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Abstract

Organic electronics offers the possibility of proohg ultra-low-cost and large-area electronics
using printing methods. Two challenges limiting thgity of printed electronic circuits are the
high operating voltage and the relatively poor perfance of printed transistors. It is shown

that voltages can be reduced by replacing the dagagate used in Organic Field- Effect
Transistors (OFETS) with a Schottky contact, crepé thin-film Organic Metal-Semiconductor
Field-Effect Transistor (OMESFET). This geometrjves the voltage issue, and promises to be
useful in situations where low voltage operatiommportant, but good performance is not
essential. In cases where high voltage is accleptatvequired, it is shown that OFET

performance can be greatly improved by employisglaottky contact as a second gate.

The relatively thick insulating layer between tteegand the semiconductor in OFETs makes it
necessary to employ a large change of gate vo(tagfeV) to control the drain current. In order
to reduce the voltage to less than 5 V a very &i® nm) insulating layer and/or high-k
dielectric materials can be used, but these saisitBwe not compatible with current printing
technology. Simulations and implementations of OME® devices demonstrate low voltage
operation (<5 V) and improved sub-threshold swiogpared to the OFET. However, these

benefits are achieved at the expense of mobility.

In order to achieve good performance in an OFEGdluaing threshold voltage, current ratio and
output resistance, the semiconductor thicknessahbs less than 50 nm, whereas the thickness
of a printed semiconductor is typically larger tt200 nm. The addition of a top Schottky
contact on the OFET creates a depletion regioreblyareducing the effective thickness of the
semiconductor, and resulting in enhanced transpdormance. Simulations and experimental
results show improvements in the threshold voltdge current ratio, and the output resistance

of a dual gate transistor, when compared to those IOFET of the same thickness.

The transistors introduced in this work demonstna¢é@ans of improving the performance of

thick-film OFETs and of achieving substantially lemoperation voltage in organic transistors.
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Chapter 1
| ntroduction

Despite the widespread use of crystalline siliafabricate electronic devices, for some
applications the market is demanding ultra low-clasge-area and flexible electronics for
which silicon is not a good choice. Therefore ia kst few decades extensive research has been
done on various materials to find an appropriaterative semiconductor for such applications.
Organic semiconductors are promising materials umcaf a few special properties.
Mechanical flexibility of organics is an importaeature for some future products such as roll-
able displays [1] and wearable electronics [2AB0, low capital cost methods of depositing
organics such as printing and casting should enablduction of electronics at ultra-low cost
and/or over very large areas (much larger thacosilivafers). These production methods make
organic electronics good candidates for produceny eheap radio frequency identification
(RFID) tags (as an alternative to the bar code)tagd very large-area displays. Indeed large-
screen organic displays and organic RFIDs havenplduproduct-launch dates in 2007 [4-6].
The chemical and electrical tuneabilities of orgarallow the design of various chemical
sensors and optical devices such as electronisrj@fkand organic light emitting diodes
(OLEDS) [8]. Such interesting properties of orgasgmiconductors have attracted a lot of
attention all around the world. As a result theamiig electronics industry has had very rapid
growth in the last decade [9], and its market igeeted to increase from $1.4 billion in 2007 to
$19.7 billion in 2012, which is about a 70% anngr@wth [10]. There are some challenges
preventing widespread adoption of organic electgmnd in particular it is difficult to attain

reasonable performance using low cost methods.

Transistors as the building blocks of any electamicuit are the main concern in developing
organic electronics. The thin-film transistor (TFSEjucture is extensively used to build organic
transistors which are known as organic field-effezmsistors (OFETS). Although recent
research results have shown a lot of progressmodstrating effective prototype OFETs [11],
most of these are produced using expensive megiodlar to those used in the amorphous

silicon technology.



Mobility of carriers, current ratio between on asftistates, and the operational voltage range
are important parameters in organic transistoresé&lproperties can all be adversely affected by
the use of printing methods. In order to applyiatprg method such as inkjet printing, screen
printing or microcontact printing a soluble orgasemiconductor has to be used as the ink. Spin
coated soluble organics have shown mobilities gis &s 0.1 cAiV[S [12]. The application of
printing methods rather than spin coating redulestiobility to less than 0.02 éf'S [13-15].
Also, the current ratio in printed OFETS is usuafiych lower than that in the OFETs fabricated
with other methods [15, 16]. The reason is thatry thin semiconductor layer (<50 nm) is
required for high current ratio (1)) whereas printed layers are typically a few heddr

nanometres thick. This results in current ratiokes$ than 19[13, 15, 16].

The thickness of the semiconductor layer is limitetlonly by the deposition method but also
by the roughness of the substrate. To depositex aynner than 50 nm the substrate surface has
to be smooth enough to obtain an electrically ewdus film. Such a limitation makes it a

challenge to fabricate OFETs on low cost flexinlbsrates and fabrics.

The use of a high voltage (~40 V) is very commodrive OFETSs [17], whereas low voltage
operation is preferred because of the lower powasgmption and ease of use with batteries.
To reduce the voltage range to about 5 V the itisigldayer between the semiconductor and the
gate electrode has to be very thin (a few tensaobmetres), which again is a challenge in
printing methods. The use of high dielectric matlsrhas been suggested to reduce the voltage
needed for a given thickness of insulating lay@&j,[but so far the deposition of such materials

with printing techniques has not been effective.

The need for relatively thin layers in order toabtgood performance in OFETs has meant that
relatively expensive deposition methods such ap@ation are preferred because these offer
more control over the thickness and quality of d#fed layers. Amorphous silicon transistors
use similar deposition techniques and currentlyehastter performance at lower prices than
organic devices. Hence the focus must be on loagtrfabrication methods such as printing if
widespread use of organics is to be achieved [11].

Two types of transistors are suggested in thigghbat can show good performance when the
semiconductor layer is relatively thick: the orgametal-semiconductor field-effect transistor
(OMESFET) and dual gate organic transistor. OMESIEA low voltage thick-film transistor.



The direct contact between the gate and the seghimbor in a OMESFET creates a depletion
region controlled by a relatively low voltage. OngaMESFETSs had previously been reported
in two scientific papers [19, 20]. The first repasas in 1991. The current ratio was ~ 5 and the
mobility was ~10° cnf/VIS [19]. In 2001 an OMESFET was shown to operai as
phototransistor [20]. Based on these reports itelear that low voltage operation is possible in
relatively thick structures. What was not clear wéether reasonable performance could be
obtained. In this thesis the aim is to study OME®B&Bs alternative to OFETS in cases where
operational voltage range and semiconductor thkmaee limiting parameters. A voltage range
of 5V or less is the target. A 200 nm layer thieks is taken to be an appropriate minimum
thickness which is achievable with a low-cost pnigtmethod, based on literature reports [13,
21].

A second approach, the dual gate organic transistdevised for thick-film semiconductors.
The new device is an OFET in which the effectiviekhess of semiconductor is controlled by a
secondary gate. This secondary gate is a Schattkiact which is intended to produce a
depletion region, reducing the source-drain leakaglee off state. For a thick-film
semiconductor (> 200 nm) in which the current ratithe OFET is usually low (< 1000) [13,
16], the second gate is implemented in order t@eod the current ratio and also to tune the
transistor parameters [22]. This design does nptane the voltage range of the OFET, but is
otherwise expected to show better performancett@a®FET, because of the thinner effective

semiconductor layer.

An essential part of both OMESFETs and dual gagaruc transistors is the Schottky contact
between a metal and an organic semiconductor.jiihction is studied through theory and
experiments described in chapter 4. In chapteeSttucture and operation of the OFET and the
OMESFET are explained. Also, the OMESFET charasties are compared with those in an
OFET through simulation and experiment. The eféé¢he semiconductor thickness on OFET
characteristics are studied by analytical modeding simulation in chapter 6. The structure of
the dual gate organic transistor is then explaaredlits characteristics are compared with those
of a thick film OFET through simulation and expeeimy. The basics of the organic
semiconductors and the charge transport mechanisioni-crystalline semiconductors are
reviewed in chapter 2. The CAD tool used for threwdation and the microfabrication process

used for electrode fabrication are explained impbfa3.



The structure of this thesis is somewhat unusutilahthe background theory relevant to each
device (diode, MESFET and OMESFET) is discussdldeabeginning of the chapters
presenting the results from these devices ratlaer bieing included in a single chapter near the
beginning of the thesis. Included in this discosss a review of models that apply to
crystalline semiconductors followed by a discussibwhether or not these concepts are
applicable to describe organic devices. In sorsexanodels not previously used in organic

semiconductors are suggested.

Simulations are also presented in each deviceectldtapter. These simulations were
performed in order to guide and motivate deviceitation. The devices that were
subsequently fabricated used a polymer that hadanrigher level of (unintentional) doping.
As a result the effective mobilities, conductanaed transconductances in transistors were

much higher than those predicted in the model.



Chapter 2
Organic Semiconductors

Energy band theory is a common model applied tstaliyne semiconductors to explain
electrical properties, including the carrier cortcation and the mobility. Also, the model is
extensively used to explain the behaviour of vagidavices. The band structure in crystalline
semiconductors results from very strong covalemidsdetween atoms in the lattice, which
keep the interatomic spacing short enough to pmdaude conduction and valence bands. In
addition, the periodic structure of a crystal proeisharp band edges with a negligible density
of states in the band gap. In contrast, most ocgawolecules are bonded with weak
intermolecular forces and have relatively poor gaigity. Therefore, the energy structure in
organics is different from that in a crystallinerseonductor, which affects charge transport in
the organics. To study and design organic eleatrdavices these differences should be

considered.

In this chapter, the conduction mechanisms in dogauolecules and in bulk organic
semiconductors are briefly described. Conductingmers and short organic molecules are
then introduced as two choices from which to boiganic devices. The energy structure of
organic semiconductors is then presented, folloled review of different models of charge
transport mechanisms in organics. A charge transpodel is selected from amongst these that
is readily applied to the simulation of organic ideg. The key concepts in this chapter that are
used repeatedly in later chapters are: (1) solctngugated polymers are preferred over small
organic molecules due to the ease of depositiotofercost applications, (2) application of a
deposition method compatible to the reel-to-reetpss such as printing or casting has
relatively poor control on the thickness of the afed film, (3) the large density of localized
states and the very narrow energy bands affeatithege transport in organics and as a result
the classical semiconductor equations are not saggsapplicable in organics (4) the effective
mobility is highly dependent on the position of thermi level (figure 2.8) and (5) the multiple
trapping and release model (MTR) (equation 2.9yidks a reasonable description of the

effective mobility of carriers as a function of déy of states (at fixed temperature).



2.1 Introduction

Carbon-based polymers were known as insulting nadgdor a long time, and we still use them
widely to insulate cables and wires. Polymers vedmeost universally considered insulators
until 1977, when a conductivity of 1&/m was reported for polyacetylene [23]. Such a
conductivity is only 1000 times lower than that elv&d in copper and it is more than 13 orders

of magnitude larger than the conductivity of readna insulators [23].

Although polyacetylene has shown nearly metallapprties when it is highly doped, its energy
structure resembles that of a semiconductor, shpwirelatively large band gap in the undoped
state. Indeed, the semiconducting properties aroog were reported on as far back as the

early 1980s when a Schottky diode was built froliglatly doped polyacetylene film [24].

The poor chemical stability of polyacetylene in lresence of oxygen has been the major
obstacle to practical applications of this polymestead, many other more stable polymers are
now synthesized. These polymers form a class krasantrinsically conducting polymers.

Also discussed in this chapter are short versidtisese polymers that contain only a small
number of repeating units. The focus of this thésiwever is on polymers, and in particular

poly(3-hexylthiophene), due to compatibility withigting methods.

2.2 Conduction mechanism in polyacetylene

As a requirement for electrical conduction, a sak@ds to have delocalized electrons. The
molecular structure of polyacetylene is shown gufe 2.1. In polyacetylene each carbon atom
exhibits sp hybridization to form three bonds with two carbon atoms and one hydrogen atom.
One of the p-orbitals in each carbon is not hylzediand it is making abond with one of the
adjacent carbon atoms, which appears as a doubtelmiween two carbon atoms. The
alternating single-double bond structure in polygleae is referred to as being conjugated. Any
polymer with a conjugated structure in its backb@nealled a conjugated polymer. Conducting

polymers have conjugated double bond structures.
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Figure 2.1. The chemical structure of polyacetylene.

In figure 2.2.a and b two forms of polyacetylene sinown and these are degenerate. Therefore,
one can assume that instead of the conjugated eldoblds there is a uniform distribution of
electrons all along the polymer backbone (figu&d, which results in delocalized electrons in
the polymer and it can explain the conductivitypalyacetylene. Although this explanation
seems satisfactory, it is inconsistent with theabgity of one-dimensional metals introduced by
Peierls [25]. According to the Peierls distortibeary the spacing between carbon atoms in
polyacetylene is alternately short and long to eahian energetically stable structure [25].
Indeed the C=C bond is shorter than C-C, which m¢laat the real structure of polyacetylene is

closer to one shown in either figure 2.2.a or bgsosed to 2.2.c.
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Figure 2.2. (a) (b) Degenerate forms of polyacetylene. (c) Daliaed electrons all along the

polyacetylene back bone instead of the conjugabedblé bonds.

As a result of the Peierls distortion, a band gaproduced in the energy structure of
polyacetylene leading to semiconducting behavidbe value of the band gap is determined by
the energy difference between the pi bonding s{adesnd the pi anti-bonding stateg)in the
molecular orbital. In such a case the highest aecumolecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) resemble thgexlof valence and conduction bands

respectively in a crystalline semiconductor.



2.3 Dopantsin organic semiconductors

Similar to the intrinsic semiconductors, an orgagmiconductor has a few thermally excited
carriers in its natural state, which result in vieny conductivity. The conductivity in a
conducting polymer is increased by producing mareiers. These carriers can either be
induced by an external field or be generated bygimg the oxidation states of the polymer
[26]. The former is used in organic field-effecnsistors, in which the surface conductivity of
an organic film is controlled by an electric figddbduced from the gate terminal. The second
approach is achieved by doping the polymer. Dopant®lymers are mostly in the form of
ions. For example adding iodine to polyacetylenaraexidizing agent dopes the polymer by
removing an electron from polyacetylene and comwgiibdine to 4 (figure 2.3). Adding a

dopant produces a state (polaron state) in whielgémerated carrier resides.

Oxygen and water molecules can cause unintentawyhg in most conducting polymers.
These dopants can increase the carrier densibeinrganic either by an oxidation process or
by the field effect. The former case is similathie iodine doping process in polyacetylene, ,
and as in the iodine case, reversing the dopinglweg a chemical reaction (reduction). In the
later case the strong electron-electron repulgsiom flone pair electrons in an oxygen atom
(either in Q or H,0) produces a hole in an organic semiconductdrefaxygen is very close to
the polymer. In this case removing oxygen and watgecules by applying a high vacuum can

undope the organic semiconductor [27].
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Figure 2.3. Generation of a hole in polyacetylene by oxidizihg polymer. The iodine acts as a

dopant for the polymer.



2.4 Conduction in bulk semiconductor

Although the carriers are mobile along the backhbafree conjugated polymer, in order to
observe a reasonable conductivity in a bulk mdtdreacarriers should be able to move between
molecules easily. This generally happens eithdrdpping electrons from one molecule to

another (described below) or by the overlap of lptals of adjacent molecules.

The experimental results suggest that the hoppitegincreases with the length of the polymer
chain [28] because it is more likely to find a lewough barrier somewhere between two long
polymer molecules than it is in two short ones.oAlse hopping rate increases with dopant

concentration [25].

The overlap of p-orbitals, known ast stacking, is another way to transfer charges batwe
molecules. In this case the charge is delocaliz¢h dlong the conjugated backbone and
between molecules which hawer stacking. As a result, a two dimensional chargegport is
produced. If many of the molecules can be stackeibp of each other, they can form a domain
(grain) with a high mobility. Then the mobility lisnited by the barrier between domains rather
than by intermolecular mobility [29]. To achievéigh mobility in a film of the material the
molecules have to be well stacked. To do so, dvela short conjugated molecule with a flat
structure is preferred over a long polymer molecéleontrollable deposition process has to be
applied in order to produce a well-ordered molectilia. In fact, the sublimation of some small
molecules have shown a single crystal structurk ainobility only one order of magnitude

lower than that in silicon [30].

There are thus two approaches to maximizing mghiliorganic semiconductors. One is to use
long molecules, relying on the in-chain conducyiahd the eventual charge transfer due to the
length of the molecule and dopants. The secorminsaximize the degree of order, thereby
increasingt stacking between molecules, which is most easihedy using short molecules
that can be deposited under highly controlled dooras. There are two corresponding types of
organic semiconductors: conducting polymers andlssmganic molecules. Each type has its
own advantages that are preferred in some spegftications. In the next section each type is
briefly introduced and the factors influencing thebility in a few of the most promising

semiconductors for organic electronics are mentlone



2.5 Organic semiconductors

Two materials dominate the literature on orgaraasistors: regioregular poly(3-
hexylthiophene) (rr-P3HT) and pentacene. The i&rstpolymer and the second is a small

molecule. The properties and practicalities of efsthese materials are now briefly reviewed.

2.5.1 Conducting polymers. rr-P3HT

A number of conducting polymers have been emplayeniganic electronics including
polypyrrole, polyaniline and polythiophene. Polyibinene (figure 2.4.a) is a chemically stable
conducting polymer, which is widely used in orgagliectronic devices, and probably the most
widely used polymer in transistors. The discussiai follows focuses on polythiophene and its

derivative poly(3-hexylthiophene).
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Figure 2.4. (a) Chemical structure of polythiophene (b) rr-H3Mth an interdigitated

molecular structure.
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Polythiophene is an insoluble polymer, but addiagyhgroups as the side chains to the
thiophene rings makes the polymer soluble in clitoro and a few other organic solvents [31].
The new polymer is called poly(3-hexylthiophene3KH). If the side chains are regularly
arranged head-to-tail all along the chain, the palyis called regioregular P3HT (rr-P3HT)
(figure 2.4.b), whereas a random head-to-headiletottail produces a regiorandom P3HT.
Although both polymers are soluble, the regioregisigpreferred over the regiorandom because
rr-P3HT has a flat structure and the interactiawien the side chains produces an
interdigitated molecular structure [12]. The inigithted molecules produce planar sheets that
can stack together to allow effectiwer stacking between molecules. As a result a cryséall

structure can be achieved with a relatively highbitity [32].

Sirringhaus and his co-workers found that highlyiseegular polymers can produce crystal
grains as large as 130 A [33]. Surprisingly, suchadecular order can be achieved using spin
coating [33]. The availability of simple depositiorethods that nevertheless produce good
electrical properties is critical for achieving lmast organic electronics. The molecular order is
observed only in a thin film of rr-P3HT when silitdioxide is used as the substrate [33]. In the
upper layers, the polymer has a more amorphouststau Indeed, the interaction between SiO
and the polymer arranges the molecules on thesyrigeatly increasing order. In addition to
the substrate the solvent has an important ralledrstructure of the deposited film [31].
Application of a low boiling point solvent causesagid evaporation of the solvent during the
polymer deposition. Therefore, rr-P3HT moleculesxdbhave enough time to arrange in a
crystalline form. Hence, a high boiling point satveés preferred [31].

So far, rr-P3HT has shown the best mobility amamgugated semiconducting polymers,
exhibiting a mobility 0f=0.1 cnf/V[S in an organic transistor [31]. The gaod stacking, the
long conjugation length and the high hopping rate4P3HT are reasons for the high mobility
[34]. At the present time rr-P3HT is the most prsimg material for low cost organic devices
because of its solubility, relatively high mobiliyd chemical stability. Nevertheless, the

mobility in rr-P3HT is not high enough to build higpeed devices.

2.5.2 Small organic molecules. Pentacene

An experiment on rr-P3HT of different molecular gleis has shown that the grain size

increases when the molecular weight is reduced J84jther words, short length molecules
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form a more crystalline film. However, the graime ao widely separated that the bulk mobility
is very low, with individual grains acting like isded islands [28]. To enhance the mobility in
an organic film the grains have to be expande@dace the space between them. To do so a
more controlled deposition method is required. Bvafon in high vacuum is a well-known
method to deposit a thin film of various materiaith a resolution of a few nanometers and a
controllable rate down to a fraction of angstrom serond. The evaporation method is not
applicable for long polymer chains, but in very ghengths (known as oligomers) the organics
can be deposited by this method. In general, stoajugated organic molecules are applied to
achieve a more crystalline semiconductor. A keypimi the deposition of small organic
molecules is the purity of the material. Becausthefvery short conjugation length, any
impurity can produce a defect in the film which kEna the mobility. Therefore undoped small
molecules are preferred over the doped material.

Although thiophene oligomers are among the bestlsmganic molecules in terms of mobility
[35], pentacene has shown the highest mobility agriba organics [35]. A mobility as high as
35 cnf/VIS has been obtained in a single crystal pentacemesited by vacuum sublimation
[30], which is two orders of magnitude higher thaobserved in rr-P3HT [11]. Use of an
evaporation method produces a pentacene film witiokility of about 1 cfiV[s, which is the

same as the mobility in amorphous silicon [21].

Figure 2.5. Chemical structure of pentacene

The chemical structure of pentacene is shown uré@.5. The conjugated structure produces a
delocalized carrier over the entire molecule. Hosvethe conjugation length is limited to a

very short range by the size of the molecule. Thaydiffraction patterns of various pentacene
films indicate a well ordered crystalline structfwe a film deposited at 27 °C [18]. Such an
achievement is a breakthrough in efforts to budltive matrix displays (AMDs) on plastic
substrates, as the major obstacle for amorphauasrsilechnology is the high temperature of the
process [18]. However, the deposition method fartgeene is still as expensive as the
amorphous silicon technology.
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Pentacene is widely used to study organic semiatndiiand demonstrate prototype organic
transistors and circuits [36], but it and other Broganics are inferior to rr-P3HT when low

cost, solution processible methods of fabricatiendesired.

2.6 Fabrication techniques

Application of easy and low-cost fabrication pracesa key to reduce the capital cost of
electronics. The most promising method to prodoeedost electronics is the application of
organics in a reel-to-reel process. Small molecatesot suitable for this purpose as the
deposition methods applied for them are too expensn contrast soluble conducting polymers
can be deposited with simple methods such as spiting, dip casting, and printing techniques.
Among those methods, spin coating has been apgkithsively to deposit organic
semiconductors in organic transistors, becaus@dyzes high molecular order in a deposited
film particularly when rr-P3HT is applied [33]. Alsas it is explained in chapter 6 a very thin
semiconducting layer (< 50nm) is demanded in tiakt type of organic transistors (OFETS),
which spin coating is a reliable method to depssah a thin film with no defect. However, spin
coating is not compatible with a reel-to-reel psxelherefore, dip casting and printing are
preferred [11]. Various methods of printing inclagiscreen printing, micro-contact printing,
and inkjet printing have been applied to fabrigat&otype organic transistors [11]. In most
cases the printing method is utilized for pattegrtime electrodes and connections and the
semiconductor layer is deposited with other metleagth as spin coating [14, 37, 38] and even
evaporation [39]. The reason is that printing mdthbave relatively poor control on the

molecular order, thickness, and roughness of thesied layer.

Printing a dot with an inkjet printer usually pradis a doughnut shape deposited polymer on
the surface with a thickness difference of a fewdrad nanometers between the outer circular
edge and the center of the dot [15, 40]. In miayotact printing method a relatively thick
polymer layer is stamped on the substrate to pdncelectrically continuous film. Using this
method Park et al. have deposited rr-P3HT film$naithickness of 200 to 500 nm [13]. In dip
casting the substrate is dipped in the polymertgwriiand pulled out with a constant speed.
After the evaporation of the solvent a solid filfnpolymer is left on the substrate. In this
method the thickness of the film is controlled bg pulling speed and the concentration of
polymer in the solution. As has been experiencethbyauthor, films with thicknesses in the
range of 200 nm to 400 nm can be produced by {heakting method. In the doctor blade
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method a film of polymer is deposited by spreadimgsolution over the substrate using a blade.
The gap between the blade and the substrate degsrifie film thickness. Using this method a

polymer film can be having a thickness of a fewdrned nanometers [41].

In summary, a printing or casting method is demdrfdedeposition of semiconductor layer in
a reel-to-reel process to fabricate organic tramssHowever, these methods generally have
poor control on the thickness of the depositedriayth a resolution of a few hundred
nanometers. The characteristics of conventionagyyf organic transistors are very dependent

on the thicknesses and quality of deposited serdioctor.

2.7 Energy structurein organic semiconductors

Although the energy gap between LUMO and HOMO mdihganics resembles the band gap in
the crystalline semiconductors, their energy stmec{in the bulk semiconductor) is quite
different. As a result the charge transport isaiéht. Instead, the energy structure in organics is
similar to that in amorphous silicon hydrogenai@®&(:H). More than 70 years of study of
amorphous semiconductors has been of great aggdiathe understanding of energy structure

in organics and in the development of organic sendactors.

In a perfect silicon crystal the conduction andcewake bands have a band gap between them.
The strong covalent bonds between atoms in theddtirm energy bands in the semiconductor
in which carriers are highly delocalized. The alogeof any available energy level (state) in the
band gap is another feature of a perfect crystay. disorder in the crystal lattice produces
states in the band gap close to the band edgesTA&]distribution and the density of states
change with the level of the disorder in the lattand the concentration of impurities. Plots of
the density of states (DOS) versus energy shovelnddn the density of these localized states
from the band edges toward the centre of the bapdThe slope region is known as the band
tail. Figure 2.6 depicts the density of states irypothetical amorphous semiconductor. The
width of the tail represents the disorder levehia semiconductor. A semiconductor with a high
molecular order has a sharp slope (narrow banyg véilereas in a disordered material the band
tail is wide. The states located in the band taislocalized states. Moving toward the band
edges (k or &) the density of states increases and the chargeris mobile. At a certain
energy level, which is called the mobility edges ttharge is delocalized. The states located

beyond the mobility edge are extended states iglwtiie mobility is limited by the scattering.
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For a crystalline semiconductor with some disordets structure the mobility edge is same as

the band edge and the extended states are locatteel bands.
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Figure 2.6. The density of states (DOS) in a semilog plot fbwypothetical amorphous

semiconductor.

In addition to the disorder, any defects or impesiin a semiconductor generate localized states
in the band gap. The states generated from dedeetsiostly located in the mid band gap with a
Gaussian distribution [43] (not shown in figure)2.8uch localized states are very common in
silicon, particularly in amorphous silicon, becao$¢he dangling bonds. In contrast, the

localized states from impurities appear as tatestavhich are closer to the mobility edge [44].

For a largely amorphous organic semiconductor thatson is different in some aspects. The
very limited periodicity in these materials caue=mm to have either very narrow bands or even
no bands at all [45]. Consequently, the mobilitged not well defined or it does not exist at
all. Using the DOS plot, the energy level at whilel density of states starts to drop off is taken
as the mobility edge. Since there are no danglorglb in most organic semiconductors, the
localized states are mostly in form of tail statkxse to the mobility edges. However, dopants in
organics act like impurities and produce extraliaed states in the tail states. Such an energy
structure affects the carrier transport in the semductor, which is discussed in the next

section.

The application of different deposition methodsdurces organic films with different molecular
order. Therefore, the distribution of density @&ftes changes with the deposition method.
Indeed, the density of states is not very reprdide@ven when repeating a given process

because of the many parameters that affect thecualeorder in a deposited layer of organics.
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It has been observed that most organic semiconduatep-type. This is because the band tails
are not in general symmetric for electrons and$)ade the carrier that has a wider band tail is
more localized. As a result, the semiconductonoltehaves as a single type carrier material. In
amorphous silicon electrons are the mobile camvlereas in most organic semiconductors,
including rr-P3HT and pentacene, holes are the mainers. Depending on the dominant
carrier type the semiconductor is introduced asnsic n-type or p-type material e.g. rr-P3HT
and pentacene are p-type organic semiconductoss, At is explained in section 2.3 oxygen
and water act as dopants. Since they typicallyyeed density of holes in the semiconductors
far in excess of the intrinsic carrier density ébfew orders of magnitude even if processing is
done in an inert environment) [44], the effectiaerer density is equal to the dopant density in

a doped organic semiconductor.

2.8 Carrier transport mechanism in organic semiconductors

In a crystalline material the mobility is limiteg scattering mechanisms. In an intrinsic
semiconductor the mobility drops with increasingpperature. In contrast the effective mobility
increases with temperature in most intrinsic organaterials, indicating a different mechanism
of charge transport [46]. In fact the free-electapproximation is not applicable for organic
semiconductors because the carriers are not asalieked as those in crystalline materials. In
these materials the concept of effective mass ismger applicable, and the ‘mobility’ that is
derived is really an indication of how easily carsimove between localized states. A variety of
mechanisms that account for localized states a@ tesmodel the charge transport in
amorphous materials. Application of an appropmatelel is necessary to study and simulate
organic devices. In this section three importantimaaisms used to model charge transport in
amorphous materials are reviewed. The multiplepirapand release model is later used in

simulations.

2.8.1 Nearest-neighbour hopping

Since the conductivity of amorphous materials iases with temperature (even in disordered
‘metals’), Miller and Abraham (1960) initiated a ded for carrier transport assisted by phonons
[45] called nearest-neighbour hopping. In the madslassumed that a charge is transferring
from an occupied to a nearest unoccupied statethétlsame energy level. Assuming that the

two states are spatially so far from each othdrtti&tunneling probability is low, the charge
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can instead hop to the unoccupied states by passarghe barrier. Of course, if the barrier is
very low, thermal energ¥T) is sufficient for the carrier to pass over theriga. In the case that
the barrier is high the charge has the optionoofdwing extra energy from the lattice
(phonons) to surmount the barrier, releasing tleggnback to the lattice after the hop [47]. The
diagram in figure 2.7 indicates the difference ket the tunneling and hopping processes.
Such a charge transport mechanism requires sttentyan-phonon coupling. According to this
model the conductivity changes exponentially wegmperature [45]:

g, =0, exp{—EJ (2.2)

KT

whereg is the conductivity due to nearest-neighbour hogpi is the conductivity in the

absence of barrier between statgsis the barrier heighk is the Boltzmann constant amds

the absolute temperature in Kelvin.

Energy
A Hopping
_________________ A
Absorbed Released E
phonon phonon y
- / Tunneling \;__ _____ \j
Initial state Final state

Figure 2.7. Hopping versus tunneling between two localizedestat

2.8.2 Variable Range Hopping (VRH)

The nearest-neighbour hopping model was furtheeldged by Mott (1969) for a more general
case known as variable range hopping. In this mitdehopping process is not limited to
nearest neighbours. Also the energy difference éetmthe source and the destination levels are

considered. The derivation is provided here, foltaythe approach used by Morigaki [45] in
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order to provide some insight into the mechanisnggested by Mott. According to VRH

model the jumping frequency, from state to statq is given by [45]:

_ E - E, _ 2R,
P=V, exp{ T Jex;{ ?J (2.3)

wherevpn is the phonon frequency, akgdandE; are the source and the destination energies,

respectivelyR; is the spatial distance between two statesaaadhe localization length.

The diffusion coefficient in one directio, can be estimated by [43]:

pR’
D= 2.4
5 (2.4)
and using the Einstein relation the mobility,is expressed by:
KT  6kT

The carrier density is approximated as the prodtittie density of states at the Fermi level and
the range of allowable energies, which is approxety&T [45]:

nON(E, kT (2.6)

Therefore the conductivity is:
1
0 =< a"pRIN(E;) (2.7)

In equation 2.3 the energy differenég-E;) can be replaced with a function of density ofeda
N(E), and the spatial distande, Obtaining the most probable distance for hopngetting
Op/loR=0, it can be shown that the conductivity depemdsemperature as follows [45]:

InoOT (2.8)

This is called the F*law. The law has been experimentally confirmednmorphous silicon
[45]. Vissenberg and Matters (1998) showed thattrauctivity both in solution-processed
organic semiconductors and vapour deposited sn#aules follows the ¥* law which

indicates the dominance of VRH as the charge t@hspechanism in those organics [48].
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2.8.3 Multiple Trapping and Release (MTR)

In crystalline semiconductors like silicon, someurities (e.g. gold) produce localized states in
the band gap. These states are known as trapsdeciteny capture mobile carriers very often.
After being trapped a charge might be thermallgaséd or be recombined. The average time
that a charge stays in the trap level is calledehexation time. Generally the relaxation time is
longer in deep traps than that in shallow trap$.[8fhce the density of traps in crystalline
semiconductors is usually low compared to the eaooncentration, the effect of traps on the
mobility is negligible. However, in amorphous seamductors the density of localized states is
quite significant relative to the carrier densitherefore, the carrier motion is frequently
interrupted by capture and release processes.&aatrier transport mechanism is known as
Multiple Trapping and Release (MTR) and has beg@gasted by Horowitz as a practical model
for charge transport in organic devices [50]. lis thodel the drift mobilityup, is related to the

mobility in the delocalized bangy, by:

=au,exp - A5 (2.9)
Ho = al, KT .
where in a single trap levakE; is the activation energy of the trap (the enerffgince

between the trap level and the mobility edge) aiglthe ratio between the density of states at

the edge of the energy band and the density of.trap

The MTR model is good at describing the chargespart in a semiconductor with wide bands
and with tail states when the Fermi level is clusthe band edge. The model can also be used
for an amorphous semiconductor with a very narrando(or even no band) assuming tiaits

the mobility at the mobility edge. Although the debindicates an increase of the mobility with
temperature, it is not in general as effectivehasviariable range hopping model at predicting
change in conductivity with temperature. In additithe relaxation time is simply correlated to
the trap level in the MTR model, whereas in reditiig likely to be strongly dependent on the
electron-phonon interactions. Therefore, the malebt appropriate for time analyses,
However experimental results strongly support th@iaation of the trapping model for DC
analysis of organic devices at a constant temper§d, 52]. The model is widely used to
simulate organic electronic devices under DC biasesom temperature [51]. The MTR model

is used to simulate organic transistors in thisihélhe compatibility of the simulation results
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with the experimental results obtained by othe6s 8] supports the application of the model,

as discussed in section 5.2.2.2.

2.9 Bulk mobility versusfield-effect mobility

The mobility depends on the distribution of statethe energy gap, as mentioned in section 2.7.
The mobility also changes with the Fermi level. Ra@jiven density of states the mobility
increases when the Fermi level approaches the ityodilge. Figure 2.8 shows the density of
states in a hypothetical doped p-type organic semdigctor in whictE; represents the intrinsic
Fermi level in the semiconductor. By shifting therai level towards; (figure 2.8.b) the
conductivity of the semiconductor drops signifidgiitecause both mobility and carrier
concentrations (equation 2.6) are decreased. lmaginif the Fermi level moves toward the
mobility edge (figure 2.8.c) the conductivity ineses. Such an effect is applied in OFETSs to
turn on and off the transistor. In an OFET the pasiof the Fermi level relative to the mobility
edge is controlled at the surface of the semicotddayer by the electric field emanating from
the gate electrode. As a result of this effecttiodbility measured in an OFET when the
transistor is on is usually much higher than théiftyg in the bulk semiconductor. This
mobility, represented by, is known as field-effect mobility. For rr-P3HTiald-effect

mobility as high as 0.1 citV (S has been reported [12], whereas the bulk molisliasually

about 10 cn?/VIS [53].
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Figure 2.8. (a) Density of states and position of the Fermelen a hypothetical doped p-type
organic semiconductor. Carrier density and mabi(iv) reduce or (c) increase when the Fermi

level changes.
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The bulk mobility in an organic semiconductor canemhanced by doping the semiconductor
(shifting the Fermi level towards the mobility edlgéndeed, experiments show that the bulk
mobility in conducting polymers can be increasedhrge orders of magnitude through doping
processes [44]. Increasing the doping density nhghéxpected to ultimately bring bulk
mobility as high as the field-effect mobility. Howar increasing the concentration of dopants
increases disorder in the semiconductor and braaitendensity of states, so that the mobility

in the bulk generally is not as high as the fidfea values observed in OFETSs.

2.10 Summary

A conjugated structure enables organic moleculémt®@ semiconductor characteristics.
However, if the carriers are delocalized in a cgajed organic molecule, the organic molecules
must form a well-ordered structure£ stacking) to achieve a reasonable bulk mobility.
Organic semiconductors are classified as eithedwoimg polymers or small molecules.
Conducting polymers are generally used for low-¢aistication. A soluble conducting polymer
such as rr-P3HT produces a reasonably orderedafiien spin coated. The highest reported
mobility for rr-P3HT is about 0.1 cffV/[S. In contrast, small organic molecules are useshwh
the cost is not a critical issue and higher mabitrequired. The mobility in a pentacene film is
typically about 1 cffVS when it is deposited by an evaporation methatteSthe aim of this
thesis is to help enable low-cost organic elecasnir-P3HT is chosen as the semiconductor

material for the various devices.

The energy structure of organics is different fribvat in crystalline semiconductors. A poor
periodicity in organics and a very weak interacti@tween molecules in a film cause them to
have either narrow or non-existent energy bandse&d, there are many localized states in the
energy gap between the HOMO and LUMO. These staitemostly distributed close to the
original molecular energy levels (HOMO and LUMOXdorm band tails. The band edge with
the less dense band tails provides the most modileer, resulting a single carrier type

semiconductor (usually p-type).

A few of the most important mechanisms of chargadport in organics are reviewed in this
chapter. Among them variable range hopping is tbetrappropriate mechanism which can
often explain the temperature dependence of coivilydh organics. The challenge is that the
phonon frequency and the density of states areegetedfully quantify the model. The multiple
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trapping and release (MTR) mechanism is more reagiplicable. Although, MTR cannot
completely explain the semiconductor behaviourait be used for the DC analysis of a device

at constant temperature.

An important aspect of organic semiconductorsas the mobility is dependent on the
distribution of localized states and position af fermi level. For a given density of states the
mobility increases when the Fermi level is shiftetards the mobility edge. Enhancement in
mobility can be achieved either by application mfexternal electric field or by a doping

process.
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Chapter 3
CAD tool and experimental methods

The work performed in this thesis involves the datian and fabrication of organic electronic
devices. In this chapter the capabilities of theDdAol used for simulation of organic devices
are discussed. Then the material characteristoqgsnerl to model the electronic properties of
organic semiconductors are introduced. The omgit values of these characteristics are
presented. The microelectrode design on whichealicgs are built is explained. In addition, the
experimental setup used to fabricate and test argkavices is described. Details specific to
particular devices and simulations, as well asiteasured and simulated characteristics, are

described in later chapters.

3.1 CAD tool

Medici version 4.0 (produced by Synopsys [54])sedias the CAD tool for device simulation.
Medici is a powerful device simulation program thah be used to simulate the behaviour of
various semiconductor devices. It models the twoettisional distributions of potential and
carrier concentrations in a device. The programbzansed to predict electrical characteristics
for arbitrary bias conditions. The program solvessBon’s equation and the current continuity
equation to analyze devices such as diodes ansigtars. Medici can also analyze devices in
which current flow is dominated by a single carrteuch a feature is an advantage to simulate
organic based devices. Medici uses a non-unifoiandular simulation grid, and can model
arbitrary device geometries with both planar and-panar surface topographies. The
simulation grid can also be refined automaticallyinly the solution process. This flexibility
makes modeling of complicated devices and strustpossible. Also, electrodes can be placed
anywhere in the device structure, which is usefudiinulate a device with an arbitrary

geometry.

Furthermore Medici is capable of simulating nonstajline semiconductor devices by the
application of a specific module called Trapped @eaAdvanced Application Module (TC-

AAM). TC-AAM allows detailed analysis of semicondacdevices containing traps, such as
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thin-film transistors (TFTs). Also the module allewimulation of carrier trapping and de-
trapping mechanisms within semiconductor materkads.the analysis of traps, the energy gap
is divided in up to 50 discrete energy levels. Thapping process is then analyzed at each trap
level. Although none of the models for the charg@asport in amorphous semiconductors
described in section 2.7 is explicitly applied irediici 4.0, the MTR model is implicitly utilized

as is explained in the following section.

3.1.1 MTR model in Medici

The drift-diffusion current density (in directiof) for electronsJe, in a semiconductor is
expressed by [55]:

dE.,
dx

3. =, (3.1)
wheren is the free carrier density, is the mobility of electrons in the conduction BandEr,
is the quasi-Fermi level for electrons. Equatichi8.used in Medici, whenmeincludes carriers
contributed to the conduction band. Considenigs the trapped charge density, the total
carrier concentratiomyy, is equal tan+n.. Thereforen/ny; represents the fraction of the total
charge which is delocalized. Since in amorphouss@amuctoray>>n the ratio can be written
asn/n;. For a single trap level andn; can be replaced with the equations described in[&3:

(3.2)

E.-E
NCeX —-_—C —Fn
KT N, r{ AEtj r{ AEtj
= exp - =aexp -

KT KT

whereNc andN; are effective density of states at the edge ottmeluction band and at the trap
level, respectivelyEc andE; are energy levels at the conduction band edgerenatap level.
AE; is the activation energy of the trap (the enerffgrence between the trap level and the

mobility edge). Therefore equation 3.1 can be emits:

AE, j dE.,

J.=n_au. expg-——
e tot lje ;{ kT dX

(3.3)
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Equation 3.3 represents the approach used in Mexddzscribe conduction resulting from
carriers occasionally released by trapped statas.i$ equivalent to the MTR treatment.

Substituting the drift mobility from equation 2.8ITR model) gives:

d EFn
dx

Je = N M (3.4)
Medici implies equation 3.1 by distinguishing beén@ andn; and application of mobility in

the delocalized band, whereas in the MTR modedatiiers () are assumed to be mobile

with a lower mobility (drift mobility). Thereforayledici is mimicking the MTR model as
equations 3.1 and 3.4 are the same. The same swmrtia deduced for holes if electrons are
replaced with holes in equations 3.1 to 3.4. Tlsewlsion is also valid if the localized states are
distributed in energy. In such a cagseepresents the total density of trapped chargesceél

Medici 4.0 is capable of simulating an organic deywhich is done through the TC-AAM

module.

3.1.2 Semiconductor parameters

To apply Medici as a CAD tool for simulation of argc devices, the semiconductor has to be
properly characterized. Since our aim is to falte@aganic devices with solution-processible
materials, regioregular-poly(3-hexylthiophene)®8HT) is chosen as the semiconductor. For a
DC analysis the band gap, electron affinity, dgnsitstates, carrier mobility, permittivity, and

dopant density of rr-P3HT are required. These \whae been extracted from the literature.

The band gap of rr-P3HT is measured to be 1.7 e€hmn et al. [56]. To measure the band gap
they used a UV-Visible spectroscopy method in whighlight absorption is recorded as a
function of the wavelength of the incident lighttive ultraviolet or visible regions of the
spectrum. The electron affinity of rr-P3HT is cdated to be 3.15 eV from the ionization

energy and the band gap of the polymer [57]. Thezaiion energy is obtained from
photoemission spectroscopy, in which the matesiaradiated with UV light and the kinetic
energies of electrons emitted from the materiahaeasured. The energy difference between the
source photon energy and the released electrarsedsto find the ionization energy.

Subtraction of the ionization energy from the bgag gives the electron affinity [57]. Since rr-
P3HT is a p-type material the simulation is donénoles as carriers and the effect of electrons

is ignored. Therefore, only the density of locatiztates close to the valence band is
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considered. To mimic the density of states in rHP3ve have applied 19 discrete levels of trap
states close to the valence band edge based derniséy of states measured by Tanase et al.
[58]. They have estimated the density of states-PBHT by measuring the mobility in a field-
effect transistor (FET). The applied levels areelisin table 3-1 wherg; represents the energy
level in theith trap level. By using their estimated densitiesmodel will reproduce the

relative changes in mobility and conductance asation of field that are observed in Tanase’s
work. This response is highly dependent on théyweynthesis and processing steps employed
in depositing the polymer. The models are thus tisektermine what is possible rather than to

match quantitatively with experimental results.

Table 3.1. Discrete levels of trap density relative to theeedgvalence band in rr-P3HT

Ex Ew-Ev(eV) Density of localized states (cm®.eV)™

E. 0 1.0x10°"
E, 0.03 4.15x10%°
Es 0.06 1.72x10%°
E, 0.09 7.15x10"
Es 0.12 2.97x10"
Es 0.15 1.23x10%
E, 0.18 5.12x10'®
Es 0.21 2.12x10"
Eo 0.24 8.82x10"
E1o 0.27 3.66x10"
= 0.30 1.52x10"
E 0.33 6.31x10"
Eis 0.36 2.62x10%
E4 0.39 1.09x10'
Eis 0.42 4.51x10"
Ese 0.45 1.87x10"
= 0.48 7.78x10"
Eis 0.51 3.23x10"
E1o 0.54 1.34x10*

Since Medici uses the MTR model for the chargespant in amorphous semiconductors, the
mobility of carriers in the energy band is neceg$ar the simulation. Since the energy band

might not exist in rr-P3HT or if it does it is aryenarrow band [35], the mobility in the band
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has not been determined. However, it has been shmatithe highest mobility that can be
achieved from rr-P3HT is about 0.1 @Ws [12, 31]. In this work this value has been taks

the mobility at the mobility edge of rr-P3HT, thbyeproviding an upper bound on performance
in this respect. The relative permittivity of rr4#B is assumed to be 3, as is typical of most
organic semiconductors [59]. The background dopansity in rr-P3HT is set ax10*® cmi® as
Meijer et al. have measured it in an organic tlim-transistor [60]. They used conventional
semiconductor equations for the depletion width tnansistor to obtain the doping density.

Although it is not very accurate it provides a waesble estimate of the actual dopant density.

In general there are two sources of carriers immigsemiconductors: dopants and defects.
Since the typical density of carriers generatethfoefects (~15 cmi®) [44] is much smaller
than the dopant density, the effective carrier dgmstaken to be equal to the dopant density in

a doped organic semiconductor.

In the simulations gold and aluminium are assunseith@ metal contacts for all devices. In
order to describe metals in Medici the work funeteoe set (5.1 eV and 4.3 eV for gold and
aluminium, respectively) [61]. In some of the degdcilicon dioxide is employed as a common
insulating layer. Silicon dioxide is already definiea the library of Medici. Therefore, there is
no parameter to set for Si@ Medici. The list of parameters set for rr-P3HTMedici is

provided in table 3-2.

The output file in Medici is either a graph typepostscript format or a data file in text format.
In order to have the flexibility to use the platsa different code has been written in Matlab (M-
file) which converts the text file to an spreadshHeemat. After the conversion data are
analyzed and redrawn in Matlab. The Matlab cogeesented in appendix A of this document.

Table 3.2. The list of set up parameters used for materiateersimulation of organic devices.

Material Par ameter Symbol Value Unit Ref.

rr-P3HT Band gap = 1.7 eV [4]
Electron affinity Xe 3.15 eV [5]
Permittivity & 3 [10]
Dopant Density N 1x10*  cm?® [11]
Mobility H 0.1 cni/Vs [8,9]

Metals Au work function Pau 5.1 eV [12]
Al work function Pal 4.3 eV [12]
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3.2 Microfabrication

In order to build organic electronic devices cortiaral patterning processes were applied to
create electrical connections. For the initial prafoconcept stage performed in this thesis
conventional processing is preferred to the nowethads such as printing because of the
reliability and the yield in the fabrication. Thanxipal part of the fabrication is building
electrodes. The electrodes are utilized as termiioalthe organic devices. Once electrodes are
fabricated on a substrate the organic semicondigtteposited on the electrodes to build a
device. Depending on the type of device anothatelde might be deposited over the
semiconductor layer. In this section the focusnigte fabrication of the base electrodes. The

details of each device geometry and operation)gtaimed in later chapters.

Silicon wafers are chosen as the substrates ortwvitibuild the electrodes. In prototype
organic transistors it is very common to use higidped silicon as the gate as well as the
substrate of the device. A thermally grown silichoxide layer acts as the insulator for the
transistor. The Si@layer can also be used as an insulating baseltbdmnductive electrodes.
Si/SIO, 4” wafers from Silicon Quest International (S@ite employed as substrates for the
devices presented in this thesis [62]. The silisadmghly doped n-type (Arsenic) with a
resistivity of 0.0052.cm. The silicon grade is “prime” and has a cheijigalished surface. A
350 nm thick layer of Si@is grown at the factory on both sides of the waféng a thermal

growth process. The product is used as the subsiraivhich metallic electrodes are deposited.
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Figure 3.1. The micro-electrode designed for organic electrole¢ices.
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In the design of the electrodes the versatilitysd with a range of organic devices is
considered, as the ease of electrical connectiour. €lectrodes, each with a length of 500, a
width of 4um and a 4um spacing are designed. Each electrode is connexgethrge pad

which is located about 1 cm from the electrodesc&the feature size in the electrode area is on
a micro meter scale these are called micro-eleegodigure 3.1 is a sketch of a micro-
electrode. Since a resolution ofuh is required a photolithography method is appigedattern

a photoresist layer on the Si/SiO2 substrate. Aahayer is then deposited all over the surface.
Removing the photoresist leaves the metal elecsroddhe substrate. This process is known as

the lift-off process.

Although the fabrication process is a standardgssaevhich may be found in any
microfabrication textbook, the details of processoh are necessary for reproducing it are
dependent on the equipments and materials thatbeereused. The process is explained in
appendix C with sufficient details for future statle and with instructions specific to the

available equipment in the AMPEL cleanroom [63].

3.3 Glovebox, devicefabrication and €ectrical connections

Since many organic semiconductors show a chantheinelectrical characteristics when they
are exposed to air, a glove box system is useaiachte organic devices and to test them. A
glove box is an enclosed box filled with an ineasdin this case it is filled with nitrogen) with a
transparent side. Users have an access to theahtgrace of the box with sets of gloves
attached to the transparent side of the box. Thengade the glove box is circulating constantly
through a filter which absorbs chemicals and pesithe gas. To transfer in (out) chemicals or

samples an airlock system is devised for the ghmse

The glove box is equipped with a digital balanceveagh chemicals and an ultrasonic bath to
dissolve particles of solute when a solution ofamig semiconductor is prepared for spin or dip
coating onto the electrode arrays. To fabricaterganic device a micro-electrode is transferred
into the glove box. A spinner, located inside tha/g box, or a manual dipping process is used
to deposit a layer of the organic semiconductamftbe solution on top of the micro-electrode.
Depending upon to the type of device a layer ofatmaight be deposited over the

semiconductor by means of a thermal evaporator dddukin the glove box. The device is then
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Figure 3.2. (a) The glove box system (b) the embedded evaporato

ready to be electrically tested. The details offttieication of each device are provided in the

relevant chapters.

The thermal evaporator located inside the glovedimws the fabrication a device without
exposing the semiconductor to air. The systemssorn made to my specifications and was
fabricated by Cooke Vacuum Inc. [64]. It consistad7” wide glove box with an embedded
thermal evaporator. The glove box has 4 glove pafrtghich two are dedicated to the
evaporator. The evaporator has three thermal sewitk 2 kW power and is useful for small
volume deposition. The vacuum system is a diffu@omp with a liquid nitrogen trap which

can provide a vacuum as low asl0° torr. Figure 3.2 shows the system.

To test the electrical characteristics of a dewieceetal box is used as the Faraday cage to shield
the device from electromagnetic interferences. Adweis connected to the ground of the
instruments. Inside the box a slot connector isexdbd to make electrical connection to the
pads of the micro-electrode by sliding it into ttwmnector. For the top layer connection a

plastic clip covered in copper tape is used, asvehn Figure 3.3b. Such a convenient
connection is designed to be easy enough for mkatipa with the gloves inside the glove box.
Figure 3.3 shows how a sample is connected. Theeobor is wired to a set of female banana
plugs on the side of the metal box. A set of cdacaales are used to connect the box to

instruments located out of the glove box. The cahle passed through a cable gland sealed by
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Figure 3.3. (&) The slot connector with an electrode arragritesl and (b) top electrode

connection using a clip.

cork seal. The shield of the cables is groundethennstrument side to protect signals from

noise.

For electrical measurements | used either an impedanalyzer (Solartron S11287 + S11260) or
Source Measure Units (Keithley 2400 and 6430).

3.4 Summary

Medici 4.0 is used as a CAD tool for DC analysesrginic devices with arbitrary geometries.
The MTR model is implicitly applied in Medici, a rdel which is appropriate for describing the
charge transport in amorphous semiconductors.idlligtions are done assuming rr-P3HT is
the organic semiconductor. Rr-P3HT is specifiedMiedici by its band gap, electron affinity,
density of states, carrier mobility, permittivignd dopant density. All parameters used are
based on experimental values extracted from temattire. The density of localized states in
particular is dependent on the synthesis, purificaand processing steps used. The models
employing these properties are used to establesketisibility of device designs rather than
precise quantitative fits.

Micro-electrodes are fabricated using standardgittbbgraphy methods. The electrodes form
platforms on which the transistors and diodes desdrin this thesis are built. Each micro-

electrode consists of 4 gold electrodes with atlen§500um and width of 4um with spacing
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between electrodes ofidn. These electrodes are connected to large pa@sasgrconnection.

Also, the substrate is highly conductive silicorthaa silicon dioxide coating.

A glove box system with an embedded evaporatosesl fior the fabrication and testing of

organic devices in an inert environment.
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Chapter 4
Organic Schottky Diode

A substantial drawback of current organic transiggohnology is the relatively large voltage at
which devices operate. The large voltage is tlmsequence of the thick insulating layer used
between the gate and the semiconductor. This thiek is used because low cost methods of
producing thinner insulating layers are still undevelopment [65]. Schottky contacts have
long been known to enable depletion regions to bdulated at low voltages. The fabrication of
such a contact is demonstrated, showing that dibdeacteristics can be obtained. In Chapter 5
the Schottky contact is then used in a transistuabling low voltage operation. In Chapter 6
the Schottky contact is used in combination witamdard organic field effect transistor to
show that the transistor performance can be greaplyoved. The Schottky diode performance
is thus central to all the work that follows. Instlechapter the Schottky contact between rr-P3HT
and aluminium is studied by fabricating and testinganic Schottky diodes in air and inert
environments. The demonstration of such a metalesarductor is not new [40, 44], but
establishing the characteristics of the junctiomdar the processing conditions employed is
important for subsequent demonstrations of tramsst

The first few sections in this chapter are dedtatethe theory of a Schottky contact both in
crystalline semiconductors and organics. Sinceette¥gy bands model is inappropriate for most
of the polymer and small-molecule semiconductorpleyed in devices, the thermionic model

is not applicable in organic Schottky contacts.ifudion model is instead chosen for
describing transport across the junction. This gles a justification for modeling current in the
forward bias via an exponential function in certsitnations where localized states dominate

transport.

Then, the fabrication of the Schottky diode is diésal. The electrical characteristics of organic
Schottky diodes fabricated in ambient conditiorestaen presented, which show poor reverse
current (~4 nA) and breakdown voltage (~2.5V). &@lgeng effect is also studied in the device,
as previously reported [66]. Fabricating the diodan inert environment shows an

enhancement in the diode performance. A breakdalage larger than 10 V is obtained for
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the diode with a reverse current less than 1 nAchvare sufficient for the operation of the
MESFET design. Also, the frequency and time respesias the diode are studied. Finally, a
steady and reproducible increase in current attaohgoltage is observed in air-fabricated
diodes, which the effect is interpreted as an apganductance described in Ref [67].

4.1 Introduction

In general any Metal-Semiconductor (MS) contactlectronic devices is a Schottky junction
[68] and its DC electrical characteristic is detgraad by a function describing the curreh)tdt

the junction versus the applied volta§®. (n the specific case that the current is a linea
function of the voltage, the junction is calledarmic contact. In most textbooks and scientific
papers the term “Schottky contact” is used wherMBecontact is not ohmic. In this thesis |
have used the same terminology to distinguishealikV function from a non-linear one by
using the terms ohmic and Schottky contact.

Schottky contacts in organic semiconductors haes Istudied for more than two decades and
have been used to build the first generation cawiglight emitting diodes (OLEDSs) [44]. A
key aim of this thesis is to build an organic MESF-B&s studying, optimizing and reproducing

organic Schottky contacts are useful for understanand influencing transistor characteristics.

4.2 Structureand energy diagram

A popular way to make an organic Schottky dioda stacked structure in which a thin layer of
an organic semiconductor is sandwiched betweemtetal contacts: an ohmic and a Schottky
contact. The focus in the devices demonstratedibene the Schottky junction as it determines
the device characteristic. For a crystalline semdletor the energy band diagram is usually
used to explain the junction behaviour. The metdl the semiconductor each have a Fermi
energy levelEg), as shown in figure 4.1. At thermal equilibriunhen the metal makes contact
with the semiconductor, the bands bend in the semdigctor to align the Fermi level all along
the junction (figure 4.1.b). The band bending & thsult of a space charge region in the
semiconductor adjacent to the metal contact. Anit@kbarrier (g) appears at the metal-
semiconductor interface. According to the diagrarfigure 4.1 the height of the barrier in a p-

type semiconductor is:
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Figure4.1. The energy diagram of a metal and a semiconduajdsdfore and (b) after the

junction.

q¢B =QXs t Eg - q¢|v| (4.1)

whereq is the unit chargeapw is the work function of the metdty is the band gap in the
semiconductor, angys is the electron affinity in the semiconductor.

If the carrier density in the space charge regsomuch less than that in the bulk semiconductor,
similar to the case shown in figure 4.1.b, theaads called depletion region. In order to
determine the width of the depletion regia®)(first the electric field is calculated by

integrating Poisson’s equation across the junction:

_av(g _ 1
dx &g

.- (4.2)

j o(X)dx

wheregs is the permittivity of the semiconductot,is the distance from the junctiagjs the

electric field,p is the charge density aM{x) is the electrical potential at

For a uniformly doped crystalline semiconductoreasonable approximation [49] is that the
carriers are completely depleted over the widthsuch that the charge density in the depletion
region is equal to the dopant densiis)X times the unit chargej) (the sign of the charge has to
be considered as well). To balance the chargesisémiconductor electrons are removed from

the surface of the metal to generate a zero negelacross the junction.

Therefore, in the depletion region (k< W) the electric field and the potential are linead a

guadratic functions of the distance, respectivigl\a static state (biased) the electrostatic
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potential difference across the junctioiVis- Va whereV, is the applied voltage in the forward
bias andvy,; is the built-in voltage in the junction (figurel4(b)). Application of the quadratic

function, then, gives the depth of the depletiagiae as:

(4.3)

2&
W= S =V
\/qNA (Vbl A)

Equation 4.3 shows that the depletion width extendke reverse biad/4<0).

In the above discussion the effect of image foirterfacial layer and the pinning phenomenon
are ignored, whereas they have significant effectthe barrier height and the band bending.
However, for the depletion width calculation, &lése effects can be included by adjusting the
built in potential as they mostly affect the barteight. Equation 4.3 is found to provide a good

description of the depletion width in uniformly dapcrystalline semiconductors [69].

The differential capacitance associated with th@eat®n region Cg) is inversely proportional

to the depletion width. An impedance measuremembesapplied to determir& and thereby
to estimataN. Also, the measured capacitance at different bialews the determination of the
doping density and the built in voltage from thepsl and the voltage intercept of ti&EV,)

plot [70], if the semiconductor is uniformly doped:

é = KZNA(VM =V,) (4.4)
However, the situation in organic semiconductongely different because of the difference in
the energy structure between organic and crystaflemiconductors. As a result (explained in
the next section) equations 4.3 and 4.4 are nabapiate to describe an organic Schottky
contact and capacitance measurement is not an@pisway to measure the carrier density

and the built-in voltage.

4.3 Depletion region in an organic Schottky contact

The band description is not strictly applicablemganic semiconductors as most of the time
there are no bands in organics. As explainedarfdhowing paragraphs, a bias dependent

depletion region exists in an organic MS contact.
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Regardless of the semiconductor energy structurenva semiconductor material makes a
junction with a metal with a different Fermi levéie electrons move from the material with
higher Fermi level to the lower one until the Fetevels align across the junction at the thermal
equilibrium. The displaced charges change the lbalahcharge in the semiconductor and
produce a space charge region in the semicondukga.result an electric field is established at
the junction with which a built-in voltage is assded. The lack of a distinct band structure in
the organic semiconductors results in no Schottdyiér Qpg) in organic Schottky contacts.
However, the electric field controls the carrigettion from the metal, leading to a built-in
potential, which has been represented as a b@kjer ¢p;) [71].

Semiconductor Metal  *C =W semiconductor
(p-type) — | (p-type)
N T T T Ei T — == E
Qo I qVhi
(a) (b)
.
=
T
—

Ev

Figure4.2. The Fermi level in the organic semiconductor @phke and (b) after a metal
junction is formed. The density of states in thgamic semiconductor with an exponential tail
states and the position of the Fermi level at tiréase of the semiconductor (c) before and (d)

after the junction.
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In figure 4.2 the energy diagram and the densitstaties in a hypothetical p-type organic
semiconductor before and after it makes a junctith a metal are illustrated. The localized
states in the semiconductor are shown with dasmeshe Fermi level for an intrinsic
semiconductor is representedByIn this semiconductor it is assumed that the ithep$ states
drops exponentially with the slope &T)™ in the tail states. When the semiconductor makes a

junction with the metal; bends in the depletion region.

The density of carriers in amorphous semicondudtmalved in conduction is proportional to
the density of states at the Fermi leWw(Hg)) [45]. As shown in figures 4.2.c and d, if the
density of states at the Fermi level drops whersdrmeiconductor makes contact with the metal,
the carrier concentration in the space charge negjo drops. The reduced carrier density near
the interface effectively forms a depletion regibnother words, if in an organic MS junction
the Fermi level moves toward the band tail, a depiaegion is produced. Therefore a metal
with an appropriate work function creates a deptetegion on contact with an organic
semiconductor. In non-equilibrium conditions whenexternal voltage is applied to the
junction, the overall voltage (summation of the leggppotential and the built-in voltage)
determines the charge concentration in the deple&gion. Hence, at steady state, the width of
the depletion region is dependent on the applidige, but it is no longer a square root
dependency because the charge density is not comstie depletion region. Instead the
charge density is determined by a combination efcttncentrations of ionized dopants and
trapped charges in the localized states [44]. éhsucase, solving Poisson equation analytically
is very complicated. Therefore, it is easier talfthe depletion depth using numerical methods.

In practice, junction capacitance measurementgfateht biases are utilized to measure the
depletion width, but the technique is not usefuind the built-in potential and/or the doping

density as G-V is not a linear curve any more, as has been sleayverimentally [72].

In order to have an estimate of the depletion dag#dici 4.0 [54] is utilized as a CAD tool to
simulate an organic Schottky diode. The capabdftiedici 4.0 to simulate organic
semiconductor devices is discussed in chapter 8 stilacture of the device is shown in figure
4.3.a. A 400 nm thick organic semiconductor is saolded between the anode and the cathode
electrodes. The thickness and width of the eleesade chosen to be 20 nm and 12 um,
respectively. For the semiconductor layer, regiolagpoly (3-hexylthiophene) (rr-P3HT) is
selected which is a relatively stable p-type semdewtor [73]. Rr-P3HT is widely used to make
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various organic devices because it has very higiecanobility for a soluble (readily
processible) organic semiconductor [31]. The sendoator is defined for Medici as an
amorphous semiconductor by applying the densistates close to the valence conductivity
edge Ey). The semiconductor characteristics, which ardiegor the simulation, are
explained in chapter 3. Since the semiconductpttigoe, gold as a high work function metal
(dpa= 5.1eV) [61] is chosen for the anode electrodeandinium with a low work function
(qpal = 4.28eV) [61] is considered for the cathode. Agamic Schottky diode with the similar
structure and materials has been already experathedemonstrated by others [40]. The

Medici input code is presented in appendix B.
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Figure 4.3. (a) The schematic of the simulated organic Schattkgle and (b) the energy

diagram at equilibrium.

The downward energy bendingBfin the semiconductor adjacent to the aluminiumactn
shows a Schottky contact between the aluminiumraR@HT (figure 4.3). The diagram shows
that the depletion width is about 120 nm under ldgquum conditions. Upward bending of
energy at the gold contact shows that the Ferneil lsvmoved toward the mobility edgé\j as

a result of the high work function in gold, therahgreasing density of states and conductivity.
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If the semiconductor layer is thinner than 120 heéntire semiconductor between the two
electrodes is depleted. In such a case the semictordacts like an insulator and the built-in

voltage is equal to the difference of the two whrnkctions of metal electrodes [71].

4.4 Current transport mechanismsin Schottky diodes

The current transport in MS contacts is mainly thuthe majority carriers [70]. According to

the Schottky model for crystalline semiconductoteeamionic mechanism is governing the
junction current in the forward bias, in which the&rent is produced from the carriers that have
enough energy to pass over the barrier. The theimimechanism is not applicable in organic
semiconductors because of the lack of barriernbuertheless the model has been used to
describe organic devices in many scientific pafigds72, 74, 75]. If this model does not hold,
then why is an exponential rise in current obseimetiese devices under forward bias over
some of the voltage range? A diffusion based msda@loposed here that, when combined with
an exponentially changing density of states asation of energy, predicts an exponential rise
in current in the forward bias. This suggestionasv, but has not been proven experimentally.
Following the description of the diffusion modehet current limiting mechanisms including
space charge limited current and ohmic contactleseribed. These are well accepted models
used to describe current in organic MS junctions, @re presented because they are employed

later in analyzing experimental results.

The thermionic model is more appropriate for higbbitity semiconductors, whereas the
mobility is very low in organics. Sze has suggesheddiffusion model for low mobility
semiconductors [70]. In this model the current fBchottky contact is determined by the
concentration gradient of the carriers in the démberegion [70]. The diffusion model does not
rely on energy bands in the semiconductor, makingpre promising for describing organic

Schottky contacts.
The diffusion model starts with the basic driftfdifion equation in a semiconduct§ro]:

dE;
dx

J=pu (4.5)

! The semiconductor is assumed to be p-type foptinposes of the derivation.
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wherel is the current density is the hole density, and tikalirection is indicated by the arrow
in figure 4.2. b. Often in the tail states, the glgnof states in an organic semiconduch{(E),

decreases exponentially with energy (see figure[4&:

_ E -E
N(E) =N, exp{ T j (4.6)

whereN; is the density of states BtandT; describes the width of the band tail (i.e. itdd n

strictly a temperature). According to equation th® hole density can be written as:

E -E
p=N(E;)KT =N, ex;{'k—TFJkT 4.7)

t

Substituting equation 4.7 into 4.5 gives:

E. -E
Jexp ——- |dx=-k*TT.N. [t ex F .
’{ thj A {kﬁj (48)

Integrating both sides across the depletion regiod,assuming that the mobility is not

dependent on the Fermi level (MTR model), resultthe relationship:

T E 2 T —E; 2 qVa
Jjex -— |dx=-k T'I}NJ/Id ex =—-KkTT,N, exp —= |1 (4.9)
0 KT, 0 KT, KT,

whereV, is the applied voltage across the junction inftme/ard bias. To solve the integral on

the left side the energy bending in the depletegian has to be formulized. Since the energy
bending in organic Schottky contacts is dependerihe doping density and the trapped
charges in the localized states, it is difficulfdomulize the energy bending. Although the band
bending is analytically characterized in crystalsemiconductors, an integral similar to the left
integral is simplified by assuming a constant eledield across the depletion region [69].
Generally this assumption is valid when the dopawg! is so low in the semiconductor that it
behaves as an insulator. Applying the same approadrganicsE; is expressed by (see figure
4.2):

E =qy,-qV, + qV\\ibi X (4.10)
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Substituting equation 4.10 into 4.9 and solvingitttegral gives:

W KT, KT, KT,

In order to compare the characteristics of an dog@nhottky diode with a crystalline one

equation 4.11 can be written in the following form:

_ QVa ) _
J—Js(ex;{nij 1) (4.12)

whereJsis called saturation current density anig the ideally factorr=Ty/T). Since bothw

andu are changing wit,, Jsis not a constant except for a limited range efutbltage.

The ideality factor is strongly dependent on tlopslof the tail in the density of localized states.
In many organic semiconductors including rr-P3HTs larger than 300 K [46] which results an
ideality factor larger than 1 at room temperatttewever, for a highly ordered semiconductor

with sharp tail states might approach to 1.

In addition to the diffusion process, other mechars are involved in charge transport in a
Schottky contact including tunneling through theerfacial layer and recombination of carriers
in the depletion region [69, 70]. The effect ofshas usually considered in crystalline
semiconductors by increasing the value of the itlefactor in equation 4.12 [70]. In forward
bias wherv >> kT/qg the current in an organic Schottky contact is egped as:

Y,
J=J, ex;{?]k_’l*_j (4.13)

In crystalline semiconductors the ideality fac®usually between 1 to 1.6, whereas in organics
the range is wider (1.2 to 8) [72].

According to equation 4.12 the current densityhia teverse bias i& However, the current

does not saturate dschanges with the applied voltage.

Similar to a crystalline Schottky diode, breakddwappens in an organic Schottky junction at
high reverse bias voltages [59]. Of course, theeZeffect is meaningless in organics because

of the absence of bands, but an avalanche proséksly the reason for the breakdown [47].
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Equation 4.11 is introduced for the first time dras$ not been proven experimentally. Further
study especially on the current variation with temgture is required to prove or reject the
diffusion model, which is beyond the scope of thissis. Also equation 4.10 is a very poor
estimation of the energy bending in the depletegian, which reduces the accuracy of
equation 4.11. Nevertheless, equation 4.12 indsoatey even in the absence of energy bands in
organic semiconductors the current in a Schottkgion might exponentially change with

voltage.

4.4.1 Ohmic contact

A metal with a Fermi level close to the mobilitygedin the semiconductor can form an ohmic
contact by accumulating carriers in the space @&eggion rather than depleting carriers. Such a
case is often used to form ohmic contacts in o@aamiconductors [44] as shown in figure 4.3
between gold and rr-P3HT. Also, at very high dogdagls the organics have nearly metallic

properties [44] and the junction is effectively atal-metal contact.

4.4.2 Space chargelimited current (SCLC) in an organic Schottky diode

Equation 4.6 describes the current at a Schotthgtion in the forward bias, but the current
might be limited at high values by other mechanisGmnsidering the bulk resistance and the
contact resistances in a Schottky diode, the appldtage across the Schottky contact is
Va=VeerIR, WhereVie, is the terminal voltage,is the device current, amlis the overall
resistance [59]. For a very high current in thevand bias the resistive effect can sometimes
dominate and the device then shows a limdAcurve instead of the exponential one.

Often, in an organic Schottky diode the currenaiage forward bias is limited by the space
charge limited current (SCLC) effect [76]. Thisnitation occurs when the concentration of the
injected carrier in a semiconductor is high comgdcethe carrier concentration at equilibrium,
especially when the mobility of the carriers is lmthe semiconductor [77]. In the SCLC
regime the current density is expressed by [77]:

J= 9‘931U|DVA2

¥E (4.14)
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whereu, andd are the bulk mobility and the thickness of the isemductor, respectively. In the
space charge limited regime the mobility can bemeined if the thickness of the device is
known [44].

In summary, organic Schottky diodes are expectdthte a non-linedrV curve. Under

forward bias the current is found to follow equat 13, with an ideality factor that is relatively
large compared to a Schottky diode made of a dhysaemiconductor. At high currents the

V curve deviates from the exponential trend as theent has been found to be limited by either
the space charge limited current or the seriestagie effects. The reverse current is rarely
saturated and the breakdown happens by the avaafigct in Schottky contacts.

4.5 Fabrication of Organic Schottky diodes

The most convenient way to build an organic Sclyatikde is the stack structure shown in
figure 4.3.a. The fabrication is done layer by layidne bottom electrode is deposited and
patterned on a substrate, and the semiconduati@pissited over it. The top electrode is then
laid down and patterned. As has been explaind@3HT is chosen as the organic
semiconductor because of its solubility and highieamobility [73]. The anode electrode can
be made of any high work function conductor suchad Qpa= 5.1 eV) [61], platinumdge:
=5.65 eV) [61] or indium-tin-oxide (ITOXpiro =4.5 eV) [78]. ITO is widely used for OLED
applications because it is a transparent condusotarit is difficult to pattern it with manual
methods because there is no visual feedback iprteess. Gold is chosen over platinum based
on availability and price. There are several choice the cathode. Calciumgfc, =2.87eV)

[61], magnesiumdpng =3.66eV) [61] and aluminiungfa = 4.28eV) [61] are common metals
used to make a Schottky contact with p-type orgamienong them calcium is best because it
has the lowest work function, but its junction witlganics degrades quickly due to the
diffusion of the calcium ions into the semicondudayer [79]. Also, application of magnesium
is challenging due to the reactivity of the me#][ Therefore aluminium is used which
produces an air stable Schottky contact with rr-P3Fhe simulation result in figure 4.3
suggests that the aluminium work function is lowgh to make a Schottky contact with rr-
P3HT. Formation of a Schottky contact in Al/rr-P3Hifictions has previously been
demonstrated [40].
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Generally, in the stack structure the aluminiuncietele could be either the top or the bottom
electrode, but in the particular way that we ar&inathe device, it is preferred to have the
aluminium at the top. The concern is the quick fation of alumina (AlOs) at the surface of

the aluminium which behaves as an interfacial lay¢he Schottky junction. Deposition of the
aluminium in vacuum as the last step of the falbivcareduces the opportunity to form alumina

between the electrode and the semiconductor.

To fabricate diodes, gold micro-electrodes, madexagtained in chapter 3, are used as the
substrate and the anode contacts. On each of mliectrodes there are four parallel electrodes
with lengths of 50Qum, widths of 4um and with 4um spacing (figure 3.1). Having four
electrodes on each sample allowed us to make fodesd in every run which was useful to test

the consistency of the measured characteristics.

The cleaning process is a crucial step in makigguoic devices. Most of the time the organics
used during the fabrication process of micro-etst#s (photoresist, acetone and so on) stay on
the electrodes as a residue and later they contédenihe organic semiconductor. Different
methods including standard cleaning-1 (SC1), waghiith acetone and methanol, boiling in
acetone and methanol and cleaning in piranha aredeThe piranha recipe, in which the
micro-electrode is dipped in a solution (piranhantaining HSO, (50%) and HO, (50%) for 5
minutes at the room temperature and washed witht\pte deionized water (DI water), is found
more effective than the other methods. Dry nitroigethen blown over the sample to dry it.
Since piranha is a highly reactive solution, treaaoing process has to be done in a fume hood.
After cleaning, the sample has to be stored irearcbox and it is found to be best to perform

the cleaning immediately before using it for devigerication.

A solution of the organic semiconductor is prepargdlissolving the polymer into chloroform
and sonicating the solution in an ultrasound batrabout 30 min. The polymer concentration is
usually between 0.5% and 2% by weight. Generalbglation with very low concentration
results in pinholes in the deposited film and ayn@gh concentration makes the solution
viscous, making it difficult to obtain a thin filnThe selected concentration range is appropriate
for various methods of deposition as is suggestesgtveral articles [12, 40, 80, 81]. Given that
the density of chloroform is 1.48 g/&n¥.4 mg to 29.6 mg of rr-P3HT in one millilitre of

chloroform gives the desired concentration range.
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Either spin coating or dip casting are used to toaimicro-electrode with the organic
semiconductor. In the spin coating method, the or&dectrode is loaded in a spinner and a few
drops of the solution are dropped over the micestebde. Running the spinner for 40 s at a
speed of 1000 rpm gives a thin uniform layer dP8HT over the electrode with the thickness
of about 120 nm. In the dip casting method, theroaédectrode is dipped into the polymer
solution and slowly pulled out at an oblique anylile the electrode is being pulled out the
chloroform evaporates rapidly and the polymer isod#ted over the electrodes. Since the
method is manual, there is no control over thektiess of the film. Thickness is measured with
an atomic force microscope (AFM) after the devgelectrically tested. The dip casting method
is convenient when a thick layer of the organic isemductor is required, whereas spin coating

produces a relatively thin layer.

After the semiconductor deposition, the sampleesstéd on a hot plate at 100 °C for 20 minutes
to anneal the semiconductor and remove the resah@aloform [82]. A mechanical mask is

then put over the sample to apply the requirecepafor the aluminium electrode. The sample
and the mask are loaded in an evaporator to deposituminium layer with a thickness of
between 100 nm and 500 nm. Figure 4.4 is a schemftine device after aluminium

deposition.

Al

r-P3HT

Au

Si - Si0; Substrate

Figure4.4. A schematic of the top view of the sample afteraheminium deposition.

The aluminium deposition rate is a very importautdr in building a diode. To achieve a
rectifying junction it is found that the rate hasde less than 1 A/s. When the rate is higher than
3 Als there is often a short circuit between theand the bottom electrodes, especially when

the semiconductor layer is thin. The shorting maibly due to deep penetration of aluminium
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into the soft organic layer when aluminium atomsehhigh kinetic energy in a high rate
deposition. For a rate between 1 and 3 A/s theedimtlially shows a resistive characteristic in

parallel with the Schottky diode. Such a charastieris analyzed in section 4.6.1.

Most of the organic semiconductors, including rHF3are very sensitive to oxygen and
moisture [83]. Although, the chemical structuremP3HT is stable in air, oxygen and water
molecules behave as dopants in the polymer if pesetrate into the semiconductor layer [60].
Since a Schottky junction behaves as an ohmic coritdne doping density is very high at the
surface of the semiconductor [70], minimizing oxiyged water content is important. After the
polymer deposition on the micro-electrode, the darigkept in a vacuum of TQorr for more
than 8 hours in order to remove oxygen and moigitice to the aluminium deposition [32].
Although this method does produce Schottky diottesdevice characteristics change after a
few days when they are tested in air. In ordeethice exposure to air and moisture many of the
devices are fabricated and tested in a glove bied fivith dry nitrogen, described in chapter 3.
In this case all the steps that involve the orgarimiconductor, including opening of chemicals,
preparation of the semiconductor solutions, defmosiand the testing of devices, are done in
the glove box. An evaporator embedded inside theegbox is used for the aluminium
deposition.

Diodes made in air and in the glove box are eleallsi tested to compare their performances.

4.6 Electrical characteristics

Since a non-ohmic junction in the anode electr@deér(-P3HT contact) would reduce the diode
performance, our first concern is ensuring the praontact between the gold electrode and the
semiconductor. To check the junction at the AuBHFP contact, the current between two
adjacent gold electrodes is measured before timei@ium deposition when the voltage is
scanned from -3V to 3V. Figure 4.5 shows the ohmeicaviour of the contact with a linday
curve. The sample used in this test made by difncg200 nm of the polymer on the micro-
electrode and heating it to 100 °C for 20 min i@ ¢fove box. The resistance of 5%M\nd the

conductivity of the semiconductos)is calculated to be 720° S/cm.

Since the conductivity measurement between twdreldes may not be accurate because of the

contact resistance, a four-point technique is apphy using all four electrodes in the sample. A
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very negligible difference is observed betweendbeductivity measurement with two-point

and four-point techniques as the high resistan¢beobrganic semiconductor dominates.
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Figure4.5. The I-V curve between two adjacent gold electrodes imgawith 200 nm thick

rr-P3HT and no aluminium layer.

Scanning the voltage back and forth several tinnessga consistentV curve for this sample
which is made and tested in the glove box. Testisgmple in air shows a rise in conductivity
with time which becomes noticeable after a few esuThe drift in the conductivity suggests
oxygen doping. The measured conductivity for rr-P3tbm the sample in the glove box is
taken as the ‘intrinsic’ conductivity of the polym@his intrinsic conductivity is relatively high
and likely results from undesired dopant (ionsthi@ polymer primarily left over from the

polymer synthesis process [71].

4.6.1 Air-made organic Schottky diode

In this section the feasibility of making diodesaiin and operating them in air is investigated. It
turns out to be a non-trivial challenge becausamimsemiconductors are known to be air and
moisture sensitive, and encapsulating coatings tielv@ somewhat permeable to oxygen and
water. Much research is focussed on creating nganic semiconductors that are stable in air
[84]. The advantage if it works is that manufaatgrcosts are reduced. The hope was that
coverage of the diode (and later the transistaif) tiie top electrode would provide a barrier to
air penetration, with the dense metal providingdygirotection than a polymer coating. It is
discovered that diode characteristics are obtamed, but the response is time dependent. The
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overall conclusion is that the characteristicshef @air-made diodes presented in this work are
not sufficiently stable for practical applicatiorhey do have some interesting characteristics

however, as presented at the end of this chapter.

Although the conductivity measurement in air intisaa time dependeh¥ curve, more stable
electrical characteristics are expected in an @denSchottky diode because of the
encapsulation provided by the covering aluminiugefaThe idea is to put the air-made
polymer coated micro-electrode into a vacuum charfdyea few hours to remove oxygen and
moisture and then to deposit the aluminium overptiigmer. The polymer should partially
undope in vacuum [32]. Then it is encapsulated wighaluminium layer, which works as the
cathode as well.

A 1.6% (wt.) rr-P3HT solution is used to make a@&thty diode on a micro-electrode. The
solution is spin coated at a speed of 1000 rpr@osec to produce a 120 nm thick polymer
layer on the electrode. The thickness is measurgdanprofilometer. Figures 4.6.a and 4.6.b
show the optical images of the tips of the micreetode before and after the polymer
deposition. The electrode area is coated relativelformly and it appears to be defect free.

(a) (b)

Figure 4.6. Optical microscope image of the micro electrodeb@fpre and (b) after the
polymer deposition (the width of each electrodé jsn).

The sample is left in a vacuum of B torr for more than 8 hours before the aluminium
deposition. A 500 nm thick aluminium layer is tragposited with the e-beam evaporation
method at an average rate of 5 A/s. This rate pbsition was ultimately found to be higher
than is desirable, as discussed above, but theresisiedy, as will be discussed shortly. The
aluminium pattern is applied by use of a shadowkndasing the deposition. The DC
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characteristic between one of the gold electrodéstlae aluminium is tested by a potentiostat
(Solartron S11287 + S11260) with the sample expdeealr and electrically shielded in a metal
box.

The high rate aluminium deposition in the deviaktie a very resistive characteristic (figure
4.7) when the voltage is scanned from 0 to 0.90¢hSa low resistance may be due to pin holes
in the semiconductor layer produced by the coltiibhighly energized aluminium atoms
during the aluminium deposition. The aluminiumedlpin-holes provide very conductive paths
between the aluminium and the gold electrodes witashlts a “short circuit” characteristic.
Increasing the applied voltage up to about 1 Vddad sudden drop in current. Joule heating
resulting from the high current densities at 1 \Wregaporate the metal and disconnect the
paths, similar to the burning of a fuse [85]. A®sault the current drops to a very low value and

a diode characteristic is detectable with a fresins

[9,]

b 02 04 06 08 1 12
V (V)

Figure4.7. Thel-V curve of a diode with a high rate deposition aiaihium showing the short
circuit and burning the shorted paths at high &t

Figure 4.8. The optical image of a damaged micro electrode #feburning of the conductive
paths in a Schottky diode.
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Although, the burning method is useful to recovehart circuited diode, it is not always
practical as the burning voltage likely dependshansize and the number of pin holes and
sometimes such a large voltage is needed thatdde ¢ damaged. Also, the surface area of the
electrode, which is important to know in order &ctlate the current density from the
measured current, is changed after the burn. Fg@&shows a picture of a damaged gold
electrode after the polymer and the aluminium layerwashed off from the sample, suggesting

that the area is changed significantly.

After burning the conductive paths the DC charastierof the diode is tested by scanning the
voltage between -3V and 3 V. Figure 4.9 indicalbesrectification property of the diode as the
forward current at 3 V is almost sixty times largfean the reverse current at -3 V (rectification
ratio~ 60 @ 3 V).

0.3y

0.2}

I (BA)

0171

0
V (V)
Figure4.9. The |-V characteristics of an Al/rr-P3HT/Au Schotidiode made and tested in air.

The semi-log plot of théV curve, figure 4.10, indicates an exponential iaseeof the current
with voltage from 1.5 V to 2.5 V. Least square egstimation is used to fit an exponential
function to the measured current in that rangewshas the red line in figure 4.10). An ideality

factor of 4.9 and saturation current ofi®*! A are obtained.

The measured current shows a decline from the etp@h growth for voltages above 2.5V,
indicating a limiting mechanism such as the SCL®wWk resistance. The deviation of the
current from the exponential behaviour for voltatess than 1.5 V is studied by looking at the

reverse current on a linear scale (figure 4.11¥aiAy resistive characteristic is observed down
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to -2 V indicating that there may be a resistivihpgaarallel to the Schottky contact with a value

of 810 MQ.

0
V(V)

Figure4.10. Thel-V curve in a semi-log plot. The red (straight) lise fit curve to the
exponential part of the current.

To explain the DC characteristic of the devicerapdé model, shown in figure 4.12, is proposed
which includes a diodd)) and a parallel resistoR§). The resistive characteristic is dominant
when the diode current is very low in the reveriss land at voltages lower than 1.5 V in the

forward bias, but above 1.5 V the diode curremsbisarge that it dominates the device current.

The time dependence of the parallel resistancei@Bexs] by recording the diode characteristic

over a two-week interval. These results are presemext.

3 25 2 15
V(V)

Figure4.11. The reverse bias characteristic of the diode. rédgstraight) line is a fit curve to

the current.
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Figure4.12. The proposed model for the organic Schottky diode.

4.6.1.1 Aging effect in an organic Schottky diode stored in air

Although aging effect has been already studiedgamic Schottky diodes, particularly in
OLEDSs [85-87], the focus has been on the forwaad lsharacteristic which emits the light. For
the transistor application, however, the reverss bharacteristic is more important. Therefore
the drift in the device parameters is studied dkercourse of two weeks when the sample is

stored in air.

The estimated values of the parallel resis®p),(ideality factor ) and the saturation current
(Is) for the diode are plotted in figure 4.13 at tha&éerent times: the day that the device was
built (fresh sample), and then 7 and 14 days é&dtaication.

The parallel resistance shows a drop with time f8ifd MQ to 17 MQ, while the ideality factor
and the saturation current are increased. Theaserm ideality factom, suggests a reduction
of the diffusion current in the Schottky contadhisrmight be due to the growth of the
interfacial layer between the semiconductor andatbiminium [69]. Formation of an aluminium
oxide layer between the aluminium and the semicotudus very likely if oxygen can penetrate
into the device. The burnt conductive paths orlmies on the aluminium layer are likely
locations for the oxygen penetration.

Although the parallel resistance could be produoaeh small aluminium particles diffused into
the polymer layer (the same particles that may hed/é¢o a short circuit), the variation of the
resistance with time is not explained with thisattye Instead, the introduction of oxygen may
explain both the degradation process in the diodktlae drop in the resistance. If oxygen
diffuses into the Al/rr-P3HT interface it can reagth aluminium and make AD3; and/or dope
the polymer. The former possibility causes the dédgtion of the diode characteristic and the

second possibility can convert a Schottky junctman ohmic one.
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Figure 4.13. The drift of the diode parameters with time in tweeks.

A polymer semiconductor is quite likely to haveansuniform junction between the metal and
the semiconductor. The cartoon in figure 4.14 dsmcdighly doped region in the
semiconductor which makes an ohmic contact withatbeninium (right), while at left one the
lightly doped side a Schottky contact with the ifgeial layer is shown. An expansion of the
highly doped domains with time is expected as noasgyen diffuses in. As a result the ohmic

contact expands and the parallel resistance drops.

Schot_tky Ohmic Junction
Junction

[
Ay

r-P3HT i
P i

Au
Substrate

Figure 4.14. Non-uniform junction between the organic semicornouand aluminium.

The hypothesis of the oxygen effect on the diodeatteristic is tested with two experiments.
In the first experiment the aluminium is depositeda polymer film without dedoping the
polymer in vacuum. In such a case the polymer whiak exposed to air has thus already been
doped before making contact with the aluminium. dbeice showed an almost completely

resistive characteristic, indicating that the oxygeped polymer forms an ohmic contact with
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aluminium. In the second experiment, explainedherext section, the diode is built and tested
in a glove box filled with an inert gas. The dicte®wed very slow degradation in its
characteristics. Hence, the observed drift of attarastics in the diode is likely due to the

exposure to air.
4.6.2 Organic Schottky diode madein an inert environment

4.6.2.1 DC characteristic

In a MESFET transistor the gate contact is a Sklagainction with the semiconductor. Since a
very low gate current is desired for a transigtog, gate junction operates either in a reverse bias
or at voltages lower than the built-in voltage [7Dherefore, a Schottky contact with a very low
reverse current is required for the gate junctAleo, the Schottky diode breakdown voltage

should be high enough not to limit the operatioaalge of the transistor.

The Organic MESFET consists of a pair of the goidraaelectrodes that are used as the drain
and source terminals and an aluminium electrodeslegal over the semiconductor layer that is
used as the gate contact. Considering such awsteyithe channel current in the transistor is the
current between two adjacent gold electrodes (@gub) which is in the range of $@.

Generally the gate current has to be much sméléar the channel current in a transistor. A
current smaller than 1 nA is required for the Stityotliode in the reverse bias to build an

effective transistor of this design.

The diodes that are made in air have shown po@rsebias characteristics both in the current
range and in the breakdown voltage. However, floewvard bias characteristic is reasonably
good providing they can be effectively encapsulatde non-uniform doping at the surface of
the semiconductor due to air contamination is aipdes reason for the relatively high reverse
current. Hence, a nitrogen-filled glove box wasdusebuild and test an organic Schottky diode.
A thick polymer layer (250 nm) is deposited (usthig casting) to avoid the short circuit
problem in the diode. Also the aluminium depositiate is controlled to be less than 1 A/s
throughout the deposition. The result is a diodieut any parallel conductive path as shown
in figures 4.15 and 4.16. A breakdown voltage ghler than 10 V is a significant achievement
as most of the organic Schottky diodes have bearacterized up to only 5 V in the reverse
bias [44].
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Figure 4.15. Thel-V characteristic of an organic Schottky diode mawiiné glove box.

In the forward bias the current increases rapidty woltage. A rectification ratio of about 250
is obtained at 3 V for the diode, but the currerttarely exponential with the voltage. In a very
small region, 1.1 V &/ < 1.8V, the following exponential function (thedrline in figure 4.16)

is fit to the experimental data by least squaresr &stimation:
| =10 ex(684xV) LIV <V <18V) (4.15)

wherel has a unit of A.

-6
10 T -
— Measured
p —— Exp. fit
8 —a— Quad. fit
10 ¢
S
10-10r
r
-12
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14r
10° ,
-10 -8 -6 -4 2 0 2

Figure 4.16. Thel-V characteristic of the diode in a semi-log ploteThd line ¢) is an
exponential fit in the forward bias and the blackl{ne indicates the quadratic function
describing the SCLC. The red and black lines fooodJfits, hiding the experimental data

above 1.1 V.
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Using equation 4.13 the ideality factor and thensdion current are calculated to be 2.44 and
1013A, respectively. Both parameters are enhancedeimlihde made in the glove box relative

to the device made in air.

Above 1.8 V the current is not longer growing exgainally and it mostly follows a quadratic
function suggesting space charge limited curreiting a second order polynomial equation to
the data (blacko) line in figure 4.16), gived (has a unit of A):

| = (0.6071xV? —1.6362xV +1.1113 x107 L8V <V <3V) (4.16)

Using equation 4.14 the coefficient\#t is used to estimate the bulk mobility of the pogym

To convert the device current to the current dgnssed in the equation, the surface area of the
gold electrode (4m x500um = 2000um?) is used as the junction area. Knowing the polymer
thickness d = 250 nm) and the relative permittivity of the yroler (= 3) [59] the carrier

mobility for rr-P3HT is found to be 1x40* cn?/V[S. The mobility is in good agreement with

other experimental data for bulk mobility [53].

4.6.2.2 AC characteristics

Schottky diodes are known as high-speed diodesysiatline semiconductors because they are
majority-carrier devices [70]. The AC propertiestioé diodes have been studied by measuring
their frequency and time responses. PotentiallgmigSchottky diode can operate up to tens of
MHz, as it has been shown before [88]. In this ¢asefound that parasitic capacitance in the

substrate limits the ability to probe the ultimbsndwidth of the device.

4.6.2.2.1 Frequency response

The frequency response of the diode is tested @sBgjartron impedance analyzer (SI 1260A)
in which one can set a DC bias voltage and apgiyall AC voltage. The current is then
measured and the real and imaginary parts of tpedance are recorded. To achieve a Bode
plot of the impedance for the organic diode, tleg@lency is swept from 0.1 Hz to 10 kHz. The
impedance measurement is done both in the forwiasd(l'= 2 V) and the reverse bias (V= -2
V) with an amplitude of the AC signal of 20 mV. Ttesults of the measurements are shown in
figure 4.17. The plot shows a first-order RC impemawith cut-off frequencies of 20 Hz and
500 Hz for the reverse and forward biases, resgygtiA standard parallel RC model for a

diode in the AC mode [70] is applicable to calceltte resistance and the capacitance values.
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In the model, the resistandgy is representing the slope of the |-V curve atlitas voltage,
and the capacitanc€) is the junction capacitance due to the deplatagion in the Schottky

contact.

The results indicate a resistance change fronfbilthe reverse bias to 20Qkn the forward
bias, while the capacitance is fairly constant.89F both in the forward and the reverse
biases. The variation of the resistance from higlow values from the reverse bias to the
forward bias is consistent with the DC charactirist the device, but the capacitance is
expected to change as the depletion width changbgive bias. Also the cut-off frequencies
are suspiciously low, and make the devices usé&esaany applications. Knowing the
electrode area, (dm x500um) A = 2000um?, we have calculated the depletion widit) from

the parallel-plate capacitor equation:

(4.17)
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Figure4.17. The Bode plot of the impedance in an organic Sklatiode. The blue and red

curves are the impedances in the forward bias éM)the reverse bias (-2V), respectively.
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The resulting depletion width is 0.3 A. Such a tidpteven shorter than the bond length
between two carbon atoms in the polymer [89], wiiioks not make sense. Therefore, it is

likely that a large parasitic capacitor in the @evacts as the dominant capacitance.

Although the diode is built on a silicon dioxideéa, underneath of the Siayer is highly
doped silicon which couples to the large gold dadhanium pads. These parasitic capacitors
are depicted in figure 4.18. The capacitances katviee gold or aluminium pads and the
silicon are measured individually by a Fluke mutter (Fluke 187 DMM) to be: &z.si =2.35
nF and G.sj =5 nF. Since these two capacitors are in sehesatal capacitance between the
gold and the aluminium electrodes is 1.6 nF wh&cthe same as achieved in the impedance
measurement. Such a capacitance is much largethbarapacitance in the diode with a very
small area. Therefore, the parasitic capacitandensinant and the bandwidth is limited by it.
To eliminate the effect of the parasitic capacitatiee device has to be built either with much
smaller pads or using an insulating substrate.fifétesolution is a change in the
photolithography mask and the electrical connecsetup that is made for convenient
connection in the glove box. The second solutisuggested in chapter 7 for future
experiments. Si/Si@substrates were chosen because they can alsed¢ondabricating
OFETs, and device performance can then be compateadrganic MESFETSs. The details of
the OFET and organic MESFET geometry are presenttée next chapter. The frequency
response of the diode indicates that the transiste not expected to work at high frequencies

without reducing the parasitic capacitance.

Al (Cathode)

rr-P3HT (Semiconductor) 1
Au (Anode)—;\ %CA f :|:C.ﬂ«u-5i
- 1

CAI—SI

|
Silicon — N++ _l_C.ﬂ-.u-Si TCAI-Si

Figure 4.18. The parasitic capacitance between the gold andltiminium electrodes. The
gold/silicon capacitance (&sj) is in series with the capacitance between thenigium layer

and the silicon (@.si).
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4.6.2.2.2 Timeresponse

The frequency analyses showed that the device ataoperate at high frequencies using the
substrate that has been chosen, so the focus cérte@ning characterization is on the relatively
low frequency characteristics. To study the lovgérency response of the diode and the current
stability, a pulse sequence is applied to the daygthe current is recorded. A Keithley 6430 is
used as a controlled Source-Measure Unit (SMUpta hpply the voltage and measure the
current. Because of the sampling rate limitatiothefinstrument the data can only reliably be
recorded approximately every tenth of second. fmied voltage range is chosen such that the
diode is tested for transition from the zero b@abath the forward (V=3 V) and the reverse
(V=-5V) biases as well as switching directly frone forward to the reverse biases and vice

versa. Two cycles of the applied and measured sigma shown in figure 4.19.
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Figure 4.19. The applied voltage to the organic Schottky diodle iés current response.

Transition from zero bias to the reverse bias shmwmall peak in the current (marked as points
A in figure 4.19) that dies off quickly which cae nterpreted as the effect of the observed pole
at 20 Hz in the frequency response. The transitmm the forward to the reverse bias has no
peak as points B indicate. The reason is the higlieoff frequency in the forward bias (500

Hz) which results in a much faster response thaetscted by low sampling rate of the
instrument. In other words, the large parasiticacétpnce is charged with a very small reverse

current when the voltage is switched from 0 to -Shéwing a small peak and relatively slow
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charging. Instead, the large current in the forwaes can charge the capacitance more quickly
when the voltage is changed from 3 V to -5 V resglin no recorded peak at the slow

sampling rate.

The most significant change in the current happémen the voltage is switched to 3 V from
either 0 V or -5 V. The current shows a slow expuiaé drop with time to reach an equilibrium
value at about®10’ A. The time constant), the time that the current value reaches to 63%
below the peak, is approximately 17 seconds.dtsgyn of a very slow phenomenon that is not

accounted for by the parallel RC model used toarpghe frequency response.

Although the source of such a low frequency respam®rganic devices is not clearly known, it
is attributed to the effect of the deep traps emgbmiconductor [90]. The average relaxation
time associated with the traps is represented e trap time constant is known to reach tens
of minutes for deep traps [90]. The effect of tregpgsually considered as a series resistor-
capacitor RCy) in the AC model of a diode.

Figure 4.20 depicts an AC model of an organic Sklatiode suggested in reference [91] in
which the bulk of the semiconductor is modeled vaitiother resistance and capacitafGEy).
Rsrepresents the overall series resistance, cdleeddntact resistance, due to the connection
and electrodes. In this case it is negligible asmieasured conductivity in the sample is the
same from both the two-point and four-point methadsually the time constant of the bulk
semiconductorR,Cy) is much shorter than the RC time constant astsatiaith the depletion
region RyCy). However, the large parasitic capacitance indmwice (not represented in the
figure) overcomes the effects Gf andCi.

Since the relaxation time is dependent on the efe@sni energy, the product valueRfandC;
changes with the bias. As it is indicated in figdr&9 the time constant is longer in the forward
bias than that in the reverse bias (no trap effettie reverse bias is observed). Since in a
MESFET transistor the Schottky contact is reverasda, the relaxation time has a minimal

effect on the transistor performance, which is dvaatage for the organic MESFET approach.

The effect of slow traps in an organic Schottkyddidikely results in a secondary effect, that the
author has named apparent inductance. This effestdiscovered when the air-made diode was
tested at a large forward bias. These previoudighed [67] experimental results and

discussions are presented in the next section.
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Figure 4.20. AC model of an organic Schottky diode.

4.7 Inductive-like behaviour in organic Schottky diodes at low frequency

In this section a curious and as yet unexplainéstetliscovered in the course of this work is
presented. Current is found to increase in timenndnéxed voltage larger than a threshold is
applied to an air-made organic Schottky diode. démce is acting as an integrator — one that is
not perfectly linear. In order for an inductor tmguce a similar effect, it would need to be

enormous (mega-Henry range).

The very low frequency behaviour of a diode ismérest in a DC circuit. According to the AC
model (figure 4.20) the phase of the impedancepgeted to be zero or negative at all
frequencies because of the resistive and capaei&raents in the model. Although, the diode
might show an inductive behaviour at very high frexacies (leads effect) [92], an inductive-like
response is found in the organic Schottky diodeeat low frequencies at potentials above a
threshold voltage. This effect is observed in dgodede in air similar to the one described in

section 4.6.1.

A triangular voltage starting from 0 V with a rate50 mV/s is applied using the SI 1287 unit to
determine the DC characteristics of the devicethadcturrent is recorded with the same
instrument. When the amplitude is limited to +5thg forward current is only two times higher
than the reverse current (figure 4.21). The vew lectification ratio is mostly due to the
parallel resistance effect for the diodes maderinAdthough, the rectification ratio can be
enhanced by burning the resistive paths, no atté&snpade to do that to avoid any process that
might affect the device characteristic. The curteap in the forward bias in figure 4.21
indicates the capacitive behaviour. The absentleeotoop in the reverse bias indicates the bias

dependence of the relaxation time in the diode.
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Figure4.21. Thel-V characteristic of the organic Schottky diode & thnge of +5V showing a

capacitive hysteresis loop.

Increasing the amplitude of the scan voltage toshdws a change in the/ curve (figure

4.22). Although the reverse current maintainsatsstive property, a sharp slope appears at
voltages larger than a threshold£56.4 V) when the voltage is scanned from 0 V to.7 V
Also the current shows a seemingly inductive hystisrloop that is not predicted by the AC
model. Scanning voltage over different ranges hasva that the inductive loop appears when
the voltage is more than the threshold and it tsyegessary to scan voltage both in forward

and reverse biases.

Current (uA)
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Figure4.22. Thel-V characteristic of the organic Schottky diode & thnge of +7V showing
an inductive hysteresis loop.
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Figure 4.23. The magnitude and phase of small signal impedahtiee organic Schottky diode
at 4V DC bias.

To study the AC characteristic of the organic Stityodiode the impedance of the device is
measured at a number of biases. Figure 4.23 shwwmagnitude and phase of impedance at

4V DC bias, with an AC amplitude of 200 mV. Theride behaves as a single pole RC
circuit with a bandwidth of 10 Hz. At very low fragncy (0.01 Hz) the diode has a purely

resistive behaviour.

The Bode plot of the impedance at 7 V bias is regmeed in Figure 4.24. The positive phase
of the impedance at frequencies below 10 Hz igmaaf an inductive-like behaviour. An
estimated value of 5 MH is obtained in a paralleCRmodel by considering the 3 dB drop in
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the magnitude at 0.02 Hz (see arrow) as a newwpitthea zero at 0 Hz. However, the absence

of the expected phase (4pat the proposed pole suggests a more complicatettl, which is

not considered in this study.
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Figure 4.24. The magnitude and phase of small signal impedahtteemrganic Schottky diode
at 7 V DC bias.

Since the effect appears at very low frequenciescharacteristic can be studied by the
application of pulses to the diode. Figure 4.25nhthe measured current in response to the
applied pulses. When a 5 V pulse is applied frovhiflas the current settles very quickly to
4.25¢<107 A, while the application of 7 V shows a gradualrgase in the current that confirms

inductive-like behaviour of the junction at largas According to the basic inductor equation
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(V=LxAl/At), the apparent inductance (L) is calculated @&M6 from the slope of the
current Al/At). An attempt to keep the device at 7 V bias émg enough to observe
saturation failed due to a sudden drop of the otrperhaps because of Joule heating induced

damage to the device [85].
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Figure 4.25. The organic Schottky diode current in responsewvoli@ge pulse.

The inductive-like response of the organic Schottioge is similar to the memory effect in
Organic Bistable Devices (OBDs) [93, 94], in whtble current shows a loop in th¥ plot
when the scan range is larger than a thresholdg®eltHowever, the loop in the OBDs is
much broader than that in our device. The OBD stireds similar to an organic Schottky
diode, except for a very thin (less than 5 nm) ahimm layer deposited in the middle of the
semiconductor [93]. Although the mechanism thati$ethe memory effect in OBDs is not
well understood, modeling suggests that it is dugntincrease in the transmission probability
when charges are stored close to the middle |&mr The thin middle layer is producing a
potential barrier in the semiconductor. When thikage is lower than the threshold, the
tunneling current through the barrier determinesdévice current. If the voltage is higher
than the threshold, some charges are trapped midhéie layer and form polarized states. As
a result of these states the transmission probahilid the current increase. A voltage much
lower than the threshold has to be applied to sel¢le charges. Such a process predicts a

loop in thel-V curve of the device when the voltage is scanne# bad forth.

Penetration of the aluminium particles into theamig layer during the aluminium deposition

in the organic Schottky diode is very likely asatissed earlier. These particles can behave
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like the middle layer in the OBDs. Also, the tragmdarge in the localized states close to
every aluminium particle might cause an enhancemietite current by increasing the

transmission probability.

Although the gradual increase in the current indruice is very different from the sudden
change in current in the OBDs, the large time amtsassociated with the deep traps could
explain the difference in the time response. Cimgygif the deep, slow traps in the organic
Schottky diode could lead to an increase in thestrassion probability by reducing the middle
layer barrier thereby increasing the current inSlehottky diode (Figure 4.26). The current
increases with time in a positive feedback proesssiore charge is trapped. The effect is not
observed at high frequencies perhaps because trtheelaxation times in the deep states

which can not respond at high frequencies.

Barrier Barrier

Current /\
» VRN

Current

Figure 4.26. (a) The barrier of the middle layer limits the @ntin the Schottky diode. (b)

Trapped charge reduces the barrier and increasesithent.

Although the current is lagging the voltage in thede at low frequencies and high voltages, it
is not like a real inductance in the device whidesinot need any biasing. Producing inductive
behaviours through a positive feedback is a commetinod to simulate inductors in electronic
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circuits [96]. For example, a simple circuit showrfigure 4.27.a mimics an RL circuit. As
shown in the equivalent circuit (figure 4.27.b)eaylarge inductance is obtained when the time
constant (RC) is very long. Similar to the simutateductance, the observed inductive
behaviour in the organic Schottky diode likely féstrom a positive feedback mechanism.

Zi" RL ler|n R
_-"' —h - —_— L
1 o
C 2 L=R,RC
(a) (b)

Figure4.27. (a) Simulation of an RL circuit using positive féaak in the op-amp and (b) its

equivalent circuit.

The appearance of the inductive-like behaviour @tlyery low frequencies and the necessity to
bias the diode substantially are drawbacks in apglthis inductive-like behaviour for real
applications such as filters. Therefore the effecinlikely to be useful in circuit applications,

but it can be studied more to develop the knowlezfgegganic-metal junctions.

4.8 Summary

The formation of the depletion region in an orgaabhottky contact is explained with the
energy diagram and the density of states in tharocgsemiconductor. Also, the current in the
organic Schottky diodes is explained by the ditftasmechanism which leads an exponential
current-voltage dependence in the device overtaioeroltage range.

The DC characteristics of two diodes, one madeériarad the other made in a glove box, are
presented. The air-made diode showed a resistivaviomur in the reverse bias which is
modeled as a resistor parallel to the diode. Dexdraid of the diode is, then, studied by the
drift in the ideality factor, the saturation curteand the parallel resistance over two weeks.
The rise in the ideality factor and in the satumatturrent suggest the growth of an interfacial
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layer. The drop in the resistance indicates areas® in the doping level in some regions in
the semiconductor. Both effects are likely dueht penetration of the oxygen into the device.
The air-made diode does not perform sufficientlyl weebe used in a transistor since the
reverse current is high and drifts with time. Tope of cancelling this drift by applying an

encapsulating aluminium gate did not succeed.

A glove box is used to fabricate and test orgacito8ky diodes in an oxygen-free
environment. The resulting devices achieve a ctiraio of 250 with an ideality factor of
2.44. The bulk mobility of the semiconductor isX¥16* cnf/V[S from the current-voltage
characteristic in SCLC regime. The reverse curielgss than a nanoampere down to -10 V,
which is low enough to build an organic MESFET. R characteristics of the diode are
investigated through both the frequency and the tiesponses. The large parasitic
capacitance between the anode and the cathodeodlesof the diode has limited the
bandwidth to about 500 Hz in the forward bias. Titvee response showed a very slow drift in
the current with a time constant of 17 s at thevésd bias, which is likely due to the effect of
traps in the semiconductor. The poor frequencyarese should readily be rectified by

changing substrate or using smaller area devices.

Slow charging and discharging of deep traps mahée&ause of a secondary effect in the
diode current at large biases. In this regimegthace acts somewhat like a voltage integrator
with an apparent inductance in the mega-Henry rafigencrease in the transmission
probability due to the trapped charges is a passddson for the inductive behaviour.

The low reverse current and the high breakdowrageliof the diodes made in the glove box are
sufficient to build MESFET transistors operatind@d. However, the parasitic capacitance is
expected to limit the frequency response of thesistor using the substrate geometry chosen
for this work. The next chapter describes the thefabrication and testing of organic

transistors.
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Chapter 5
Organic Transistors

Although the application of printing methods is imieing for the production of low-cost
organic electronics, the performance of the primgghnic transistors is usually poor due to the
thickness of the deposited layer and the poor nuitdeorder that results from this type of
deposition. Also, the voltage range in most orgamainsistors exceeds 20 V, which is a
drawback for widespread application. Solutions Hasen proposed to reduce this large voltage
range, but so far these are not compatible withtipg methods. In this chapter the Organic
Metal-Semiconductor Field Effect Transistor (OMESFE successfully demonstrated as a
low-voltage transistor compatible with printing medls. Before discussing the OMESFET, the
structure and operation of conventional organiodistors, known as OFETS, are explained,
including the challenges of achieving low-voltagee@tion and reasonable performance using
printing techniques. Then, the OMESFET structumdescribed. To motivate the work, both
types of transistor are simulated and their DC attaristics are compared. For a thick
semiconductor layer, compatible with printing metbothe MESFET approach shows
advantages over the OFET in terms of the voltaggeasubthreshold swing and the current
on/off ratio [97]. Both types of devices have béaricated, and again the organic MESFET
shows better voltage range than the OFET withck tlaiyer of the semiconductor [98]. In the
devised approach the depletion width in an org&aitottky contact is estimated from the
current in the organic MESFET [99]. At the endlmktchapter the simulation and experimental
results of organic transistors are compared, initigahe circumstances in which organic

MESFETSs have advantages over conventional OFETS.

5.1 Introduction

Research in organic transistors started seriondlya early 1980s when a group in Japan
introduced a polyacetylene based transistor [18@hough initially the transistor
characteristics were very poor, the developmetrgénic semiconductors has brought
performance to a reasonable level compared toistans made from other non-crystalline

materials e.g. hydrogenated amorphous silicon :(d}$18].
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The thin-film transistor (TFT) is a well known typéfield-effect transistor (FET) utilized in

the amorphous semiconductor based electronicssintiarities in the semiconductor
properties between amorphous silicon and orgaraes ked to the wide application of the TFT
structure in organic transistors. Although a fetemipts are reported in which different types of
organic transistors are built [19, 20, 101-103¢ pheponderance of work is devoted to the

organic TFT transistors, known as organic fielceefftransistors (OFETS).

5.2 Organic Field Effect Transistors (OFETS)

This section provides the background informatioedesl to understand the operation of OFETS
and to inform readers of the current state of theTde description is at a fairly basic level in

order that those not intimately familiar with tréster operation may follow the discussion.

5.2.1 Structureand modes of operation

An OFET is basically an Isolated Gate FET transi@®FET) in which the gate is isolated

from the semiconductor by a layer of an insulatmagerial. Figure 5.1 shows a schematic of an
OFET. The drain and source usually make ohmic ctstaith the semiconductor. The structure
shown in figure 5.1 is known as a bottom-contacEDFn which the drain and the source
electrodes are located between the semiconductithannsulating layers. When the drain and
the source electrodes are on top of the semicoadube structure is called top-contact.
Depending on the fabrication method, either thedmptact or the bottom-contact is applied, but

the operation modes in both are the same.

As in any Metal Oxide Semiconductor (MOS) deviceéeptially there are three modes of
operation in an OFET: inversion, accumulation, dadletion. Inversion happens when the
applied voltage to the metal is high enough thalb@tsurface of the semiconductor the minority
carrier density is higher than the majority cardensity in the bulk (strong inversion). The
inversion mode is applied in MOS Field Effect Tnatars (MOSFETS) to turn on the transistor.
Such an effect is rarely employed in the organexsalnse they mostly behave as a single carrier
semiconductor [44]. Instead an OFET is put in teuanulation mode to turn the transistor on.
In this mode the gate voltage accumulates the (itbgjearriers at the semiconductor-insulator
interface, resulting in a high conductance at tiréase of the semiconductor. The accumulated
layer is referred to as the channel of the traosist the channel not only is the carrier

concentration higher than the bulk semiconductor atso the mobility is higher. This is
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because of the field effect (see section 2.9)héndepletion mode, the gate voltage repels the
carriers not only from the surface but also from lulk semiconductor, reducing the

conductivity of the semiconductor. The depletiond@as applied to turn off an OFET.

Semiconductor
Drain Source

Insulator

Gate

Figure5.1. A schematic of a bottom-contact OFET.
Similar to any other FET, the OFET shows linear saidiration regimes in its output
characteristic when the transistor is on. Theenirin the linear regime is expressed by [21]:

Zp G
L

Iy =( M(Vas =Vr MVos] (VGS >V; )& (VGS —-Vi >VDS) (5.1)
wherelp is the drain currenk is the channel width, is the channel length; is the field-effect
mobility, andC; is the capacitance per area between the semictumdaral the gaté/r is the
threshold voltage andssandVps are the gate-source and the drain-source voltages,

respectively.

In the saturation regime the drain current foll@guadratic function of the gate voltage [21]:

Zu.C
i )[(VGS _VT)Z] (VDS >Ves _VT) (5.2)

Iy =( oL

The equations are very similar to those in a MOSK&iisistor [104], but the mobility and the
threshold voltage in an OFET are different fromséaan a MOSFET in some aspegis.
increases significantly with an increasé/ssin OFETS [44] whereas the mobility in a
crystalline MOSFET has shown a small reductionfdayor of ~0.5) with the gate voltage [55].
More preciselyy; is a function of the density of carriers at theate of the semiconductor
[35]. Since, in the on mode the Fermi level atsamiconductor surface is moved toward the
mobility edge, the carrier density and the mobilitgrease. The closer the Fermi level is to the
mobility edge, the higher the mobility is [105]. Wdast the mobility changes with the gate
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voltage depends on the distribution of the derditstates in the semiconductor. In a steep band

tail the change in the mobility is faster than ibraad band tail.

The threshold voltage in OFETSs is also differentrfrthat in MOSFETSs. Although most of the
time the threshold voltage in an OFET is introduasdhe gate voltage at which the carrier
density at the surface of the semiconductor is tmbf21], in practice the measured threshold
voltage does not always match this definition. Téeson is that an OFET turns on when the
field-effect mobility at the threshold voltage isioh higher than the bulk mobility [106], and
this does not necessarily happen when the surtacercdensity is doubled. Therefore, the
threshold voltage is determined in practice bywbkéage intercept of an asymptote to theVss
curve in the linear mode [21]. Sometimes g Vs curve in saturation is used to obtafp
[21], but it will be shown in the next chapter thiging the linear regime is more accurate

because of the parasitic effects.

Although equations 5.1 and 5.2 are widely usecharacterize OFETSs in the accumulation
mode, OFET behaviour is seldom analyzed in theatiepl mode [21]. Similar to the depletion
mode in a MOS device, a depletion region is produnghe semiconductor when the gate
voltage is less than the threshold voltage in aBQFSuch a region reduces the effective cross
section of the semiconductor between the drainta@dource contacts in the OFET. The drain
current drops as the width of the depletion regnauneases. Application of a small, or in some
cases a reverse, voltage to the gate can extertghetion region through the semiconductor
thickness, which turns off the transistor. Somesintinee polarity of the turn-off voltag®/)

might be different from the threshold voltag&)([12]. For example, using a p-type organic
semiconductor to build an OFET, a negative voltageto be applied to the gate in the
accumulation mode to form the channel in the tistosil/+ < 0 V), while a positive gate voltage
repels holes from the semiconductor to depletedbmn between the drain and the source
contacts o> 0 V). If the gate electrode is chosen from lowsvfunction materials, the flat
band voltage helps to produce a depletion regi@eit gate voltage. In the case that the
semiconductor layer is thin enough to be fully @épdl at zero gate voltage, there is no need to
change the polarity of the gate voltage to switetween the on and off modes in an OFET.

Understanding the depletion mode is of great assistin characterizing OFETs both in the off
mode and the subthreshold regime. The only modsladbte for OFETSs in the depletion mode
is proposed by Horowitz [50], in which it is sugtgsthat the OFET behaviour resembles a

73



MESFET characteristic. This model is proposed dedpe fact that the structure of a MESFET
is different from that in an OFET due to the abseoican insulating layer in the former. (The
structure and the operation of a MESFET are expthin section 5.3.)

In the Horowitz model the depletion region of thEET is considered to be a capacitor with the
capacitance o€s=&4Wjy (figure 5.2), wheres is the permittivity of the semiconductor an{ is
the depletion width. Since this capacitor is ineswith insulator capacitandg,, the gate

voltage is divided between the two capacitors,ggsaded in figure 5.2, with a ratio of the
inverse of their capacitances. The voltage whidpsacross the depletion region is considered
as the voltage in a Schottky contact. Using equati@, that describes the depletion width
versus the voltage across the metal-semiconduatetipn in a uniformly doped crystalline
semiconductor, Horowitz has obtained an equatiaratculate the depletion width in an OFET
at any given gate voltage [44]. Furthermore, hedmasacterized the current in the depletion
mode by using a MESFET current and he has intratlaneequation for the turn-off voltage (or

pinch-off voltage) [44].

Semiconductor

Semiconductor
Drain |Depleton T = W(X) [Source 1 Cq
Insulator I C
Gate I |

Gate

Figure5.2. A schematic of the depletion layer in the OFETewNps=0 V and the capacitive
model of the transistor in the depletion mode.

Although the voltage division between the two caoas and modeling the depletion mode as a
MESFET device are very valuable in analyzing OFEhdviour [21], Horowitz’s analytical
models are seldom used to explain the subthresiwtdnt and the turn-off voltage in an OFET.
The reason is that the equations are not applicatale organic semiconductor because they are
derived from equation 4.3 which is used in crystalkemiconductors. As is explained in
chapter 4, the width of the depletion region iraganic Schottky contact strongly depends on
the density of states in the semiconductor [44]@andmerical simulation is usually the best

way to calculate the width for a given density @itss.
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5.2.2 Challengesin the OFETs

Increasing the mobility and reducing the operatimottage range are two major challenges in
the OFETs. Some other aspects of the transistéorpgaince such as the switching speed and
the on/off current ratio are of concern as welle3é& properties improve as the mobility is
increased. Although enhancing the mobility is & ¢oncern of this research, in this thesis the
effect of mobility on the transistors performansdrequently mentioned. The reason is that the
field-effect mobility employed in OFETs is differeinom the bulk mobility in the OMESFETSs
and some of the parameters in the transistorsdimguon current and conductance are strongly
dependent on the value of the mobility in the devidnderstanding the difference between the
mobilities and the methods, which can increase eétiiiem, are keys to enhance the
performance of each transistor. Therefore, firgtdffect of mobility on the transistor
performance and the challenges involved in increpthie mobility are explained. The required
voltage for driving an OFET is then discussed alaith the solutions that are proposed for
reducing the voltage range — in particular theafsedirect metal semiconductor contact at the

gate.
5.2.2.1 Field-effect mobility in OFETs

The early OFETs had very poor field-effect mobility10° cn/VS) due to the disordered
molecular structure of the organics [18]. The lowhility limits the performance of OFETSs as
the on current, the on/off current ratio and theespare dependent on the mobility.

a) The effect of mobility on thetransistor current
Equations 5.1 and 5.2 indicate the effect of thdilitg on the drain current of an OFET. The
mobility appears as an amplification factor in tirain current. The higher the mobility, the
higher the current is in the transistor. As a congpa the mobility of holes in a p-type silicon is
about 400 criiV (S at a doping level of $&cm® [107], whereas the best field-effect mobility
achieved in small molecule organics is about 3%¢f [30] and in soluble organics it reaches
0.12 cnf/VIS [31]. Although the field-effect mobility in orgas is at least one order of
magnitude lower than that in crystalline semicorndrs; it is in the same range as that in the
hydrogenated amorphous silicon (a-Si:H) [21], dngstsimilar device applications are being

considered for these technologies.
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Also, the transconductance and the output condoetare linearly dependent on the mobility.
By definition the transconductanagy is the slope of thig-Vgscurve at a constant drain

voltage [21]:

g - 9o 5.3
™ OV (5.3)

The output conductanceg. is expressed as [49]:

g=aID 5.4
S \V/AN (5.4)

Since the transconductance describes the gairedfahsistor, a high field-effect mobility in the
organic semiconductor increases the gain in theTOREso, when the transistor is used as a
switch a high output conductance is expected filoenQFET, and again availability of high

mobility materials improves response.

b) The effect of mobility on the speed
To achieve high switching speeds the mobility israt as it determines the drift velocity of
carriers in the semiconductor. According to thedarmodel [108], the drift velocity in a
conductor Yg) is proportional to the applied electric fielfl)( where the constant of
proportionality is defined as the mobility)( Application ofVps across the drain-source

contacts in an OFET with a channel length.pfives:
V
w:ﬂ5=uf§ (5.5)

In order to form an accumulation layer in respaioste switching of the gate to a voltage
above the threshold, the carriers injected fromsth&ce terminal move all along the channel to
reach the drain contact. Therefore, the minimune timaeded for switching of the transistot,js

= L/vq or [109]:

LZ
/’I WDS

t. =

m

(5.6)

Equation 5.6 suggests increasing the mobility tmaase the switching speed in an OFET. The

effect of the channel length is also importantighkspeed applications. However, organic
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transistors are much slower than silicon MOSFET$h® same channel length) because of the
lower mobility in the organics. Therefore, organéce not suitable for high-speed applications

such as advanced microprocessors.

c) Theeffect of mobility on the current ratio
To use OFETs in logic circuits the transistors s$thovork like switches. In an ideal switch no
current passes through when the switch is off. Hawéhe off current is not zero in a transistor.
In such a case, the current ratio between the drofirstates is used to evaluate its
performance. In the next chapter an equation (éuét10) is introduced in which the parasitic
resistance in the OFETSs is used to calculate thewruratio. Also, other expressions are
available for specific cases such as very lightpetl semiconductors or very sm@il[44]. In

all of them the current ratio increases with insesain the field-effect mobility.

In summary, the mobility is a very important paraenén the transistor performance. Since
OFETSs conduct the carriers through the channeinbigility in the channel (not the bulk) has to
be enhanced to affect the transistor characterisitie channel in OFETs forms at the surface of
the semiconductor adjacent to the insulator withdepth of a few molecules [110]. Therefore,
the molecular order of the first few mono-layersha organics (on top of the insulator) has a
significant effect on the field-effect mobility. Taroduce a well ordered layer of an organic
material on an insulator the molecular structurbath the semiconductor and the insulator are

important, as is the fabrication method and thghmess of their surface [18].

Pentacene molecules are found to form a highlyredistructure when deposited on a SiO
layer, and using this procedure a few groups have ®FETs with high field-effect mobilities
(above 1 cfiV8) [11]. The challenge in the application of pertaeor other small molecules
is the expensive fabrication method. To deposityat of pentacene a high vacuum chamber
with a precisely controlled thermal source is neaegto evaporate the organic semiconductor
and deposit it on the substrate. Also, the usaafhal evaporation limits the area of the
deposited film to the size of the chamber. Furtteeenpentacene forms a well ordered layer
only if the insulator is a crystalline material [1$ince, the molecular order at the
semiconductor-insulator interface is importanteaywlean and smooth insulator has to be used.
Such expensive methods with limited choice of iasal material provide no cost advantage
over amorphous silicon based TFTs [21]. Solublaoics, which can be deposited with low-

cost methods over large areas, offer the oppoxttmiinake electronic truly low in cost.
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As has been mentioned in previous chapters, ammotga processible organics rr-P3HT has
shown the highest field-effect mobility. The besality rr-P3HT has a field-effect mobility of
0.12 cnf/VIS [31] obtained from spin coating of the polymeeos SiQ substrate. The rr-P3HT
mobility is close to that in the amorphous silidenicnf/ViS) [21]. In this thesis all work
presented employs rr-P3HT as the organic semicaodutis a relatively well characterized
material, and suits the focus of the work presehtd, which is the investigation of device
structures suitable for low-cost fabrication metho8ubstantial research efforts are focussed on
designing new processible organic semiconductatts vgher mobilities, and on improving the
processing of existing ones, in order to improvdgmance. As these materials emerge they

may be used in place of rr-P3HT in order to imprdegice characteristics.

5.2.2.2 Operational voltagein OFETs

The voltage range in most of the prototype OFEpsnted is more than 40 V, and sometimes
to reach optimal performance the voltage is 10Q8].[High voltage limits the application of
organic electronics because of both the power sugmllenges and safety issues. Also, such a
high voltage increases the power consumptionsarel&ctronics. Although the a-Si:H TFTs,
used to drive LCDs, also operate at high voltagés$ (typically 20V), most of the applications
for organic electronics, such as RFID tags, aatiarix displays (AMDs) and OLED displays,
are best implemented using low voltage operatetsistors. This section describes why high

voltage is needed and how others have attemptestitee it.

The wide voltage range used in OFETSs results méia the large subthreshold swing. Since
in digital applications a transistor with a highaffi current ratio is preferred, the gate voltage
has to be sufficiently below the threshold voltagéurn off the transistor effectively. For a
transistor in which the subthreshold swing is latge turn-off voltageY,, is far below the
threshold voltageyt, and can even have different polarity than thegshold voltage [12]. The
subthreshold swing in the crystalline FET transssie usually less than 80 mV/decade [92],
whereas it is typically about 7 V/decade in OFEF2][ The large subthreshold swing in OFETs
results from the fact that the drain and sourceteddes are making ohmic contacts with the
semiconductor. The drain current in the subthreshegime is dependent on the bulk resistance.
In order to achieve a low subthreshold swing a sie@miconductor layer with low bulk
conductivity is ideal, along with the maximum pddsicapacitance across the insulator.
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How thin should the semiconductor layer be? Inrezfee [12] an OFET with a 50 nm thick low
doped rr-P3HT layer required a voltage range 0¥/86 achieve an on-off ratio of $0This
example uses a solution-processible polymer, bspitkeusing a layer thickness that is too thin
for current printing applications, the voltage il oo high. Simply making the semiconductor
layer thinner in order to improve performance is aio option if printing methods are to be

employed.

This leaves two ways to increase the contraMofith Vsg increasingC; and/or reducing the
density of localized states in the semiconductgedaThe former increases the fractiorMgg
which drops across the depletion region (two cdpegin figure 5.2) and modulates the
depletion width more effectively. The second salntieduces the density of trapped charge in
the depletion region and allows larger variatioMbivith the voltage across the depletion
region. In order to reduce the density of trappearge the molecular order has to be improved
not only at the surface but also in the entirekingss of the semiconductor film, and/or the
purity needs to be increased. Both of these appesafavour the use of highly controlled
deposition methods rather than printing technigDes to these considerations the focus has

been on increasing; to reduce the subthreshold swing.

To have an idea of how large the gate capacitammeld be in order to produce good
subthreshold swing, data from Sirringhaus [12]sedi He has reported the highest mobility and
current ratio in an OFET made of a solution-prott#ssonjugated polymer (rr-P3HT). In his
experiment Si@is used as the insulator in the OFET with the gafacitance of 15 nF/éilo
obtain six orders of magnitude change in the cuytbie gate voltage is changed by about 80 V.
To reduce the voltage range to about 5 V, the ggpacitance has to be increased by a factor of
16 to 240 nF/cr Using silicon dioxide with a relative permittiyiof 3.9, the thickness of the
insulator has to be about 14 nm to obtain suctpaatance. Production of such a thin layer
with a low-cost method is a major challenge, esplscivhen a low-leakage current is
demanded. Although in state of the art integratediit technology a defect-free layer of SiO

as thin as a few nanometers can be produced rmahgrowth method on a silicon substrate
[111], the method is too expensive for low-pricgaric products. Also, the method is restricted
to use on a silicon substrate (or gate), whileezilfle substrate is preferred in the organic

electronics.
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Application of high dielectric materials is anotlmeans of increasing capacitance. The idea
was tested by a group at IBM who applied bariuroariate titanate (BZT) as the gate insulator
in an OFET [18]. They have demonstrated a pentalcased transistor working at 4 V with a
120 nm thick insulator. However, the mobility ahé turrent ratio are much lower than when
silicon dioxide is used as the dielectric. The rigbis reduced because the molecular order of
pentacene on BZT is not as good as that on. 330, the dielectric strength of BZT limits the
gate voltage to 4 V for that thickness, which letda relatively low current ratio [18]. Finally,
the sputtering method used to deposit BZT is rlotacost production method. As a low cost
alternative for creating high capacitance, sciénags Motorola have mixed high dielectric
nanoparticles in a cross-linked polymer to makéedteics with a permittivity of 35 [112].
However, the size of particles (1000 nm) limits ithgulator layer to be relatively thick so the
capacitance is not much higher. As a result, this@ach has so far not reduced the voltage

range in the transistor [113].

The most promising method to reduce the voltaggeasto apply thin organic dielectric layers
with low-cost deposition methods [65]. By develaporosslinked polymer-blends for use as
insulators, scientists at Northwestern Universaydndemonstrated OFETs with voltage ranges
of less than 5 V [65]. The relative dielectric ctamd in the organic insulators is typically less
than 8. A spin coating method is applied to prodacefect free 20 nm thick layer. Such a
combination results in a 300 nF/¢eapacitance at the gate in an OFET, which isaefft for

low voltage operation. Similar to the applicatidrB&ZT, the mobility and the current ratio in

the OFET with the organic dielectric are lower thiaose in the OFET with SiOIn addition

spin coating is not compatible with roll-to-rollqutuction and neither is it readily applicable to
very large area devices (e.g. large displays). Qtiethods such as printing and casting are not

appropriate for depositing such a thin (20 nm) defeee layer.

The solutions proposed for reducing the voltaggeaare not yet appropriate for cheap and
large area production, particularly for a roll-tprocess. In general, the material thicknesses
and the molecular structure of the layers haveetpriecisely controlled to achieve a reasonable
performance in OFETSs, while the interest is to fpelectronics as easily as newspapers. In
addition, OFET characteristics are very dependerthe roughness of the semiconductor
surface. Since the depth of the accumulation lesyenly 2-3 nm [110], a roughness more than
3 nm at the semiconductor-insulator interface caudsgcontinuity in the channel, which leads to
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a poor mobility. Therefore, a very flat and cleabstrate is required for effective OFET

fabrication, which it makes the fabrication processe challenging for flexible electronics.

As a solution to reduce the voltage range in lostooganic transistors | propose the MESFET
structure. The metal-semiconductor junction useti@fate produces a low voltage junction.
As will be seen, in this structure the performadepends on the bulk semiconductor properties.
It is appropriate for use with methods that prodwtatively thick layers of deposition and is
less dependent on surface properties. Althouglotlidulk mobility limits the performance of

an organic MESFET as compared to an OFET, the ardABSFETs are suitable for low-cost,
low speed applications where high current densityot necessary — e.g., E-ink displays [114],
and RFIDs.

To compare the performance of OMESFETSs in latetiges with printed OFETS, experimental
results from Park et al., [81] and Knobloch et. [Al6] are frequently referred to. In the former,
OFETs are made using a micro-stamping method wieishits a polymer thickness of 250 nm
to 500 nm [81]. Knobloch has used a doctor bladdefmosit the polymer with a thickness of a
few hundred nanometers to fabricate OFETs [16hadiin experiments rr-P3HT is applied as the
semiconductor and the transistors are tested oveltage range of 40 V. Since, Park’s
transistor shows better performance (mobility @0cnf/V[S and a current ratio of 1000), these
experimental results are directly compared withrdseilts from the experimental OMESFET in

section 5.6.3.

5.3 Organic Metal-Semiconductor Field Effect Transistors (OMESFETYS)

One way to make a low voltage OFET is to incrégs&vhich it can be obtained by a reduction
in the thickness of the insulator. In the limitiogse that the insulator thickness is zero the
lowest subthreshold swing is achieved. Obviouslyemvthe insulator is removed from the
OFET, the transistor can not operate in the accanom mode. Also, the direct contact of the
gate to the semiconductor affects the currenténsttmiconductor, unless a potential barrier
between the gate and the semiconductor controlgateecurrent. Such a barrier can be formed
by a Schottky contact between the gate metal amdemiconductor. The Schottky junction
between a low work function metal and a p-type nigaemiconductor is a well known
phenomenon which has been used to make OLEDs gadiorsolar cells [44]. In

semiconductor devices, a FET transistor whoseigateking a Schottky junction with the

81



semiconductor is known as MESFET. A key objectiviha outset of this thesis was to create

an organic MESFET, thereby demonstating low vol@geration and its overall characteristics.

Organic MESFETs have been reported previously mpapers. However very little

information was provided in these two reports [2@)]. In one case a MESFET structure is
applied as a phototransistor in which the transistelf is not characterized. The experiments
show low voltage operation of the device [20].He bther case, reported in 1991, the transistor
is fabricated from a free standing poly(3-alkylihii@ne) [19]. Although, the device has a poor
current ratio (<5), again low voltage operatiorthad device is demonstrated. Organic MESFETs
can operate at low voltage, but otherwise the pdggs arising from an organic MESFET
structure are virtually unexplored. It is thigpéoration which is the focus of this chapter and

one of the key objectives of this thesis.

5.3.1 Structureand operation

The structure of an OMESFET is shown in figure 313e drain and the source make ohmic
contacts with the semiconductor, while the junctodthe gate is a Schottky junction.

MESFETSs work only in the depletion mode. The nopleied region in the semiconductor
provides a resistive path (channel) between thia drad the source. Since a change in the gate
voltage changes the depletion width, the effeatiass section of the path changes with the gate
voltage. Consequently, the drain current is coladolith Vgs Application of a high enough
voltage in the reverse bias across the gate Sghattktact extends the depletion region to the
entire thickness of the semiconductor and pinclifehe channel. Forward biasing the Schottky
contact broadens the channel. It is possible tagdesMESFET such that at zero gate-source
voltage the depletion width covers the entire theds of the semiconductor. In this case the
transistor is normally off and is called an enhamest MESFET, while when at zero gate-
source voltage the transistor is on it is callepletion MESFET. Similar to that when the
Schottky contact in a MESFET is in the forward biags called enhancement mode, and in the
reverse bias it is in the depletion made

In order to implement the OMESFET, rr-P3HT is choas the semiconductor because it has
the highest molecular order among soluble organiessolid form [31] and can be easily
deposited by the printing methods [81]. Also as destrated in the last chapter, gold and

2 Bias mode is different from the operation mode.9%ETs operate only in the depletion mode and nergion
or accumulation occurs.
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Figure 5.3. The structure of an organic MESFET at equilibrium.

aluminium can be used to make ohmic and Schotkeydontacts with rr-P3HT, respectively.
Therefore, the drain and the source electrodemad® of gold, and aluminium is used as the
gate metal.

In order to derive an analytical expression fordbherent in a MESFET one usually [55] starts
with the current in an element of resistaraie, at distance from the edge of the source
contact. Assuming that the channel has not pindfieahd using the gradual channel

approximation, the drain currehy is expressed versus the voltad¥, acrossiR, by:

_dv(x) _
° dR(X)

dVv(x)

ola-w(x)]z »

(5.7)

wherego is the bulk conductivity of the semiconductais the semiconductor thickness, Z is the
channel width, anlV(x)is the width of the depletion region at positiorior a p-type
semiconductor with a density of hol@sthe conductivity is equal tqu p, whereu is the bulk
mobility. In a uniformly doped crystalline semicardorp is usually the same as the acceptor
density,Na, and the depletion widthy(x) is obtained from equation 4.3. Inserting these
relationships into equation 5.7 and integratingrovendV after a variable separation results in

an equation for the current at the drain termiSahplifying the equation gives:
V,, +V,
I, =G, (1_ P08 }/DS (5.8)
VP

where
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G, = aN,u (5.9)

and

a’qN
V,=—4A 5.10
ryS (5.10)

Go is the maximum channel conductance (when theme depletion region)e is the pinch-off
voltage,Vy; is the built-in voltage at the Schottky contacid & is the permittivity of the

semiconductor.

Equation 5.8 indicates a linear relationship betwie drain current and,s before the pinch-
off. Beyond pinch-off the drain current saturafBlserefore, a resistive and a saturation region
are expected in the output characteristic of a MEBSH he saturation current at pinch-off is
usually obtained from the non-simplified currentiation in the resistive regime (not shown in
this document) by settingos=VsstVe [104]. The simplified version of the saturatiamrment is
expressed by [104]:

Lo = M Ves ~V)°) 511

whereVr is the threshold voltage equal to ¥g Vp.

As in the OFETSs, the transconductance and the bagnductance in a MESFET are obtained
from the derivatives of the drain current verswesdhte voltage and the drain voltage,

respectively.

5.3.2 OMESFETsversusOFETs

The application of OMESFETs has some advantageslisadvantages over OFETSs. First, the
voltage range in OMESFETS is expected to be muaieiohan that in OFETs because
OMESFETSs work only in the depletion mode. In fagjuation 5.10 shows that the voltage

range is determined by the semiconductor thickaadshe doping density. Second, the channel
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is a part of the bulk semiconductor, whereas ttaaohkl in an OFET is a thin layer at the
surface of the organic material. This property nsake OMESFET characteristics less sensitive
to the roughness of the substrate, and thus seitalapply to various substrates including
fabrics. Third, there are fewer fabrication steap©MESFETSs than in OFETs because there is
no insulator in OMESFETSs. Fourth, the OFET perfanoeadrops rapidly with increasing
semiconductor thickness due to increasing parasiticce-drain resistance [115]. This thickness
dependence limits the fabrication methods to thloaecan deposit the organic with thicknesses
of less than 50 nm. In OMESFETSs the semicondubickhess appears as a gain factor
(equation 5.9). Therefore a thicker layer easitydoiced by printing methods is preferred in
OMESFETSs. The upper limit on the thickness wilelk be determined by the desired
operational voltage range since the thicker therdye more voltage is needed to deplete it.

Despite the advantages of the OMESFET design,dhferqmance in OMESFETSs is limited by
the low bulk mobility in the organic semiconductdegjuation 5.6 and 5.9 indicate that the
speed and the drain current in a MESFET transatltinearly dependent on the mobility in the
channel (equation 5.6 is valid for the both tratossy. HoweverG, can be boosted up by
increasing the doping level in the semiconductaidekd, the bulk mobility in conducting
polymers can, also, be increased by three ordarsaghitude (from 18to 10° cnf/VIS) [44]

by doping the semiconductor. Nevertheless, suchlimed are still about 100 times lower than
the field effect mobility. As a further challengeOMESFETSs the gate current has to be
substantially lower than the channel current tayagpem in a circuit. The gate current in
OFETs is not a critical issue as it is low becanfsthe insulating layer between the gate and the

semiconductor.

In the crystalline semiconductors the depletiontkvid simply related to the voltage across the
Schottky junction by equation 4.3, whereas becafifiee localized states in organics there is no
analytical equation for the depletion width. Theref equations 5.8 and 5.11 which are
obtained with the assumption of uniform doping iergstalline semiconductor are not
applicable for OMESFETs. However, the above disonssabout the effect of the mobility, the
semiconductor thickness, and the doping densitherOMESFET performance are
gualitatively true as all are deduced from equafighwhich is valid for the OMESFET as well
as crystalline MESFET. Given the distributed dgngftstates in the semiconductor, numerical
methods are preferred to obtain the OMESFET chaniatts. Therefore, a simulated
OMESFET is studied in the next section to prediettransistor characteristics and motivate the
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experiments. Before that an OFET is simulated topare the performance of both types of
transistor. Both in the simulation and in the expents a relatively thick layer of the
semiconductor (200 nm to 400 nm) is applied fordbeices to mimic the printing method of
deposition [81].

5.4 Simulation

Medici 4.0 is the CAD tool used to simulate an ORIl an OMESFET. The input codes are
presented in appendix B and the parameters fasrtpgnic semiconductor are set as explained
in chapter 3. Although there is no energy band-lA3HT, the charge transport is modeled
assuming the Multiple Trapping and Release (MTR¢maeism described in chapter 2 [50] and

the drift-diffusion equations can be applied toadithe current in the devices.

5.4.1 OFET simulation

The structure shown in figure 5.1 is used in tneusated OFET. A 400 nm thick layer of the
organic polymer (rr-P3HT) is applied as the semiluartor, which is a typical thickness
obtained using current printing technology [81]eTdate electrode, located at the bottom, is
assumed to be made of aluminium, and the insulédy®y is SiQ with a thickness of 100 nm.
The drain and source electrodes are gold and pre wide and 20 nm thick. The gap between
the drain and the source is assumed to be 4 pnhwsharctually the channel length of the
transistor. In order to compare the simulation ltesuith the experimental results in section 5.6
the parameters dependent on the width and thehlemgiuding conductance, transconductance

and on current are normalized4t. =1.

The output characteristic of the OFET is showngare 5.4.a for five different values of the
gate voltage between 0 and -40W4s is, also, scanned from 0 to -40 V in steps of -1TWe
output conductance,, of the OFET in the linear regime is found to k&@'°S, from the slope
of the plot wherVgs=-40 V atVps=0 V.
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Figure5.4. (a) The output and (b,c) transfer characteristgs<-0.5 V) of the simulated OFET
with a channel width of 1 pum and a length of 4 |lo).is in a linear scale and (c) is in a semi-

log scale.
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To study the transfer characteristics of the tstosithe drain current is plotted versus the gate
voltage in the linear regim&/§s=-0.5 V), as shown in figure 5.4.b. A thresholdtagk of -14 V

is found for the transistor from the interceptlo symptote to the voltage axis. Also, from the
slope a mobility of 3.2810“ cn?/VS is obtained. Redrawing the curve in a semi-la@gesc

(figure 5.4.c) shows a poor current on/off ratig/(o) of 700, which is due to the thickness of
the semiconductor. To be more like a switch, adistar is required to have a high current ratio
(>10%, which also reduces the static power dissipatiamlogic circuit. The inverse slope of
the plot atvVss=0 V, known as the subthreshold swing, is 4 V/decadich is relatively large

for a FET transistor [104]. The transconductargz¢ i the linear regime is found from the
slope of the plot afcs=-40 V to beg,, =6x10*? S.

The simulated transistor characteristics are ressgrclose to those measured in printed
OFETs by Knobloch et al., in Ref. [16]. A mobility the range of 16-10* cnf/V[S and a
current ratio between 10 to 140 are obtained iretperiments in printed rr-P3HT OFETSs [16,
81]. The similarity between the characteristicshef simulated OFET and the actual OFETs

indicate the reasonability of simulation resultsgtudying organic transistors.

5.4.2 OMESFET simulation

The cross section of the device is shown in figu8 Gold is chosen for drain and source
electrodes and aluminium is used for the gate reldet The same dimensions and materials that
are applied in the OFET are used for the OMESFEdIrder to compare the performance of the
two transistors. The thickness of each electro@®ism and the channel length is 4 um. The
gate electrode is assumed to be long enough npto@rbver the channel area but also to
extend over the drain and source electrodes.

The output and transfer characteristics of the OMEBare plotted in figure 5.5. The curves in
figure 5.5.a show both the resistive and saturatgmmes, which indicate the occurrence of the
pinch off in the transistor. The output conductamgeof 4x10'%S (normalized t&/L=1) is

found from the plot a¥/cs=0. Since the transistor works in the depletion eyaidis on aVgs=0
and application of a positive voltage to the gatgches the transistor to the off mode. In figure
5.5.b the variation of the drain current versusgate voltage afps=-0.5 V is shown. The plot
shows a subthreshold swing of 0.18 V/decade, ahdeahold voltage of 5 V. Also, the

normalized transconductancegis=8x10**S from the slope of the plot ¥ts=0. The on/off

88



10"
10"‘-;
g o
(=] 5
~ 10784
< s
== L
10-16_
10'“-;
250 ——— 108]
R o 1 2 3 4 5 & 7
Vos (V) Vas (V)
(@) (b)

Figure5.5. (a) The output and (b) transfer characteristgs<-0.5V) of the simulated
OMESFET with a channel width of 1um and a lengtdofm.

current ratio of the order of 1@ achieved using a gate voltage range of only 5V.

In order to obtain the bulk mobility in the OMESFETe device is simulated in the absence of
the aluminum layer. Then, the I-V curve at the nitarminal is plotted (figure 5.6). The slope
of the curve indicates th&=1.24x10** S. Knowing the doping densiti}{€1x10°cm™) the

bulk mobility is found to be 8L0° cn?/VIS which is in good agreement with experimental
results [116]. The bulk mobility is about 40 timewver than the field effect mobility.

In OFETSs the gate current is not a crucial parametBC characteristics. The gate current in
OMESFETSs limits the performance of the devicedidgare 5.7, the gate current is plotted
versus the gate voltage\ais=-10 V. The leakage current of the reverse biasgubiy

junction between the gate and the semiconductorslaccurrent value in the order of f@\.

This current is small enough compared to the draiment to be ignored when the transistor is
on. However, the off current for the transistomishe range of the gate current which likely
indicates that the off current is limited by theegeurrent. Therefore, the off current is expected

to be reduced if the gate current is reduced.
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Figure5.6. The simulated I-V curve between the drain and satemminals of the OMESFET
in the absence of the gate contact. The slopeateiG, in the OMESFET.
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Figure5.7. The input characteristic of the simulated OMESFET.

The different parameters obtained from the simaitatf the OFET and the OMESFET are
listed in table 5-1. As the main advantage theagmtrange is significantly lower in the
OMESFET (5 V) than that in the OFET. In additidme OMESFET has a very small
subthreshold swing, making it well-suited to logiccuits. go, gm andle, in the OMESFET are
much smaller than in the OFET mainly due to thedomobility in the OMESFET.
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Tableb5.1. Electrical characteristics of the simulated OFE# & MESFET.

Parameter OFET OMESFET
Torloft 700 1d

Gate Voltage Range (V) 40 5
Threshold Voltage (V) -14 5
Subthreshold Swing (V/decade) 4 0.18
Mobility (cm?%VS) 3.1x10* 8x10°

% (S) 2x10%° 4x10%

Om (S) 6x10%? 8x10%

lon (A) @ Vps=- 0.5 V' 1.4x10" 1.6x10"

T normalized taz/L=1.

The low conductance, transconductance and on durréime OMESFET does make it less
desirable than the printable OFET in applicatiohere voltage and on/off ratio are not critical,
but obtaining high current is (e.g. organic LEO®).0n andl,, are however adjustable by
increasing the doping density in the semicondugtte doping density is assumed to b&°10
cm”® in the simulation). An increase in the channeltvim length ratioZ/L) also improves
these parameters [104], in which case the desakgks ofgo, g andly, are achievable for the
OMESFET at the expense of size.

The simulations thus suggest that OMESFETs wilbénthe voltage problem to be overcome,
but this is achieved at a performance cost. Ibis demonstrated experimentally that the use of

relatively highly doped semiconductor can enhaheeQMESFET performance.

5.5 Fabrication of Organic Transistors

The fabrication process of the organic transisgxgry similar to that in the organic Schottky
diode explained in chapter 4. As before, deviceatisions and thicknesses are chosen to

simulate what is possible in printing processegs. thick layers and poor lateral resolution).

To build an OFET a layer of rr-P3HT is depositedaamicro-electrode (figure 3.1). Highly
doped silicon with a 350 nm thick silicon dioxids/ér are used as the gate and the insulator in
the OFET and the gold electrodes are used as #ie a@ind source contacts. The micro-electrode

is cleaned with piranha solution and dried witlagen before polymer deposition. The
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polymer solution is prepared by dissolving 16 mgré?3HT (purchased from ADS [117]) in 2
ml of chloroform (0.54% in weight) and sonicatitg tsolution for 30 minutes. Dip casting is
used to deposit the polymer on the micro-electrééhis method the sample is dipped in the
polymer solution and pulled out slowly. The fasaperation of the chloroform leads to the
formation of a film of the polymer on the micro-efileode when it is pulling out. Although
manually dip casting the polymer does not givepmra@ucible thickness, it is quite uniform over
the electrode area. Using casting methods filmk thicknesses of 200 nm to 400 nm were
produced, as measured with an atomic force micpescfter deposition of the organic the
sample is heated for 20 to 30 minutes at 100 “€vé&porate the residual chloroform and anneal
the film [82].

After measuring the OFETSs characteristics, the $asmgre used to build Schottky diodes and
OMESFETSs by deposition of an aluminium layer over ¢lectrode areas (figure 4.4). The

details of the aluminium deposition and its pattggrare explained in section 4.5.

Since there are four electrodes in each micro+eldet three transistors are made in each
fabrication batch, which can then be individua#igted. The length of electrodes (500) is

the channel widthZ, and the spacing between themu(d) is the channel length, in the
transistor. Regarding the thickness of the silidmxide layer (350 nm) the gate capacitance in
the OFETs is 9.8 nF/cm

5.6 Electrical characteristics

The characteristics of a thick film OFET are preedrwhich indicate a poor performance. Then
the experimental results from an OMESFET with thes thickness as the OFET are presented.
The DC parameters of the OMESFET are then compaitadhose from a relatively high-
performance printed OFET reported by Park et &l1].[Since the transistor’'s dimensions are
different from those in the simulated transistorséction 5.4, the parameters which are
dependent on the dimensions are normalizefilie= 1 — e.g. conductance, transconductance,

and on current to aid comparison.

5.6.1 OFET

The attempt to build an OFET in air was unsuccéssfoause of the rapid air-induced change

in the rr-P3HT conductivity. The bulk conductivibgcomes so high that the drain current
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achieved in accumulation mode shows a trivial iaseerelative to the off current. The long
vacuum dedoping process applied for organic Schalitkdes (section 4.6.1) is, also, not
working in the OFET, because the organic layexmosed to air during the test and the oxygen
redopes the polymer quickly. Therefore, the OFEE&dSabricated and tested in a glove box
filled with dry nitrogen.

The drain current is measured with a Keithley 24@@ich is a Source-Measure Unit (SMU),
when the drain voltage is scanned from 0 to -20it steps of -1 V. The current is measured in
10 samples at each step and the average of sampée®rded. In every scan the gate voltage is
held constant by a Keithley 6430 unit while theegatrrent is recorded. The gate voltage is
changed after each scan with a step of 5 V. A tQséy is applied at the beginning of each
scan to guarantee that the charge is settledth&tegate voltage change. The measurement and
data recording is managed by LabTracer 2.0 whictrots the Keithley instruments through
GPIB ports.

Using dip casting method a layer of rr-P3HT wittihigkness of 200 nm is deposited on a
micro-electrode to make an OFET. As it is showfigare 5.8 (output characteristic) the
performance of the OFET is very poor. Although, ¢herent is modulated by the gate, the
current ratio of only 2.4 is achieved in a 20 V @ of the gate voltage. Also, no saturation
occurs in the drain current. In such a case theedaes more like a controllable resistor than a
transistor. Using the transverse characteristich@transistor (not shown) the field-effect

mobility and threshold voltage are measured to.Beld™ cnf/V[S and +21 V, respectively.

The OFET presented here has shown poor performaraialy due to the trivial difference
between the bulk mobility (14.0* cnf/VIS) and the field-effect mobility and a high positiv
threshold voltage. A similar performance (low cuatretio, low mobility, and a high threshold
voltage) has already been reported for a printeBTOB1]. High doping density, poor
molecular order at the surface of the insulatod, amelatively thick film of semiconductor and

insulator are the main reasons for such poor padoce.

Park et al. have shown that the performance oirdgat OFET is enhanced by dedoping the
semiconductor with vacuum ang @lasma treatment of the insulator surface, whesdisés the
formation of an ordered layer of semiconductorlminhsulator. The former treatment reduces

the bulk conductivity and the bulk mobility in thelymer and plasma treatment enhances the
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field-effect mobility. As explained in the next ghtar, reducing the bulk conductivity and the
semiconductor thickness increase the current aattbadjust the threshold voltage. However,
the performance is still likely reduced due to tiiek semiconductor layer printed by micro-
stamping method (250 nm to 500 nm). A current rafit000 with a mobility of 0.02 cfiV 3

are reported for this printed OFET [81]. Howevég toltage range (40 V) and the subthreshold
swing (6.5 V/decade) are still high in the devitke extra treatments applied to enhance the
OFET performance add to the capital cost of pradoctf a vacuum process is used, why not

also vapour deposit the semiconductor to get aaghcthordered layer?

In the next section the OMESFET is demonstrateal lag voltage transistor fabricated in a few
steps. The enhanced characteristics of the priDfeelT from Ref. [81] are listed in table 5-2 to
compare them with the fabricated OMESFET.

Vg=0
—— \Vg=-5V

08 —a— \/g=-10V
e \/g=-15V
—— Vg=-20V
o 15 10 5 0
Vos (V)

Figure 5.8. The output characteristic of the OFET with the pody thickness of 200 nm.
5.6.2 OMESFET

Since a large gate current in a MESFET ruins theraipon of the transistor, a low reverse bias
current is essential in both the gate-source aadjétte-drain Schottky diodes. As is explained in
the last chapter, application of a thick layer ofymer and a low-rate deposition of aluminium
result in low reverse bias Schottky diodes, prawydihat the polymer is isolated from oxygen
and moisture. A dip casting method is applied fepakition of a thick layer of rr--P3HT on the
micro-electrode array and the aluminium depositaie is controlled at 0.5 A/s. To avoid any

contamination the organic deposition is done ingloge box and the evaporator embedded in
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the glove box is utilized for the aluminium depsit Indeed, the same sample which provided
the OFET results in figure 5.8 is converted to MESFET by depositing of an aluminium
layer on top of the 200 nm thick semiconducto+ (200 nm). Since in the OMESFET approach
doped semiconductors are preferred, no attempine tb dedope the polymer before the

aluminium deposition.

Figure 5.9 shows the output characteristics oQMESFET. The transistor shows a low
conductance when the gate voltage is less thamBi¢h is interpreted as the threshold voltage.
The conductance increases with a drop in the gadtage. The plot indicates a current ratio of
24.6 atVps=-3.5 V when the gate voltage is changed from ib ¥3.5 V. The transistor is
operating in the enhancement mode when the gat@&geoils negative, while it is driven into the

depletion mode wheYigs>0.

35 3 25 2 45 4 105 0
Vos (V)

Figure 5.9. The measured output characteristic of the OMESFET.

The mobility in the OMESFET is expected to be tams as the bulk mobility:£ 1.6x10*
cn’/V8) measured by the space-charge limited current($@ the Schottky diode. The
conductivity of the polymer is determined from gwirce-drain resistance measurement to be
= 7.2x10° S/cm (figure 4.5). From these measurements thieecaoncentration of=2.81x10"’

cm? in the semiconductor is estimated from:
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og=qlulp (5.12)

In OFETSs, the transverse characteristic is usedhasuring the field effect mobility
and the threshold voltage, but this is not applefétr OMESFETSs because of the
nonlinear dependence betwdgrandVss (equation 5.8). However, thg-Vgsplot in
the OMESFET leads to the determination of the déeece of the depletion width in
the Schottky junction on the voltage across thetjon. One can assume that the
variation of the depletion width) along the channel is negligible at I&ys. Under

such a condition, the drain curreh)(is expressed by:

| = aw% (5.13)

Therefore the depletion width is:
W=-———_—Ip+a (5.14)

Figure 5.10 shows tHe-VgsatVps= -0.3 V. The magnitude of the current is decregsihen

the voltage is changing from -1 V to 3 V. The stigitrease in the magnitude of the current
whenVss>3 V is likely due to the effect of the gate cutr@ig) which it is larger than the

channel current at lowWps. Equation 5.14 is applied to obtaifrom Ip andW-Vgsis, then,

plotted in figure 5.11 for -1 V¥s< 3 V. As the plot indicates the depletion widtlvesy close

to 200 nm (the polymer thickness) whégs=3 V, which confirms the pinch-off around this
voltage. A depletion width of about 172 nm is esiied at the zero bias. Choosing to fabricate a
transistor with a semiconductor thickness of leéss1t172 nm would give an enhancement
OMESFET. The difference between slopes above aloavbé;s=0 V indicates that the

variation of the depletion width in enhancement mmtedmore than that in the depletion mode

for the same voltage span.

To check whether the depletion width is proportloimathe square root of the voltagef is
plotted in the same chart (figure 5.11). The naediity between the voltage ai# indicates
that equation 4.3 is not applicable in organic $iyacontacts. Using the least square error a fit
curve is obtained fow with less than 0.2% error at every measured pdime. equation which

describes the fit curve is found to be:
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W = 200x (1- 0.1363x exf{- 0.6471V,,)) (5.15)

where W has a unit of nm. Therefore, the relationship leetwthe depletion width and the

voltage in the organics is more exponential thaadgatic, as has been found by others [69].

'16 ¥ L} Ll L) L] L) L)
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Figure 5.10. The measuredh#V gs characteristics of the OMESFET ag#-0.3V.
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Figure5.11. The depletion width versus the voltagd )(calculated W from the measured drain

current @) fit curve calculated from equation 5.1&) (v versus the voltage.
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The magnitude of the gate current in a field efteamtsistor limits the number of transistors that
a single transistor can drive. This is referredgdhe fan-out of a logic gate made of these
transistors. The highest gate current happens wWigetransistor is in the enhancement regime.
Therefore the gate current is studied by plottigyps in figure 5.12 wheWgs=-1 V. The
average gate current is about -0.48 nA which isiah6 times lower than the on current gV
=-3.5Vin figure 5.9.

-0.42¢

-0.46 ¢ m

lg (nA)

-0.50T -

-0.54

35 3 25 2 45 4 05 0
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Figure5.12. The gate current versus the drain source voltagiee OMESFET \(cs=-1V).

The normalizedZ/L=1) output conductance and the transconductandeuane to be 410"* S
and 3.%10™ S, respectively. The subthreshold swing of theéageis measured to be 2.5
V/decade.

The switching speed of the transistor is studietth awn application of a 5 Hz square wave to the
gate which switches between -1 V and + 3.5 V. Tiandvoltage is, then, monitored by an
oscilloscope in the AC mode while the drain wadgautiown with a 1 @ resistor to -5 V. The
result (figure 5.13) shows the operation of theickeat 5 Hz. The peaks are almost lost when
the input frequency is raised to 20 Hz. Such atéchrange of frequency is expected because of
the large parasitic capacitance between the gatéhensource/drain. Indeed, 20 Hz is the cut-
off frequency that has already been measured &othanic Schottky diode in the reverse bias
(figure 4.17). To improve the switching speed tppligation of an insulating substrate instead

of the conducting silicon is suggested to redueeptirasitic capacitances between the gate and
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the drain/source electrodes. Here silicon is chastemtionally to be able to test both the OFET

and the OMESFET consistently for every sample.

In the absence of the parasitic capacitor, a switchpeed of 3.1 kHz is expected for the
OMESFET with a channel length ofién, mobility of 10* cnf/V(S, andVps=5 V (see equation
5.6) Such a frequency is adequate for many loweaqy applications, including small displays
and even organic RFID tags. Although the carrignai in RFID tags is either at 125 kHz or
13.56 MHz, in passive tags the logic circuit doesmecessarily operate at high frequencies

(usually only a few kHz).

+3.5V 0
G S 2.5¢
—
-1V
5 Hz D VD S
0 Al
S
§1Gohm
_25
-5V
'50 02 04 06 0.8
Time (s)
(a) (b)

Figure5.13. (a) The circuit diagram applied to monitor the shihg properties of the
OMESFETand (b) the AC pulse response of the OMESFET

5.6.3 OMESFETsversusOFETSs

The characteristics of the printed OFET reportedPlsk [81], and the 200 nm thick OMESFET
are compared in table 5-2. The work by Park is ehdsecause it represents the best
performance reported to date in a thick flm OFHi some aspects such as the voltage range
and subthreshold swing, the OMESFET is better, edmthe mobility dependent parameters of
the OFET, including@o, gm , lon, andloy/los, are better.
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The voltage range and the subthreshold swing tOM&SFET are lower than those in the
OFET because of the absence of the insulating layte OMESFET, which provides direct

control of the gate voltage over the depletionaagn the semiconductor.

Table5.2. Electrical characteristics of the printed OFET frBwf. [81] and the OMESFET.

Par ameter OFET [81] OMESFET
lor/loft 1000 24.6

Gate Voltage Range (V) 40 4.5
Threshold Voltage (V) +2.5 +3
Subthreshold swing (V/decade) 6.5 2.5
Mobility (cm?#VS) 2x107 1.6x10*

% (S)' 2x10° 4x10™

G (S)f 3x10° 3.7x10™M
lonmax (A) 5x107 6.4x10™°

™ normalized taz/L=1.

In the OFETQ,, gm , andly, are about 3 orders of magnitude higher than thotdee

OMESFET. Those parameters are proportional to théyet of the mobility in the device and
eitherVps or Vgs (see equations 5.2, 5.3, 5.4, 5.8, and 5.9). Shecéeld-effect mobility in the
OFET is about 100 times larger than the bulk mybifi the OMESFET and the voltage range
is about 10 times larger in the OFET than thahex@ MESFET, the 3 orders of magnitude
difference in those parameters is expected.

The weakest parameter in the OMESFET is the loweotiratio (24.6). The low current ratio
results from high off current in the OMESFET (theaurrent is in the expected range as
discussed above). In the off mode that the cuiretite channel is very low the drain terminal
current is determined by the leakage current frloengate. The gate current in OFETs is much
lower than in OMESFETS, because of the insulat&ygi between the gate and the channel in
OFETSs. The current ratio in OFETSs is instead lichibgy the semiconductor thickness and the
bulk conductivity of the semiconductor (see secBc?). A current ratio as high as®18
achievable in OFETs [21] if a very thin intrinsiersiconductor is applied. However, soluble
organic semiconductors employed for printing teghes usually have some background
doping due to the impurities both in the polymed anthe solvent. Also, the printing
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techniques have poor control over the thicknegsh@fieposited layer. As a result the current
ratio in this and other printed OFETs are much Iothan 16.

As mentioned, the OFET reported by Park [81] tadcdsantage of an{plasma treatment and
vacuum dedoping that is not appropriate for usé Wi cost printing processes and in this
sense represents potential performance usingpgiptiocesses. In another example of a thick
film device [16], that does not use vacuum puriiwa or surface treatment the on/off ratio is
much lower (~10). However the results from Partt e simulations offer some insight into
what can potentially be achieved. By comparing Baslork to the OMESFET response, and by
comparing simulation results, the OMESFET offers imltage and possibly lower sub-
threshold swing, while the OFET offers higher omrent and transconductance. Simulations
suggest that on/off current can be better in OMERSE; But this remains to be demonstrated

experimentally.

5.7 Discussion

Although both simulation and experimental resuitdigate the low voltage operation of
OMESFETSs, the characteristics predicted by the kitimn are different from what have been
obtained in the practice. To explain the differenaad possible reasons, voltage ranges,
mobilities, threshold voltages, current ratios antthreshold swings in tables 5-1 and 5-2 are
integrated in table 5-3, and each item is discusséallowing subsections. As it is explained in
section 5.6.3, conductance, transconductance anaitlcurrent in transistors are dependent on

the mobility and the voltage range, so they aredisttussed individually.

Table5.3. Electrical characteristics of the simulated and tre@asistors.

Parameter Simulation Experiments
OFET OMESFET OFET [81] OMESFET

Gate Voltage Range (V) 40 5 40 4.5
Mobility (cm?%VS) 3.1x10* 8x10° 2x107? 1.6x10*
Threshold Voltage (V) -14 5 +2.5 3
lor/ ot 700 1d 1000 24.6
Subthreshold swing (V/decade) 4 0.18 6.5 2.5

a) Mobility
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In both simulations and experiments the field-dffeobilities are two orders of magnitude
larger than the bulk mobilities, but the mobilitigstained from the simulation are much lower
than the realistic ones. This is partially dueh® high doping level in the experiment. The
measured dopant density (280" cm®) for the OMESFET is at least one order of magrtud
larger than what has been set in the simulatiot® @@>). Since the Fermi level in the bulk
semiconductor moves toward the mobility edge withrerease in the doping level, a higher
bulk mobility is obtained in the real OMESFET. Aldee density of states in the simulation is
possibly overestimated. A sharper tail drop in dgref localized states away from the mobility
edge leads to higher bulk and field-effect molatior a given doping level. The simulation
and experimental results in organic Schottky jlordj also, confirm the overestimation of the
density of states in the simulation. The simulatiesults in figure 4.3 suggest a depletion width
of <120 nm whereas the width calculated from messdrain current (as shown in figure 5.11)
is 170 nm. This indicates that in the simulatioa depletion width at equilibrium is under
estimated, especially given that the doping derisitiie simulation (18 cni®) is set lower than
the measured value (2.810" cni®). Therefore, the density of states chosen fo3t#Pin the

simulation is not accurate.

Although the experimental result from Tanase ¢fa8] is applied to define the density of
states in the simulation, in practice the densitstates depends on many factors including
deposition method, boiling point of the solvent)stnate material and surface treatment prior to
the polymer deposition. Therefore it is very likéiyat the density of states of the rr-P3HT used

in the experiments presented here is different filoenvalues used in the simulation.

In fact, the simulation results mimic a very amap$ semiconductor with low doping density,

whereas in practice the organic has higher molecutier and higher background doping.
b) Threshold voltage

The measured threshold voltage in the OMESFETsahereas the voltage predicted from the
simulation is 5 V. Their difference is likely due the difference between the thicknesses of the
simulated OMESFET (400 nm) and the real OMESFETD (2®). Although the high doping
level in the real OMESFET can potentially incredsethreshold voltage, the more compact

density of states has probably compensated foetfest.
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The difference between the threshold voltages eftmulated and real OFETS is significant.
Such a large discrepancy is due to the doping levile real OFET. In the next chapter the
effect of the conductivity and the thickness of sleeniconductor film on the threshold voltage
of an OFET is explained (equation 6.11). Sincethinekness of the simulated OFET (400 nm) is
in the same range as that in the real OFET (2%D@nm) the difference is mainly due to the
difference in bulk conductivity between the semitactors in the experiments and in the
simulation. Indeed, Park has shown that dedopiagtiymer by vacuum treatment can shift
the threshold voltage from +20 V to +2.5 V [81].cBia large drift in the threshold voltage
indicates the high sensitivity of the thresholdtagé in OFETSs to the doping level in the
semiconductor, whereas in OMESFETSs the variatia@shold voltage with the doping level
is more controlled. Since the doping level in thgamics increases with any contamination in
the materials or the process, reproducing and miaing a specific threshold voltage in mass
production of OFETSs may require extra steps anuime complicated processes to purify the
materials and provide a clean environment for #igi€ation. The OMESFET is less affected

by contamination, a factor that could be very int@ot in making low cost production.
¢) On/off Current ratio

The predicted current ratio in the simulation tog OFET is close to what has been reported in
a real device. This ratio is strongly dependenthenratio of field effect to bulk mobilitys:/u

(as is suggested in equation 6.10), which bothensimulation and experiment the field-effect
mobility is about two orders of magnitude largeartithe bulk mobility. The weakest parameter
in the real OMESFET is the low current ratio. Altigh simulation has predicted a current ratio
of 10%, the experimental value is much lower (24.6). Thikkely due to the gate leakage
current. Reduction in the gate current reducestheurrent and increases the current ratio. To
reduce the leakage current the reverse currehieabriganic Schottky diode has to be reduced.

A few solutions are suggested later in this section
d) Subthreshold swing

The predicted subthreshold swing in the simulate&Dis reasonably close to what has been
measured in the experiments. A small gate capaeitarl0 nF/crf) and a thick semiconductor
film are main reasons for the large subthresholdgw the OFETs. In OMESFETS the
measured subthreshold swing is much larger thaprédiction from the simulation. The

difference is likely due to the gate leakage curiethe real OMESFET. When the gate current
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is comparable to the channel current, the dramitel current is more influenced by the gate
current. In the subthreshold regime where the cblacurrent is low the gate current determines
the subthreshold swing, unless the gate curranuh lower than the channel current as it is
indicated in the simulation. It should be possibleeduce gate leakage by changing transistor

geometry, as is discussed later in this sectidms Will then improve OMESFET on/off ratio.

The simulations used in this thesis have been Ui®fgualitatively predicting aspects of
transistor performance. However, in order to ¢ete matching between experiment and
simulation the properties of the organic semicotaiuas processed need to be known. In
particular the density of states in the polymertodse accurately determined.

Nevertheless, the simulations have helped motivegelevelopment of the OMESFET and
suggest that properties such as on/off currerd eatd the subthreshold swing can be

substantially improved.

The performance of OFETs improves with a reducitotihe semiconductor thickness and with
reduction in doping density. In OMESFETS in contiaasincrease in these parameters enhances
the performance {equation 5.9). The reasons fadltifferences are that high current ratio and
high on current are achieved in OMESFETs when ¢éneiconductor layer is highly conductive,
while in OFETSs a poorly conducting semiconductqorsferred (in order to have a low off
current). Therefore, one can say starting from Wiy low-doped organic layer the OFETs
performance is better than that in OMESFETS, buherease in the thickness or doping make
their performances comparable until above a cehtal OMESFETS are preferred. This
preference for operation at large thicknesses ismgortant advantage of the OMESFET over
the OFET for use with printing and dipping processehere layers are generally thick. Also,
the doping level in the semiconductor significaraffects the threshold voltage in OFETS,
whereas the threshold voltage is less sensitivieg@oping level in OMESFETSs. The tendency
of organics to be doped by any contamination imtla¢erials or the process is a weakness for

mass production of OFETS, especially when a low-oethod, like printing, is employed.

Therefore increases in the semiconductor thickaedshe doping level in the OMESFET are
suggested to achieve higher conductance, transctardhie and on current. Increasing both the
semiconductor thickness and its doping densityeiase the voltage range in the transistor. If it
is necessary to reduce the voltage range a metalower work function such as magnesium

(Mg) might be applied. The main challenge to enkahe OMESFET performance is the
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reduction of the gate current, which leads to imptbcurrent ratio and subthreshold swing.
Fabrication of Schottky diodes with low reversereats is a solution to reduce the gate current.
Application of a metal with lower work function thaluminium is again a solution as it reduces
the injection of carriers from metal to the semidoctor. Also a very large portion of the gate
current likely results from the overlap of the gatel the drain/source electrodes, as depicted in
figure 5.14.a. Covering the top surface of therdeaid source electrodes with an insulator
before polymer deposition is recommended (figulel H) to reduce the leakage current. In this
case the electrodes are in contact with the seriador from the sides and the depletion region
from the gate controls the channel. The patternirihe insulator layer is not necessary as the
insulator can be deposited over the metal befadifthoff step. A thicker layer of metal may be
necessary to ensure a low contact resistance betivealrain/source electrodes and the

semiconductor.

Gate Gate
r-P3HT J L r-P3HT
YYVVVVVY VYVVYVVVY Insulator Insulator
Drain | Source Drain Source |
Substrate Substrate

(a) (b)

Figure5.14. (a) The gate current paths in the experimental OMES(b) the solution to reduce
the gate currentMss>0 andVps=0)

In general OMESFETSs are compatible with the proptimethods in which a relatively thick
layer of semiconductor can be deposited. The lolkage feature in OMESFETs has some
benefits in battery operated applications. Also,EBWETs are promising for driving Active
Matrix Displays (AMDSs). For current generation atige displays a current density of about
0.3 mA/cnf is adequate to turn on pixels [118]. The OMESFESspnted in this work (table 5-
2) is capable to provide 0.13 mA/Emvhich should readily be increased by increasiopijry
level and/or thickness. However, much better canratio has to be demonstrated in order to
apply OMESFETSs in AMDs. Similarly, Liquid Crystaligplays (LCDs) and “E-ink” displays,
developed by Plastic Logic [114], require very droalrents which make the OMESFET a
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suitable choice for low-cost and flexible displagshieving better current ratio is, however,

necessary to distinct the on and off states of gad in the display.

Another application for which the OMESFETs may biable is in cheap and low-voltage
chemical and/or optical sensors. Since the condtictf the polymer changes with exposure to
some chemicals, including oxygen and moisturedtaen current can represent the chemical
level. The depletion width in the OMESFET, alsoarmges in response to light [20]. Therefore,

the drain current might be used to detect ligha oertain range of wavelength.

A low voltage transistor is preferred for logic épgtions, especially for battery operated
electronics and circuits which receive their pofvem electromagnetic coupling, such as
RFIDs. Although the OMESFET has a bandwidth of dyHz, it should be possible to extend
this to a few kHz by fabricating the device on agpumsulating substrate. In that case
OMESFETSs might be suitable for RFID tags.

In conclusion, OMESFETSs outperform OFETs by prasgribw voltages and higher current
ratio (figures 5.8 and 5.9) when a thick doped pwyis applied. For a printed semiconductor
layer with thickness of a few hundred nanometegsviiitage range is less than 5 V in the
OMESFET, whereas the voltage range is typicallgdathan 20 V in OFETSs. The current ratio
is potentially higher in thick film OMESFETSs tharF&Ts, providing that the gate leakage
current is controlled. The high doping level andpamolecular order in a printed semiconductor
film result a small difference between the fieldeet mobility and the bulk mobility. Although
the performance of the OFET can be enhanced bgastrg the field-effect mobility through
extra treatments on the substrate and the semictargdthe process is expensive and increase

the capital cost of the product.

Remaining challenges include devising a complebegss (perhaps all polymer) suitable for

constructing the OMESFETS, as well as investigatmegns of improving performance.

5.8 Summary

A key aim of this research is to determine theifebty of building an OMESFET in order to
offer a low voltage alternative to OFETs which Isogpreferably compatible with low cost
fabrication methods. Low voltage operation wascessfully achieved, and the transistors work
well with the thick organic semiconductor layerpital of low cost processes.
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The low mobility and the large voltage range in OBEre two challenges constraining the
widespread application of organic transistors. W-liloped semiconductor layer with high
molecular order is required to obtain high fieldieet mobility in an OFET. Also very thin
insulator and semiconductor films have to be apghean OFET to achieve low voltage
operation. Application of printing methods to preduow-cost OFETs have shown poor
transistor characteristics because of the highriplgivel, poor molecular order and thick
deposited films [16, 81]. A mobility of 10to 10* cn?/V[S and a voltage range of 40 V and a
current ratio less than 140 are typical in prinBfETs. To enhance the device performance
Park et al. [81] have applied,@lasma and vacuum treatments to increase the ityadnid the
current ratio to 0.02 cfiV[S and 1000, respectively. These treatments, howieeease the

capital cost of electronics. In addition, the vgéégproblem is still a challenge in OFETS.

To be compatible with the quality of a printed lagéa semiconductor OMESFET is suggested
as a low voltage transistor. The effective mobilityan OMESFET is the bulk mobility in the
semiconductor which can be increased t6 @0f/V 8 by increasing the doping level [44]. Also,
expensive treatments such as those used in p@fe&d's are not required in the OMESFET

fabrication.

The low voltage operation of OMESFETSs (<5 V) arendestrated in this thesis both in
simulation and experiment. In simulation a thredhailtage of 5 V and a mobility op@0°
cn’/V 8 are obtained when experimental data from Tartzesle [£8] are applied to define the
density of states in a low doped rr-P3HT. Alsougaent ratio of 10is achieved for the
simulated OMESFET. Compare to a simulated OFET thi¢hsame thickness, the on current,
conductance and transconductance in the OMESFEfhi@e orders of magnitude smaller than
those in the OFET, because of lower mobility in@EdESFET. In experiment a mobility of
1.6x10* cnf/V (S is obtained for unintentionally doped rr-P3HTtir OMESFET which is
comparable to the mobility in an untreated OFETe Tdakage current from the gate has limited
the current ratio in the OMESFET to 24.6 which barenhanced by covering the top surface of
the drain and source electrodes (figure 5.14)elmegal OMESFETSs are compatible with the
printing methods in which a relatively thick laygrsemiconductor can be deposited.

The transverse characteristic of the OMESFET idieghpo find the relationship between the
depletion width and the gate voltage. The dataese from the experimental sample suggests

some corrections for the applied parameters irsitin@lation. However, the density of states is
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the most important data for the simulation whicdependent on the doping level and the

fabrication method.

Focusing on the enhancement OMESFET is encouragddtiire research as it is more
compatible with low cost electronics. IntegratidrGMESFETS into circuits requires the design
and development of fabrication processes compatititeparticular applications, such as

AMDs and sensors.
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Chapter 6
Dual gate organic transistor

Although the key to achieving ultra low cost eleaics is the application of printing methods,
the high thickness and poor molecular order inrgamic printed transistor lead to poor
performance. In this chapter, the effect of theisenductor thickness on OFET performance is
analyzed by introducing a simple model for the devApplication of a Schottky contact as the
secondary gate is then proposed to enhance OFEa&ateastics when a relatively thick
semiconductor layer is utilized. The effect of Kness on the OFET characteristics is studied by
simulation of the device. Also, the dual gate orgaransistor is simulated to show its
performance in comparison to an OFET. Then, thieopaance of a dual gate organic transistor
is studied. The simulation results indicate thatpglkrformance of a 200 nm thick dual gate
transistor is better than that in a 20 nm thick ®FEL9]. The dual gate structure is
implemented in a 250 nm thick OFET which resulted shift of 12 V in the threshold voltage
and an increase in the current ratio [120]. Thekvwpsesented in this chapter does not seek to
improve performance by reducing voltage, but ratbeshow that existing OFET technology
can be made more suitable for low cost fabricatr@thods by the use of a dual gate structure.

6.1 Introduction

The motivation for creating a transistor that woekiectively despite having a thick
semiconducting layer is strong, as mentioned iniptes chapters. Among different techniques,
printing methods are the most inexpensive pattgraimd deposition processes with the
capability of roll-to-roll production of organicesgtronics. However the resulting device
performance is relatively poor because the depbéita is too thick and has a poor molecular
order [121]. Most of the simple printing techniqeeEh as stamping have a thickness resolution
around a few hundred of nanometers [81], whereagptimum thickness for an OFET is about
30 nm [115]. Many research groups around the wamddworking on the development of

printing techniques to meet the organic electroreggiirements [21]. However, the price of
advanced printing machines affects the cost optbduct especially in low production

guantities. Also, to build organic transistors amrsmooth substrates such as fabrics for
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wearable electronics the thickness of the semicciodwften has to be more than the surface
roughness to produce an electrically continuouns.ffTherefore, a method of making organic
transistors with reasonable performance from aHamdreds nanometer thick organic
semiconductor layers will help enable low-cost prcitbn and widespread use of the organic

electronics.
6.2 Modeling

The effect of the semiconductor thickness on agavameters of an OFET has already been
studied through modeling and experiments [122}his section an analytical model is
presented which predicts most of the important b&racteristics of an OFET including the

threshold voltage, output resistance, off currert e on/off current ratio.

As explained in chapter 5, an OFET (figure 6.1sahithe accumulation mode when the
transistor is on. In this case, the applied gateage accumulates carriers at the insulator-
semiconductor interface to increase the conductheteeen the drain and the source contacts.
The depth of the accumulation layer is about 2 teBwhich is equal to a few monolayers of
the organic semiconductor [110]. The remaininghkhéss in the semiconductor acts as a
resistor between the drain and source. Excludiagffect of the resistor, similar to any Isolated
Gate Field Effect Transistor (IGFET), the outpuduccteristic of the transistor shows two
distinct regimes: linear and saturation. Whéss{V1| > Vpg the transistor is in the linear
regime, whereas fo¥¢s V1| < Mpgl the transistor is in the saturation regime. Igeat the off

mode, the transistor has a zero conductance betilveatrain and source wharsl < V1.

Figure 6.1 shows a schematic of a bottom conta&TOkith an equivalent circuit for the
device, in which the effect of the bulk resistarceepresented by the parallel resistor.
Assuming that the thickness of the semiconductorush larger than the depth of the
accumulation layer, this parallel resistariee,is expressed by:

L

R, =
(o AWAR

(6.1)
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Figure. 6.1. (a) A schematic of a bottom contact OFET and (&irgle model for the device
consisted of an ideal IGFET and a parallel resistor

whereL is the distance between the drain and sodreethe width of the drain/source
electrodests is the thickness of the semiconductor in the nebandoy is the bulk

semiconductor conductivity.

The current in the transistor elemen) (s a function of the gate voltage. In the linesgime,l;
is [21]:

Zu,C,
IUL )[(VGS _VT)VDS] (6.2)

Iy = (

whereC; is the gate capacitance per unit of area.ailthe field effect mobility of the carrier
in the channel. For the saturation regime, theeriris a quadratic function of the gate voltage
[21]:

o= (A -y 6.3)
1-sat 2|_ GS T

and in the off mode, ideally.. = O.

According to the model the drain terminal curratthe device is the summation of the

currents in the transistor and the resistor. Tleegtthe current in the linear regime is:

I poin = loon + 15 =(

Z/'lfci _ VDS
: Ves —Vs )VDS]+R—P (6.4)
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InsertingRe from equation 6.1 into equation 6.4 and rearraggiiter, gives:

ZuC,
I ooin = ( |i )b/es _VTapp}\/DS (6.5)

whereVrappis the apparent threshold voltage described by:

— Ublkts

Viapp = {VT _TCJ (6.6)
As equation 6.5 and 6.6 suggest, the effect op#rallel resistor appears only in the threshold
voltage of the device in the linear mode. Thereftre field effect mobility can be calculated
from the slope ofp -Vgsplot [21] in the linear regime regardless of teengconductor
thickness, but the apparent threshold voltageumetion of the thickness. Indeed, for a very
thick semiconductor, especially when the bulk canighty is relatively high, the sign of the
apparent threshold voltage is different fréfnwhich means that the transistor can not be
switched off even a¥ss=0. Such a case is very likely to happen in atpdrdevice where it is
common that both the semiconductor layer is thiok e background doping is relatively high.

The OFETSs presented in chapter 5 (figure 5.8) affersng from the same effect.

An effect of the parallel resistor is that the sation current is dependent s, and the slope
of thelp -Vps curve isRs™:
Zu G, \%
| o=t -\V.)? + B8 6.7

orsn = (5 Wos =)+ 2 (6.7)
SinceRpis proportional to the inverse of the semicondutiiarkness, the slope of the current in
Ip -Vps increases with the thickneds).(Indeed Rr is the output resistancBy,) of the device in
the saturation regime, which drops with increasiagniconductor thickness. Also, equation 6.7
indicates that derivation of the field effect mdtyifrom V1 - Vgscurve is not accurate in the

saturation regime, except whBais very large.

Furthermore, the semiconductor thickness has afisigmt effect on the off mode of the device
as the current is not zero whéfad < M1|. Assuming that the transistor is off (ideal tiatts)
when V=0, the device behaves as a resistor between dine a@ind source terminals. The value

of the resistance in the off mode’f) is actually different from the bulk resistané®) because
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of the depletion region produced from the energydibgy at the ¥s=0. Figure 6.2 depicts the
energy bending at zero gate voltage for a p-typeaM#nsulator-Semiconductor (MIS) device.
Because of the depletion region, the effectivekigss of the semiconductortidqe, Therefore
R’p is expressed as:

_ L

R, ozl -t 6.8
i UbIths_tdep (6:8)

Insulator
ts

tdep
R

—

Er

Semiconductor

Gate
(p-type)

Figure. 6.2. The energy diagram for a MIS device at the equuibr(Vss=0).

and consequently the off current is:

| _ ablkz(ts _tdep)
D-off —

Ve (6.9)

To reduce the off current, one can apply a largrigh voltage to the gate in the depletion
mode to extend the depletion region closk.tbor a thick layer of the semiconductor the
required gate voltage is so high that insulatoakdewn will likely occur before the
semiconductor can be fully depleted. In a very g@miconductor layets might be even
smaller tharigep Which in this case, the depletion region is restd to the semiconductor
thickness and the semiconductor is fully depletedsa= 0. When the entire thickness of the
semiconductor is depleted the off current is deteech by the conductivity of the depleted

region rather than the bulk mobility atids considered as the thickness.

ConsideringVss = 0 as the off state, the on/off current rativiiten in the linear mode by

taking the ratio of equations 6.5 and 6.9:
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| HieiaCi
o= ( ) ~Vi, 6.10
| o O (ts —Loep) B/GS ! pp] ( )
The current ratio drops with increasing semiconalutttickness, and there is also an influence
due to a shift in the apparent threshold. Equaiid@ also suggests that the current ratio is
independent of the channel length &and width Z). Increasing the value & by changingd-

and/orZ does not improve the current ratio.

In summary, the modeling presented above sugdestshe thickness of the semiconductor has
negative effects on the apparent threshold voltagigut resistance, and the on/off current ratio.
Hence, the performance of the device improves witbduction in the semiconductor thickness.
Theoretically, the peak performance is achievednathe semiconductor is just as thick as the
depth of the accumulation layer, which is less tBamm. In practice, such a thin film is hard to
make continuous and shows a poor current ratidaltiee contact resistances and leakage
current in the off mode [115]. Consequently, théropm thickness is measured to be around 30
nm [115]. Most of the inexpensive deposition methsdch as printing or dip casting create
films that are much thicker than 30 nm. As a rethdtperformance is very poor in the devices

made with these simple methods relative to thosgenby evaporation techniques.

This simple model of the effects of thickness W&l used below to help explain results from

simulations and experiments.
6.3 Structureand operation of the dual gate organic transistors

To reduce the effect of the thickness on devicéop®ance a secondary gate is suggested on
top of the semiconductor. The top gate (TG), showiigure 6.3, makes a Schottky contact
with the semiconductor, which produces a depletegion in the semiconductor with a depth of
tsch The effective semiconductor thickness in thedmend saturation regimes is thetsc, and

it is tstscrrtaep in the off mode. As it is already discusseglincreases with applied voltage in
the reverse bias which shrinks the effective sendoetor thickness. The absence of the
insulator between the top gate and the semicondisctém advantage for extenditighto a

much larger distance thag, can reach for the same voltage applied to thesgatea certain
voltage applied to the top gaté;s, such thats= tscn, the depletion region is extended through

the semiconductor thickness and the effect of dralfel resistance is eliminated.
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The dual gate transistor consists of an OFET andM&SFET. The accumulation mode is
controlled in the transistor by the OFET gate, welasrthe OMESFET governs the depletion
mode in the device. Also, the dual gate transisaor resemble a MOSFET transistor in which
the Schottky gate contact behaves as the bodyatoiavertheless, the secondary gate is

controlling the effective thickness of the semicactr layer.

Simulations were done in order to verify the effeamess of the top gate and the correctness of
the simple model of the effects of thickness. Expents were then carried out to demonstrate

the effect of a top gate on OFET performance.

Top Gate (TG)

Organic

B Semiconductor e

oo o hEme DT T T

Gate

(a)
Insulator s
tdep tsen
>
Ei
EF /—\
Top
Gate Gate
Organic
Semiconductor
(b)

Figure. 6.3. (a) A schematic of a dual gate OFET and (b) theggnegiagram at the both gate

interfaces (equilibrium condition ¥gs =Vrg = 0V).
6.4 Simulation

A set of transistors are simulated with organietayicknesses ranging from 20 nm to 200 nm,
with the thickest layer mimicking a device madeadpw-cost printing method [81]. In addition
the dual gate configuration is applied on the 280thick film to show the enhancement in the

performance of the device. Rr-P3HT is chosen aséh@conductor layer in the devices.

Medici version 4.0 is used as the CAD tool for tleeice simulation. The input codes are

presented in appendix B and the parameters fasrijenic semiconductor are set as explained
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in chapter 3. Since the parameters that we hasigreesd to rr-P3HT are not accurate, as
determined in chapter 5, the simulation resultsvarg likely to be different from the
experimental results. However, the focus of theutation is not on a specific semiconductor,
but to study the effect of the thickness and firmbktion for the loss in performance observed

in thick film transistors.

In the simulation gold is chosen for the drain andrce electrodes so that these act as the
ohmic contact [40] and aluminium is used for theegalso, aluminium is used for the top gate
as it makes a Schottky contact with the semicoratyd0]. In the OFETSs, SiQs chosen as the
insulating layer, with a thickness of 200 nm as hodshe time such a thickness is required for
a low leakage current. The channel lengthi¢ set to 4m and as mentioned the wid@) (s

normalized to um by default in Medici.
6.4.1 Simulation resultsin OFETswith various thicknesses

To study the effect of the semiconductor thickr@asshe transistor characteristic in the linear
regime,Vpsis held at -0.5 V antfgsis scanned from 0 to -40 V. Figure 6.4 shows the
transverse characteristig{Vss) of the device for 20 nm, 100 nm, and 200 nm OFi&Tes
semi-log plot. The current overlap in the ranged@®V <Vss< -20V suggests that gate voltage

is sufficiently higher than the threshold voltage the all thicknesses that the parallel resistance
has a little effect.

—— 20nm
—A— 100nm
—&— 200nm

-40 30 20 0 0
Vas (V)

Figure. 6.4. The transverse characteristics of the simulatedT@Rfth the different
semiconductor thicknesseéé)g=-0.5V).
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According to equation 6.%/rapp is Obtained by fitting a linear function to theVgs curve when
[Ved > M+| and finding the voltage intercept. The appatier@shold voltages are obtained for
11 transistors with different thicknesses by theesanethod and their variations with the
thickness is indicated in figure 6.5.
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Figure. 6.5. The variation oM in the simulated OFETs with the semiconductorkihéss
(Vps=-0.5V).

As equation 6.6 predicts, the apparent threshdldge is linearly dependent on the
semiconductor thickness and it is shifted to tlveelomagnitudes as thickness is increased. For
the selected parameters in the simulation the eanthe threshold voltage is about 0.5V when

the thickness is changed from 20 nm to 200 nm.

The saturation regime in the transistors is stubiedpplication of -40 V to the gate electrode
and scanning the drain voltage from 0 to -60 V. dhput characteristid{-Vps) of transistors

for three different thicknesses are plotted infeg6.6. The differences in the slopes in the
saturation regimes indicate the dependence ofutmubresistance on the thickness of the
semiconductor as equation 6.7 suggests (the thitkgss has the lowest resistance). The output
resistances calculated from the output charadtsigb-Vps) are shown versus the
semiconductor thickness in figure 6.7. A drop od &2 (equal to 26%) is observed in the
output resistance when the thickness is increasad 20 nm to 200 nm.
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Figure. 6.6. The output characteristics of the simulated OFEIB the different semiconductor
thicknesses\gs=-40V).

The current ratio and the off current are obtaifneth the simulation results shown in figure
6.4. Thelp values aWVgs= -40 V are considered &s, whereas the currents\és=0 V are

taken adqs. Figure 6.4 shows a rapid drop of the currentWwelme threshold voltage for 20 nm
thick OFET, but the rate is much lower for the khiikm transistors. In figure 6.8 the off current
and the on/off current ratio are shown versus gémiconductor thickness. An approximately

two orders of magnitude rise in the off currenthis effect of increasing the thickness from 20

x10"

Rout (Q)

0 40 80 120 160 200
ts (nm)

Figure. 6.7. The variation of the output resistance in the $atad OFETs with the
semiconductor thickness (-60 Wss<-40 V andVgs=-40 V).
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Figure. 6.8. The variation of the off current and the on/offreunt ratio in the simulated OFETs
with the semiconductor thicknesgyg=-0.5V).

nm to 200 nm. Extrapolating the off current in fig6.8 to cross the thickness axis giigs

16 nm forVss=0. The current ratio decreased from 2300 to 2@Hersame range of the

semiconductor thickness. A very rapid increasdnefdurrent ratio from 40 nm to 20 nm is

predicted by the simulations as the semicondubioknessts, approaches the depletion depth,

t4ep (€Quation 6.10).

The simulation results show that the 200 nm thi€lED has a poor performance relative to the

20 nm transistor, especially in current ratio. 20@is a reasonable thickness for most of the

low-cost printing methods and is generally needearder to obtain an electrically continuous

film, making it presently impractical to achievestbxcellent performance in thinner devices

using inexpensive processing. A 200 nm-thick dadé grganic transistor is simulated in order

to compare its electrical characteristics with thivsthe OFET.
6.4.2 Simulation resultsin a dual gate organic transistor

The top gate material is aluminium and makes Skhathntact with the organic semiconductor
[40]. To avoid the current leakage through thedate (TG), a positive potential has to be
applied to TG, which drives the Schottky junctiorthe reverse bias.

To find out the depth of the depletion region frima top gateté.) at different voltages, the
transistor is biased &:s= 0V andVps = -0.5V and then th¥¢ is scanned from 0 to 6 V to
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measure the off current. Figure 6.9, shows theatian of the off current versus the top gate

voltage in a semi-log plot.

A voltage of about 5.4 V on the top gate is sudiitito deplete the entire semiconductor layer,
which reduces the off current by more than foureosdf magnitude. Above that voltage, the
current saturates with the remaining current duéeédinite but very small conductance in the

depletion region.

Ve (V)

Figure. 6.9. The variation of the off current in the simulaté@DzZhm-thick dual gate OFET with
the Top Gate voltagd/ps=-0.5V andVgs=0V).

40 30 20 0 0
Vs (V)

Figure. 6.10. The transverse characteristics of the simulatedi20@ual gate OFET at different
Top Gate biased/ps=-0.5V).
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Figure. 6.11. The variation of the apparent threshold voltagdesimulated 200nm-thick dual

gate OFET with the Top Gate voltagé§=-0.5V andVss=-40V).

To study the effect of the top gate voltage onlithear regime, the drain-source voltage is held
at -0.5 V when the gate voltage is scanned from-@@ V for discrete values &g from 0 to 6
V. Figure 6.10 shows the results of the simulafarthree different values of top gate voltage.
Similarities between figures 6.4 and 6.10 indicatd the top gate is controlling the effective

thickness of the semiconductor.
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Figure. 6.12. The output characteristics of the simulated 200l date OFET in different
biases of the Top Gat¥{s=-40V).
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The effect ofV1¢ on the apparent threshold voltage is shown inréigull. Application of 6 V
to the top gate has changég,, for more than 0.5 V. Comparing values in figureés &nd 6.11
indicates that whe¥rg =5 V the threshold voltage in a 200 nm thick dyeate OFET is the
same as that in the 20 nm OFET.

The output resistance of a dual gate OFET in the&@on mode is, also, controllable using
V1e. The output characteristic of the devitg Vps) is simulated for discrete values\éfs from
0 to 6V whenVgs=-40 V. The results show a reduction of the quirstope as the top gate
voltage is increased, which is just visible in fig.12. The estimated output resistances at
different top gate voltages are plotted in figurg36 which more clearly indicates the change of
the output resistance with top gate voltage. Compgaralues in figures 6.7 and 6.13, the output
resistance is 2.5 times larger in the dual gateststor whenVtg = 6 V than that in the 20 nm
thick OFET.

Also, the on/off current ratio is improved in theadl gate structure as the off current is reduced
from 10% to 10%'A (figure 6.9) when the top gate voltage is chanfgech O to 6 V. A ratio
more than 10is achieved for a 200 nm thick dual gate OFETufiég6.14), whereas the ratio is
about 200 for an OFET with the same thickness.

x1012
3

Ve (V)

Figure. 6.13. The variation of the output resistance in the sataad 200 nm-thick dual gate
OFET with the Top Gate voltage (-6@ss<-40V andVss=-40V).
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V+e (V)

Figure. 6.14. The variation of the on/off current ratio in thealated 200nm-thick dual gate
OFET with the Top Gate voltag¥gs=-0.5V).

6.5 Experimental results

Although the simulation results suggest that thégpeance of a dual gate thick film organic
transistor can be better than that of a thin fillED, the approach has some practical
challenges. The most important one is the voltagss between the top gate and the drain
when the drain voltage reaches to -60 V. Suchgelegverse voltage across the Schottky
junction might cause breakdown in the device. Bcpce, the dual gate transistor approach is
probably most suitable for a low voltage OFET arlfimited drain voltage. These

considerations restrict the operation modes teeeitine off mode or to the linear regime.

In the simulation a gate voltage range of 40 V alagsen for 200 nm thick silicon dioxide,
which is reasonable for a defect free Sild practice, it was not possible to apply a vpita
above 20 V in a 350 nm thick Si®ecause of the low quality of the insulating layer
Therefore, a thick layer OFET was built and chamazed over a limited voltage range so as
not to damage the device. The secondary gatensdiyeosited over the OFET and the dual
gate transistor is tested without connecting tipegate to any potential in order to reduce the
voltage stress across the Schottky contact. Thealatepletion region produced by the
Schottky contact at equilibrium reduces the effecthickness of the organic layer and causes
changes in the OFET characteristic. Despite thestations, the experiment is performed to

help investigate the feasibility of implementingw@al gate transistor for a thick layer of

123



semiconductor. The simulation results are a guodbé performance improvements that are
ultimately possible with the addition of a top gaj&ven state of the art processing methods

used in OFET fabrication.

A micro-electrode (figure 3.1) is applied to budldhick OFET and a dual gate organic
transistor. n-doped silicon provides the gate e@@FET with 350 nm thick silicon dioxide as
the insulator. Two of the gold electrodes, eachirigaa length of 0.5 mm and a gap qir,

are assigned as the drain and the source conngchifier cleaning with piranha a 350 nm
thick rr-P3HT layer is deposited on the micro-elede by dipping it into a solution of 0.8%
(weight) of the polymer in chloroform and pullingout slowly. The sample is then held at
100 °C for 20 minutes to remove the solvents fromfilm before characterization. The rr-

P3HT deposition and electrical tests are donedryanitrogen filled glove box.

Figure 6.15 shows the output characteristics ofdRET at various gate voltages. The very
thick semiconductor layer makes the I-V curve nelimear with an inverse slope of 357M
atVss= 0 V. Also, the current ratio &s=-20 V is only 5 over a 20 V range in the gate
voltage. The mobility and the apparent thresholtiage are found to be 3.240* cnf/V[S

and 12.5V, from equation 6.5. The measured mghditn agreement with previously
reported values [60] and our experimental resualtshapters 4 and 5. The positive value of
threshold voltage is undesired for a p-type traosig he very large positiVérap, results from
the low field effect mobility, the high conductiyitn the bulk semiconductor (high
background doping), and the substantial thickné#iseopolymer (equation 6.6). Also, the 350
nm thick SiQ is introducing a relatively low capacitan€® € 9.8 nF/crf).
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Figure 6.15. The measured output characteristics of a thick-GQIFET.
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To deposit the top gate the device is transfeweaathermal evaporator without exposing the
sample to the air. 110 nm of aluminium is then d&&pd over the semiconductor layer at a
rate of about 1 A/s. The device is tested as anTOMEhout any electrical connection to the
top gate. Since, the depletion region producedb\ydp gate has an insulating property the

device is expected to behave as an OFET with acegtisemiconductor thickness.

The output characteristics and the schematic ofléwéce after aluminium deposition are
shown in figure 6.16. The appearance of the saturatgime in the plot indicates an increase
in Rp. The current ratio is enhanced to 20.5 (from #©2}jhe same gate voltage range and the
threshold voltage has changed to -0.01V. Althoinghahange in threshold voltage is
significant the threshold is not sufficient to sstitthe transistor off algs= 0V, and because

of this, the current ratio is still low. The mobjlis unchanged, as expected. The valugsdé
estimated to be 4.85from the slope of the plot &s= 0V, more than ten times larger

than the value estimated from figure 6.15.

Io(nA)

VGS=-20V

-100 T T T
-20 -15 -10 -5 0

Vps(V)

Figure 6.16. The output characteristics of an OFET followingnaimium deposition over the
semiconducting layer (Dual gate organic transistor)

An alternative explanation for the changeRiis that the doping density of the organic
semiconductor might have been reduced when it wesrwacuum during aluminium

deposition [32]. This was tested by making an ORBEd@ measuring its output characteristic
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before and after storage in a vacuum of idrr for an hour. Negligible changes in the I-\heei
strongly suggest that the observed effect in tts¢ iample is due to the formation of a depletion

region from the aluminium Schottky contact.
6.6 Discussion

Comparing the experimental results with the simaigtthe threshold voltage in the real
OFET is very different from what has been predicliemlexplain the difference equation 6.6 is
written in a new form:

_ Owlds _ QN tg

app V1 = = 6.11
S MG MG (6.11)

Vi

whereN is the doping density in the polymer film. In silaion, where the bulk mobility is
much lower than the field-effect mobility (see @bl1), the difference between the apparent
and real threshold is small and even variatiorhefthickness from 20 nm to 200 nm changes
the threshold voltage by only 0.5 V. In contrastihie experiment the field-effect mobility is
not much different from the bulk mobility. Substihg measured values into equation 6.11
one finds that the difference between thresholtagels is about 28 V which corresponds to a
V7 of 15.5V for a 350 nm thick OFET. The very diffetenobilities between the high quality
lightly doped material used in the simulations #malrelatively impure and highly doped

polymer used in the experiments thus explains iifierences in threshold voltages.

Also, simulation results predicts large curreniorat the dual gate organic transistor whereas
the enhancement in the current ratio is relatigetyall in the experiment. The reason is that in
the experiment the top gate is not biased. Figuré shows that at low voltages (for the top
gate) the current ratio is still low, but when thp gate voltage increases the current ratio
increases as well. The model suggest what is desstiiile the experiments show that the
basic idea works.

According to equation 6.11, the effective thicknesthe semiconductor after aluminium
deposition is predicted to be 156 nm which is al#®db of the original thickness.

To enhance the performance of the dual gate ttansisSchottky contact with a breakdown
voltage larger than 20 V is required. In such a&dhs secondary gate can be biased which is

then a more effective control on the transistoapaaters. Nevertheless, the experimental
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result shows the advantages of the applicatiohefliual gate structure over the OFET

approach in thick films.
6.7 Summary

To study the effect of the semiconductor thicknessmple model consisting of an ideal IGFET
and a resistor is applied to describe organic ®dldct transistors. The analytical approach
shows degradation of the performance with increpttiickness. The threshold voltage is
shifted to more positive values and the outpustasice and the current ratio drop. Simulation
results from devices with thicknesses of betweenrtnd 200 nm support the model. A linear
shift of the threshold voltage of 0.5 V is observdten the thickness is changed. Also, a 26%
drop of the output resistance and a tenfold redangti current ratio are obtained when the

thickness is increased from 20 nm to 200 nm.

As a solution a dual gate FET structure is suggdsieimplementation when there is a poor
control over the thickness of the semiconductoedand/or when the roughness of the substrate
determines the minimum thickness of the semicormtuayer. The simulation results for a 200
nm thick dual gate OFET indicate an enhancemetiitdrdevice performance by changing the
secondary gate voltage. Application of 6 V to the gate has shifted the threshold voltage by
0.5 V. Also, the output resistance is increased Bctor of 2.5. The most significant effect is

on the current ratio which is improved by aboutrforders of magnitude. Altogether, the
performance of the simulated 200 nm thick dual g&&T is better than a simulated 20 nm
thick OFET.

In the experiment, the dual gate transistor coolche tested over the full range of the voltage
because of the poor quality of the insulator u#e@850 nm thick OFET was fabricated and
tested it over a range of 20 V. The device worksenas a variable resistor than a transistor
due to its large parallel resistance. By applylmg secondary gate, the effective cross section
of the channel was reduced due to the depletiaomeghis led to an increase in the
transistor’s §/lor and shifted the apparent threshold voltage to me#h¢he performance of

the device.

127



Chapter 7
Conclusion

In this thesis Schottky diodes, OFETs, OMESFETsdural gate organic transistors are studied
through analytical models, simulations, and expernita. The devices demonstrated here help
solve two challenges in organic electronics, nantedyr need for relatively high voltage
operation and their incompatibility with printingahniques. It is demonstrated that low voltage
operation of organic transistors can be obtaingl m@asonable performance using methods
compatible with low-cost fabrication. It is aldoosvn that OFETs can be made more
compatible with low- cost fabrication methods byliag) a second gate, dramatically improving

performance.
7.1 Current progress

7.1.1 Organic Schottky Diode

The current in an organic Schottky diode was arlyzsing the diffusion model. This model
does not rely on the existence of distinct conduncéind valence bands in the organic
semiconductor. Application of energy bands andsutas thermionic models are generally used
to describe an organic Schottky diode [44, 59,123], whereas experiments and models
suggest that localized states dominate transpalieimrganic materials typically used to
produce such diodes [44]. Where there is an exg@ielmop in the density of states away from
the mobility edges, as has been observed in maggnars, it is shown that the diffusion model
predicts an exponential rise in current with vo#tags is commonly observed [44, 59, 72, 123].
In order to validate this model, an important dtegd needs to be taken is to compare model
predictions to measured I-V curves from materiale/hich density of states and other

properties have been measured.

The aging of rr-P3HT based Schottky diodes fabeidan air is studied. Aging effect has been
extensively studied in organic Schottky contact®UEDs [85-87], but the main concern has
been the forward bias characteristics. In this weorksistive characteristic is found in the

reverse bias which changes with time, likely dutheboxygen doping effect. In addition an
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unexpected steady rise in current at constantgelitathe forward bias is observed in these air-
made diodes. The effect produces a positive pmageiimpedance at low frequencies. The

effect may be due to very slow filling of deep safi is described as an apparent inductance.

7.1.2 Organic metal semiconductor field effect transistor (OMESFET)

Although the low-voltage operation of organic MESKBEhas previously been demonstrated in a
few articles [19, 20], the device has never bedlg @lnaracterized. An objective of this thesis is
to evaluate the feasibility of applying OMESFETsadsw-voltage printable organic transistors.

For simulation charge transport in organics is nhediassuming the Multiple Trapping and
Release (MTR) mechanism, which is suitable for D@&lysis of organic devices at constant
temperature [50]. A measured density of localizates in rr-P3HT reported by Tanaseal

[58] is used in the simulation of organic transistd he low-voltage operation of the
OMESFET is demonstrated in simulation in a thiékafgeometry, appropriate for printing. The
simulation results suggest the possibility of agimg higher current ratio and lower
subthreshold swing in the OMESFET than in an OFH the same dimensions. The primary
advantage of the OFET is that it employs field &ffeobility, which can be more than an order
of magnitude higher than bulk mobility. The opergtvoltage also allows current to be
increased. As a result, except in very thick amghlyi doped OMESFETS, the conductance, on
current and transconductance are all higher thamef©FET. Where current is important and
high voltage is not of primary concern, the OFETdure is preferred. The higher mobility will
also allow better frequency response for the samarel geometry. Once again these
comparisons assume the use of thick semicondwyerd as is currently required in printing

approaches.

An OMESFET with a 200 nm thick rr-P3HT, is fabriedtThe polymer is deposited by dip
casting, producing a thick layer similar to thadgiuced by printing methods [81]. The device
successfully operates over a voltage range ofiidiyding both in the depletion and
enhancement modes. Full measurement of DC chasdtglis done which indicates a very low
current ratio (<25) in the device. The DC charastes of the device is compared to a high-
performance printed OFET [81] operated with 40 Ye Tomparison confirms lower mobility

in the OMESFET than that in the OFET, which resuit®wer on current, conductance and
transconductance in the OMESFET. To enhance myhitid its related parameters increasing
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the doping level and the thickness of the semicotomtlayer are recommended. The low
current ratio in the OMESFET is likely due to teakage current through the gate. As a
solution, covering the top surface of the drain sodrce electrodes with an insulating layer is
suggested. The mobility and the on current thatahgeved in the OMESFET are promising for

some low-cost applications such as passive RFIsseall AMDs.

In a devised method, the OMESFET structure is adglb measure the variation of the
depletion width with the bias voltage across aranrg Schottky junction, which indicates an

exponential variation of the depletion width wittetvoltage at reverse or small forward biases.

In summary, the OMESFET is shown to achieve lowag# operation. It is also shown to work
well with thick layers of semiconductor. Its mdimitations compared to the OFET are lower
mobility (and thus speed), and lower current outjiditere these properties are important, a

dual gate device is suggested as an improvemetiieoOFET.

7.1.3 Dual gate organic transistor

The effect of the semiconductor thickness on OF&fgomance has previously been studied
experimentally [122]. In this work the effect isidied through an analytical model and
simulation. Variation of the threshold voltage, aaductions in the output resistance and the
current ratio are predicted from the model whenségraiconductor thickness increases. The
effect of the thickness is studied by simulating?BHT based OFETs with thicknesses from 20
nm to 200 nm. Variation of parameters as thickmesbanged in simulated transistors confirms
the model predictions. Since the performance of GF#rops when a thick film semiconductor
is applied, the dual gate organic transistor igsl/to achieve high performance in such a
circumstance. A depletion region, produced fromSbbkottky contact between the secondary
gate and the semiconductor, controls the effec¢hicgkness of the semiconductor by the
secondary gate voltage. Simulation results frod@r#n thick dual gate organic transistor
show increases in the output resistance and therduatio over what is predicted for a
standard OFET. The voltage at the secondary gateeased to tune the threshold voltage. In
the simulation a 200 nm thick dual gate organingistor performed better than a 20 nm thick

OFET, and in particular demonstrated a substaptidjher current ratio.

The advantages of the dual gate transistor are dlsimaded by shifting the measured threshold

voltage in an OFET from 12.5 V to -0.1 V and ingieg the measured current ratio by a factor
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of 4 after depositing the secondary gate, on ar8d@hick semiconductor layer. The breakdown

voltage of the Schottky contact prohibited explgriarther advantages of the dual gate

transistor in practice. If the full benefits ofsmew device geometry are to be exploited, a

Schottky contact with a breakdown voltage of abuV is needed, as opposed to the 20 V

demonstrated in this work.

From these contributions to the study of organectbnic devices, | may conclude the

following:

1.

To model the current in an organic Schottky contlaetdiffusion model is applied
which it predicts exponential rise of the currentilimited range of the voltage for an
exponential distribution of localized states.

The reverse current in an air-made organic Schalibge is dominated by a resistive
characteristics resulted from the oxygen effecth@norganic.

Organic Schottky diodes made in air mimic an inckécbehaviour at low frequencies

when the voltage is above a threshold voltage.

For a thick film semiconductor possibly depositgdalprinting technique the
OMESFETs perform better than OFETSs in terms ofag#trange.

The mobility in OMESFETS is lower than that in OFE(providing the OFET surface
preparation is good and the doping level is lowerefore, for situations which need
high speed and high on current OFETs are expeatbd better than OMESFETS.

The leakage current at the gate terminal is ailmgriparameter in the performance of
OMESFETSs, which reduces the current ratio in pcactbuggestions are made for

reducing this effect.

. The OMESFET structure appears to be a good methestimate the depletion width in

an organic Schottky contact.

The bulk semiconductor in an OFET can be modeledrasistor parallel to the drain
and source contacts of the transistor. This hetpyae the variation of the transistor

parameters with the semiconductor thickness.
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9. A dual gate organic transistor may be used in thicksemiconductors, possibly
deposited by a printing method, to overcome thaddiantages of thick semiconductor

layers in OFETS.

10.The voltage range and mobility challenges in dadé gprganic transistors are same as
those in OFETSs, but the current ratio and the tiolkeksvoltage can be significantly

enhanced in the dual gate approach compared te th@ OFET.

7.2 Futurework

The achievements this research can be continuaeshirmber of ways, as are now described.

7.2.1 Organic Schottky contact

In order to apply the Schottky contact more effedti in the OMESFET and the dual gate
organic transistor, a very low reverse currentisassary. Application of a metal with a work
function lower than aluminiungga = 4.28eV) such as magnesiugpigy =3.66€eV) is a
suggestion that potentially can reduce the revaieecurrent as the injection of holes from the

metal to the semiconductor drops.

The AC characteristics of the organic Schottky dethbricated as part of this work also need
to be improved to obtain higher bandwidth in the EBFET. Since the parasitic capacitance
(see section 4.6.3.2.1) is limiting the bandwidtlhe diode, fabrication of micro-electrodes on
a thick insulating substrate is highly recommendedhe absence of the parasitic capacitance
the bandwidth should extend to a few MHz, as dernatesl in an organic Schottky diodes of

similar structure [124].

In order to obtain a fully organic diode the metahtacts in the diode can be replaced with
organic conductors. This replacement may make pedtg easier. Ohmic contact between rr-
P3HT with Poly(3,4-ethylenedioxythiophene) - Pojyste Sulfonate (PEDOT-PSS) has been
demonstrated by others [38]. The work function ebaducting polymer is a function of
oxidation state. Therefore, a low work functionegataterial is likely to be obtained by reducing

a conducting polymer, e.g. polypyrrole, which chert be used as the Schottky contact.
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7.2.2 Organictransistors

The poor current ratio in the OMESFET presentetthisi thesis may limit immediate

application. The off current can likely be redutsdcovering the top surface of the drain and
the source contact with an insulating layer (fighr&7). To do so, during the fabrication of
micro-electrodes the gold layer can be coated antinsulating layer, e.g. s, before the lift

off step. In order to have a low contact resistédnoe the sides of electrodes, use of gold that is
a few hundred nanometers thick is suggested fosdhece and drain electrodes. Also, the
application of a metal with a work function lowéah the aluminium likely will increase the
current ratio in the OMESFET.

Fabrication of an OMESFET on a flexible substramg a printing method such as inkjet
printing is highly recommended for future work, hase it will demonstrate the advantages of
simplicity and compatibility with the printing meglls. In order to do this it is essential to find a

processable low work function material, as mentbinethe previous section.

Fabrication of an OMESFET with a doped semiconduetyer is also suggested to enhance the
mobility. FeCk is a common agent that behaves as a dopant inahths# conducting polymers
[125]. With the application of a doped polymer hegimobility, on current and

transconductance are predicted.

The simulation results can be updated using thenpaters obtained from measurements of
transistor properties. The density of states, tbetraritical parameter, needs to be measured to
obtain more reliable results. Admittance spectrpgas one possible method that can be used to

estimate the density of states.

The performance of the thick film dual-gate orgamamsistor demonstrated in this work was
limited by the breakdown voltage of the Schottkiydtion. The breakdown voltage will likely
be increased by the application of a very thin lgtsug layer (a few nano meters) between the
top contact and the semiconductor. The trade @frisduction in the sensitivity of the depletion

width to gate voltage.
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Appendix A

A.1 Matlab codeto convert a Medici output fileto an spread sheet format.

function y = mediciconv(filename)

fid = fopen(filename, 'r");
outfname=sprintf('%s.xIs' filename);
fod=fopen(outfname,'w+";
i=0;
y=0;
while feof(fid) == 0
tline = fgetl(fid);
matches = findstr(tline, '+ ";
num = length(matches);
if num==0
ify>0
s1 = sprintf('%s %s',s1,tline )
y=0;
fprintf(fod, %s\n',s1);
end
else

if y==
s1=sprintf('%s',tline);
y=1;
else
sl = sprintf('%s %s',s1,tline );
y=1;
end
end
end
fclose(fod);
fclose(fid);

% Search for number of string matches per line.

% open the Medici file
&sign an excel file for the output

% read a line from the source file
% look for '+" sign
% find the location of '+'

% adjoin the line to the last line

% save the whole as a line in the outjeit

% initiate a line for the output file

% adjoint the line to the last line

% close files
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Appendix B

B.1 Medici input code to simulate an organic Schottky diode

TITLE Schottky Diode Au/P-type semiconductor/Atlwtraps
COMMENT April24, 2006

ASSIGN NAME=width N.VALUE=12.0

ASSIGN NAME-=poltck N.VALUE=0.4

ASSIGN NAME=autck N.VALUE=0.02

ASSIGN NAME-=altck N.VALUE=0.02

ASSIGN NAME=devtck N.VALUE=@altck+@poltck+@autck
ASSIGN NAME=auwid N.VALUE=4.0

ASSIGN NAME=alwid N.VALUE=4.0

ASSIGN NAME=bandg N.VALUE=1.7

3T EEESSSSSSS ST ELTESSSS ST THSHHHES

COMMENT Creat the Mesh

MESH SMOOTH=1

X.MESH WIDTH=@width H1=@width/50

Y.MESH Y.MAX=@altck H1=@altck/4

Y.MESH Y.MIN=@altck Y.MAX=@altck+@poltck H1=@polk¢50
Y.MESH Y.MIN=@devtck-@autck Y.MAX=@devtck Hl=@autd
$SEIPSTEEFSETFSSTETFSS TS FSS LS SSS S SSSESTHSHHHSS

COMMENT Specify the device material and regions

REGION NAME=Semi SEMICOND

REGION NAME=AnodeC SEMICOND

+ X.MIN=(@width-@auwid)/2

+ X.MAX=(@width+@auwid)/2

+ Y.MIN=@devtck-@autck

REGION NAME=CathodC SEMICOND

+ X.MIN=(@width-@alwid)/2

+ X.MAX=(@width+@alwid)/2

+ Y.MAX=@altck

ELECTR NAME=Anod REGION=AnodeC

ELECTR NAME=Cathod REGION=CathodC

3L EESSSSSSI ST ELTESSSS ST THSHHHES

COMMENT Impurity and contacts

PROFILE UNIFORM CONC=1E16 P.TYPE

MATERIAL SEMICOND PERMITTI=3.0 EG.MODEL=0
+ EG300=@bandg AFFINITY=3.3

CONTACT NAME=Anod WORKFUNCTION=5.1

CONTACT NAME=Cathod ALUMINUM

355 SEESSSS SIS TS TESSSSS$$ ST SSTHSHHHES

COMMENT Symbolic

SYMBOLIC NEWTON CARRIERS=1 HOLES

MOBILITY MUP0=0.1

MODELS SRH FERMIDIR

ASSIGN NAME=EV N.VAL=-@bandg/2

ASSIGN NAME=EC N.VAL=@bandg/2

TRAP E1=-0.85 N.TOT="-1E21" COND="@FNENER=1"
TRAP E2=-0.82 N.TOT="-4.15128E+20" COND="@FNENER=2
TRAP E3=-0.79 N.TOT="-1.72331E+20" COND="@FNENER=3
TRAP E4=-0.76 N.TOT="-7.15394E+19" COND="@FNENER=4
TRAP E5=-0.73 N.TOT="-2.9698E+19" COND="@FNENER=5"
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TRAP

E6=-0.70 N.TOT="-1.23285E+19"

TRAP E7=-0.67 N.TOT="-5.11789E+18"
TRAP E8=-0.64 N.TOT="-2.12458E+18"
TRAP E9=-0.61 N.TOT="-8.81971E+17"
TRAP E10=-0.58 N.TOT="-3.66131E+17"
TRAP E11=-0.55 N.TOT="-1.51991E+17"
TRAP E12=-0.52 N.TOT="-6.30957E+16"
TRAP E13=-0.49 N.TOT="-2.61928E+16"
TRAP E14=-0.46 N.TOT="-1.08734E+16"
TRAP E15=-0.43 N.TOT="-4.51383E+15"
TRAP E16=-0.40 N.TOT="-1.87382E+15"
TRAP E17=-0.37 N.TOT="-7.77874E+14"
TRAP E18=-0.34 N.TOT="-3.22917E+14"
TRAP E19=-0.31 N.TOT="-1.34052E+14"
COMMENT Symbolic

SYMBOLIC GUMM CARRIERS=0

SOLVE

COND="@FNENER=6
COND="@FNENER=7
COND="@FNENER=8
COND="@FNENER=9
COND="@FNENER>
COND="@FNENEHR=*
COND="@FNENER*
COND="@FNENER=
COND="@FNENER=
COND="@FNENER=
COND="@FNENER=
COND="@FNENER=
COND="@FNENER*
COND="@FNENEFR>

3T TEEESSSSSSS ST ETTESSSS ST THSHHHES

COMMENT Symbolic

SYMBOLIC NEWTON CARRIERS=1 HOLES
MOBILITY MUP0=0.1

MODELS SRH FERMIDIR

SOLVE

35T ETESSSS SIS SSTESSSSS$$ ST SSSHSHHHES

COMMENT No bias

LOG

OUT.FILE=~/simulate/Apri24e.wtb

SOLVE  V(Anod)=0 V(Cathod)=0

COMMENT No bias

LOG OUT.FILE=~/simulate/dec15.wtb
SOLVE  V(Anod)=0 V(Cathod)=0

PLOT.1D POTENTIA NEG

+ Y.START=0 Y.END=@devtck
+ TOP=1 BOTTOM=-1 COLOR=2

+ X.START=@width/2 X.END=@width/2

+ UNCHANGE LINE=2

+

PLOT.1D

+

+ + + +

DEVICE=CP/POSTSCRIPT PLOT.OUT=~/simuldex15.ps

QFN NEG
Y.START=0 Y.END=@devick

X.START=@width/2 X.END=@width/2

COLOR=1

UNCHANGE

DEVICE=CP/POSTSCRIPT PLOT.OUT=~/simuldex15.ps
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B.2 Medici input codeto simulate a 400nm thick OFET

TITLE OFET
COMMENT Aprl24, 2006

353 TEESSSSS SIS ESSSSSS$$STSTSSSTHSHHS

$ In the original paper the P3HT film has 400nm
$ Al as the gate
$ 100nm SiO2 Au as the source and drain

3T EESSSSS ST LT TESESS ST ST ESHHHHHS

R R R R R RN SRR NAN NSRS N N NN N
$ L=4micron and W=1micron
RN AR AR AR N N AN N

ASSIGN NAME=width N.VALUE=16.0

ASSIGN NAME=poltck N.VALUE=0.4

ASSIGN NAME=autck N.VALUE=0.020

ASSIGN NAME=altck N.VALUE=0.020

ASSIGN NAME=oxtck N.VALUE=0.1

ASSIGN NAME=devtck N.VALUE=@altck+@poltck+@autck-agtck
ASSIGN NAME=auwid N.VALUE=4.0

ASSIGN NAME=chl N.VALUE=4.0

ASSIGN NAME=alwid N.VALUE=16.0

ASSIGN NAME=bandg N.VALUE=1.7

3L EESSSSSSS ST EETTESSSS ST THSHHHES

COMMENT Creat the Mesh

MESH SMOOTH=1

X.MESH WIDTH=@width H1=@width/100

Y.MESH Y.MAX=@poltck H1=@poltck/50

Y.MESH Y.MIN=@poltck Y.MAX=@autck+@poltck
Y.MESH Y.MIN=@poltck+@autck Y.MAX=@devtck-@altck
Y.MESH Y.MIN=@devtck-@altck Y.MAX=@devtck
$SEIPSTEIFSTETFSSTETFSS TS FSS S SS S SSSESTHHSHHSS
COMMENT Specify the device material and regions
REGION NAME=Semi SEMICOND

REGION NAME=DrainC SEMICOND

+ X.MIN=(@width-@chl)/2-@auwid

+ X.MAX=(@width-@chl)/2

+ Y.MIN=@poltck

+ Y.MAX=@poltck+@autck

REGION NAME=SourC SEMICOND

+ X.MIN=(@width+@chl)/2

+ X.MAX=(@width+@chl)/2+@auwid

+ Y.MIN=@poltck

+ Y.MAX=@poltck+@autck

REGION NAME=Oxdlay OXIDE

+ Y.MIN=@poltck+@autck

+ Y.MAX=@poltck+@autck+@oxtck

REGION NAME=GateC SEMICOND

+ Y.MIN=@devtck-@altck

ELECTR NAME=Drain REGION=DrainC

ELECTR NAME=Source REGION=SourC

ELECTR NAME=Gate REGION=GateC

3L EESSSSSSF ST EETTESSSS ST THSHHHES

COMMENT Impurity and contacts

PROFILE UNIFORM CONC=1E16 P.TYPE
MATERIAL SEMICOND PERMITTI=3.0 EG.MODEL=0
+ EG300=@bandg AFFINITY=3.3

H1l=@ak/20
H@oxtck/4
H1=-@aki'4
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CONTACT NAME=Drain WORKFUNCTION=5.1
CONTACT NAME=Source WORKFUNCTION=5.1
CONTACT NAME=Gate ALUMINUM

ST TEEESSSSSSF ST ETEESSSSS$$ ST THSHHHES

COMMENT Symbolic

SYMBOLIC NEWTON CARRIERS=1 HOLES
MOBILITY MUP0=0.1

MODELS SRH FERMIDIR

355 SE LSS SSE SIS TSSSESSS$ SIS ST S STHPPHHESSSSSS

$

COMMENT Simulation with traps

$

SRR RN A A SN SRRSO

ASSIGN NAME=EV N.VAL=-@bandg/2

ASSIGN NAME=EC N.VAL=@bandg/2

TRAP E1=-0.85 N.TOT="-1E21" COND="@FNENER=1"
TRAP E2=-0.82 N.TOT="-4.15128E+20" COND="@FNENER=2
TRAP E3=-0.79 N.TOT="-1.72331E+20" COND="@FNENER=3
TRAP E4=-0.76 N.TOT="-7.15394E+19" COND="@FNENER=4
TRAP E5=-0.73 N.TOT="-2.9698E+19" COND="@FNENER=5"
TRAP E6=-0.70 N.TOT="-1.23285E+19" COND="@FNENER=6
TRAP E7=-0.67 N.TOT="-5.11789E+18" COND="@FNENER=7
TRAP E8=-0.64 N.TOT="-2.12458E+18" COND="@FNENER=8
TRAP E9=-0.61 N.TOT="-8.81971E+17" COND="@FNENER=9
TRAP E10=-0.58 N.TOT="-3.66131E+17" COND="@FNENER=
TRAP E11=-0.55 N.TOT="-1.51991E+17" COND="@FNENER=
TRAP E12=-0.52 N.TOT="-6.30957E+16" COND="@FNENER=
TRAP E13=-0.49 N.TOT="-2.61928E+16" COND="@FNENER*
TRAP E14=-0.46 N.TOT="-1.08734E+16" COND="@FNENER=
TRAP E15=-0.43 N.TOT="-4.51383E+15" COND="@FNENEFR=
TRAP E16=-0.40 N.TOT="-1.87382E+15" COND="@FNENER*
TRAP E17=-0.37 N.TOT="-7.77874E+14" COND="@FNENER=
TRAP E18=-0.34 N.TOT="-3.22917E+14" COND="@FNENER=
TRAP E19=-0.31 N.TOT="-1.34052E+14" COND="@FNENER*
COMMENT Symbolic

SYMBOLIC GUMM CARRIERS=0

SOLVE V(Drain)=0 V(Gate)=0 V(Source)=0

35T ETESSSS SIS SSSESSSS S ST SSTHSHHHES

COMMENT Symbolic

SYMBOLIC NEWTON CARRIERS=1 HOLES
MOBILITY MUP0=0.1

MODELS SRH FERMIDIR

SOLVE V(Drain)=0 V(Gate)=0 V(Source)=0

L EESSSSSSI ST EEETESSSS ST THSHHHES

COMMENT IV Curve

LOG OUT.FILE=~/simulate/ofet/apri24a.wtz

SOLVE V(Drain)=-0.5 V(Gate)=0 V(Source)=0

+ ELEC=Gate VSTEP=-1NSTEP=40

LOG CLOSE

COMMENT IV Curve

LOG OUT.FILE=~/simulate/ofet/apri24b.wta

SOLVE V(Drain)=0 V(Gate)=-40 V(Source)=0
+ ELEC=Drain VSTEP=-1NSTEP=40

LOG CLOSE

COMMENT IV Curve

LOG OUT.FILE=~/simulate/ofet/apri24c.wta

SOLVE V(Drain)=0 V(Gate)=-30 V(Source)=0
+ ELEC=Drain VSTEP=-1NSTEP=40

LOG CLOSE
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COMMENT
LOG
SOLVE

+

LOG

COMMENT
LOG
SOLVE

+

LOG

COMMENT
LOG
SOLVE

+

LOG

TITLE
PLOT.1D
+

+

+

TITLE
PLOT.1D
+

+

+

TITLE
PLOT.1D
+

+

+

PLOT.1D

+ + +

PLOT.1D

+

+ + +

PLOT.1D

+

+ + +

PLOT.1D

+

+ + +

IV Curve
OUT.FILE=~/simulate/ofet/aprl24d.wta
V(Drain)=0 V(Gate)=-20 V(Source)=0
ELEC=Drain VSTEP=-1NSTEP=40
CLOSE

IV Curve
OUT.FILE=~/simulate/ofet/aprl24e.wta
V(Drain)=0 V(Gate)=-10 V(Source)=0
ELEC=Drain VSTEP=-1NSTEP=40
CLOSE

IV Curve
OUT.FILE=~/simulate/ofet/aprl24f.wta
V(Drain)=0 V(Gate)=0 V(Source)=0
ELEC=Drain VSTEP=-1NSTEP=40
CLOSE

OFET with traps transfer @ VDS=-0.5
IN.FILE=~/simulate/ofet/apri24a.wtz

Y.LOG  Y.AXIS=I(Drain) X.AXIS=V(Gate)
COLOR=2

DEVICE=CP/POSTSCRIP PLOT.OUT=~/simulate/ofet/lRgg.ps

OFET with traps transfer @ VDS=-0.5
IN.FILE=~/simulate/ofet/apri24a.wtz

Y.AXIS=I(Gate) X.AXIS=V(Gate)

COLOR=2

DEVICE=CP/POSTSCRIP PLOT.OUT=~/simulate/ofet/lRgg.ps

OFET with traps output

IN.FILE=~/simulate/ofet/aprl24b.wta

Y.AXIS=I(Drain) X.AX1S=V(Drain)

COLOR=2

DEVICE=CP/POSTSCRIP PLOT.OUT=~/simulate/ofet/®dg.ps

IN.FILE=~/simulate/ofet/apri24c.wta

Y.AXIS=I(Drain) X.AXIS=V(Drain)

COLOR=2

UNCHANGE

DEVICE=CP/POSTSCRIP PLOT.OUT=~/simulate/ofet/®dg.ps

IN.FILE=~/simulate/ofet/apri24d.wta

Y.AXIS=I(Drain) X.AX1S=V(Drain)

COLOR=2

UNCHANGE

DEVICE=CP/POSTSCRIP PLOT.OUT=~/simulate/ofet/®dg.ps

IN.FILE=~/simulate/ofet/apri24e.wta

Y.AXIS=I(Drain) X.AX1S=V(Drain)

COLOR=2

UNCHANGE

DEVICE=CP/POSTSCRIP PLOT.OUT=~/simulate/ofet/®dg.ps

IN.FILE=~/simulate/ofet/apri24f.wta

Y.AXIS=I(Drain) X.AX1S=V(Drain)

COLOR=2

UNCHANGE

DEVICE=CP/POSTSCRIP PLOT.OUT=~/simulate/ofet/®dg.ps
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B.3 Medici input code to simulate a 400nm thick OMESFET

TITLE D MESFET
COMMENT April24

35T ELSSSSS SIS ESSSSSS$ ST S STHHHHS

$ P3HT film thickness 400 nm
$ Al as the gate

$ Au as the source and drain
$ mobility of 0.1 cm2/Vs

RN RN A N S AN

BRI AR ARAAN A X AN N
$ Here we go for L=4micron and W=1micron
RRSRAARANARANAARAARAAARAARARARA RN R AR N NN

ASSIGN NAME=width N.VALUE=16.0

ASSIGN NAME=topgtk N.VALUE=0.02

ASSIGN NAME-=poltck N.VALUE=0.4

ASSIGN NAME=autck N.VALUE=0.020

ASSIGN NAME=altck N.VALUE=0.020

ASSIGN NAME=oxtck N.VALUE=0.1

ASSIGN NAME=devtck N.VALUE=@topgtk+@poltck+@autck
ASSIGN NAME=auwid N.VALUE=4.0

ASSIGN NAME=chl N.VALUE=4.0

ASSIGN NAME=alwid N.VALUE=16.0

ASSIGN NAME=bandg N.VALUE=1.7

PSSP STEEFSETISSETFSS TS FSS LS FSS S SSSESTHSSHHSS
COMMENT Creat the Mesh

MESH SMOOTH=1

X.MESH WIDTH=@width H1=@width/100

Y.MESH Y.MAX=@topgtk = H1l=@topgtk/4

Y.MESH Y.MIN=@topgtk Y.MAX=@poltck+@topgtk
Y.MESH Y.MIN=@poltck+@topgtk Y.MAX=@autck+@poltck®topgtk
+ H1l=@autck/10

$Y.MESH Y.MIN=@poltck+@autck Y.MAX=@devtck-@altck
$Y.MESH Y.MIN=@devtck-@altck Y.MAX=@devtck
$SEIPSTEIFSTETISSTETFSS TS FSS S SS S SSSESIHHHHHSS
COMMENT Specify the device material and regions
REGION NAME=Semi SEMICOND

REGION NAME=DrainC SEMICOND

+ X.MIN=(@width-@chl)/2-@auwid

+ X.MAX=(@width-@chl)/2

+ Y.MIN=@poltck+@topgtk

+ Y.MAX=@poltck+@autck+@topgtk

REGION NAME=SourC SEMICOND

+ X.MIN=(@width+@chl)/2

+ X.MAX=(@width+@chl)/2+@auwid

+ Y.MIN=@poltck+@topgtk

+ Y.MAX=@poltck+@autck+@topgtk

REGION NAME=TGateC SEMICOND

+ Y.MAX=@topgtk

ELECTR NAME=Drain REGION=DrainC

ELECTR NAME=Source REGION=SourC

ELECTR NAME=TGate REGION=TGateC

PSSP STEIFSTETFSSETFSS TS FSS ST S S ST THHHHHSS
COMMENT Impurity and contacts

PROFILE UNIFORM CONC=1E16 P.TYPE
MATERIAL SEMICOND PERMITTI=3.0 EG.MODEL=0
+ EG300=@bandg AFFINITY=3.3

CONTACT NAME=Drain WORKFUNCTION=5.1
CONTACT NAME=Source WORKFUNCTION=5.1
CONTACT NAME=TGate ALUMINUM
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33T TETESSSS SIS SSTESSSSS$$ ST SSTHSHHHES

COMMENT Symbolic

SYMBOLIC NEWTON CARRIERS=1 HOLES

MOBILITY MUP0=0.1

MODELS SRH FERMIDIR

ASSIGN NAME=EV N.VAL=-@bandg/2

ASSIGN NAME=EC N.VAL=@bandg/2

TRAP E1=-0.85 N.TOT="-1E21" COND="@FNENER=1"
TRAP E2=-0.82 N.TOT="-4.15128E+20" COND="@FNENER=2
TRAP E3=-0.79 N.TOT="-1.72331E+20" COND="@FNENER=3
TRAP E4=-0.76 N.TOT="-7.15394E+19" COND="@FNENER=4
TRAP E5=-0.73 N.TOT="-2.9698E+19" COND="@FNENER=5"
TRAP E6=-0.70 N.TOT="-1.23285E+19" COND="@FNENER=6
TRAP E7=-0.67 N.TOT="-5.11789E+18" COND="@FNENER=7
TRAP E8=-0.64 N.TOT="-2.12458E+18" COND="@FNENER=8
TRAP E9=-0.61 N.TOT="-8.81971E+17" COND="@FNENER=9
TRAP E10=-0.58 N.TOT="-3.66131E+17" COND="@FNENER*
TRAP E11=-0.55 N.TOT="-1.51991E+17" COND="@FNENEHR=
TRAP E12=-0.52 N.TOT="-6.30957E+16" COND="@FNENER=
TRAP E13=-0.49 N.TOT="-2.61928E+16" COND="@FNENER*
TRAP E14=-0.46 N.TOT="-1.08734E+16" COND="@FNENER=
TRAP E15=-0.43 N.TOT="-4.51383E+15" COND="@FNENEF=
TRAP E16=-0.40 N.TOT="-1.87382E+15" COND="@FNENER*
TRAP E17=-0.37 N.TOT="-7.77874E+14" COND="@FNENER*
TRAP E18=-0.34 N.TOT="-3.22917E+14" COND="@FNENEFR-=
TRAP E19=-0.31 N.TOT="-1.34052E+14" COND="@FNENER*
COMMENT Symbolic

SYMBOLIC GUMM CARRIERS=0

SOLVE V(Drain)=0 V(TGate)=0 V(Source)=0

T EEESSSSSS$ ST EEETESSSS ST THSHHHES

COMMENT Symbolic

SYMBOLIC NEWTON CARRIERS=1 HOLES

MOBILITY MUPO0=0.1

MODELS SRH FERMIDIR

SOLVE V(Drain)=0 V(TGate)=0 V(Source)=0

355 EEESSSS SIS TS LS SSS S ST SSTHSHHHES

COMMENT IV Curve

LOG OUT.FILE=~/simulate/MESFET/Aprl24a.wtz

SOLVE V(Drain)=-0.5 V(TGate)=0 V(Source)=0

+ ELEC=TGate VSTEP=0.1 NSTEP=70
LOG CLOSE

COMMENT IV Curve

LOG OUT.FILE=~/simulate/MESFET/Apri24b.wta

SOLVE V(Drain)=0 V(TGate)=0 V(Source)=0

+ ELEC=Drain VSTEP=-0.1 NSTEP=100
LOG CLOSE

COMMENT IV Curve

LOG OUT.FILE=~/simulate/MESFET/Aprl24c.wta

SOLVE V(Drain)=0 V(TGate)=1 V(Source)=0

+ ELEC=Drain VSTEP=-0.1 NSTEP=100
LOG CLOSE

COMMENT IV Curve

LOG OUT.FILE=~/simulate/MESFET/Apri24d.wta

SOLVE V(Drain)=0 V(TGate)=2 V(Source)=0

+ ELEC=Drain VSTEP=-0.1 NSTEP=100
LOG CLOSE
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COMMENT
LOG
SOLVE

+

LOG

COMMENT
LOG
SOLVE

+

LOG

COMMENT
LOG
SOLVE

+

LOG

TITLE
PLOT.1D
+

+

+

TITLE
PLOT.1D
+

+

+

TITLE
PLOT.1D
+

+

+

PLOT.1D

+ + +

PLOT.1D

+

+ + +

PLOT.1D

+

+ + +

PLOT.1D

+

+ + +

PLOT.1D

+

+ + +

IV Curve
OUT.FILE=~/simulate/MESFET/Aprl24e.wta
V(Drain)=0 V(TGate)=3 V(Source)=0
ELEC=Drain VSTEP=-0.1 NSTEP=100
CLOSE

IV Curve
OUT.FILE=~/simulate/MESFET/Aprl24f.wta
V(Drain)=0 V(TGate)=4 V(Source)=0
ELEC=Drain VSTEP=-0.1 NSTEP=100
CLOSE

IV Curve
OUT.FILE=~/simulate/MESFET/Aprl24g.wta
V(Drain)=0 V(TGate)=5 V(Source)=0
ELEC=Drain VSTEP=-0.1 NSTEP=100
CLOSE

MESFET with traps transfer @ VDS=-0.5
IN.FILE=~/simulate/MESFET/Aprl24a.wtz

Y.LOG  Y.AXIS=I(Drain) X.AXIS=V(TGate)

COLOR=2

DEVICE=CP/POSTSCRIP PLOT.OUT=~/simulate/MESFER4i.ps

MESFET with traps transfer @ VDS=-0.5
IN.FILE=~/simulate/MESFET/Aprl24a.wtz

Y.AXIS=|(TGate) X.AXIS=V(TGate)

COLOR=2

DEVICE=CP/POSTSCRIP PLOT.OUT=~/simulate/MESFER4i.ps

MESFET with traps output

IN.FILE=~/simulate/MESFET/Aprl24b.wta

Y.AXIS=I(Drain) X.AX1S=V(Drain)

COLOR=2

DEVICE=CP/POSTSCRIP PLOT.OUT=~/simulate/MESFER&4i.ps

IN.FILE=~/simulate/MESFET/Apri24c.wta

Y.AXIS=I(Drain) X.AXIS=V(Drain)

COLOR=2

UNCHANGE

DEVICE=CP/POSTSCRIP PLOT.OUT=~/simulate/MESFEnR4i.ps

IN.FILE=~/simulate/MESFET/Apri24d.wta

Y.AXIS=I(Drain) X.AX1S=V(Drain)

COLOR=2

UNCHANGE

DEVICE=CP/POSTSCRIP PLOT.OUT=~/simulate/MESFEJnR4i.ps

IN.FILE=~/simulate/MESFET/Apri24e.wta

Y.AXIS=I(Drain) X.AX1S=V(Drain)

COLOR=2

UNCHANGE

DEVICE=CP/POSTSCRIP PLOT.OUT=~/simulate/MESFEnR4i.ps

IN.FILE=~/simulate/MESFET/Aprl24f.wta

Y.AXIS=I(Drain) X.AX1S=V(Drain)

COLOR=2

UNCHANGE

DEVICE=CP/POSTSCRIP PLOT.OUT=~/simulate/MESFEJnR4i.ps

IN.FILE=~/simulate/MESFET/Apri24g.wta

Y.AXIS=I(Drain) X.AX1S=V(Drain)

COLOR=2

UNCHANGE

DEVICE=CP/POSTSCRIP PLOT.OUT=~/simulate/MESFEnR4i.ps
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B.4 Medici input code to simulate OFETswith various thicknesses

TITLE polthick 20nm to 200nm/5e16 L=4u bottom
COMMENT October30, 2006

RRARRERRANRRREANRRA AR AR ARSAAANRAAR AR A AN
$ Al as the gate

$ mobility of 0.1 cm2/Vs
RRARRERRANRRREANRRAARFRAR AR ARSAAAANRAAR AR A AN

BRI AR AR AR A X AN N
$ Here we go for L=4micron and W=1micron
RRSRAARARAR AR RN ARAARAR AR RN RN NI N AN

ASSIGN NAME=width N.VALUE=12.0

ASSIGN NAME=poltck N.VALUE=0.02

$ N.VALUE=0.04

$ N.VALUE=0.06

$ N.VALUE=0.08

$ N.VALUE=0.10

$ N.VALUE=0.12

$ N.VALUE=0.14

$ N.VALUE=0.16

$ N.VALUE=0.18

$ N.VALUE=0.20

ASSIGN NAME=autck N.VALUE=0.020
ASSIGN NAME=altck N.VALUE=0.020
ASSIGN NAME=oxtck N.VALUE=0.2

ASSIGN NAME=devtck N.VALUE=@altck+@poltck+@oxtck
ASSIGN NAME=auwid N.VALUE=4.0

ASSIGN NAME=chl N.VALUE=4.0

ASSIGN NAME=alwid N.VALUE=12.0

ASSIGN NAME=bandg N.VALUE=1.7
BRI AR A A S AN
COMMENT Creat the Mesh

MESH SMOOTH=1

X.MESH WIDTH=@width H1=@width/75

Y.MESH Y.MAX=@poltck H1=@poltck/20

Y.MESH Y.MIN=@poltck Y.MAX=@devtck-@altck H1=@oxké4
Y.MESH Y.MIN=@devtck-@altck Y.MAX=@devtck Hl=@ak/4
RN AN A SN
COMMENT Specify the device material and regions
REGION NAME=Semi SEMICOND

REGION NAME=DrainC SEMICOND

+ X.MIN=(@width-@chl)/2-@auwid

+ X.MAX=(@width-@chl)/2

+ Y.MIN=@poltck-@autck

+ Y.MAX=@poltck

REGION NAME=SourC SEMICOND

+ X.MIN=(@width+@chl)/2

+ X.MAX=(@width+@chl)/2+@auwid

+ Y.MIN=@poltck-@autck

+ Y.MAX=@poltck

REGION NAME=0Oxdlay OXIDE

+ Y.MIN=@poltck

+ Y.MAX=@poltck+@oxtck

REGION NAME=GateC SEMICOND

+ Y.MIN=@devtck-@altck

ELECTR NAME=Drain REGION=DrainC
ELECTR NAME=Source REGION=SourC
ELECTR NAME=Gate REGION=GateC

35T ESESSSS SIS TESSSSS$$ ST SSTHSHHHES

COMMENT Impurity and contacts
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PROFILE UNIFORM CONC=5E16 P.TYPE
MATERIAL SEMICOND PERMITTI=3.0 EG.MODEL=0
+ EG300=@bandg AFFINITY=3.3

CONTACT NAME=Drain WORKFUNCTION=5.1
CONTACT NAME=Source WORKFUNCTION=5.1
CONTACT NAME=Gate ALUMINUM

3L EESSSSSSS ST TESSSS ST THSHHHES

COMMENT Symbolic

SYMBOLIC NEWTON CARRIERS=1 HOLES
MOBILITY MUP0=0.1

MODELS SRH FERMIDIR

353 SE LSS SSS SIS SSSSESSS$ ST ST THPHHHESSSSSS

$
COMMENT
$

Simulation with traps

SNSRI BB A N A

ASSIGN NAME=EV N.VAL=-@bandg/2

ASSIGN NAME=EC N.VAL=@bandg/2

TRAP E1=-0.85 N.TOT="-1E21" COND="@FNENER=1"
TRAP E2=-0.82 N.TOT="-4.15128E+20" COND="@FNENER=2
TRAP E3=-0.79 N.TOT="-1.72331E+20" COND="@FNENER=3
TRAP E4=-0.76 N.TOT="-7.15394E+19" COND="@FNENER=4
TRAP E5=-0.73 N.TOT="-2.9698E+19" COND="@FNENER=5"
TRAP E6=-0.70 N.TOT="-1.23285E+19" COND="@FNENER=6
TRAP E7=-0.67 N.TOT="-5.11789E+18" COND="@FNENER=7
TRAP E8=-0.64 N.TOT="-2.12458E+18" COND="@FNENER=8
TRAP E9=-0.61 N.TOT="-8.81971E+17" COND="@FNENER=9
TRAP E10=-0.58 N.TOT="-3.66131E+17" COND="@FNENER-
TRAP E11=-0.55 N.TOT="-1.51991E+17" COND="@FNENER~=
TRAP E12=-0.52 N.TOT="-6.30957E+16" COND="@FNENER=
TRAP E13=-0.49 N.TOT="-2.61928E+16" COND="@FNENER-
TRAP E14=-0.46 N.TOT="-1.08734E+16" COND="@FNENER-~
TRAP E15=-0.43 N.TOT="-4.51383E+15" COND="@FNENEFR=
TRAP E16=-0.40 N.TOT="-1.87382E+15" COND="@FNENEFR-
TRAP E17=-0.37 N.TOT="-7.77874E+14" COND="@FNENER=
TRAP E18=-0.34 N.TOT="-3.22917E+14" COND="@FNENER=
TRAP E19=-0.31 N.TOT="-1.34052E+14" COND="@FNENEFR-
COMMENT Symbolic

SYMBOLIC GUMM CARRIERS=0

ST TEEESSSSSS$ ST ETTESSSS ST THSHHHES

COMMENT Symbolic

SYMBOLIC NEWTON CARRIERS=1 HOLES
MOBILITY MUP0=0.1

MODELS SRH FERMIDIR

3T LEESSSSSSI ST EELTESSSS ST THSHHHES

COMMENT IV Curve

LOG OUT.FILE=~/simulate/SolidS/200fe16.wtz

SOLVE V(Drain)=-0.5 V(Gate)=0 V(Source)=0

+ ELEC=Gate VSTEP=-0.25 NSTEP=160
LOG CLOSE

COMMENT IV Curve

LOG OUT.FILE=~/simulate/SolidS/200fe16.wte

SOLVE V(Drain)=0 V(Gate)=-40 V(Source)=0
+ ELEC=Drain VSTEP=-0.25 NSTEP=240
LOG CLOSE

3L EESSSSSS$ ST EETTESESS S ST ST TPPSPPESTLLESSS$$S
3353 SEEESSSSSSI PSS ESSSS S S SSSLPSSPHESTSSSSSSSSS
35T SEEESSSS SIS LSS TESESS S ST SSLPPSPHETSSLSSSS$S
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PLOT.1D IN.FILE=~/simulate/SolidS/200fe16.wte

+ Y.AXIS=I(Drain) X.AXIS=V(Drain)

+ COLOR=1 SYM=1

+ DEVICE=CP/POSTSCRIP PLOT.OUT=~/simulate/Solid®®160.ps
PLOT.1D IN.FILE=~/simulate/SolidS/200fe16.wtz

+ Y.LOG Y.AXIS=I(Drain)  X.AXIS=V(Gate)

+ COLOR=1 SYM=1

+ DEVICE=CP/POSTSCRIP PLOT.OUT=~/simulate/Solid®®216.ps
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B.5 Medici input code to simulate a dual gate organic transistors

TITLE MESOFET 200nm L=4u
COMMENT October 30, 2006

53T ESSSSSS$PI IS ESSSS ST STSSSTHHHHS

$ P3HT film with 200nm thickness

$ Al as the gate

$ 100nm SiO2 Au as the source and drain
$ mobility of 0.1 cm2/Vs

T EESSSSS ST EETTESESSSS$ ST ST ESHHHHHS

BRI AR AR AR A X AN N
$ Here we go for L=4micron and W=1micron
RARSRAARARAR AR NRAARAR AR ARAARRA AR N NN

ASSIGN NAME=width N.VALUE=12.0
ASSIGN NAME=topgtk N.VALUE=0.02
ASSIGN NAME=poltck N.VALUE=0.20
ASSIGN NAME=autck N.VALUE=0.020
ASSIGN NAME=altck N.VALUE=0.020
ASSIGN NAME=oxtck N.VALUE=0.2
ASSIGN NAME=devtck N.VALUE=@altck+@poltck+@ oxtck+@pgtk
ASSIGN NAME=auwid N.VALUE=4.0
ASSIGN NAME=chl N.VALUE=4.0
ASSIGN NAME=alwid N.VALUE=12.0
ASSIGN NAME=bandg N.VALUE=1.7

355 TSTESSSS SIS TESSSS S ST STHSHHHES

COMMENT Creat the Mesh

MESH SMOOTH=1

X.MESH WIDTH=@width H1=@width/75

Y.MESH Y.MAX=@topgtk = H1l=@topgtk/4

Y.MESH Y.MIN=@topgtk Y.MAX=@topgtk+@poltck-@autck
Y.MESH Y.MIN=@topgtk+@poltck-@autck Y.MAX=@topgti@poltck
Y.MESH Y.MIN=@poltck+@topgtk Y.MAX=@devtck-@altck
+ H1=@oxtck/4

Y.MESH Y.MIN=@devtck-@altck Y.MAX=@devtck
$SEIPSTEIFSTETFSSTETFSS TS FS S SS S SSSESTHHSHHSS
COMMENT Specify the device material and regions
REGION NAME=Semi SEMICOND

REGION NAME=TGateC SEMICOND

+ Y.MAX=@topgtk

REGION NAME=DrainC SEMICOND

+ X.MIN=(@width-@chl)/2-@auwid

+ X.MAX=(@width-@chl)/2

+ Y.MIN=@poltck+@topgtk-@autck

+ Y.MAX=@poltck+@topgtk

REGION NAME=SourC SEMICOND

+ X.MIN=(@width+@chl)/2

+ X.MAX=(@width+@chl)/2+@auwid

+ Y.MIN=@poltck+@topgtk-@autck

+ Y.MAX=@poltck+@topgtk

REGION NAME=Oxdlay OXIDE

+ Y.MIN=@poltck+@topgtk

+ Y.MAX=@poltck+@oxtck+@topgtk

REGION NAME=GateC SEMICOND

+ Y.MIN=@devtck-@altck

ELECTR NAME=Drain REGION=DrainC

ELECTR NAME=Source REGION=SourC

ELECTR NAME=Gate REGION=GateC

ELECTR NAME=TGate REGION=TGateC

33T TEEESSSS S PP TTTESSESSSSS$$ ST SSTHSHHHES

COMMENT Impurity and contacts

H1=(@poltck-@autck)/60

Hl=@autck/20

Hl=@ak/4
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PROFILE
MATERIAL
+

CONTACT
CONTACT
CONTACT
CONTACT

UNIFORM CONC=5E16 P.TYPE
SEMICOND PERMITTI=3.0 EG.MODEL=0
EG300=@bandg AFFINITY=3.3

NAME=Drain WORKFUNCTION=5.1
NAME=Source WORKFUNCTION=5.1
NAME=Gate ALUMINUM
NAME=TGate ALUMINUM

3T TEEESSSSSSS ST EETEESSSS ST THSHHHES

COMMENT
SYMBOLIC
MOBILITY
MODELS

Symbolic
NEWTON CARRIERS=1
MUPO0=0.1

HOLES

SRH

FERMIDIR

353 SEESSSSS SIS TSSSESSS SIS LSS THPHHHESSSSSS

ASSIGN
ASSIGN

TRAP
TRAP
TRAP
TRAP
TRAP
TRAP
TRAP
TRAP
TRAP
TRAP
TRAP
TRAP
TRAP
TRAP
TRAP
TRAP
TRAP
TRAP
TRAP

COMMENT
SYMBOLIC
SOLVE

NAME=EV N.VAL=-@bandg/2

NAME=EC N.VAL=@bandg/2

E1=-0.85 N.TOT="-1E21" COND="@FNENER=1"
E2=-0.82 N.TOT="-4.15128E+20" COND="@FNENER=2
E3=-0.79 N.TOT="-1.72331E+20" COND="@FNENER=3
E4=-0.76 N.TOT="-7.15394E+19" COND="@FNENER=4
E5=-0.73 N.TOT="-2.9698E+19" COND="@FNENER=5"
E6=-0.70 N.TOT="-1.23285E+19" COND="@FNENER=6
E7=-0.67 N.TOT="-5.11789E+18" COND="@FNENER=7
E8=-0.64 N.TOT="-2.12458E+18" COND="@FNENER=8
E9=-0.61 N.TOT="-8.81971E+17" COND="@FNENER=9
E10=-0.58 N.TOT="-3.66131E+17" COND="@FNENER*
E11=-0.55 N.TOT="-1.51991E+17" COND="@FNENER=
E12=-0.52 N.TOT="-6.30957E+16" COND="@FNENER=
E13=-0.49 N.TOT="-2.61928E+16" COND="@FNENER*
E14=-0.46 N.TOT="-1.08734E+16" COND="@FNENER=
E15=-0.43 N.TOT="-4.51383E+15" COND="@FNENEFR*
E16=-0.40 N.TOT="-1.87382E+15" COND="@FNENER=
E17=-0.37 N.TOT="-7.77874E+14" COND="@FNENER=
E18=-0.34 N.TOT="-3.22917E+14" COND="@FNENER*
E19=-0.31 N.TOT="-1.34052E+14" COND="@FNENER*

Symbolic

GUMM CARRIERS=0
V(Drain)=0 V(Gate)=0 V(TGate)=0 V(Source)=0

ST TEEESSSSSS$ ST ETTESSSS ST THSHHHES

COMMENT
SYMBOLIC
MOBILITY
MODELS
SOLVE

Symbolic
NEWTON CARRIERS=1 HOLES
MUPO0=0.1
SRH FERMIDIR
V(Drain)=0 V(Gate)=0 V(TGate)=0 V(Source)=0

3553 ESESSSS SIS TS TESSSSS$$ ST SSTHSHHHES

COMMENT
LOG
SOLVE

+

LOG

COMMENT
LOG
SOLVE

+

LOG

COMMENT
SOLVE
+

MESOFET L=4u Vtgate=0 IV Curve

OUT.FILE=~/simulate/SolidS/200mst.wtx

V(Drain)=-0.5 V(Gate)=0 V(TGate)=0 V(Soureé)
ELEC=TGate VSTEP=0.1 NSTEP=60
CLOSE

MESOFET L=4u Vtgate=0 IV Curve

OUT.FILE=~/simulate/SolidS/200msti.wta

V(Drain)=-0.5 V(Gate)=0 V(TGate)=0 V(Soureé)
ELEC=Gate VSTEP=-0.25 NSTEP=160
CLOSE

MESOFET L=4u Vtgate=0 IV Curve
V(Drain)=-0.5 V(Gate)=0 V(TGate)=1 V(Soureé)
ELEC=Gate VSTEP=-0.25 NSTEP=160
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LOG

COMMENT
LOG
SOLVE

+

LOG

COMMENT
LOG
SOLVE

+

LOG

COMMENT
LOG
SOLVE

+

LOG

COMMENT
LOG
SOLVE

+

LOG

COMMENT
LOG
SOLVE

+

LOG

COMMENT
LOG
SOLVE

+

LOG

COMMENT
LOG
SOLVE

+

LOG

COMMENT
LOG
SOLVE

+

LOG

COMMENT
LOG
SOLVE

+

LOG

COMMENT
LOG
SOLVE

+

LOG

COMMENT
LOG
SOLVE

+

LOG

COMMENT
LOG
SOLVE

CLOSE

MESOFET L=4u Vtgate=0 IV Curve
OUT.FILE=~/simulate/SolidS/200msti.wtc

V(Drain)=-0.5 V(Gate)=0 V(TGate)=2 V(Soureé)
ELEC=Gate VSTEP=-0.25 NSTEP=160
CLOSE

MESOFET L=4u Vtgate=0 IV Curve
OUT.FILE=~/simulate/SolidS/200msti.wtd

V(Drain)=-0.5 V(Gate)=0 V(TGate)=3 V(Soureé)
ELEC=Gate VSTEP=-0.25 NSTEP=160
CLOSE

MESOFET L=4u Vtgate=0 IV Curve
OUT.FILE=~/simulate/SolidS/200msti.wte

V(Drain)=-0.5 V(Gate)=0 V(TGate)=4 V(Soureé)
ELEC=Gate VSTEP=-0.25 NSTEP=160
CLOSE

MESOFET L=4u Vtgate=5 IV Curve
OUT.FILE=~/simulate/SolidS/200msti.wtf

V(Drain)=-0.5 V(Gate)=0 V(TGate)=5 V(Soureé)
ELEC=Gate VSTEP=-0.25 NSTEP=160
CLOSE

MESOFET L=4u Vtgate=6 IV Curve
OUT.FILE=~/simulate/SolidS/200msti.wtg

V(Drain)=-0.5 V(Gate)=0 V(TGate)=6 V(Soureé)
ELEC=Gate VSTEP=-0.25 NSTEP=160
CLOSE

MESOFET L=4u Vtgate=0 IV Curve
OUT.FILE=~/simulate/SolidS/200mst.wta

V(Drain)=0 V(Gate)=-40 V(TGate)=0
ELEC=Drain VSTEP=-0.25 NSTEP=240
CLOSE

MESOFET L=4u Vtgate=0 IV Curve
OUT.FILE=~/simulate/SolidS/200mst.wtb

V(Drain)=0 V(Gate)=-40 V(TGate)=1
ELEC=Drain VSTEP=-0.25 NSTEP=240
CLOSE

MESOFET L=4u Vtgate=0 IV Curve
OUT.FILE=~/simulate/SolidS/200mst.wtc

V(Drain)=0 V(Gate)=-40 V(TGate)=2
ELEC=Drain VSTEP=-0.25 NSTEP=240
CLOSE

MESOFET L=4u Vtgate=0 IV Curve
OUT.FILE=~/simulate/SolidS/200mst.wtd

V(Drain)=0 V(Gate)=-40 V(TGate)=3
ELEC=Drain VSTEP=-0.25 NSTEP=240
CLOSE

MESOFET L=4u Vtgate=0 IV Curve
OUT.FILE=~/simulate/SolidS/200mst.wte

V(Drain)=0 V(Gate)=-40 V(TGate)=4
ELEC=Drain VSTEP=-0.25 NSTEP=240
CLOSE

MESOFET L=4u Vtgate=0 IV Curve
OUT.FILE=~/simulate/SolidS/200mst.wtf

V(Drain)=0 V(Gate)=-40 V(TGate)=5
ELEC=Drain VSTEP=-0.25 NSTEP=240
CLOSE

MESOFET L=4u Vtgate=0 IV Curve
OUT.FILE=~/simulate/SolidS/200mst.wtg
V(Drain)=0 V(Gate)=-40 V(TGate)=6

V(Sourcé)=

V(Sourcé)=

V(Sourcé)=

V(Sourcé)=

V(Sourcé)=

V(Sourcé)=

V(Sourcé)=
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+
LOG

ELEC=Drain VSTEP=-0.25 NSTEP=240
CLOSE

3T EEEESSSSSS$ ST EETTESESS S ST TPPSPPETTLLESS 5SS
3L EESSSSSS$ ST ETEESESS S ST ST TPPSPPETTLLESSS$$S
35T EEESSSSSSF SIS TS ESSSS S ST SSSPPSPHESSSSSSSSS$S

TITLE
PLOT.1D
+

+

+

TITLE
PLOT.1D
+

+

+

TITLE
PLOT.1D
+

+

+

TITLE
PLOT.1D
+

+

+

TITLE
PLOT.1D
+

+

+

TITLE
PLOT.1D
+

+

+

TITLE
PLOT.1D
+

+

+

MESOFET L=4u Vt=0 200nm

IN.FILE=~/simulate/SolidS/200mst.wta

Y.AXIS=I(Drain) X.AXIS=V(Drain)

COLOR=1 SYM=1

DEVICE=CP/POSTSCRIP PLOT.OUT=~/simulate/Solid®&sto.ps

MESOFET L=4u Vt=1 200nm

IN.FILE=~/simulate/SolidS/200mst.wtb

Y.AXIS=I(Drain) X.AXIS=V(Drain)

COLOR=1 SYM=1

DEVICE=CP/POSTSCRIP PLOT.OUT=~/simulate/Solid®&sto.ps

MESOFET L=4u Vt=2 200nm

IN.FILE=~/simulate/SolidS/200mst.wtc

Y.AXIS=I(Drain) X.AXIS=V(Drain)

COLOR=1 SYM=1

DEVICE=CP/POSTSCRIP PLOT.OUT=~/simulate/Solid®&sto.ps

MESOFET L=4u Vt=3 200nm

IN.FILE=~/simulate/SolidS/200mst.wtd

Y.AXIS=I(Drain) X.AX1S=V(Drain)

COLOR=1 SYM=1

DEVICE=CP/POSTSCRIP PLOT.OUT=~/simulate/Solid®&sto.ps

MESOFET L=4u Vt=4 200nm

IN.FILE=~/simulate/SolidS/200mst.wte

Y.AXIS=I(Drain) X.AX1S=V(Drain)

COLOR=1 SYM=1

DEVICE=CP/POSTSCRIP PLOT.OUT=~/simulate/Solid®&sto.ps

MESOFET L=4u Vt=5 200nm

IN.FILE=~/simulate/SolidS/200mst.wtf

Y.AXIS=I(Drain) X.AX1S=V(Drain)

COLOR=1 SYM=1

DEVICE=CP/POSTSCRIP PLOT.OUT=~/simulate/Solid®&sto.ps

MESOFET L=4u Vt=6 200nm

IN.FILE=~/simulate/SolidS/200mst.wtg

Y.AXIS=I(Drain) X.AX1S=V(Drain)

COLOR=1 SYM=1

DEVICE=CP/POSTSCRIP PLOT.OUT=~/simulate/Solid®&sto.ps

3L EESSSSSSI ST EETEESESS ST ST TPPSPPESTLLESSSS$S
3553 SSEESSSSSSI SIS E LS SSS S SSSLHSSPHESSSLSSSSSS
35T S EESSSS SIS LS SSS S ST SSSPPSPHESTSSSSSSS$S

TITLE
PLOT.1D
+

+

+

TITLE
PLOT.1D
+

+

+

TITLE
PLOT.1D

MESOFET L=4u Vt=0 200nm

IN.FILE=~/simulate/SolidS/200msti.wta

Y.AXIS=I(Drain)  X.AXIS=V(Gate)

COLOR=1 SYM=1

DEVICE=CP/POSTSCRIP PLOT.OUT=~/simulate/Solid®sti.ps

MESOFET L=4u Vt=1 200nm

IN.FILE=~/simulate/SolidS/200msti.wth

Y.AXIS=I(Drain)  X.AXIS=V(Gate)

COLOR=1 SYM=1

DEVICE=CP/POSTSCRIP PLOT.OUT=~/simulate/Solid®sti.ps

MESOFET L=4u Vt=2 200nm

IN.FILE=~/simulate/SolidS/200msti.wtc

Y.AXIS=I(Drain)  X.AXIS=V(Gate)

COLOR=1 SYM=1

DEVICE=CP/POSTSCRIP PLOT.OUT=~/simulate/Solid®sti.ps
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TITLE
PLOT.1D
+

+

+

TITLE
PLOT.1D
+

+

+

TITLE
PLOT.1D
+

+

+

TITLE
PLOT.1D
+

+

+

TITLE
PLOT.1D
+

+

+

MESOFET L=4u Vt=3 200nm

IN.FILE=~/simulate/SolidS/200msti.wtd

Y.AXIS=I(Drain) X.AXIS=V(Gate)

COLOR=1 SYM=1

DEVICE=CP/POSTSCRIP PLOT.OUT=~/simulate/Solid®sti.ps

MESOFET L=4u Vt=4 200nm

IN.FILE=~/simulate/SolidS/200msti.wte

Y.AXIS=I(Drain) X.AXIS=V(Gate)

COLOR=1 SYM=1

DEVICE=CP/POSTSCRIP PLOT.OUT=~/simulate/Solid®sti.ps

MESOFET L=4u Vt=5 200nm

IN.FILE=~/simulate/SolidS/200msti.wtf

Y.AXIS=I(Drain) X.AXIS=V(Gate)

COLOR=1 SYM=1

DEVICE=CP/POSTSCRIP PLOT.OUT=~/simulate/Solid®&sti.ps
MESOFET L=4u Vt=6 200nm

IN.FILE=~/simulate/SolidS/200msti.wtg

Y.AXIS=I(Drain) X.AXIS=V(Gate)

COLOR=1 SYM=1

DEVICE=CP/POSTSCRIP PLOT.OUT=~/simulate/Solid®sti.ps

MESOFET L=4u Vt=0 200nm

IN.FILE=~/simulate/SolidS/200mst.wtx

Y.AXIS=I(Drain) X.AXIS=V(TGate)

COLOR=1 SYM=1 Y.LOG

DEVICE=CP/POSTSCRIP PLOT.OUT=~/simulate/Solid®st.ps
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Appendix C

C.1 Fabrication of micro-electrodes

In this appendix the details of the electrode paitg) process are described both to inform the

reader and to provide a guide for future studértts. process is summarized in Figure C.1.

i Y s O |
SIOg S|02
(@ Si (e) Si
SIOg S|02
wo LT
Mask _%E:%Es:us!:_ -
SIOg S|02
(b) Si () Si
SIOg S|02
I N ——
SIOg S|02
(c) Si (9) Si
SIOg
Cr/Au
s B s B
SI0 = EO'_' =
(d) Si (h) Si
Si0, CriAu

Figure C.1. Micro-electrode fabrication steps: (a) $18i/Si0O, wafer (b) photolithography (c)
developing (d) metal deposition (e) lift-off (fhptoresist coating (g) Siack side etching (h)

the backside electrode deposition.
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C.1.1 Wafer Cleaning

The first step in the process of photolithographtoi chemically clean the silicon wafer to make
sure that the wafer is free of any grease, chemasadluals, and dust particle. The silicon wafer
is first washed with acetone using a squeeze b@&ihee, acetone leaves some residue on the
surface the wafer is washed with either isopropanohethanol immediately after washing with
acetone. Deionized water (DI water) is, then, getia the wafer surface to wash off all organic
solvents. Following that the wafer is dried by biogvnitrogen gas over it. This step of cleaning
is taken as a primary cleaning process which resmavaor dirt and dust from the wafer. To

remove all chemicals the RCA-1 cleaning recipepsliad [126].

In the RCA-1 cleaning process, a solution includigvater, ammonium hydroxide (NJBH),
and hydrogen peroxide ¢B,) is utilized. First, 5 parts of DI water are mixedh 1 part 27%
NH4OH and heated to 70 °C. Then, 1 part 309@Hs added while the temperature is
controlled at 70 °C. The silicon wafer is then puthe solution and kept there for 15 to 30 min.
After that, the wafer is rinsed with a plenty of Water and dried with nitrogen. In order to
dispose of the solution it is diluted with large@mts of water and poured down the drain.

Also, the beaker and all tools involved with théugon have to be washed with lots of water.

Note that hydrogen peroxide is explosive and shbel&ept away from solvents. The whole
cleaning process is done in a fume hood. As an iitapbstep in the process, alwaygJd has
to be added to NMDH and never the other way around [126].

C.1.2 Photoresist coating

Since the photolithography process is very semsttivdust particles and the white light, the
whole process is done in a class 1000 cleanroamitiated with yellow light (yellow room).

The cleaned wafer is loaded on a spinner to cathtphotoresist. First, the wafer is coated
with a layer of hexamethyldisilazane (HMDS) as dhesion layer. 1 or 2 ml of HMDS is
dropped on the surface of the wafer by means tdssgipette so as to cover about 2/3 of the
surface. The wafer is, then, spun for 40 sec aead of 4000 rpm. The result is an invisible
layer of HMDS providing there is no defect on tlepdsited layer. The wafer is then left to dry
for one minute. As with HMDS the photoresist isgsed on the surface and then the wafer is
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spun at 5000 rpm for 40 sec. The photoresist ith@xgethyl acetate based positive type
AZ4620 (Celanese corp [127]).

A very smooth and defect free layer of photordsisiecessary to achieve high resolution
patterning. The photoresist film has to be visuadgpected. If there is a defect in the film, the
photoresist should be washed away with acetong¢hendeaning process redone before
proceeding to coating. There are a few reasonarfamacceptable photoresist film. If the
spinner is not leveled or the spinner stage idatanced, the photoresist spreads over the wafer
surface non-uniformly. Starting with a dirty wafareven a wafer that has not been cleaned
enough is very likely to produce a low quality digporesist layer. Using old photoresist or
photoresist solution that has been exposed to Wbiteare other factors that lead to poor
quality. It is highly recommended that the wafetamdled with clean tweezers and never be
touched. Also, a fresh disposable pipet has tosed tor dropping the photoresist on the wafer.
When there are small bubbles in the photoresistisol on top of the wafer before spinning, the
photoresist film is found to have defects on thblde spots after spinning. Therefore, all the

bubbles have to be removed before the spinning ddm be achieved using the pipette.

C.1.3 Soft Baking

It is recommended to wait about a minute beforeong@ng the wafer from spinner in order to
dry the film. The photoresist is then baked to maiém that is stable for light exposure. The
process is called soft baking, in which the phatstas treated by heating the wafer for 10 min
at 90 °C. The oven used in the baking process dhmipre-heated. Although, the yellow light
in the cleanroom is supposed to be harmless foplibéoresist, | achieved higher quality

patterns when | turned off the lights until the eleping step was complete.

C.1.4 Mask alignment and exposure

An optical mask is required to apply the desiretigua. The mask is designed by means of a
CAD tool from Cadence company [128] for a 4" makgreer machine. The mask consists of 8
sets of micro-electrode patterns which providest8 ef micro-electrodes in each batch. The
mask used in the experiments presented in thisstiese fabricated at the University of
Alberta in a negative pattern (the desired metatimgpattern is the transparent region and the
remainder of the mask is coated with chromiumdmbination with the positive resist, this

mask enables a lift off process to be employed.
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A Canon PLA-501F mask aligner is used to applypdtern on the photoresist layer. The
photoresist coated wafer is loaded and followirag the mask is put in the mask aligner. The
contact mode is chosen which puts the mask onftdpecsample without any gap between the
two. Then UV light is shined for 11 s. The timirsgvery critical as under exposing or over
exposing causes non developed or over developéshpatAlso, the user has to check the

calibration of the light intensity regularly.

C.1.5Developing

The non-exposed area of the photoresist is chelpitalre resistant, whereas the exposed area
is washed away more readily by the developer. Bweldper solution used consists of 1 part
AZ400K (from Clariant) [129] and 4 parts deioniagdter. The solution is prepared in a plastic
bath and mixed well before putting the wafer in2#8 minutes the pattern appears on the
photoresist while the user is shaking the bath. Sdmple is then put in a water bath (deionized)

for about 3 minutes to wash the developer fromstraple. It is then dried using nitrogen.

For micron scale feature sizes it is recommendathéck the pattern using an optical
microscope to be sure that the pattern is well ldgeal. If it is underdeveloped, it can be put
back into the developer solution for one minute endwt if it is overdeveloped, the photoresist
has to be removed from the surface and the prataded over again.

The developer solution has to be diluted with atl®f water before disposing of it down the

drain.

C.1.6 Metal deposition

The wafer with the developed pattern is transfetoeah e-beam evaporator to deposit the metal
layer. | have patterned gold electrodes, but becatilow adhesion between gold and silicon
dioxide a layer of chromium is deposited first. fidfere, the gold and chromium sources are
loaded in the evaporator as well as the samplenTaehine is pumped down to about®16rr
before starting the deposition. A layer of chromiisnthen deposited with a thickness of 10 to

15 nm followed by 60 to 70 nm of gold. The rataleposition is controlled to be around 1 A/s.
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C.1.7 Lift off

To remove the photoresist the sample is sonicatagetone for about 10 minutes. The buried
photoresist lifts off and the metallic micro-elextes stay on the surface of the wafer. Then the
sample is washed with acetone and methanol to reni@/chemical residue, rinsed with

deionized water and dried with nitrogen.

C.1.8 Back electrode

The electrodes are almost ready for use. Howeverder to build transistors a connection to
the silicon (under the Siayer) is needed. To achieve this the silicon dieon the backside
of the wafer is etched and a metal layer is depdsinh the backside. During this process the

front side of the wafer must be protected.

To protect the fabricated electrodes a layer ot@tesist is deposited all over the electrode side
of the wafer using the same method explained ii@e8.2.1.2. Since the surface of the wafer
is not flat anymore the photoresist layer mightlm®ts smooth as it was the first time.
Nevertheless, the smoothness is not crucial instiejs as the layer is not used for any fine
patterning process. The photoresist has to be bak&g@rocess called hard backing before
etching the Si@layer in the backside of the wafer. In hard bakimgsample is loaded in an

oven with a temperature of 120 °C for 25 minutes.

In order to remove the backside silicon dioxide ntbeswafer is put in a solution containing HF
acid. A buffered oxide etch solution, BOE, is usElde BOE solution includes dilute
hydrofluoric acid (HF), but the concentration of KFstill much higher than what is required, so
it is diluted by mixing 1 part BOE with 10 partsioleized water. Since, the solution dissolves
glass all containers and laboratory tools involwgith the process have to be made of plastic,
including the tweezers. Also, the process has twbeinder a fume hood. Wearing acid gloves,
a face mask, and an acid apron are mandatory whpersan is working with BOE. The etching
rate of SiQ for the prepared solution is about 60 nm/min. dmove 350 nm thick SiQayer

the wafer is placed in the BOE solution for 6 mewtThen it is transferred to a deionized water
bath and kept there for about 6 minutes to waslyalaaHF. The effectivhess of the removal of
the oxide can be tested by observing the hydrogitgtnf the surface. If a droplet of water
spreads over the surface the surface is hydrophihereas a non-spreading droplet indicates a

hydrophobic surface. Silicon is a hydrophilic sedand silicon dioxide is a hydrophobic one.
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Therefore, one can simply test whether S&3completely removed or not. If it has not remibve
the wafer can be put in the BOE solution for oneemainute. After etching the backside $iO
layer the sample and all tools have to be wash#dpiénty of deionized water. Also, the
solution has to be diluted with tap water, leaviilngnder running water for about 3 minutes

before letting it flow down the drain.

The wafer is then dried with nitrogen and loaddd the evaporator to deposit a layer of Cr/Au
directly on to the silicon surface, following thense procedure as described above. The hard
baked photoresist on the front side now can be vechby sonicating the wafer in acetone. The
wafer is then diced with a diamond saw to obtage® of individual micro-electrodes. Figure

C.1lis an overview of the steps in the microfaliraraprocess.
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