekls The source/drain (S/D)
electrodes of the test devices were made by ubma@itbrush (Aztek A470) described in
section 3.2 to deposit a 30-40 nm thick film o0at®00-nm-Si@n**-Si platform at a
temperature of 168C. The deposited films were then soaked in watenfee hour to
remove surfactant, and dried with @ jJun. The SWCNT film was patterned using
photolithography and £reactive ion etching. In order to determine thganic-SWCNT
contact resistance, a set of devices of varying ¢egthL from 3 to 1262um was
fabricated; the channel widW is 1.6-2.0 mm. The optical transparency of théoca
nanotube thin filml was obtained from the ratio of the measured traesgg of CNT-
coated PET, prepared by airbrushing directly orfd ,Ro that of the PET substrate prior

to nanotube coating (see section 3.5).
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Pentacene films were deposited onto the prepared é@ttrodes in vacuum (<2
x 107 torr) by evaporation through a shadow mask to ftmenactive area of the TFT.
P3HT transistors were fabricated on the prepared €lctrodes by first vapor coating
the SiQ substrate with hexamethyldisilazane (HMDS; seewglnd then spin casting
P3HT at 1250-2000 RPM from trichlorobenzene he&betlO0°C at a concentration of
10 mg/mL followed by a vacuum bake at 10D for one hour[91]. We also fabricated
bottom contact P3HT control devices on 1 nm Cr/@af0Au electrodes to examine the
quality of transistors which could be fabricated dasting from trichlorobenzene onto
HMDS-treated Si@ and successfully made devices with intrinsic rigbof 0.029 to
0.038 cri/(Vs), a significant improvement over casting P3#fdm chloroform on
untreated substrates.

The formation of HMDS monolayers on Si@as done using a vapor coating
method. In this method, the sample chamber isede& 100°C (based on a
thermocouple gauge in contact with the side of chamber). While the chamber is
heating, it is pumped down to ~50 mtorr. Then, hke, \,, to the vacuum is closed
and the valve to the HMDS reservoir;, \'s opened for a period of 20 minutes. Valve,
V,, is then closed and the hot plate turned off. eAthe sample chamber is cool it is

moved to a fume hood and opened.
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Figure 4.1 Setup for coating silicon wafers with IMDS.

Contact angle measurements were made on HMDS dr& and surface free

energies were computed using the OWRK method ($ept€r 2). The average water

contact angle was 97 The values obtained for the surface free enemyponents

(Table 4.1) are in close agreement with those nbthfor the OTS monolayers (section

2.6).
Sample yp yd y
HMDS coated Si@ | 0.8+/-0.3 22.8+/-1.8 23.6+/-1.9

Table 4.1 Surface free energies of HMDS treated S}O

The doped Si

substrate acts as a back-gate electrddl electrical

characterization was done in a &tmosphere in the dark to prevent unintentionairup

during the measurements.
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4.3 Pentacene and P3HT transistors on silicon

Scanning electron microscopy was performed on #@geene/SWCNT TFTs
after electrical measurements. Parts of one opdrgacene/SWCNT TFT are shown in
Figure 4.2a and Figure 4.2b (a close-up) illustatine morphology of the pentacene
layer on both the bare Si@s well as the CNT film. The pentacene on the IS0
forms ~250 nm dendritic grains separated by redatimarrow grain boundaries whereas
the pentacene on the CNT film forms a discontinuddosof rod-like grains. The crystal

structure of these grains is unknown at this tinmel as the subject of further

investigation.

R
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Figure 4.2 SEM images of parts of one of the CNTémtacene transistors showing (a) four separate
areas: the bare SiQ (bottom right), the CNT film deposited on SiQ (upper right), the pentacene
layer deposited on the same CNT film (upper leftlthe pentacene layer deposited on Sidbottom
left) and (b) a closeup of the interface between ¢ghpentacene on Si@and the pentacene on the CNT
film.

Figure 4.3 and Figure 4.3 show output charetiesi for example
pentacene/SWCNT and P3HT/SWCNT TFTs, respectivdllge drain current vs. drain

voltage at fixed gate voltages was measured usimg Keithley 2400 source meters
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controlled by a Labview program designed to grdgtuaimp up and down the drain and
gate voltages and spend ~100 milliseconds for eaatent measurement. The gradual
change of the voltages prevents charging curresgecéated with capacitance between
the gate, source, and drain electrodes. The gat@de current is also monitored. The
resistanceR of each device was found as a functiorLaind gate voltag¥s from the
slope of drain current vs. drain voltaldep) for -1 V <Vp < 1 V. A threshold voltag¥r
was extracted from the conductanceVWs plot for each channel length; this allowed us
to compare measurements performed at the samdiedfgate voltage/c* = Vi - Vr,

correcting for any possible length-dependent trolesbhift[94].
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Figure 4.3 (a) Output characteristics of a carbomanotube film-contacted pentacene transistor with
length L = 20 microns, widthW = 1600 microns. (b) Output characteristics of aqly(3-
hexylthiophene) thin-film transistor with carbon nanotubes electrodes with lengtt. = 50 microns,
width W = 2000 microns.

Figure 4.4(a) and Figure 4.4(b) shd&®wvs. L at various values o¥g* for the

pentacene/SWCNT and P3HT/SWCNT TFTs respectiveR.vs. L obeys a linear

relationshipR(L,V.) =a(V,)L+ R (V.). The intrinsic field-effect mobility may be
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ala™
found from a [95]: 1. (V) =iu The contact resistivity is defined to fae=
WC,, 9V,

R.W, whereW is the channel width. For pentacene/SWNCT deyjggs finite and gate
voltage dependent, saturating at <30-&m for Vg* < -40 V. Values for the contact
resistance using Au bottom contacts vary from 2010 K2-cm depending on the gate
voltage, the work function and conductivity of tingecting electrode, the temperature of
the substrate during deposition, and the thickmédbe pentacene layer[96-98]. Gold
top contacts have contact resistances an order agnitude smaller than bottom
contacts[98]. In our devices, the intrinsic mdilis 0.093 crf/(Vs). On/off current
ratios {/p = -60 V, -60 V< V¢ < 60 V) were >18 For P3BHT/SWCNT devices, is less
than 50 K-cm at all gate voltages in the ON state, highantbontrol devices fabricated
with gold bottom-contacts with; equal to 1-10 ®-cm[95,99]. The intrinsic field-effect
mobility was as high as 0.014 &ifVs), and on/off current ratios > 1QVp = -60 V, -60

V <V <50 V) were obtained for PBHT/SWCNT devices.
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Figure 4.4 (a) Resistance vs. channel length; - Vr =0 - 60 V in 10V steps for carbon nanotube film-
contacted pentacene transistors and (b) carbon natubes film-contacted P3HT transistors with.V -
Vr =-26t0 -106 in 20 V steps.

The bottom-contact resistance to pentacene obtaitdgold deposited on a
relatively thin chromium or titanium wetting layas is typically used to make bottom
contacts is higher than that for gold top contadsd shows non-lineat(Vp)
characteristics, attributed to the presence ohgettion barrier[100,101] or disruption of
the pentacene morphology at the interface of theobocontacts[102]. Given that the
sidewalls of CNTs have a work function of 4.7-4\g¥3] while pentacene has a work
function of 5 eV[104], our observation that bottarantact SWCNT electrodes offer
slightly lower contact resistance to pentacene tngther be due to narrowing of the
injection barrier due to the high electric fieldtae SWCNT ends[105], or by allowing

better ordering of the pentacene on S#&D the electrode interface. Given the close
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packing of SWCNTSs in our thick (30-40 nm) SWCNThfjland the thick (500 nm) gate
dielectric, we consider electric-field enhancemanlikely. We propose that SWCNT
electrodes allow more favorable growth of pentacemeéhe neighboring SiOsubstrate,
or that the morphology of pentacene on the SWCNKM&mselves does not give rise to a
significant injection barrier (though this requir&sther study, given the significant
differences in morphology observed for pentacermsited on SiQvs. CNTs in Figure
2). In the case of P3HT, SWCNT contacts show dambrresistance similar to that

obtained with Au[95,106,107].

4.4 Demonstration of Transparent Organic Thin-film
Transistors

Finally, we show that solution-processed SWCNT teteles can be used to
fabricate an all-carbon transparent, flexible TRTwhich SWCNT films are used as the
source, drain, and gate electrodes, and pentacertbeasemiconductor. Caai. al.
demonstrated a SWCNT-contacted pentacene thindiimsistor (TFT) on a plastic
substrate using SWCNTs grown by chemical vapor siéipa (CVD) and patterned by
photolithography[107]. Here, SWCNT gate electrodese airbrushed through a shadow
mask onto PET (Dupont Teijil Melinex 454/700; thickness 170um). The SWCNT
gate had a sheet resistance of 32Isk] and a transparency of >91% that was interpiblate
from the sheet resistance vs. transparency figusgn. (3.8).

To facilitate probing the CNT layer, a 100 nm kayer was deposited onto the
four sides of the CNT gate electrode. The dieletayer was applied in two steps. In the

first step, a 1 micron thick layer of PMMA was spcast onto a transfer substrate and
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printed onto the device substrate at 500 psi amdpéeature = 170 °C for three
minutes[108]. In the second step, SWCNT sourcedaath electrodes (sheet resistance
of 1 kQ/sq and T >78%) were patterned on a BBDtransfer substrate following the
scheme outlined above, coated with 50 nm of alurtétectron beam evaporation at 2 x
10° torr) followed by a 1 micron thick spin coatedéapf PMMA and then printed onto
the device substrate. The alumina layer serveditimize the leakage current from the
source and drain electrodes to the gate. The ttapae of the resulting gate dielectric is
estimated to be 1.33 nF/émFinally, 30 nm thick pentacene was evaporateoutih a
shadow mask. These devices had a channel widti-889microns and channel length

from 37 to 47 microns.
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Figure 4.5 (a) Optical micrograph of four transparent, flexible carbon nanotube film-contacted
pentacene thin-film transistors (TFTs) on poly(ethjeneterepthalate) (PET) substrate. (b) Output
characteristics for one of the TFTs pictured in (a)

Figure 4.5a shows a micrograph of the completedcdeWThe single cross-shaped
CNT film acts as a common gate for all four tratwsis Silver paint was applied to the
ends of two of the gate contacts to facilitate at@e@ probing of the CNT film. Figure

4.5b shows the output characteristics of the devibe field-effect mobility obtained for

97



these devices (uncorrected for contact resistawes)as high as 0.06 éffVs) with an
average of 0.04 cf(Vs), assuming a dielectric constant for PMMA 08.3As fabricated,
the devices exhibite¥r > 60 V, so the on/off current ratio could not becwaately
determined. After aging the devices for several thi®@nn an inert environment (<0.1
ppm moisture content) the threshold voltages ghifbebetween -10 and -20 V indicating
diffusion of dopants out of the device over timé&eTon/off current ratios for the aged
devices ranged from @0 10 (Vp = -60 V, -60 V< Vg < 60 V), and the saturation
mobility values decreased by 10-15%. The low on¢offrent ratios compared to devices
on SIQ are likely due to the more than 4 times lower gateacitance (which limited the
charge density accumulated in the channel, andehiirgcon current) and possible charge
trapping at the pentacenei®% interface which prevents the off state from being

reached.

4.5 Conclusion

Airbrushed SWCNT films with sheet resistance belbkQ/sq atT = 80% have
been used as electrodes to make bottom-contachqeer® transistors with contact
resistance as low as 2&idcm, lower than typically achievable with Au/Cr twh-
electrodes, and comparable to resistances achewaih CVD-grown CNTs. If we
assume that the organic/CNT contact resistanaeversely proportional to mobility[95]
even lower contact resistance should be possitite avganic films optimized for higher
mobility. The low contact resistance between thetgcene and CNT film is surprising
given the significant difference in morphology beem pentacene deposited on S#0d.
CNTs (see Figure 4.2). Solution-processed SWCNsfialso make bottom-contact

electrodes for P3HT with contact resistance coniparto that of Au. We have also
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demonstrated that solution processed electrodebegatterned onto a flexible plastic
substrate both directly (gate electrode with transpcy >91%) and via transfer printing
(source-drain electrode), as components of a Pn (WiHh >78% transparency) using a
relatively transparent PMMA/AD; dielectric and PET substrate with a transparericy o

80-90 %.
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5 Field dependent mobility in pentacene FETs

The temperature dependence of the conductivitypgntacene thin-film transistor is
used to directly measure the activation energyfasetion of both gate voltage and
drain-source electric field. Channel lengths frdt@ 50 microns are studied in order to
vary the electric field in the channel at a fixedid voltage. The activation energy is
found to monotonically increase as gate voltagease more positive while it decreases
linearly with the square root of electric field Wwetn drain and source as described by the
Poole-Frenkel effect. At zero electric field, fhresence of a gate-voltage dependent
activation energy is consistent with an exponewggay of localized states beyond the

mobility edge[109], and the trap density of states function of energy is extracted.

5.1 Motivation: Non-linearity in organic FETs

To use OFETSs in radio frequency identificationstagd applications requiring
switching of the transistor from on to off in a misecond, it is advantageous to
maximize the mobility of the semiconductor used eedlice the channel length of the
transistor. Since the mobility of charge carriarsrganic semiconductors is so low, it is
even more important to reduce the channel lengsuah devices. Understanding charge
transport in organic field-effect transistors wsthort channel lengths is therefore
essential for many applications.

The channel length where deviations from the stethtbng-channel transistor model
for accumulation mode FETSs is about 10 micronsvi@s with shorter channel length
typically exhibit non-linearity in the drain currevs. drain voltage characteristics in

disagreement with the standard long channel mastéletl from the gradual channel
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approximation[110]. There is some debate abouthenehe non-linearities arise from
extrinsic mechanisms such as contact resistandeube heating, or intrinsic electric-field
dependence of the mobility. The latter effectrisfpundly different in organic
semiconductors compared to conventional semicondsicin typical inorganic
semiconductors such as silicon, the mobiiggreases with increasing electric field, due
to optical phonon emission. However in organicisemductors, where the conduction
is dominated by carrier trapping processes, theiliyols expected toncrease with
electric field as in the Poole-Frenkel effect[3d$ulting in increased performance for
short-channel devices.

In this chapter, models and experimental evideacédld-dependent mobility in
various organic semiconductors will be introduceltbfved by a discussion of the way
the temperature dependence of the conductivityoeamsed to directly determine the
activation energy as a function of both gate vatagd drain-source electric field. The
field dependence of this activation energy willused to extract the Poole-Frenkel factor
and the zero-field activation energy will be use@xtract the density of states in

pentacene in the context of a multiple trapping @belase model[111].

5.2 Introduction to field-dependence of the mobility aml
conductance in organic FETSs.

The Poole-Frenkel effect has been reviewed by Muwgd[34] in 1969. In this
effect, charged coulomb centers act as charge, iaapisthe potential well associated with
these traps varies ag 1/The presence of an electric field reduces tarsiér height for

charges moving in the field direction (see Figu®.5The barrier heigh# in the
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presence of an electric field of magnituéles reduced from the initial heigAy by an
amount proportional to the square root of the eleteld:

A:/Ab_[e‘i] 51)

TE

whereeis the electron charge, amdthe dielectric constant of the conducting medium.
In the simplest application of this mobility mod#ie barrier height is reduced regardless
of the direction the localized carriers move. 8itite activation energy governs the ratio
of free charge to trapped charge, smaller activagimergy increases the effective

mobility (as described in Chapter 1). Therefone, eéffective mobility

u exp(yFl’z) (5.2)
where y , the Poole-Frenkel factor, depends on the pawuiytof the material
1/2
eS
y= (—j (5.3).
TE
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This dependence of mobility on electric field ifereed to as the Poole-Frenkel
effect. This effect is similar to Schottky barriewering except that it happens within

the material instead of at the interface of a matal semiconductor.

F=4*10° V/im
F=0 V/Im 0.20 1
0.20 Q,
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Figure 5.1 Schematic of how the coulomb potentiaurrounding a charge trap is modified by
application of an electric field in 1-D. The barier height is indicated by a red arrow for a fieldof 0
V/m (a) and 4*1¢ V/m (b).

5.2.1 Experimental evidence for field dependent mobilityof the Poole-

Frenkel form

A field dependent mobility of the Poole-Frenkelrfoin an organic semiconductor was
first reported by Gill in 1972[112]. Gill foundéha field dependence of the Poole-
Frenkel form fit his data but considered the exisgeof charged coulomb centers to be
unlikely in the molecularly doped polymer (also Wmoas a charge transfer complex) he
was studying.His second objection to the presence of such cemtas that the Poole-
Frenkel model assumed the presence of bands whach ot justified based on the low

mobility of these materials. Still, the presenteltarged coulomb centers continues to
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be postulated today[113]. Since Gill's study, ttetical explanations assumed that field-
dependence of mobility was due to randomly distedipermanent dipoles. However,
since Gill's paper in 1972, the Poole-Frenkel defesice of the mobility on electric field
has been reported in many pure organic semiconduictcluding polythieno-
thiophene[114], poly(3-hexylthiophene)[115,11&exithiophene[117], poly 9,9'-
dioctylfluorene[35], MEH-PPV[118] and pentacene[lL1Bxperimental papers have
noted that the field dependence appears to belataudewvith the appearance of grain
boundaries or other morphological factors withia tniganic semiconductor thin film
[115]. In contrast, foF < 2*10° V/m, single crystal pentacene does not show field
dependent mobility[119], and the temperature depeoel of the mobility is not
Arrhenius-like over the full temperature rangeheatdecreasing with increasing
temperature for temperatures > 300 K, indicatirag the transport in single-crystal
pentacene may be better described by band-likeuobioth than the trap and release
model. However, demonstration of a field-indepertaheobility at higher electric fields
would offer more conclusive proof of the correlatiaf grain boundaries and field-

dependent mobility. Therefore, the mechanism

5.2.2 Theoretical evidence for field dependent mobility bthe Poole-
Frenkel form

Theorists have argued that the presence of caetktlisorder can result in the observed
Poole-Frenkel-like behavior [35], and have posadatarious mechanisms that could
introduce such a correlation. Several ideas haea Iproposed that do not invoke the
presence of charged coulomb centers as descrilibd Poole-Frenkel effect. One

explanation postulates that defects due to polyorsion (in the case of polymer
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semiconductors) cause the needed correlation. henetxplanation considetisat strong
electron-phonon interactions in these organic mateact as charge traps. Padtisl.
[120] performed Monte Carlo calculations assuming a polaransfer rate and correlated
disorder due to randomly dispersed dipoles antiditdata using a generalization of a
form proposed by Novikoet al. [121]. Their fitting function wasan empirical formula

relating mobility, temperature, and electric field

1= tyexp(~E, /KT) ex(-A b AT }) exp{Az Ea KT §2-1 /%B (5.4)

where 1, o,I", andaare the mobility prefactor, the energetic widtttod density of

states, (spatial) disorder parameter, and hoppstgrite, respectively[35]. The values of

A andA,were obtained from the fitting. Novikov proposéadttquadropole moments
between conjugated segments in polymers legd [tbexp(,BE3’4) [122]. While these

relationships might be found in polymers with fuaotl groups exhibiting a strong
permanent dipole moment, we do not expect scattipades nor quadropoles in a
system composed entirely ofdpybridized carbon atoms such as pentacene. Haweve
the use of a polaron transfer rate and correlatsatder cannot be entirely ruled out.
S.V. Rakhmanovat al. [123] suggested that the inhomogeneity in film&BV can

cause correlated disorder. Specifically, they ditbat the presence of grains,
approximately 50 A in diameter, separated by amauphregions may lead to sites with
varying polarization energies and, therefore, diife¢ site energies. Within these regions
there might exist correlated disorder. They penfed Monte Carlo simulations with
correlated disorder on a scale comparable to thie gizes using a Miller-Abrahams

hopping rate and could reproduce the Poole-Freztkett. Interestingly they simulated

105



samples with different degrees of inhomogeneitgm@les were simulated by assuming
the energy distribution of sites was given (&) exp(— Ez/az) whereo is the

variance. The homogenous sample was simulatetidnysingo =0.07-0.08 eV while
the inhomogeneous sample was simulated by cho88&i#tgof the sites from a

distribution wherer=0.08 eV and 20% of the sites from a distributidmeve o =0.12

-A
eV. They found that mobility varied &* in the homogeneous sample, while

-A
Arrhenius behavioe™ was recovered in the inhomogeneous sample.

In summary, Poole-Frenkel dependence of the ntgliés been observed in bulk
organic semiconductors, however the mechanismdean The appearance of Poole-
Frenkel behavior may be related to correlated desowhich, in the case of pentacene, is

related to the presence of grain boundaries witkerthin film.

5.3 Field dependent mobility in pentacene field effect

transistors

5.3.1 Device fabrication and experimental methods

In previous experiments on OFETS, the field deprod®f the mobility was masked
by contact resistance at low electric field, andldmnly clearly be observed at high
electric field in the saturation region. To circeent this difficulty, low resistance-ohmic
contacts to the pentacene organic layer are negeséfe achieved this through use of a
high work function metal, Au, without the use olvatting layer[124] and deposited

patterned bottom contacts (55 nm thick) on*a/$00 nm thick Si@thick substrate using
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photolithography. Adhesion of the Au contactshte §iQ substrate was improved by
using a 2 min reactive ion etchj{@lasma, 50 mtorr, 300 Watts) prior to Au depositio
Pentacene was purified by heating above the pamgoéone sublimation temperature
for 30 minutes prior to sublimation of the pentaezémough a shadow mask at a rate of
0.2 Angstroms/sec onto the electrode subassembbpat temperature. Devices
fabricated in this way showed contact resistandevass 2 kohm*cm and intrinsic
mobility around 0.3 cAi(Vs) as determined from the linear extrapolatibthe length
dependent resistan&gL) to zero length[1164nd the resistance per unit length,
respectively (See Chapter 1). The film thickndsallqppentacene thin films deposited
was determined to be 30-33 nm using a calibratgstalrmonitor (Kurt J. Lesker
company). All current-voltaged-{) characterization was done in a Lakeshore TT-Rrobe
under dark and vacuum (pressure < 2 R tdr) using Kiethley 2400 source meters.
Continuous sweeping of the drain voltage at fixategoltages and fixed temperature
was done to determine conductance. Device curregrs measured both before and
after the experiment to ensure that bias stressyaa source of significant error. Stress
was consistent with a threshold shift of -1.5 Vawmerage. A comparison of the output

characteristics before and after cooling is shawRigure 5.2.
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Comparison of output characteristic
(L=50) before and after cooldown

Figure 5.2 Drain current vs. drain voltage at fixel gate voltages for a 50 micron channel length
device before (solid lines) and after (dashed lingsooling down.

5.3.2 Extraction of the activation energy from conductane

We obtain the conductan\V,) as a function of drain voltage from thgVp)
measurement:

G= o (Vo =Vo) — 15 (Vp :0).
Vo

(5.5)

Figure 5.3shows the normalized calculated conducta@te,as a function of inverse

temperaturel/T, at a gate voltage of -60 V.
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Figure 5.3 Extraction of activation energy from masurements of conductance at various
temperatures at Vg =-60 V.

The conductance shows activated dependence [(GEL)A 1/T] at low temperature.
The deviation from activated behavior at highergemtures may be explained within
the multiple trap and release model as followse tal charge density accumulated by
the gate is given b@u( Ve-Ves ) WhereCo is the capacitance per unit area of the gate
dielectric, andVgg is the flat-band voltage. Then the current is

1

1+& ex A
N KT

1o (y) =W )cox(ve —V -V, )E(Y) (5.6)

\

Under the assumption thbvtD| < |VG —VFB| the effect of local variation of the gate to

channel voltage on the activation energy is srtad ,equation can be integrated oy¢o

yield

j Cox |:(\/G “Vee Vo _V_Zz} : (5.7)



Thus, the predicted conductance is

G [ ! (5.8)

theory
1+ N ex A
N KT

v

We note that a similar expression is obtained byaG# al.[125] for mobility in which
the quantityN/N, is replaced by the total grain boundary lengtie/tbtal channel length.
The data over the entire temperature range studeedell described by the following

formula:

1
1+ R*exp(Aj
KT

This model is referred to as the “three parametaileti here. FOKT << A, Egn. (5.8)

In(GL) =InG, +In

(5.9)

simplifies to

In(GL) =In(G,) —% (5.10)

which explains the Arrhenius like dependence ofdaia at low temperature. The
activation energy was obtained by fitting the datar the entire temperature range with
Eqgn. (5.9) and by fitting the linear region withrE5.10) (corresponding to
temperatures < 184 K). The activation energiesinbtbifrom the two different fits did
not vary significantly. Fitting the data takerafittemperatures left the paramet&s R
poorly defined. On the other hand, fitting to teargiures greater than 123 K did allow
determintation of5o andR but utilized data that are more susceptible toaxint
resistance giving a less accurate activation enefrpgrefore, the simpler two parameter

fit, Egn. (5.10), is used for T < 184 K to determactivation energ.
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5.3.3 Dependence of activation energy on gate voltage aptectric field

The activation energy was extracted as a funafagate voltage and electric field.

Here the field is assumed to be given by

F=V,/L] (5.11)
wherelL was varied by using devices of different channegjte and a fixed drain

voltage,Vi. Activation energies were calculated using -5, -3, and -1 volts and

plotted vs/F to ensure that the dependence was insensitiveetohoice oV/p (Figure
5.4). The error in the activation energy showmltedrom the uncertainty in the least-

squares fit ofn (GL) vs. UT (see Eqn. (5.10)).
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Figure 5.4 Activation energies are extracted usinggn. (5.9) from conductances calculated using
Eqgn. (5.5) withV; =-1, -3, and -5 and at various gate voltages tot@emine whether the drain voltage
used to calculate conductance affects the activati®@nergy determined.
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This electric field calculation is only expectedai® valid if the electric field in the grain
boundary regions does not differ strongly fromfik&l in the crystalline region.
Figure 5.5shows the activation energy as a function of squ@otelectric field.
The activation energy does indeed display the PBaekel behavior (linear decrease
with square-root electric field) as expected.
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Figure 5.5 Activation energy plotted as a functiorof electric field in the channel at fixed \&

3

1/2
According to Eqgn. (5.1), the slope Afvs. JE is y= [G—J , Which depends only on
TE

the permittivity of pentacene, and is independent d;. So, a global linear fit is
performed to the data leaving the slope fixed Hotang the intercept of the fit lines to
vary. The slope was found to be 26.8 + 1.1 peV(ift6r Sample 1 (data shown in

Figure 5.5), and 15.6 + 0.9 peV(mA#for another sample (Sample 2). The fits are

112



extrapolated to zero field to extract the zeradfi@ttivation energyd, which is between

70 and 115 meV.
The conductance at more negative drain voltagégréen regime) was also

calculated for the same devices studied above using

G:ID(VD)le(VD:_4O) (5.12)
v, -40

which is an adequate approximation since the cuiaka drain voltage of zero is
relatively small at high enough temperature. Ardreltage of -40 was sufficiently

negative to observe saturation of the drain curfBmé activation energy was extracted

from In(G) vs. 1 over a temperature range from 123 to 245 K. Aerlegactivation

energy was linearly dependent oiF showing 9.5 + 0.3 peV(m//f. Since the actual
electric field in the channel is expected to belméhan predicted by Eqn. (5.11) due to
the presence of a pinch-off region in the charthel extracted permittivity is not

expected to be reliable. However, the decreasaetiaation energy is clearly

proportional to\/1/L O x/E(Figure 5.6).
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Figure 5.6 Global fit of activation energy to Poa Frenkel model (fit lines shown in red).

The values of found from the linear and saturation conductigitee of the same
order of magnitude, but 40-80% smaller, than theeeted value of ~44 peV(m/AA
determined using a relative permittivity of ~3 fmntacene. If the electric field is larger
than equation (5.11) would predict in the vicirotya grain boundary, then the measured
coefficienty would also be larger, which cannot explain thelbusdues ofy observed.
Other studies by Wang al. find Poole-Frenkel coefficientseven smaller than
determined here, though the values obtained hetbdd?oole-Frenkel coefficieptare
in agreement with those obtained for pBTTT a polythat forms polycrystalline
films[114]. As was pointed out by Murgatroyd[3#je Poole-Frenkel model
overestimates the effect of the electric field sibarrier lowering only occurs in the field
direction. This could account for part of the déiin. In addition, space charge limited

effects may also play a role in altering the expécton-linearity.
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5.3.4 Poole-Frenkel effect observed in nonlinearg-Vp characteristics

The Poole-Frenkel effect leads to non-linea¥/p characteristics at loWp. As an
example, Figure 5.8 shows the obserkelp for a 3um long channel at 105 K. Also
shown is a fit to the data using Eqn. (5.7) witl é&xperimentally-determined= 15.6
neV(m/V)“2 mobility of 0.675 crfi(Vs). In order to fit the data to Eqn. 5.7, thetiand
voltage is needed. The onset voltage was sulestifot the flat band voltage, which is
reasonable for a semiconductor channel with ldtping (see Chapter 1). To determine
the onset voltage, the device exhibiting the mesgfative drain current was used in order
to distinguish the off current from the gate leakagrrent. The drain current did not
reach a minimum value within the gate voltage ramgg, so the onset voltage used was

10 V which represents a lower bound for the actalle (see Figure 5.7). The gate

115



leakage current did not appear to influence thendrarrent.
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Figure 5.7 Drain current (black) and gate leakagecurrent (red) for a 2 micron channel device
measured using &vp =-40 V plotted vs. gate voltage in a semi-log plotA green arrow indicates the
minimum onset voltage
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Temperature=105 Kelvin, Channel Length=3 um
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Figure 5.8 Drain current vs. drain voltage at fixel gate voltages for a device with L=gm at
T=105 K. Fitting performed using Eqn.(5.7)

5.3.5 Density of States Determination

The density of states at the Fermi level can twedlto the change in the Fermi

energy with respect to the valence band whichsaragd to be correlated with the

change of activation energy. Approximating thercied as a two-dimensional layer, the

two-dimensional density of states is:

-1 -1

Q(EF) :—drcli(EF) % :& d& z& d_Ab . (5.13)
V., | dE; e | dvg e | dvg

In the model described above, the activation energgntrolled by the energy

level of the traps. This energy level acts aseugde Fermi level.

To take three-dimensional band bending into accauntodel which makes

assumptions about the band bending in the semictordonust be used [111]. The
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derivation starts with the assumption that the pidéand field vanish at the surface of
the pentacene film, which is reasonable as lortgeéim thickness is larger than the

decay length of the potential.

V(X)

Au
Pr X
« " »
Ve Au
«— | —ed—»

Figure 5.9 Depiction of the voltage drop over thexide and semiconductor

The electric displacement must be continuous adhessterface, giving:

e VX0 VoV
dx |

(5.14)

The permittivity of the semiconductor and insuladog given bys_ ande, , respectively.

The potential at the interface between dielectnid semiconductor ¥, regardless of
drain bias. The thickness of dielectric and semdcwtor ard andd, respectively.The

hole density as a function of interface potentsl be derived using Poisson’s equation:

(Ve =V,) dv

. 5.15
| av, (5-19)

£2
p(Vy) =——
ES

The effective gate voltage
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Ug =V, —Vis =V, -V, (5.16)

whereVgs is the flat band voltagés approximately the voltage drop across the digtec

Then the hole density becomes

__&°Ug dUg
PV == g

S

(5.17)

The total hole density is assumed to be only due to charge accumulatéidebgate. In
other words, charge due to dopants or intrinsicgdés neglected. The total hole density

is then

p(v) =I°; N(BE)(A- f(E-eV)) -1~ f(E))IdE (5.18)
whereN(E) is the density of states ahd the Fermi-Dirac probability of occupying a
state. By approximating the Fermi function witktep function (valid

when/E -eV - E.|> KT ), the derivative o gives the density of states

1dp
———=-N|(E, +eV, 5.19
S0V, (B, +ev,) (5.19)

Gilles Horowitz showed that the surface free haadity could be calculated if the field
distribution inside the semiconductor was due gdieltrapped charge[109]. This
approximation can be verified later by calculatadrithe ratio of free charge to trapped

charge. The surface free hole density is given by
d
Pres = | PX)dX (5.20)

Assuming an exponential trap DOS

N(E) =N, exp(—k%j (5.21)

0

the surface hole density is given by

119



Pree = 2KTe, 1 N, exp(— E & j ex;{ ~Vo j - exé —eVOJ (5.22)
eCU, -1 KT KT 2/KT

where
/=2 (5.23)
and
2mm kT )
N, = 2[h—gj (5.24)

is the effective density of states in the valermedo At room temperature, this gives a
value of 3x1&° cm* given an effective hole mass equal to one electrass. The
energy distribution of states in the valence banassumed to be distributed as in a 3D
Fermi gas. If the conductivity in pentacene isuassd to be due only to carriers that
have been thermally excited into the valence btreh the field-effect conductivity is
due solely to the free charge

O = 1P (Vo) - (5.25)
If we make the assumption that the drain bias lisitine surface free hole density does
not vary along the film and the drain current beesm

l, :%VDO'. (5.26)

At temperatureS < 2T, Egs. (5.22) and (5.25) show that the field eftamtductivity
is activated in temperature with activation energy
A=E. -E, +€V,. (5.27)

By replacingdV, = -dA/ein Eqn. (5.17) and using Eqn. (5.19)
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&

-1
N(A)z%(i:%(dtij } (5.28)
In summary, this model reinterprets the activagoergy and arrives at an expression for
the density of states as a function of the activa¢inergy, which is related to the band
bending by Eq.(5.27). The Poole-Frenkel effectlmanonce again, interpreted as
lowering this activation energy.

The density of states is calculated using botth@imodels just described, the 2D

model represented Eqgn. (5.13) and the 3D mode¢septed by Eqgn. (5.28). The result

of the calculation for the 2D model is shown inu¥ig5.10 with data for sample 1 (black)

and sample 2 (red).

2.0x10%- Date data taken

14 ] ® Sample 1
1.8x10 e Sample 2

1.6x10"+
1.4x10"1
1.2x10*1 }

1.0x10™1

2D DOS (cm?eV?)

8.0x10"1 }
6.0x10"

4.0x10"1
T T T T T T T T T T
120 110 100 90 80 70
A, (meV)

Figure 5.10 Density of states vs. the zero field ta@tion energy calculated using Egn. (5.13)

The calculation using the 3D model requires antaudil constant, the relative

permittivity of the semiconductor. The relativapdtivity for pentacene in the direction
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of transport is ~3 based on infrared ellipsomei36] measurements and theoretical
models[127]. Figure 5.11 shows the density okstaitracted for Sample 1 (black) and
Sample 2 (green) as well as data from work by kaH.[111] in which the same 3D
model is used but with activation energies deteeahiat low, but non-zero, source-drain
field. Our data show a similar breadth of the di@ihsity of states as seen in that

reference, although in our samples the transperhseo occur at higher density of states

and lower activation energy.

DOS calculations from linear conductance in Pentacene

1E22 4 "
] ]
| |
S 1E21 .
e
£
N °
8 0 . Calculations assume:
1E20 . =
) Epentacene_s’ VFB_lo v
L] Data from 10-9-08 (green)
i Data from 11-19-08 (black)
Some of W. Kalb's data (red)
1E19 1

350 300 250 200 150 100 50
Zero field Activation Energy (meV)

Figure 5.11 The density of states (DOS) extractaging Eqn. (5.28) on two separate devices shown
alongside with data from a recent reference[111].

To compare the DOS calculated using the 2D model tat using the 3D model, we

must divide the value determined from the 2D mdxyethe effective thickness of the

accumulation layer[128]

L = 2KT& (5.29)
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which, it is worth noting, id.,?/t, wherelp, is the Debye length artds the

semiconductor thickness.

2.0x10% 1
_ 1.8x1022-: = 2D DOS
"-’E 1.6x10% e 3D DOS
£ 1ax10”-
E 1.2x10%1
8 1.0x10% I
g 8.1x1021-:
%S 6.1x10°'A E ;;
2 410" i
é 210" 3 : "

1.0x10*°

——— .

T T T T — 1 1 1 11
120 115 110 105 100 95 90 85 80 75 70 65
A, (meV)

Figure 5.12 Calculation of the density of statessing the 2D and 3D model and the data taken on
sample 2.

The accumulation layer thickness is determinedatnrtemperature for the purpose of
this calculation. The two models used to calcullageDOS yield about the same order of
magnitude result. The 2D model yields a DOS whighes less with activation energy.
The accumulation layer thickness used varies betWwekr and 0.4 nm at room
temperature. Since the length of a pentacene mleléec~1 nm, this calculation

indicates that the 2D model which regards all tharge traps as residing in the first

monolayer of pentacene molecules should sufficedeguate.

5.4 Conclusions

We have measured the conductance of pentacenglthitnansistors as a function of

gate voltage, drain-source electric field, and terajure. The conductance and therefore
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mobility shows activated temperature dependent@iatemperatures. The activation
energy exhibits Poole-Frenkel dependence on tlutrieldéield, i.e. decreasing linearly
with the square-root of electric field. The deseaf activation energy is somewhat
weaker than predicted using the pentacene digdeminstant of ~3. The gate-voltage
dependence of the activation energy is used taeiine density of states as a function
of energy below the mobility edge. The resultsiargood agreement with previous
observations. Together, the results give a col@ieture of conductivity in pentacene

in which the free carrier density is determinedalstivation to a mobility edge.
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Appendices

Appendix 1: Properly accounting for acid-base inteactions
(Good’s method)

For apolar liquids, the work of adhesion is thergetsic mean of the work of
cohesion at both interfaces:
W, (i) =2,/n; - (A1)

This method is inadequate when calculations ofautons between organic
molecules and water are considered, so Good prd@osalternative method[46].
Good divided the work of adhesion into two compdsethe first, the “Lifshitz-van
der Waals” (LW) term, accounts for oscillating tesrgry dipoles, permanent dipoles,
and induced dipoles; while the second term accdontsewis acid-base interactions
such as hydrogen bonding:

W, (i) =W, (i) +W, (i)™ (A.2)
A Lewis acid is an electron pair acceptor sucthasmolecule BEor CHCE while a
Lewis base is an electron pair donor such as amandfurthermore, hydrogen
bonding is not the result of a dipole-dipole intg¢i@n because it results from the
sharing of a hydrogen atom. More formally, a hy#no bond is by definition formed
between an electronegative functional group of &oue such as a carbonyl group
and another group composed of a hydrogen atomeaathabonded to either another

electronegative atom, as in the case of a hydrgeodp, or a electronegative
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functional group, as in the case of a nitrile groMan Osst al. considered
hydrogen bonding to be an example of Lewis acidikéyse interaction because the
hydrogen atom acts as the Lewis acid and the elesgjative group not covalently

bound to it acts as the Lewis base[129]. In traskework, the acid-base component

W, (ij)® of the surface free energy is a functioryof, the Lewis acid parameter of

surface free energy and® the Lewis base parameter of surface free enefgy.

molecule can be classified as: épplar, denoting that it is a poor Lewis acid and
poor Lewis base (2yonopolar,a good Lewis acid or good Lewis base but not both
(3) bipolar, both a good Lewis acid and Lewis base.

C. J. van Osst al. proposed that the work of adhesion due to acid iméseactions

between two bipolar phases is

W) =2( iy + ) (A3)
If one of the phases, say phaseés a poor Lewis base or poor Lewis acid than
y© =0 or y” =0, respectively, and, therefore, one of the two eisrzero. If one

of the phases is apolar, then both terms are zero.

The total work of adhesion is then

WA(ij)=2\/yiLWijW +2(\/yiDij +\/yioij) (A.4)

When Eqn. (A.3) is combined with the Young-Dupréaipn, Eqn. (2.4) , a

relationship between surface free energies andacbahgle can be determined.

Vo (14 0088.) = Ly ™hia™ + v e + e’ ) (AS)
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By use of an apolar liquid the acid-base interastican be ignored and the value of

Y~ can be determined. The value of the acid-base eonemns of the solid surface
free energyy..” andy,.®, can be determined than using at least two otbiar p

liquids with known values of; " and y;.®[48]. If more than two polar liquids are
used, then the system is over determined and iegresan be used to ascertain the
acid-base components of the solid. Then, the bas# component of the surface free

energy is given by

v =2y v’ . (A.6)

The values calculated using Good’s method in Chn&piable 2 utilize the reference

values in Table A.1 and linear regression analysis.

Liquid y yrw yre yD yo
Water 72.8 21.8 51.0 25.5 25.5
Ethylene 48.0 29.0 19.0 1.92 47.(Q
Glycol
Formamide 58.0 39.0 19.0 2.28 39,6
Diiodomethane 50.8 50.8 0.0 0 0

Table A.1 List of surface energies for five standat liquids commonly used for

contact angle measurementss.
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6 Glossary

AR Area ratio

BC Bottom contact

CNT Carbon nanotube

CVD Chemical vapor deposition

CMC Critical micellar concentration

DOS Density of states

FET Field-effect transistor

FDTS 1H,1H,2H,2H-perfluorodecyltrichlorosilane
HIPCO High pressure carbon monoxide
HMDS Hexamethyldisilazane

HOMO Highest occupied molecular orbital
LUMO Lowest occupied molecular orbital

LW Lifshitz-van der Waals

MWCNT Multiwalled carbon nanotube

OLEDs Organic light-emitting diodes

OTS Octyltrichlorosilane

P3HT Poly(3-hexylthiophene)

PC Planar Contact

PCO Polycarbonate

PET Polyethylene terephthalate

PMMA Polymethylemethacrylate

PS Polystyrene

PQT Poly(quaterthiophene)

PQT-12 poly(3,3’-didodecylquarterthiophene)
SDS Sodium dodecylsulfate

SRfGT Sheet resistance for a given transparency
SWCNT Single-walled carbon nanotube

TC Top contact

TFTs Thin film transistors
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