Chapter 1

Introduction

1-1 Introduction of Organic Thin Film Transistors (OTFTs)

The concept of using the field-effect transistoETlF was first proposed by in
1930s[1] In a FET, a capacitor is placed under or aboveorduecting channel
between two Ohmic contacts, which are named asdhece and drain electrodes.
The carrier density in the channel is controlled thg voltage applying to the
capacitor. In 1960s, the first fabricated silicaased metal-oxide-semiconductor FET
(MOSFET) was achievg@] Till now, the MOSFET is the most widely used in
microelectronics and in integrated circuits.in @97organic FETs (OFETs) have
been indicated as a potential electronic devicel Koezuka and coworkers also
reported a device with conducting“(or conjugatedlymers (CPs)3-5] Recently,
small conjugated molecules, their semiconductingperties have been more
recognized, which enables such materials for elaatrapplications. OFET is on the
architecture of the thin film transistor (TFT), whihas proven with low conductivity
materials, is similar to the case of amorphous dwenated silicon (a-Si:HB] The
performance of OFETs has continuously and now coespeith amorphous silicon
FETs, which are now applicable to large areas mewts. The charge transport
mechanisms in organic semiconductors are also bdenand various models
developed for the OFETs are also examined in tlsé¢ tea years. Various materials
and fabrication techniques have been detailed emdral common OTFT structures

were plotted as follows:
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Fig. 1-1 Four fundamental OTFT structures with different electrode and gate

configuration.

For high performance OFETSs, the organic thin filwith high structural ordering
are required. Among the proposed candidates fotrel@c applications, such as large
area and mechanically flexible afganic electrontles, pentacene-based devices stand
out owning to the relatively high field effect mbtyi and its ability of forming highly
ordered films on various types™of substrates. énmseto be the best candidates for
organic thin film transistors (OTFTs). It is welkéwn that the charge transport
properties of conjugated molecules, such as pemeace antracene, are intrinsically
correlated with their crystalline structure. Foample, with its degree of orientation,
and with its grain size, the exact correlations st not well understood. Hence,
controlling and optimizing film quality is esseritia develop the device applications
by using pentacene. PentacenegJzs) is a planar molecule, which is composed of
five linked benzene ringg] In it bulk phase, pentacene is a triclinic struet(space
group P1h) with a density of 1.32g/&niThere are two molecules per unit cell
arranged within a herringbone configuration. Pegni&ds reported to have two phases
in the bulk structures. The vacuum-deposited pem@dilm forms a structure that

refers as the “thin film phasé¢8-10] The pentacene film has been found to coexist



with the “thin-film phase” on evaporated thin filnbgyond a critical thickness. The
charge transport in pentacene film depends on fameet w-orbital overlap between

the molecules and molecular packing in pentacenditms produce such structures.

Fig. 1-2 Pentacene chemical and crystalline structes.
[Chem. Mater,16, 4497-4508 (2004)]

In crystalline pentacene film, the van der Waalsdoof the intermolecular bonding
and its anisotropy of the individual molecules tesu the main differences in its
growth mechanisms. These differences bring oppitiegrfor applications but brings
new challenges in understanding the fundamentgiepties of thin films of organic
molecular crystals. To control organic thin filmowrth in vapor phase, it is necessary
to adapt the conventional epitaxy models for inorgamolecular beam epitaxy
(MBE). A amount of works on pentacene film morplgylodegree of order, crystal
quality, and nucleation and growth processes intgmeme thin films has been
reported.11-13] Some applications of growth models to explain me@xperiments
on the nucleation, dislocations, and growth of peate thin films are investigated.
[14] Though of great importance, we do not attempt herdescribe the electronic

properties of pentacene films.

1-2 The Fabrication of OTFTs

1-2-1. Organic Molecule Beam Deposition (OMBD)



Inorganic films growth by MBE and organic growth tmplecular beam deposition
(OMBD) have some similarities and differences. IBB) the substrate is a clean,
single crystal, and the absorbers are usually siaggms or dimmers on the surface.
Moreover, the atoms are assumed to be an isotrepitace (sphere) and the
orientation of the ad-atom relative to “substrate’to “other atoms” is irrelevant for
the strength of interaction. For the reason, lattitatching is usually a requisite for
crystal growth, because it affects stress buildipgin general, thin films grow yield
the three modes, which depicted in following Figueser-by-layer (Frank-van der
Merwe mode), layer-plus-island (Stranski-Krastanowde), and island mode

(Volmer-Weber){15, 16]
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Fig. 1-3 Three types of growth mode in conventionaholecular beam deposition.

In the general, the layer-by-layer mode occurs wtien atoms diffuse to form
two-dimensional (2D) islands and are more strorgigded to the substrate than to
other adatoms. The island mode occurs when theasttens within the adsorbates
are stronger than to the substrate, forming thremasional (3D) islandgl4] The
layer-plus-island mode occurs when the layer formmabecomes less favorable and
the film develops island after one or more layekgdr the free energy. In the case of
organic crystals, the interactions between molecul¢he crystal are weaker than van

der Waals interactions. Besides, the moleculesnatespherically symmetric, the

-4 -



strength of the molecule-molecule and molecule{satss interactions (the system
free energy) depends on the relative orientationthef ad-molecules. Thus, the
conditions for a given growth mode will depend tve balance of the anisotropic
interactions between the molecules, e.g. theighimrs and the substrate. For
example, if the substrate is smooth and[fl&], molecules have a tendency forming
self-assemble crystalline, and regard the crystantation of the substrate. The
molecules stand nearly vertical and a layer-bydayewth occurs when the lateral
pentacene-pentacene interactions are stronger than pentacene-substrate or
pentacene-pentacene interlayer ones. This opentheupossibilities of multilayer
structures and the lattice matching is no longenitaria]18] Howerver, there are still
some similarities in organic thin film growth andorganic film. Some cases of
coincident epitaxy (as van der Waals epitaxy orsgepitaxy) on organic films have
been reported. The diffusion:limited and scalingatties have been reported to
explain the formation of the initial layer-on ineirfaces, and a distributed growth
model has also been applied for the ‘subsequentslaye

In general, the crystalline orientation of the peenhe film (especially for the first
monolayer) is determined by the balance of the gueme-substrate and
pentacene-pentacene interactions. The experimeesalts of the influence from
substrates on the formation of the first layer #hefollowing layers various substrate
materials can be calculated bgb initio calculations for pentacene-substrate
interactiond19] When pentacene is deposited onto flat, and sm&bktrates, such
as the oxide or polymeric dielectrigX)-21] pentacene molecules stand nearly
vertical on the substrate. The (001) plane hadaWwest surface energy in pentacene
crystals. With a weak interacting or passivatedssale, the pentacene-pentacene
interactions are stronger than pentacene-substrections, pentacene will form

with (001) plane parallel to the substrate plam&l kave the lowest surface energy.
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On the other hand, if the substrate is a more adaiive, such as clean Si or a clean
metal, the interactions between pentacene-substiitbecome more important and
may involve charge transfer at the interface. Thakes pentacene molecules lie flat
on the surface and some typical morphologies areepooduced.

The structure obtained in the evaporated thin filmas been referred to in the
literature as the “thin-film phase”. Recently, tlyeazing incidence X-ray diffraction”
(GID) [14, 22] data from a single layer of pentacene grown aoosiloxide estimate
the unit cell vectors a:7.578A, b:5.909 A, and 989. Before the “thin-film phase”
was identified as different from the bulk, electrdliffraction experiments of
pentacene on estimated a:7.41A and b:5.[28A However, a triclinic structure was
reported recently on salt substrates, and anotm#drorbombic cell with four
molecules in the unit cell was alsoreported.(altioin that structure molecules were
not standing vertical on the :substrate). It is rcldzat increasing the substrate
temperature and lowering the depasition-ratesdetirease the nucleation density and
therefore increase the average grain size. Indbede exists a considerable amount
of data to support this prediction. The “thin filplhase” of crystalline domains in
pentacene thin films is a substrate-induced stractlifferent from the bulk. It has
been reported that nucleation of the bulk phasgsskeeyond a certain critical film

thicknesq24]

1-2-2. Spin-coating and Inject Printing Process

Besides vacuum deposition, two approaches havebaksio used to obtain organic
semiconductor thin films from solutid@5] (1) a soluble precursor from solution and
conversed into the solid state semiconductor; pdif2ct deposition of a soluble and
curable semiconductor. The solution-process caappéed on the fabrication of large

area devices. The process is free of vacuum chaarbestrument and the pumping
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time. Therefore, the fabrication cost can be sigaiftly lowered. The well-known
solution-processes are “spin-on coating” and “injgcinting”. The economical
deposition can be accomplished by the spin-on rgatithin a very short time. The
patterning method may also be achieved in a sstgle with the aid of inject printing.
Heating also plays an important role in the soh#mocess. The solvable materials
for solution-process sometimes are the precursoorgénic semiconductor or the
mixture of conjugated oligomers with solvents. Masinjugated oligomers and
polymers used as semiconductors are insolublermoan solvents. Sometimes, these
may either affect molecular packing or increase ithestacking distance between
molecules and result in mobility chang@8] In addition, the mobility of these
materials is low may due to partially cross-linkgaring the polymerization process
and results in low molecular ordering. To:improvels issues, several researchers
have synthesized soluble precursors, . which can twevected into the final
semiconductor intrinsic layer after film-depositiBentacene transistors with high
mobilities have been reported using' this apprdadh. Oligothiophene based
transistors have also been reported with reasomablglities. High mobilities have
been reported with several oligomers by optimizing deposition conditions. Both
spin-coating and solution-casting are commonly usedolution deposition. In the
spin-coating method, the solvent dries relativalst fallowing less time for molecular
ordering compared to that in solution-castiag-30] But the film uniformity is
usually better for spin-coated films. These filnasi e annealed afterward to improve
molecular ordering as discussed later. For maseraih tendencies to form highly
ordered molecular packing, it was found that ey@n-soated films can achieve very
high motilities. The structure analysis with gragimcidence wide-angle X-ray
diffractions (GIWAX)[31] indicated that the polymer conformations are sinid the

solvent used for film preparation. For polymer sswnductors, their molecular
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weight and polydispersity also have great impactttoan morphology of their thin
films. Recent work has shown that the mobility gdinscoated regioregular
poly(3-hexylthiophene) differs by several ordersmégnitudes depending on the
molecular weight of the polymer. The mobility wasifid to increase with molecular
weight. Low-molecular-weight PHTs (number-averagedlecular weight less than
10000 were found to form rodlike morphology, wherdaigh-molecular-weight
polymers formed isotropic nodules. It is unclearetier the difference in mobility is
due to the sharper interface between rods in themolecular-weight films or the
fact that the larger-sized molecules require leggpng between molecules. A simple

diagram of explaining the spin-coating process is:
Spin-coated polymer dielectric
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Fig. 1-4 The solution-based process of fabricatinQTFT dielectric and organic
film.
Alternative methods of patterning from the printingustry are being examined to
replace photolithographic patterning. Printing noelhy such as flexographic marking
and jet printing, are used routinely to make laagea, low-cost high-resolution

documents and graphics. Important questions f@ethechnologies are whether they



can achieve the multilevel registration (bettemnth@um) required for backplanes and
whether they can be performed in high yield witmMew numbers of defects.
Contact printing comprises a set of patterning we@shwhere a pattern of ink is
defined on a flexible stamp and then transferred sobstrate by mechanical contact.
The stamp may be directly patterned with featurd®d, and then placed into contact
with a substrate, such as in flexographic printmgthe ink may be transferred from a
rigid, patterned master to a flexible transfer acef that is placed in contact with the
substrate, such as in offset printing. Becauseacbmirinting is purely mechanical, no
optical exposure system is required to define tepatreducing the complexity of the
patterning tool. One of the first printing methaalsamined to pattern conductors in
large AM-TFT backplanes was offset printing. A Udkable ink[32] was placed in
patterned wells in a rigid glass plate and thendfierred to a silicone-based roller that
was placed into contact with a metallic film. Thmansferred ink was then cured by
UV exposure and used as a wet etch resist. Featfi@sim with separations of 10
um were created in metals and silicon'using thisinggie. While this method was
used successfully to fabricate poly-Si TFTs, itgher use requires exploration of inks
that are adequate etch resists and have low iampaiities, which can contaminate
dielectric and organic semiconducting layers. Thegsgal limits of micro scale offset
processes have been examined and depend critmallppe capillary, viscous, and
adhesive forces on the ink. One of the most widelgyearched techniques for
patterning metallic conductors is the printing qgfaterned SAM of an organothiolate
that is used as a wet etch barrier on a metal fAg, Pd, Cu). Micrometer-scale
features with edge resolutions of >200nm with goid >75nm with palladium can be
readily patterned. The drawback of the use of SAddsetch resists is the limited
number of metals that can be patterned. The gattretles of an AM-TFT backplane

are typically fabricated from Al or Mo-Cr due tcethlow cost, high conductivity, and
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compatibility with PECVD deposited dielectric lagerMicro contact printing has
been used to fabricate both the gate and the da#dsl of prototypes of AM-TFT
backplanes. The IBM group has developed a iCP-bpsecess for gate electrodes
based on etching of an electroplated copper |18yery used electroplated Cu layer as
an etch mask for an underlying electrolessly pldNd8 layer[33] After definition of
the NiB electrodes, they removed the Cu layer by etehing leaving only the NiB
layer. This process has been performed on 15-iassglubstrates. Rogers and
coworkers have fabricated the source and drainl leletrodes of an AM-OTFT
backplane using gold electrodes that were pattebyetCP. They patterned 10m
features with registration of >hfh to electrodes defined by photolithography on a
5-in. by 5-in. substrate. In other work, a goldnfisupported by a PDMS film was
patterned by iCP and then laminated onté:an orgdmdo form the source and drain
contacts of a TFT. This method creates .a stagg@idel, a structure that typically
has lower contact resistance than'a coplanar steictThe main challenges for soft
lithographic techniques are the fidelity ‘of patemnfeatures and registration over
multiple patterned levels. A method referred towas’e printing”[34] that uses a
traveling air pressure wave to press a stamp imotact with a substrate has
beenshown to reduce distortions. The commerciaiyjnahstrated inject printing

system is shown:

Xk ; ;
oAk

Fig. 1-5 The inject-printing system and its printing head [Fujifilm Dimatix, Inc]
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1-2-3. Dielectric and Interface Engineering

The carrier transport in organic semiconductodifferent from that in in-organics.
Organic semiconductors should be viewed as “modecolids”, even in the case of
polymeric or organic semiconductor. As a resulg thelectric will affect carrier
transport and mobility much stronger than that merganic materials. First, the
dielectric can affect the morphology of organic semductor and the orientation of
moleculan35] with the balance between the dielectric semicotatadespecially in
bottom interface). Second, the interface roughnasd sharpness will also be
influenced by the dielectric its€B6] the deposition conditions, and the surface
energy. Studies of interface roughness indicaté ithes an important key to high
performance OFETs. Increased roughness will leadalieys in the device channel
region, which may act as carrier! traps..:-Roughnéss degrades the growth of
uniform[37] crystalline domains and the nucleation densityothAar effect on OFETs
performance is gate voltage “dependent: mobility #mel variation of threshold
voltages. A reasonable possibility is‘that the iearconcentration controlled by the
across gate-dielectric by changing the occupatemell of the interface density of
states (DOS). At the same time, the gate field foage the carriers to travel in the
vicinity of the interface in a 2D fashion ratheathallowing them to optimize their
route through more efficient paths through the 3ilk 36]

The first OFET devices were deposited on Si satest with SiQ as the insulator.
The choice of using Si substrate was convenien§i@s can be thermally grown on
the heavily doped Si wafers, which served as the gtectrode. Si@has been
well-optimized to form a defect-free interface w8h its top surface (relevant for an
OFET) is much less defined, as it is subjectedniant processing steps during
OFET fabrication. The SiDsurface is likely to contain Si-OH defects and exat

depending on its processing method. Alkali ionsd@sthe oxide film influence
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further the operation of device characteristicstipalarly hysteresis and threshold
voltaged.38] Surface states on inorganic oxides are a partiquiablem leading to
interface trapping and hysteresis. The growth aitgeene on SiOhas been widely
studied under different deposition conditions. Imi@otly, it was demonstrated that
the nucleation density was strongly influenced Iy substrate quality: grain sizes
were larger on Si (001) surfaces passivated witlycdohexene layer than on SiO
[39] Dendritic growth in pentacene is often associatgdh high mobility and is
typically achieved when the substrate temperatsifgetween 20 and 130°C, with a
deposition rate of 1-3A/s. How much the dielectsigbstrate matters is clearly
demonstrated by the large number of surface tredtrawidies in the literature.
Surface treatments such as hexamethyldisilazeneD@jMvere first employed at
Philips in the early 1990s to protect Si@nd define a uniform layer on top of it
before depositing the organic semiconducter (O&Q).HMDS is used in standard
silicon processes before applying photoresistsbitter adhesion. Several studies
investigated the properties of self-assembled naymos (SAMS), such as HMDS,
octadecyltrichlorosilane (OTS), other silanes, aéqhosphonic acid, which
covalently attached to the Sif21] Mobility increase has been characteristic for
many organic semiconductors. A possible explanafion increased field-effect
mobility is due to the increased grain size of seeniconductor. This is assisted by
high molecular surface mobility and reduced inteoac with the hydrophobic
substrate surface. Surface energy is significarebjuced on “silanized” substrates
with a very high contact angles (>100°). Increageain size associated with SAMs
was reported for pentacene. One suggestion, imdicdly scanning electron
microscopy (SEM) and X-ray diffraction (XRD), isaihOTS may increase the density
of flat-lying molecules and is reasonable for irsieg the holes mobility in

pentacene OTFTs. Longer alkyl and branched alkginshhave also been particularly
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effective, increasing the mobility up to 3.3%msec and, although hydropholj2]
reported to lead to a high degree of continuityhie first few molecular layers. The
long alkyl chains may also improve the roughneshefdielectric layer. Interestingly,
when studying a range of silane treatments, the IBMup found that the
hydrophobicity alone could not explain the obserwdifferences in pentacene
performancg43] The orientation of the terminal groups on the Sad&med to be a
key; terminal bonds parallel to the surface produleghly ordered films with high
carrier mobility. The most commonly accepted andinoged orientation for
pentacene is the long axis of the molecule beirrggralicular to the substrate. The
role of the dielectric surface treatments is stidit entirely clear and may be a
combination of several effects such as influen@ogace energy and smoothness,
inducing molecular orientation, and:neutralizingface defects. The commonly used

interface modification is illustrated 'as:

g g ;r;); .(:',:)h

PMMA

PVP

E R‘O

. g v 1) 5 [ () [Sowcacontact orain conner | Sha
h 2 (’?"%\"‘(ﬁ}- P P e e
a " [ OR
PVC (

/Y
L
PVDF Borts CYPEL <
<
AN
1%
e

Polymer Dielectric
Interface control with SAMs SAM Dielectric

ﬂ ﬁ Pentaceneﬂ ﬂ

Dielectric
Gate

Substrate

Fig. 1-6 The surface treatment on dielectric for OFT fabrication.
[Nature (London) 431, 963 (2004)]

The dielectrics discussed up to now have all hberf'bottom gate” devices. The
deposition of inorganic dielectrics on top of thEB@as a “top gate” device would be
difficult. The surface treatments employed on immig material would be practically
impossible to use in top gate devices. Organiedtdats, however, offer the freedom

to form up both top and bottom gate devices mosdyehy the use of solution-based
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and printing techniqgues. Some organic insulatorendt reported in the literature.
Pentacene growth was compared on organic and imorgielectrics such as Si0O
SisNg, PVP, and benzocyclobutene (BCB), all in bottontegaystems. Some
crystalline sizes difference was observed, butdtrobt lead to significant differences
in mobility or subthreshold swing4] It was suggested that once deposition
conditions are optimized to obtain similar morplgyleand the intrinsic behavior of
the pentacene device. The surface roughness, hgwappeared to be a very
important parameter, and polymeric insulators aamegally produce smooth surfaces.
In a very interesting study, the 3M team used thl®nm layers of poly
(a-methylstryrene) (RMS) on top of the i@ielectric[45] Pentacene film was then
be deposited on the RMS layer yielded mobilitiestaibenf/v-sec, independent of
the molecular weight of the styrene polymer. Thespnce of the RMS layer was the
strongest contributor to high mability-among théest parameters studied, such as
chamber pressure, deposition rate, and-the nuniloeysial grains. It was also found
that the crystal size or the type of grains'wafailt to correlate with mobility45]
The use of organic polymers such as PMMA has gépeesulted in higher mobility
and better device reliability compared to the psscdependent SPOA good gate
insulator should preferably have no dependence agaatance on frequency.
Interestingly, mobilities as high as 0.1-0.5éwsec were obtained using a relatively
polar insulator, PVP in oligothiophene FETs. Thesance of long alkyl chains may
provide some screening effect from dipolar effestsvell as from interface defects on

the insulator.

1-3 Motivation

The goal of our study is to fabricate high perfoncea OTFT with pentacene active

layer. We investigated new dielectric material wdtv surface energy, which surface
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energy is matched to the pentacene film. The dmteleakage and its mechanism
were also studied by changing the process pararuettdre optimization of dielectric
properties. We also tied to develop the OTFT phatoth gaseous detectors. By using
the dielectric treatment, we tried to improve th®to sensitivity and investigate its

interaction process. The gaseous detection wayafgeed in isolated chamber.

1-4. Organization of Thesis
1-4-1. High Performance Aluminum Nitride Organic Thin-Film Transistors

The RF-sputtered AIN film was used as the gatelatsu in pentacene-based
OTFTs. With the dielectric breakdown field largean 5MV/cm and the relative
electrical permittivity as 7 in the AIN film, thergposed TFTs exhibit low operation
voltage, low subthreshold swing (=0:4V/decade) ligti on/off current ratio (>
By adjusting the AIN sputtering.process; it wasHduhat smooth morphology of AIN
film (surface roughness <2A) can-berobtained byelimg down the process
temperature. This atomically smooth dielectric acef leads to the growth of large
pentacene grains and improves the leakage cumerdlao the field effect mobility.

Besides, we tried to reduce the AIN gate-leakageltaying the reactive gas (AN
ratio during the sputtering process. Thus, tha {kilOOnm) and low-leakage AIN
gate dielectric was achieved. The demonstrated@IN¥Ts can be operated at low
voltage (<5V). Low threshold voltage (-1.5V) angtremely low sub-threshold
swing (~104 mV/dec) were also obtained.

Finally, we reported on the low-voltage (<5V) pemae-based organic thin film
transistors (OTFTs) with a hydrophobic aluminunridé (AIN) gate-dielectric. In
this work, a thin (about 50nm), smooth (roughndssua 0.18nm) and low-leakage
AIN gate dielectric is obtained and characterizedhe AIN film is hydrophobic and

the surface free energy is similar to the organicttee polymer films. The
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demonstrated AIN-OTFTs were operated at a low geltgV-5V). A low threshold
voltage (-2V) and an extremely low subthresholdngw(~170mV/dec) were also
obtained. Under low-voltage operating conditiahg, on/off current ratio exceeded

10°, and the field effect mobility was mobility wassZcnf/V-sec.

1-4-2. High Photo Responsivity of Pentacene-based rganic Thin-Film
Transistors

A simple UV-treatment process on PMMA dielectripi®posed to enhance photo
responsivity of pentacene-based OTFTs. The UVitieat creates excess
negatively-charged sites on the PMMA dielectricjclihmakes the device exhibiting
a large photo-induced current and prolongs thevexgoof persistent conductance.
In order to describe time-dependent photo-induaadeat, equations with double
time constants are proposed. = Based on time-cdnfamys, slow-varied response
is found to be influenced by: the UV treatment. Tiapid-varied response is
independent of gate bias and UV 'treatment. A ppdeismodel for spatial

carrier-distribution is discussed and proposedesrdbe this observed phenomenon.

1-4-3. Gated-Four-Probed OTFTs in Ammonia (NH3) Gasensing
Pentacene-based organic thin-film transistors (@)Fiere used as ammonia
(NH3) gas sensors in this study. The electroniarattieristics of OTFT, such as
drain current, threshold voltage, and field-effewbility were sensitive to variations
in NH3 concentration. When NH3 concentration wasreased, drain current and
field-effect mobility were reduced and thresholditage negatively shifted. By
using Gated-four-probed analysis, the effects of;Njds on pentacene film and
contact resistance were investigated. It was falgod that device dimensions were

an important factor, influencing the behavior dofldi-effect mobility in OTFT gas
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sensing.

1-4-4. Vertical Channel Organic Thin Film Transistas

We had fabricated vertical channel organic thimfitansistors with channel length
smaller than 100nm. It is found that Fowler-Norahetunneling is the dominant
mechanism to explain this ultra short-channel dewiehavior. To improve the gate
control capability, meshed-like source electrode pad been used. This significantly
lowers down the gate and drain driving voltage &10mproves the saturation
characteristics and reduces the leakage curreet.improvement may de due to the

fringing field around the source electrode thatsapses the tunneling effect.
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Chapter 2

Theoretical Backgrounds

2-1. Transport in Organic Semiconductors

2-1-1 Molecule Orbits and Localized/Delocalized Stes

In the molecular theory, the electrons distribateund the nuclear molecule. The
electron motion can be described by the wave fanctThe molecular orbits are
formed by the linear combination of atomic orbitGenerally, we name such
molecular orbit method as linear combination ofnato orbital (LCAO)[1] The
molecular orbits is similar to the atomic orbitsspecific molecular orbit can be
occupied by a pair of electrons, which has differgoin state, respectively. For a
simplified case, we can consider aitwo atom wawetfans casg2, 3]

W =al®d, +bl®d,

W is the molecular orbit, which is a linear combioatof two different atomic wave
function ®_, and @, with constanta and b, respectively. We may solve the

Schrédinger’s equation to obtain the energy as:

HW=EW

I

2
= (OO,

- [wHWdr [(am, +b@,) H(a®, + b,) &
 [Wwdr  [(am, + b,y (A, + b®,) &

Where H is the system Hamiltonian witV, and V,. We may obtain the energy

E as:

_ @’H,, +2abH,,+ P H,,

E
a’+2ab+Bf

(Haa_ E)meb_ E)_(Hab_ El:Sat)z :O
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Hy =[O HO, @7, § = [¢/d o
We may letH_ =E_,, H, =E,, and H_, = 5. We will get the split energy levels

as:

E =IE + E) (&~ B +47]

1
2

E, =Z[(E +E)+y(E - §)?+4/7]

As a result, we may plot the energy diagram teitiate the molecular orbit energy.

E, Anti-bonding energy

.................................................. Ea Atomic Energy

Ep  sreeeeeressessssssesssssssssssssssssssssassassans
Atomic Energy

E, Bonding energy

Fig. 2-1 The bonding and anti-bonding molecular orki energy.
The molecule energy leveE, is lower than the lowest atomic energy levgl,
which energy level (state) is named as “bondingestaOn the other hand, the
molecule energy level energy levé, is higher than the highest atomic energy level
E,, which energy level is named as “antibonding-stgte In the view of spatial orbit
distribution, we may plot the corresponding molacubrbit ¥, and ¥, for E

and E, as adiagram of:
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Fig. 2-2 The bonding and anti-bonding molecular oris.
The electrons are occupied from the lowest enaxggl lto the highest level. When the
atomic orbits form into the molecule orbits, theg# follow three principles.
(a) Energy Similar
If we consider from the view of energy differencetveeen E, and E_, the lower
energy difference will result in a more stable noale structure. That implies the total
system energy of the molecule structure is alseted with the decrease of energy

difference. If E, = E,, that will form a molecule orbit efficiently witla strongest

bonding force. If|Ea— Eb| >0, the bonding force of the molecule orbit will $itty

reduced. If|Ea— Eb| >0, it will be hard to form a molecular or crystal.eWhay

summary that if the electron energy.of externaltagosimilar, that will form up a
molecular orbit more easily.
(b) Maximum Superposition
As we previously statedf is the‘integral of the wave function overlap. Targer
£ indicates the more the wave function overlap. §da £ will also result in the
more stable molecule orbit.
(c) Symmetric
The parameterS,, and S is the wave function integration and energy ira¢ign
between two atomic orbit, respectively. If the trbas high symmetry and high
atomic orbit overlap, and the wave function hasilamnsuperposition symbol, which
will be an effective bonding.

In the theory of molecule orbit, the orbits aemngrally classified into (ay orbit,
(b) 7 orbit, and (c) & orbit, respectivelys] In o orbit, we can not observe any
nodes of the molecule orbit when we watch the droit its axial. In 77 orbit, it will

be an anti-symmetry structure and there existsfaciwith nodes on it. Ind orbit,
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the electron cloud is distributed in two differatitections and this orbit has two

surfaces with nodes. We may illustrate these odsts

g-orbit  m-orbit  J—orbit
Fig. 2-3 Thee bonding, n bonding andd bonding molecular orbits.
The dashed-line is the node surface and the idltistr is viewed from one side of the
molecule axial.

As for the organic materials, the fundamental cositpn is come up with carbon
(C) and hydrogen (H) atoms. The orbit may form up by the hybrid orbit of 1s
hydrogen orbit and Spcarbon orbit::The7zzorbit is formed up by the un-hybrid p
orbit, which is perpendicular to the?sgurface. Unlike theo orbit, the electron is
not only fixed on a specific location (localizedyitbt can move inside the whole
molecule orbit (delocalized®] From-“the view of solid state physic, the localized
electron is usually captured at a fixed place, sashhe defect states, potential well,
and other trap states. If the electron can movelyfren the material, such as the
periodical lattice or organic crustal, it will beewed as a delocalized orbit. The
delocalized orbit which owns7 bonding is named as “conjugate molecufeéT .

Due to the insufficient of long term lattice struiet, the band-like carrier transport
can not well satisfy the experimental results. Tike of momentum and wave vector
k in organic electronic states is no more valid.c8ithe density of states and the
energy band structure is determined by the electrioonding, we should reconsider
and modify the band theory in organic materialse Hmergy band in the organic

material is differed from the inorganic material.the organic materials, there is still
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existed several electronic states inside the engagy(E, ). The amorphous structures

should be the origins of these electronic stf@@gsyhich also distribute inside the
organic material9] When the carrier travels inside the organic malette long term
lattice order is no more existed; as a result,cdreier will be scattered more serious
in organic materials. Hence, the mean free pathhef carrier will be reduced
significantly. The carrier is more likely to be &ized at some specific molecule or
electronic state. The carrier can only travel iasithe material by hopping or
tunneling between these electronic states. Onlywthe carrier density and energy is
increased, the carrier mean free path will increststhe same time. The carrier will
turn into the extended states, as show in theviatig diagram, and it will travel with

a higher mobility.10]

Extended states
in the band-gap

>
D(E), Density of State (DOS)

Fig. 2-4 The band diagram of extended states and digap states.

2-1-2 Energy Band and Tunneling Model

After the observation of “negative” temperature fGoent in drift mobility in
organic material, the Bloch band theory for cartransport was proposétil] Some
assumption was also considered: (a) The periogictntial approximation, (b) The
electron-lattice interaction is small, and (c) Thltiple structures of individual
atoms. Besides, the carrier transport in organfoois the limitation of narrow band.

From the uncertainty principle, if we consider trendwidth W, which should follow
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the inequality relation:

WI>h and r:i
V

r is the relaxation time of carrier between scatgsj A is the mean free path, and
v is the drift velocity. If the bandwidth is lessdaWV < KT, the carrier drift mobility
is:
-9 2
u=6o(v?)
1
We further estimate the mean drift veloci(y2>5, will at the order ofv__ . The

max

v is equal tow7a, we may also estimate the approximated mobilityubyg the

small mean free path and narrowband, we may rewhiée mobility in organic
material as:

A>a

a2
4> EWIKD
Where a is the lattice constant.”A.linear.combination oblecular wave function
and potential well with Hiickel's approximation [$2]
13 . X
wk(r) :_zexp(Jk IEJn)@%l( + n)’ V(r)zzvn(r - n)
\/N n=1 n=1
If we further consider the modified assumptions ggnmetric and anti-symmetric

molecular wave function in unit cell, (b) the taflwave function is also reconsidered,

and (c) neglect three-center integral, we may atstbe wave function as:

() =ﬁ2(ﬂ)‘ exp(k B, Y@ )

2
By solving the HamiltonianH = —;l— 0% +V(r), we may observe the energy:
m

‘Hy,d ,
=14 w—%yw =BT E+Y () Eoosk,)

where E, and E are:
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E,= [ (V¢ )L )dr

E=[gr-r)N¢ ) gnd

E, is the energy for isolated ion-pair from infiniteeparation, E, and E,
represents the intermolecular resonance integhals,Twe may obtain the relationship
between wave vectdrand energy and band structure.

In the early 1950s, Elegt al][13] had proposed the “tunneling” model for organic
materials. This model describes electron in a giwerbit of one molecular may
tunnel to the other higher energy levels (excitedes) of neighbor molecular. The
tunneling process is energy conserved and the dtiggrer energy levels (excited
states) may be a singlet or a triplet states. Timndled electron in the neighbor
molecular may return to its ground state. or tunt@he next neighbor molecular. In
general, the electron has higher probability tantirio the next neighbor molecular.
When the excited electron is situated In the ttigetes, its life time will be
prolonged and the probability of tunneling-to tlextineighbor molecular will also be
increased. We may explain the process by usingalh@wving diagram. In an idea
potential model, the potential barriers are locdtetiveen the molecules and separate
the m-orbits. However, in real cases, Kemeny and Rosgnldé] proposed that the
potential barriers should be a combination of Cowdgpotential and the potential of
electron affinity from the original molecule. Asresult, the actual potential barrier
should be smoother and more like a triangular p@tebarrier. This barrier has better
approximation to the experimental result and bawelth is smaller for electron
tunneling in a high energy levels. When a carrgepnccupied at higher energy, the
potential barrier width will lower. As a result,ehunneling probability will also be
increased at the same time. However, the potemtialer widths between molecules

are still not well verified, it is usually assumitat the barrier width is at the order of
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10A or less. In some organic material with periodigstal, the tunneling model is

also considered as a band-like model for carrargport in organic material.

Electron Hopping

«— M —>

Electron Tunneling

Electron Hopping

Electron Tunneling

Fig. 2-5 Tunneling model for organic transport.

2-1-3 Tunneling and Hopping Model

In general, the carrier transport in organic matds still not well described by the
band model. It is due to the carrier mobility igv¢at the order of 1 chV-sec or less)
and experimental results are also not good agrétbdte theoretically prediction. In
conventional, the organic material 1S narrow- band eesults in a band with high
density of states (DO%$)5] When a carrier travels in the organic material&liows
the momentum and energy conservation. As a rabeltsingle phonon emission and
annihilation will not valid to explain the transpofhe multiple-phonon process with
random electron motion should be a more suitablelanto describe the carrier
transport in organic material. Hence, the suitabtalel is usually named as “hopping
model”, which describes the random jumping carrleveen states. The transition
between the “band-like” and “hopping-like” procesay be determine by the carrier
(electron/hole)-lattice (or the oscillator phonon#geraction.16] For example, if the
interaction between carrier and the lattice (imwtecular) is larger than the
interaction between carrier and internal nucleustrgimolecular), it will be a

“hopping-like” proces$17] We may judge the process more quantitatively bggus
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the carrier relaxation time constamt. The typical inter-molecular vibration period
(.., is about 16° sec and the intra-molecular vibration periag,() is about 13*
sec. We will discuss the hopping process by théovahg two groups of time
constant.

The Rapid Relaxation Time (7 <7, <Tier)

The carriers will move quickly in the material$iet lattice vibration (inter- or
intra-molecular) is viewed as a small perturbafimnmotion carriers. The scattering
effect from the lattice is not significant and tbeattering probability for carriers is
low. The carriers can travel freely thought sevenalecules (lattice sites) and then

suffer the scattering. The carrier motion can astaatraveling wave and the

“band-like” model is valid to describe the carrigansport.

The Slow Relaxation Time (7,,,, ST < i)

The carriers usually stay on‘specificrmoleculetii¢la sites), however, the nucleus
will move to new equilibrium sites at the 'same tiéhen the carriers staying on the
specific molecules, that will polarize the molesuldt will also result in a new
self-trapping site and form polarons. In most ok tlerganic materials, the
inter-molecular vibration frequency is slow, which also related to the acoustic
phonon and the carrier-vibration interaction is kvean the contrary, the
intra-molecular vibration is fast, which is relatea the optical phonon and carrier
vibration, and such interaction is strong.

In general, the carrier-phonon interaction isorsy and mainly related to
intra-molecular in the hopping model. The carrieloeity is usually also determined
by the phonon velocity. In the early stage of hagpmodel, a model of linear

interaction model between charged carrier and abtuhonon was proposed by

Holstein. But the linear interaction model can natll describe the temperature
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dependent mobility in some organic aromatic maltefiierward Munn and Siebrand
proposed a “quadratic” carrier-phonon coupling mddearomatic material§l8,19]
Both hopping limit and band limit transports wetsoaused. Three interactions were
considered in the approximation: (a) mechanicalpting between neighboring
oscillators with frequencya , (b) electronic coupling between neighboring
molecules with coefficientd, and (c) carrier-phonon quadratic interaction with
frequency w,. We may observe the carrier mobility by solving thave vectors and

Hamiltonian equation:

IR {x}1=2a{x} AR~ na )

9 2 , 2
Jh(a—"’t““)={2{ 6)6 ; Meaf X7 + nkwl X( X+ M}-—; mw; %} 7

—J(a.. + &)
R and {x} is the carrier position coordinates and inter-eacl coordinates,

respectively. n is the ' site of the molecularionm, is the reduced mass.

(1) By using the “slow electron” limitation and tleendition a)z wl > 4],

d
we may get the single-oscillator mobil{ti8]:
2mlal, o ]
Hoe = hBKT [1+0'
hzag h2a)12
(2) By using the “slow phonon” limitation and thendition ? >4)>—=,we
W

may get the single-oscillator mobilif8]:
mqB° a2[ o(l+0?)
16hIKT (1+o)(1+o ¥

/’Isp =
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where g =exp(- B is the phonon band width.

h_% )’ B - E
KT )
A generally used simple mobility model Mott and @ey[20] in organic material can

also be reduced as:

av
p=32

exp2E)
kT kT

a is the width andAE is the height of the potential barrier. is the frequency. A

different hopping model from ion-exciton complexssalso proposed by Pohl and

Gutmann21, 22]as:
M +M,M; - MM, +M]

M +M;M: ..M MY, > MIM.. M2 M- +M?,

n+1

n denotes the sites.

2-1-4 Polarons in the molecular Crystal

In the molecular crystal, the*motion of a'carriatl Wwe influenced by the other
ions[23, 24] For example, when a positive charged carrier mawdate molecular
crystal, it will attract the electron cloud. Thaillwesult in the ionic displacement and
polarization, which will lower the electrostatic tpatial in a small region. The

decrease of the electrostatic potential can beritestcas:

R

1
4rE, 1 &

r is the distance between the moving carrier andetketron cloud.£, and &
represents the high-frequency and low-frequenclecligc constant, respectively,

is the dielectric constant of vacuum. The reductibelectrostatic potential will also
become a potential well and bond the moving carras a result, it forms a
self-trapped state. That will enlarge the effecttagrier mass. The self-trapped states

are different from the impurity or the defect ceshtrapping states. The self-trapped
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states are not localized and it will move with thetion of the carrier. However, the
impurity or the defect related trapping states lamalized and fix the carrier at a
specific region. The self-trapped states are vieagdnotion carriers combined with
lattice distortion, which are also viewed as a gpasticle. Based on the polarization
range, the polarons can be classified into two. &@tee is the large polaron and the
other is the small polaron. In order to distinguilsé type of polarons, we may define
the carrier localization range ds which is the uncertainty of a carrier. If tHe<r,,

it will be a small polaron. When >r,, it will be a large polaron. Where, is equal

/)
2ma,

to Besides, the polaron magnitude can also be dsiimby a

dimensionless factowr , which is given af25]:

* 1
N Li _ﬂ

ha, is the longitudinal optical wave-energy. The cauplcoefficient a can
denote the magnitude of carrier-phonon interactibime large @ represents more
phonons interacting with the polarons; these phemaili drag the carriers and lower

its motion in the molecular crystals. Besides, hge a will also increase the

effective mass of polarons.

Large Polarons
For large polarons, Frohlich firstly calculatée teigenstates of these large polarons
[26], which described the weak and medium-sized elegitmnon coupling. The

energy eigenvalues of such polarns for small kesaédugiven by:

(hk)®
2m

p

E,(K) = E,(0) +
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PR (
E,(0)=-ahw, m = m (1+E)
E,(0) is the self trapping energy for large polaroms. is the coupling coefficient.

h is the Plank constantw is the angular frequency of the lattice oscillaticm’; IS

the effective mass for polaromm is the effective mass for carrier. b <1, the
self-trapped energy is low and viewed as weak eéogplf a (05, we consider it as

intermediate coupling. Ifa >10, the coupling is strong. For actual examplegif is

small, the carrier motion will be more free and thé will be more likely the m

in the conduction band. Under such condition, tla@dport of the large polaron is
similar to the transport of the electrons or hoM® may use some approximations,

such as the corrected band theory, to describeattier behavior.

Small Polarons

Most of the polarons inside the molecular crystal small polarons. The coupling
between electron and phonon is stromg>10) and lifetime of the small polaron is
long. The interaction range between carrier andemdar is small, its lattice
distortion is at the order of lattice constant, evhiis only happened around the
carriers. The small polaron has smaller energy {gmpdand the energy band-gap will
be increased with the reducing of the temperatupomrentially. Due to the strong
carrier-phonon coupling, the small polaron can fiih between the localized polaron
states or “hop” between the non-equivalent locdligates with phonon creation and

annihilation. In generally, the small polaron tnaog shows two different behaviors

under different temperature. Holst¢izv] has found that ifT < 0.4%0, the band-like

. hw
transport is assumed for low-temperature smallrpaléaransport. If T >O.57, the

hopping-like is assumed for high-temperature srpallron transport. Its polaron
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bandwidth and effective mass will increase with teéuction of temperature. Under
the low-temperature condition, the phonon numbelovg and the carrier-phonon
coupling (interaction) is also reduced at the séime. As a result, the small polaron
will not be scattered by the phonons significamiiy move more likely in the energy
band. Under the high-temperature condition, thenphanumber is increased and the
carrier-phonon coupling (interaction) becomes msireng. The polaron bandwidth
will be significantly reduced and the band-likensport is no more valid. The small
polarons will hop from one state to the other eglgnt states and the motion energy
is supported by the phonon. The “hopping processilso viewed as phonon-assisted
tunneling.[28]

It is usually concluded that the carrier motiorbetween band-like (coherent) and
hopping-like transport in room temperature, whes ¢arrier mobility is at the order
of 1 cnf/V-sec. Kubo[29,30] proposed a'catrier-phonon interaction and Vilfah]
derived a mobility formula for 'small polaron modtie mobility equation includes

both band-like and hopping-like transport is giaesn

__ 9 T 12 1 (& - EU
:U_ hng[S(Bz_ BJZ)] IEXp[ Zh (82 §2)]@(4‘fu ij (a)

. VAL 9o
Eb zh@ E\] MB 3

48N? 2kT 480\ 2kT

EhF hs ). B ” EhFS hlel )

B =

«, is the carrier transfer integralsy is the distance between the center of

nearest-neighbdl” andj™ molecules; 7w, is phonon energy in thel™ states; M is

the molecular masss is the sound velocityy is the distance between the

nearest-neighbor molecule¥, is the coupling constant of carrier and phonothe
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A" mode.W, | _,and | are also given as:

w2y SIN(R)
! ——jQ 1-=5)EQ
- - sm(ZQ) st
| ——jQ )=

where a is the mean molecular polarizability; is the volume of the sphereQ,

is the dimensionless radius of the Debye sphé&pe;is equal tok, i, where

k,represent the wave vector of phonon. The equaadregnsists the experimental

and empirical mobility model, which is represenssd 32]

3

— E
=CLI2expl=—=
H Pl kT]
E, is he minimum energy between two equivalent stafesis the absolute
temperature. The value of, is generally at:the order of or smaller than tleeteon
bandwidth of the organic molecular crystals. Besjdhe time of formation of small

polarons is given as by:[B, which is at the order of localized carrier lifag from

the estimation of carrier bandwidth.

2-2. Interface and Dielectric Engineering

2-2-1 Surface Energy and Polarity

The surface energy is defined by the interfaceid@nisetween two different phases,
generally between gas phase and solid pf&3jdt is because of at the interface, the
atom value is much less than inside the bulk. Timéase force or surface tensile

should be re-defined a84]

ygszyglcose-'-yls
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Y, is the surface energy of a solid surfagg, is the surface tensile of a liquid

surface. y;, is the surface tensile between liquid and soliterfiace. 8 is the

contact angle between liquid and solid surface.

2-2-2 Surface Treatment and Organic/Interface Propeies

Lowering surface energy of dielectric is a key tmghh performance OTFTs.
However, for most of the conventional dielectriggch as Si@ SiNy, or metal oxides,
are high surface energy. If we want to lower thiaseganic dielectric surface energies,
surface treatment is necessary. In 1990s, Philips proposed the usage of
hexamethyldisilazene (HMDS) for surface treatmeefolke organic semiconductor
deposition.35] Consequently, many researchers started the tdé@uaréace treatment
by using the self-assembled monolayers(SAMS) tapoe the OTFT performance.
The silane based SAM,: such  “as - octadecyltrichlansil (OTS) and
octadecylmethyldimethoxysilane (ODSre-well proposed to improve the OTFT

characteristics. The structures of these SAM maltedare shown a§36, 37]

CH; CHs;
CHa;- Si-NH-Si -CH3
CH; CHs; Cl -si-Cl 0-sSi-0O
Cl O
CsH19NSio CH3(CH2)17S|C|3 CH3(CH2)17SiO3

Hexamethyldisilazene (HMDS) Octadecyltrichlorosilane (OTS) Octadecylmethyldimeth oxysilane (ODS)

Fig. 2-6 The HMDS, OTS, ODS for surface treatmentn OTFTSs.
After surface treatment, the dielectric surfacd witn into hydrophobic. The water

contact angle can be as large as 100 degree or. toeesurface energy can be lower
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to less than 40mJ/dmat the same time. For most of reports, with thefase
treatment on OTFT dielectrics, the OTFT mobilityosls drastically increased. The
high mobility about 2.1-3.3cff\-sec was reported with SAM treatment or even SAM
with longer alkyl chain$38] Many researchers have summarized that the possible
reason for the SAM treatment on mobility improveméh) The SAM may increased
the grain size, (2) The SAM may increase the nurobdéat-lying molecules, (3) The
SAM will lead to high continuously grown moleculesthe first few layers, (4) The
SAM will reduce the surface roughness, (5) The teangroups on SAM may
produce high order film, (6) The SAM may form tmeeirchain cross-liking, that will
create a uniform surface, and (7) The SAM may rdiatr the surface defedt39]

As for controlling the surface energy of dieledr there is still a alternative
method. We may use the low surface energy mataoadst as the OTFT dielectrics.
Due to the simple process, accessibility, and logt,che polymers are the candidates
for OTFT dielectrics. The commanly-used for OTFTeldctrics are shown as
follows :[39]

. CYTOP™
o by

n

Polypropylene _CF,

m

Polypropylene-co-1-butene Polyvmylalcohol

CH,
n
‘Lﬁo
Polylsobutylene PMMA
\CH3

PonvmyIphenoI

Fig. 2-7 The polymer dielectric for OTFTs.
(Janos Verest. al., AVECIA, Electronic Materials and Philips Research

Laboratories)
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In contrary to the conventional dielectrics, theseaterials are low dielectric
permittivity and low polar. Most polymers are cambor hydrogen compounds with
special end groups, such as —OH, -R, 3G —RO bonds. These dielectric constants
are at the range between 2.1 to 4.5. With the diggolymer dielectrics, the high
mobility about 1.5-3crfiv-sec may be observed in OTFTs with PVP or PMMA
dielectrics. The reason of high mobility with theage of polymer dielectrics is its
low surface energy, which may match to the orgaeimiconductor. As a result, the
voids or defect at the interface or inside bulkdl we reduced. Besides, the low
dielectric permittivity material is also low polanaterial. It is because of the high
polar material will enhance the localization at ®&FT channel region and will
result in randomly orientated interface dipolesteRtally, the bulk density of states
will be broadened and scattering probability wiBabe increased at the same time.
Hence, with the usage of polymer dielectrics, twdl provide a longer screening
distance from polar sites and defects:-The poldnded localization and bulk DOS

extension may be illustrated &39]

Dipolar
disorder

at interface
I )

N(E)

_Source Drain

Il
(]
vt
[

Organic Ser'nloonductor \
i Y O @ )

Dielectric

Gate
Fig. 2-8 The effects of polar dielectric result inocal disorder and DOS extension.
(Janos Verest. al., AVECIA, Electronic Materials and Philips Research

Laboratories)

2-3. Optoelectronic Interaction in Organic Semicondctors
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2-3-1 Transition and Exciton Process

The optoelectronic process in organic semicormtuct usually explained by
guantum theory with energy band-structure. The ggscinvolves the energy and
momentum conservation between electron and photoha@ging. Electrons will be
excited from occupied energy level to unoccupieghér energy level As a result; the
electrons excited to excited states will form exc#. In the view of molecular orbits,
the molecular orbit number is equalselectron number. The typical energy states:
ground states, singlet states, and triplet statesrganic orbits can be illustrated

as [40]

E All electrons

in ground states Singlet exciton Triplet exciton
Anti-bonding
1‘ S; I T,
I (m, *) 3(m, T¥)
N S
1‘ l So l So l Sy
Bonding
- r r
K v 3

Fig. 2-9 The energy level of singlet and triplet stes.
In the ground state, all the electrons are occupieter a specific energy and the total
spin is zero. The multiplicity is equal t8S+1=1 and shows a diamagnetic property.
When an electron is excited to singlet state ameh$oan exciton, the total spin is still
zero. The multiplicity is equal t2S+1=1 and also shows a diamagnetic property.
When the electron is excited to triplet state aodns an exciton, the total spin

becomes 1, its multiplicity is equal t8S+1= 3 and shows a paramagnetic property.
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In semiconductor, the generation of exciton usuedigtains the photon absorption
and electron excitatiofl] When the phonon energy is larger than the material
energy band-gap, the electron may be excited fleangtound state into the excited
states. The hole will also be created at the same. tHowever, when the incident
phonon energy is equal to the energy band-gapgeléetron and hole can not be
separated. The electron and hole will be boundgdtb@r and move together. This
bounded electron-hole pair will be viewed as antercand it acts as a quasi particle.
But it will not influence the conductivity of molate crystal. When the distance
between the electron and hole () in an exciton is at the order of lattice constant
the Coulomb fore is strong between electron ane.hbhis type of exciton is called

“Frenkel exciton” or “Tightly bonded exciton”. Whethe . is at the order of

exciton
hundred lattice constant, the Coulemb fore.is weestkveen electron and hole, which
is also acts as a hydrogen-like:particle. Thistexcis called “Mott-Wannier exciton”

or “Loosely bonded exciton”. There.is still-anothgpe of exciton, itsr is at the

exciton
order between “Frenkel exciton” and “Mott-Wannigcion”. Its electron and hole is
existed on different molecule, respectively. Theitx energy is also less than the
ionization energy of the crystal molecules and reated in the process of
electron-hole pair recombination. The third exciiertalle “Charge transfer exciton”,

it is neutral and moves in the crystal. The thrgpes of excitons can also be

illustrated and explained ggt2]

Frenkel exciton
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Fig. 2-10 Three types of excitons inside the crydime materials.
Actually, in the organic crystals, the photo-getetacharges are mainly from the
dissociated excitons. When the photons are absdypextganic crystal, the Frenkel
excitons will be generated. These excitons will mov collide with crystal interface,
impurities, and defects. As a result, the exciteiisbe dissociated into electrons and
holes with a very high efficiency for non-radiativennihilation. The exciton
dissociation process will be discussed as follows.
() Exciton dissociation at semiconductor/electrode imtrface
Researchers had reported the dissociation of exciéd the metal-organic interface.
[43, 44] The process involves an exciton ejecting its ed&cto metal by a tunneling
process and results in a oxidative dissociation. th¢ same time, an exciton
dissociates with an electron injection ffom the aheand results in a reductive

dissociation. The process can be described as:

S,+metal/organic interface. € dr h

T,+metal/organic interface. € af h’

M’ +metal- M* +e (metal), oxidative dissociatic

M™ +metal~ M~ +h" (metal), reductive dissociatic
S and T, denotes the singlet exciton and triplet excitaspectively. M~ is the

molecule in the excited state.

() Exciton dissociation involves trapped carriers

When the trapped carrier is associated with thét@xaissociatiorj45] the exciton
will transfer its energy to the trapped carrierisTprocess is a detrapping process and
its efficiency is a function of trap distributiophoton energy, and photon flux. The

process is also described as:
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T,+e(orOT- S+ éorh

S+e(orp0f- g+ eor)
Where ¢ and h is the trapped electron and holes, respectivily. and Ky is
the rate constant for triplet and singlet statepeetively. In general, the interaction
between triplet excitons and trapped carriers hghen efficiency. We may also

estimate the carrier density with the exciton disstion by the rate equation:

d - .
d_f =1 l:lKT [T] Ept +/7T E‘OpIT Ept_l__p
T

p is the free hole concentratiorp, is the trapped hole concentration, and /7;

is the efficiency of exciton dissociation and ogtidetrapping, respectivelyl is the

triplet exciton concentrationg,, is the absorption coefficient of optical detraggpin

i is the light intensity. Thus, we can:observe tteady state free hole concentration

as:

p=r; O (o7, Il B+ B,) ™ + 1, (&)
B is also the rate constant. In short, the indiretgraction of triplet-exciton and

trapped carriers can also be explained by theiatiQ

S+~ T

T, + trapped carriers.  free carrie

The excess carriers from the dissociation of ereitwill result in the changes of
conductivity in the organic semiconductors. Theng®s of conductivity require rise
time and decay time, which is determined by the fearrier lifetime. The carrier
lifetime is a caused by the trapping or de-trapgnaress, it can also be observed by

the approximation by Rospi6]
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r,=71,(1+ i)
n

- P
Trp - Z-p (1+Ft)

Where 7, and 7, is the electron and hole lifetime, respectivety. and p, is the

electron and hole lifetime, respectively.

for an approximated example, i, > p, the hole will influence the organic

conductance seriously after illumination, wherelketo:
_. (P
Trp - Tp (_pt)
If we consider the conductance changes after pifiatoination, the free hole density

is Ap=G,7,, we may estimate the trapped carrier density as:

p )
Paiz Gprrp
Both p, and 7,, are sensitive-to.temperature and light intensity

(1) Exciton auto-ionization
The process describes when the exciton is creatéadoor more photon absorption.
After the formation of exciton, it will be dissotea into carriers or to the lower
non-ionized states spontaneously. This procesallisdcexciton “auto-ionization” and
may describe by Bergmaat al. :[47]
St (or2lv)- A e+ |

S+ (or2lv) - A- S+ phonor
Where A is a metastable state.
Besides, the excited states below conduction baayl be excited as a metastable
state. For a singlet exciton photo-ionization, ‘#eeciton photo-ionization” process is
described as:

S+t (or2w)- $
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S+l - A et hor S+ h- A S phonc
Finally, if the two relaxed singlet excitons co#ida possible “exciton collision
ionization” will process as:
S+t (or2w)- $
2§ - A- et hor2$S- A S phono

The mentioned process may also involve internalemsion process.

2-3-2 Extrinsic and Intrinsic Photoconduction

The photoconductive process can be classified tmto groups. One is the
“extrinsic photoconduction”, which contains (1) Ger trapping and recombination,
and (2) Exciton process. The extrinsic photoconduacis usually involves one type
carriers mainly. The process involves carrier trag@nd recombination. The carrier
generation time and relaxation.time will be. a fumctof defect density, temperature,
and light intensity. If we consider a-guasi-stagistem with carrier injection and

photo illumination, the modified pheto-current etjoa may be described §43]

1
3 :gglupNv (JODEH)(I—l)/I G\é
8 H, <v0p> d

Which is modified from the space-charge limits d€oug[49] the equation describes
trap associated carrier transport inside bulks. is the hole mobility, N, is the
effective density of state in valence banid, is the trap distribution function within
forbidden energy gapg is the capture coefficient, and is T_/T.

If we consider a material illuminated with lighttiwout carrier injection, we rewrite

the photo-current equation E]

gu 6t 3 1
J:q(g’u_qp)4

5 EQGP)Z /2
Where G, is the hole generation rate aréll is the ratio of free carrier density.
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These trap and light-intensity related photo-comaluce equations all show the

photocurrentJ,, versus light intensityi with a relation of J, i, where i is

the light intensity andw is the factor that determine the recombinatiomalea

Besides, the exciton dissociation is also one efitfrinsic photoconduction. If the
dissociation is located at the interface of metal arganic material, there will be an
oxidative or reductive dissociation. The excitosswiciation also involves with the
trapped carriers and phonon or multi-photon pracess

On the other hand, the “intrinsic photoconductidrads several origins in organic
materials. For example, under a condition of higkciten density, the
photo-ionization will through the multi-photon pexs or exciton collision and result
in photoconduction. Additionally, when the incidgttoton energy is larger than the
organic band-gaps and that will create electrom-Ipalirs and become a band-to-band
transition. However, the direct “band-to-band: trtmisi is much less in organic
materials than in inorganic materials. The othenegle of intrinsic photoconduction
is auto-ionization. This process describes the spmous exciton dissociation with

multiple photon-assisted processes.

2-3-3 Defect, Disordered System and Localization

In crystal or poly-crystalline materials, the elefis easily to involve the photo or
electrical process. The un-perfect sites insideméerial usually create defect states,
which are attractive or repulsive to carriers, saskelectron, hole, and exciton. These

defect states can be illustrated as a diagfafi:
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/ O Q

Donor states

Donor/Acceptor

\ recombination

A
Defect states

Acceptor states
A+, AO

Fig. 2-11 The defect related optical transitions.

The defect states inside the energy band-gap wilhdutral or charged. The carrier
will also be captured, recombined, or be emittesinfthese states. The formation of
these localized defect states can be considered land theory. From a simplified

and perfect periodical potential well, as showdhdiwvs [51-54]:

Perfect Periodical Potential

Potential Energy

S
>

Density of States

Real Space (DOS)
Disordered Potential
Potential Energy Energy
B>y B<yg
Real Space' I Density of States | Density of States
(DOS) (DOS)
# Extended states % Localized states

Fig. 2-12 The influence of local energy (potentiafjuctuation on DOS.
In the case of perfect periodical potential witmdbavidth “B”, we may obtain a given
distribution of density of state (DOS). When a ot perturbation v, is
introduced into the perfect potential, it becomedisorder system. If the potential

perturbation is smally, < B), there will be some additional states that ex¢enidom
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the original DOS. Both localized states (at bank) tend extended states exist. If the
potential perturbation is large/{>B), the original DOS will be broaden and only
localized states exists in the band. We may furthgslain the states by using the

Bloch wave functions as:

ﬁloch(r)zzeikmi B R, = ékmz &Ry et R ;)= &o Oyt )

i
This function is a superposition of atomic orbigs at every lattice siteR; with
long-range phase correlation. When the extendddsstxist in a disordered system,
we may lose the information long-range phase caticel. The Bloch wave function

terms into an extended form:

#0=Y6 e R)

On the other hand, if a localized state,forms u@,slould introduce an exponential

decay term with a localization length
@) =D 4B R Y&

We may also explain these localized or extendedtaties by a diagraph5]

A E. A
Electron state Ec}-
Deep state
E, I
Hole state
E, R
Density of States (DOS) Density of States (DOS) Density of States (DOS)

Fig. 2-13 The DOS of localized states and its engrdistribution.
As for small disorder inside the bulk, the insufficcy of long-range phase will
extend the states from conduction band or valeraxed band change the carrier
concentration (doping density) in the material. Toeal potential fluctuation will

create the electron or hole states near the coioducand or valence band. For large
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disorder, it will lead to exponentially decayed &tates from both conduction band
and valence band, which will cover over the whalergy band-gap. Furthermore, the
un-bonded atomics will result in the dangling bamdl form the deep states inside the

energy band-gap.

2-4 Operation of Organic Devices and Parameter Defition

Actually, the general operation concepts are oagid from MOSFET theory.
When a bias (¥) is applied to the gate electrode, the voltagedreer the insulator
and the semiconductor accumulates charges near intdator/semiconductor
interfaces. The typical I-V characteristics canused to calculate the important
parameters such as mobility, threshold voltage,canidff current ratio.

Since the pentacene is a p-type semiconductor. s, Ttegative bias is applied to
the gate, the voltage-drop betweeninsulator andiceductor cause the band
bending in the organic semiconductor: The additiopasitive charges will

accumulate between the interfaces. The'insulatveses a capacitance per unit area

which stores charges and can be represente@,as then the accumulated charge per
unit area is about/;C,. Additionally, assuming that a negligibly smatiltage, V,, ,

is dropped across the semiconductor. In this timathe applied drain bias can
drive the current from source to drain. The cotidads determined by the mobility
(w) which represents the driving ability of the etexl field on the accumulated
charges. Therefore, the increased gate volgeaccounts for the increased
chargesC,,dV; and the total charges accumulated over the charegbn are
WLC,, dV, , where W and L corresponds to the channel widthlangth, respectively.
If the increment of charge has a mobilitywuoind a small drain bias:pis applied

then an incremental currerd  is represented as:
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W
d, = T HCox VN

In general, we can divide the operation of OTFTse itwo regions, linear and
saturation regions. The drain current in the linezgion is determined from the

following equation56]
w V
I :TCOX/J(\/G Vi, _7D)VD

Since the drain voltage is quite small, sometingggagon can be simplified as:

W
Iy ZTCOX/'I(VG ~Viu Vo
For-V, >-(V; —V;,)., I, tends to saturate due to the pinch-off of the

accumulation layer. The current equation is modiés:

w
I D :ZCOX/'I(VG _VTH)2

Parameter Extraction

In this section, the methods of extraction the ritybihe threshold voltage, the
on/off current ratio, the subthreshod swing, theximam interface trap density, and
the surface free energy is characterized, respg{b7]

(1) Mobility
Generally, mobility can be extracted from the tamluctance maximung,,

in the linear region:

ol WC
R
aVG Vp =constant L

Mobility can also be extracted from the slope & turve of the square-root of drain

current versus the gate voltage in the saturaggion, i.e. -V, >—(Vg =V, )
W
Iy = Z:ucox Ve =Vi)
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(2) Threshold voltage

Threshold voltage is related to the operation g@tand the power consumptions
of an OTFT. We extract the threshold voltage frequation (2.6), the intersection
point of the square-root of drain current versu galtage when the device is in the

saturation mode operation.

(3) On/Off current ratio

Devices with high on/off current ratio represeng&turn-on current and small
off current. It determines the gray-level switchin§ the displays. High on/off
current ratio means there are enough turn-on.cutoetirive the pixel and sufficiently

low off current to keep in low power consumption.

(4) Subthreshod swing

Subthreshold swing is also important charactegdtic device application. Its is
a measure of how rapidly the device switches frbendff state to the on state in the
region of exponential current increase. Moverowbe subthreshold swing also
represents the interface quality and the defecsitien
o= Ve
a(log I D)

If we want to have good performance TFTs, we neddwer subthreshold swing of

V|, =constant ’ when \é<VT for p‘type

transistors.
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(5) Maximum interface trap density

The maximum number of interface traps densityth&t pentacene/dielectric
interface can be estimated from the value of th#hsashold swing. Assuming that

the densities of deep bulk states and interfacesstae independent of ener{8]

SS_[Siﬁggg_ﬂ[£i
q q

where S is the subtheshold swing, is the capacitance density, k is Boltzmann’s

constant, and T is the absolute temperature.
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Chapter 3.

Experiment Details

The low temperature AIN films were deposited byadio frequency inductively
coupled plasma (RF-ICP) system. In this syste@tjrech Al target (purity 99.999%)
of the RF gun was immerged in a 4-inch inductivié which can be controlled by an
independent RF coil power. Before the AIN filmgdsition, the f+Si wafer used as
the substrate was rinsed in the deionization wdtdlpwed by the initial RCA
cleaning. Right before we transferred the waféo ithhe RF-ICP system, we used
acetone with ultrasonic to remove the particles #red impurities and dipped the

wafer in the dilute HF solution (HF2@=1:100) to remove the native oxide on the Si

wafer. The system was pumped down to a.base peckess than >ZL0'6torr before

admitting gas in. A mixed gas of argon and nitrogeas monitored by mass flow

controllers at different Ar:B ratio.” -AIN films-were deposited at a total pregsaf

2.5mtorr and at a substrate temperature varied fomm temperature to 2%0. The
RF gun and the inductively coupled coil power carvaried from 0 to 200W and 0 to
180W, respectively. All the relative experimenttalls were published in our
previous reports. The thickness of AIN was estaddiy the cross-section image of
the scanning electron microscopy (SEM).

The devices used in this series of experimentshar¢op contact (TC) structure,
which means the organic semiconductor layer is siggb on the bottom of the
contact electrodes. The detail fabrication proegesse following:

Stepl. Substrate and gate electrode
4-inch n-type heavily-doped single crystal siliomafer with (100) orientation is

used as substrate and gate electrode.
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Step2. Gate dielectric formation

After the initial acetone cleaning and dilute HRusion, the gate dielectric layer
is formed in RF-ICP sputter system. High qualitiNAilm can be formed under low
temperature.
Step3. Pentacene film deposition through the shadask

The pentacene material obtained from Aldrich withany purification was
directly placed in the thermal coater for the dejpms It is well known that the
deposition pressure, deposition rate, and depaosiémperature are the three critical
parameters to the quality of the organic film. Tdeposition is started at the
pressure around 1xPrr. The deposition rate is controlled at ~0.%&snd the
thickness of pentacene film was about 100nm, muoedtdoy the quartz crystal
oscillator. Slower deposition rateis expectedrésult in smoother and better
ordering of the organic molecules. - The depositiemperature is also a factor
influencing the pentacene film formation:: The temgiure we use in depositing
pentacene films is 7AL. We use shadow mask to define the active regfa@ach
device.
Step4. Source/Drain deposition through the shadagkm

The injection barrier of the OTFT device is detared by the materials of the
source and drain electrodes. Materials with largek function are preferred to
form Ohmic contact. The Au with work function ~B\M does help to provide a
better injection. Then, we deposited Au as therc@drain electrodes on the

pentacene film. The thickness of the electrodeipd®00A.

In this study, all the measured data were obtaifredh the semiconductor
parameter analyzer (HP 4156A) in the darks at reemmperature. And we measure

the OTFTs immediately when the samples were unbbddem the evaporation
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chamber. The structures of metal-insulator-sili¢pniS)-Au/AIN/Si capacitors were
fabricated using the following procedure. Firstahily doped n-type silicon (100)
substrates were degreased and acid cleaned usingiahRCA cleaning and an HF

solution dip. The AIN films was deposited by RAPIGystem. A mixture gas of

argon and nitrogen at different ApNatio and the substrates were heated during

deposition at different temperature. The top ebtelets (Au) was defined by shadow
mask. The area of the Au pad is 5004888 The Au thickness is about 700A.
In the MIS capactors, AIN films were deposited olank silicon wafers, and
subsequently covered with Au. The MIS was eledisiceharacterized in terms of
leakage current and dielectric constant. Curreltage (I-V) measurements were
done with an HP 4156A parameter analyzer. Capa®tanltage (C-V) curves were
obtained by an HP 4284A C-V meter. _ The frequerepetidence of the capacitances
was measured at frequencies from 50Hz to 960KHz.

A glass substrate was rinsed in“the (KG. detergant) de-ionized water in an
ultrasonic system before the device fabricationonsgquently, a 10A Ni layer and a
200A Pd layer were deposited as gate electrodesMMA [poly(methyl
methacrylate)] we used was obtained from MicroCh€orp (with a molecular
weight of 95000), which was dissolved in anisol®atwt %. The PMMA was then
spun onto the gate electrodes at a speed about #08000rpm. After spin-on
coating, the PMMA was transferred to a hot-platé annealed at 90 for 30minutes.
The thickness of PMMA was estimated by the crossia® image of the scanning
electron microscopy (SEM) and capacitance measurgmespectively. After the
dielectric fabrication, a portion of PMMA dieleats were chosen to expose to the
UV-light in ambient atmosphere about 60-90sec. Wkdight we used was with an

output power 40mW and a wavelength around 175-285romstudy the effects of

-51 -



light-illumination on PMMA-OTFTs, we setup a probirstage with a light-source.
The light-source we used in the experiment is allB@logen lamp, which is filtered
at 460nm by a band-pass filter with a full widthfmmaximum (FWHM) about 10nm.
The filtered-light is guided by an optical fiberdafocused by a microscope. The
total light power and the spot diameter on the p@istage was about 1.5-AVK and

2.5mm, respectively.

In this study, the OTFT devices we used are togamdrstructures. A p-type,
single crystal silicon wafer (100) was used as stibstrate and the gate electrode.
After RCA cleaning, a 1000A thermally-grown Si@yer was deposited by furnace.
After the SiQ deposition, we try to remove the SiQayer from the wafer of
unpolished-side. The etching-solution. we usedufebed oxide etching (B.O.E.)
solution (40% NHF and 1 part 49%-HF). Hence, the wafer of unpeliskide
without SiG layer can serve as a gate-electrode. Finallystistrate was cleaned
in ultrasonic tank by the sequence of. de-ionicevé@ minutes), acetone (1 minutes),
and de-ionic water (5 minutes). After substrategieg, we spin the solution-based
Polymethylmethacrylate (PMMA) unto the substrat&he content of solution-based
PMMA is a mix of PMMA and anisole with a concenioat of 95wt% Consequently,
we try to remove the residual solvent. The substithen baked on hot-plate at
90C about30 minutes. As shown in Fig. 3.1, the gas-sensystem consists of three
major parts: a gaseous analyte controller, a gastmhamber, and a semiconductor
parameter analyzer. The gaseous analyte was imeddnto the gas-proof chamber
via the mass flow controllers (MFC; 5850E, Brookssttument). The pressure
inside the gas-proof chamber is monitored by vacgaunge (PC-615). The total
volume of the gas-proof chamber is about 40 litére system is equipped with five

Kelvin-probes and positioners. The probes wereneoted to the semiconductor
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analyzer (Keithley 4200-SCS) via tri-axial cable§.he bottom pipe and the upper
pipe serve as the gas-inlet and gas-exhaust, tesggcAfter mounting a metal cap
with transparent window, the gas-proof chamber lwampumped down to less than 1
torr. Consequently, we introduce the pure nitrogaes into the gas-proof chamber.
Thus, all the gaseous-sensing experiments can digsed in a low-humidity and
low-oxygen ambiance. All the experiments were dbgooperated at a pressure

about 760 torr.
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Chapter 4
High Performance Aluminum Nitride Organic Thin-Film

Transistors

4-1 Introduction

Organic thin film transistors (OTFTs) had attracteds of interest for the
applications such as organic electronics or flexibisplay41-3] To improve the
OTFTs performance, gate dielectric films with snoahorphology, low leakage
current, and high relative electrical permittivitye needed. In recently progress, the
spin-on polymer dielectrics have been intensiveldied[4-6] However, pinholes
may arise when the polymer thickness is reducedis fiesults in the rough surface
as well as the leakage current of:'the dielectiim.fi On the other hand, several
high-k materials were also proposed to. increaseaatgmce and lower down the
OTFT operation voltagg’-10] “For these=ceramic-based high-k dielectrics, high
leakage current is also a critical issue to overeh-13] As well as the increase in
capacitance, the surface polarity (hydrophilic wdrophobic) of the gate-dielectric is
an important factor. Many researchers have showatltie surface polarity of polymer
dielectric is suitable for organic film depositiobecause they have similar surface
energies to those of organic films.  The dielegpolarity is usually altered by the
self-assembled monolayer (SAM) on inorganic dieiest Inorganic dielectrics
with lower surface energy should improve devicdqrenance; such surfaces reduce
the number of interface traps in OTHIg, 15]

Among the group llI-Nitrides, AIN has been proposeda kind of high-k material
for gate-dielectric in transistors. The AIN film daigh chemical stability, high
physical stability, and high dielectric permitti[tL6] With the progress of deposition

technology, the AIN-capacitance is successfullyritatted and well investigated.
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[17,18] For high-k materials, it is know that the contoblgate leakage is a major
concern. To enhance dielectric strength, severthods such as exchanging the
sputtering target, doping or annealing the dieiettave been propos€d9,20] Itis
also suggested that repair the defects in dietsctriight suppress the leakage. As
for the AIN film, the defects in the forbidden-gape broadly investigated21-23]

It is suggested that the defects near the condubaomd edge might be a leakage path.
The carriers through the traps and reemission wagkllt in a Poole-Frenkel
transport. In other metal-oxide dielectrics, the/gen vacancies were the principal
defects that degrade the dielecifld] Some researchers introduced the oxygen flow
to restore the defects by compensating the oxygemponent. The dielectric
leakage was significantly suppressed based on thesults25] Thus, by
compensating the none-metallic .element:.in the camg@alielectric should be a
practicable way to suppress:the leakage. In thislystwe will show that the
RF-sputtered AIN can be used as'the low=temperati@lectric for pentacene-based
organic thin film transistors (OTFTs). We fabrichtthe OTFTs using AIN film as a
new gate dielectric. Low temperature sputtered AN, which sputtered at different
deposition temperature (260 , 200 , and’C50 ), wemepemed. We investigated
these AIN film surface roughness and dielectrikéeg properties by measuring the
AFM images and capacitance leakage. We also togéduce the AIN gate-leakage
by altering the reactive gas (A¥Nratio during the sputtering process. Thus, the th
(<100nm) and low-leakage AIN gate dielectric wasieeed. The AIN film was
hydrophobic and the surface energy was similah&b of the pentacene film. The
demonstrated AIN-OTFTs can be operated at low geltg5V). High field effect
mobility (>1.6cnf/v-sec), low threshold voltage (-2V), and extremelgw

sub-threshold swing (~130mV/dec) were also obtained
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4-2. Experimental

The low temperature AIN films were deposited byadio frequency inductively
coupled plasma (RF-ICP) syst¢g@] In this system, a 2-inch Al target (purity
99.999% ) of the RF gun was immerged in a 4-inatuative coil which can be
controlled by an independent RF coil power. Befive AIN deposition, the "ASi
wafer used as the substrate was rinsed in the idaton water, followed by the
acetone with ultrasonic to remove the particles #redimpurities. Right before we
transferred the wafer into the RF-ICP system, wipell the wafer in the dilute HF
solution ( HF:HO=1:100 ) to remove the native oxide on the Si waf@he system
was pumped down to a base pressure less thar’ribefore admitting gas in. A
mixed gas of argon and nitrogen was monitored bgsnilow controllers at a Ar:N
ratio of 2:9. AIN films were deposited at a totakessure of 2.5 mtorr and at a
substrate temperature varied: from Z£50 t€ 250° C. The RF gun and the
inductively coupled coil power-can be varied fromtd® 200W and 0 to 180W,
respectively. A mixed gas of argon and nitrogers o monitored by mass flow
controllers (MFC) at different Ar/Nratios: 2/5, 2/7, and 2/9, respectively. The AIN
films (thickness ~100nm or less) were deposited tatal pressure of 2.5m torr and a
substrate temperature at £50 @l the relative experiment details were publidhe
the previous reports. The thickness of AIN wasnested by the cross-section image
of the scanning electron microscopy (SEM). After AIN film being deposited, we
deposited the pentacene film through the shadowkmabhe pentacene material
obtained from Aldrich without any purification wasrectly placed in the thermal
coater for the deposition. The substrate was Heat@(® C during the deposition at
the pressure around 1%3@orr. The thickness of pentacene film was ab@@nin

and the deposition rate was ~0.5A/sec, monitoredhieyquartz crystal oscillator.
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Then, we deposited Au as the source/drain eledirashethe pentacene film. The
thickness of the electrode pad is 1000A, and thenicll width and length were
defined as 60@m and 100m. Metal-insulator-semiconductor ( MIS ) —Au/AIN/S
was also fabricated to analyze the gate leakagettandlielectric properties. The
area of the Au pad was 500x500°. All electrical properties were measured by

Agilent 4156 and Agilent 4284 analyzers.

4-3. Effects of Deposition Temperature on AIN Gatésulator

Firstly, we discuss the electrical properties & MIS capacitance structure. The
leakage current measured from the MIS structurl @8-nm-thick AIN is shown in
Fig. 4-3-1 AIN films deposited at different temperatureg aompared. For AIN
deposited at 150 Clow leakage current about 1X10\/cm? can be obtained at
electric field as 1 MV/cm and the breakdown fietddnnore than 5 MV/cm. These
dielectric properties are comparable to those eftttiermal Si@, high-k, or polymer
gate dielectrics in some repof#s8,10-12] The 200° GAIN and 250° C-AIN
dielectric exhibited larger leakage (2.4%18/cm? for 200° C and 6.2x18 A/cm? for
250°C at 1MV/cm), yet these value are acceptable foricgevabrication. The
capacitance-frequency characteristic is also shimwhe inset of Fig. 1. Under a
wide frequency operation range, from 50 Hz to 1 kide capacitance and the
calculated dielectric permittivity are around ~@&m? and ~7, respectively.

The transfer characteristics of devices with AlNelélctrics grown at different
temperatures are shown lig. 4-3-2(a) The drain voltage is biased as -3V to keep
the devices operated under linear region and thee\gdtage is scanned from +2V to
-10V. When the AIN deposition temperature is vaffretn 250° C 200° C, to 150 C
the device subthreshold swing is improved from @d@¢ade to 0.4V/decade and the

device output current is enlarged more than onerofince the subthreshold swing
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represents the interface quality and the defecsitierwe calculate the maximum

interface trap density by the approximat[@b,27,28]

Sog(e) _1][_&
kT/q q’

ss =
where S is the subtheshold swinG, is the capacitance density, k is Boltzmann’s
constant, and T is the absolute temperature. Bymamg C. = 64 nflcnf and S =
0.4 V/decade, the approximate interface trap derisitour devices is 2.28x1%

cm?eV?t.  This result is comparable to other dielectrinsQTFTs[4,16, 29-31]

Additionally, lowering the AIN temperature also uegs the device threshold voltage.
The inset ofFig. 4-3-2(a)depicts the curves of/l, v.sV,, the x-axis interval

reveals that OTFTs with 280 @IN film have higher threshold voltage as -6 V iehi
those with 200 Cand 150 C AIN films have lower threshold voltage as -2 V. hel
output characteristics of the proposed OTET witQ°I5 AlN-dielectric (AIN-OTFTSs)
was also shown ifrig. 4-3-2(b) The- improvement of the device performance by
reducing the AIN deposition temperature-can behturtstudied by comparing their
field effect mobility inFig. 4-3-3. The mobility is extracted from the linear region

transconductance as :

L al,
VDWCi aVG Vp =const

When we compare the mobility of devices with 150 AIN film, 200°C AIN film,
and 250 C AIN film, obviously the former two have larger mapum mobility such
as 0.24 criV-sec for 150° C AIN-OTFTs and 0.04 cfiv-sec for 200° C
AIN-OTFTs. Those devices with AIN deposited at 250, Giowever, exhibit much
lower maximum mobility around 10cn?/V-sec. It is also observed that the filed
effect mobility of devices with 250 CAIN film suffers pronounce degradation under

high gate bias. Since the filed effect mobility denstrongly affected by the dielectric
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conditions,[32,33] we compare the surface morphology and the leaggesties of
these AIN films deposited at different temperature8s shown inFig. 4-3-4 (a), (b)
and (c), the AFM images reveal that the average surfaogimeess decreases from
0.34, 0.21 to 0.14nm while the deposition tempeeatis reduced from 250 C
200°C, to 15 C On the other hand, as shown in Fig. 1, the lgakarrent of AIN
film also decreases with decreasing deposition &satpre. It is known that the
surface irregular causes locally strong electraddfiand results in leakag§34]
Reducing the roughness effectively suppresses dhkagje and also reduces the
surface scattering effect. Moreover, dielectricfate roughness is also a crutial
parameter that influences the pentacene deposif8%j. When we compare the
morphology of pentacene film grown on these thrieekof AIN films inFig. 4-3-4
(d), (e), and(f) pentacene film turns:to'be ‘dendritic structuré exhibits larger grain
size as the AIN surface becomes smoother. Thereforean be concluded that
lowering the AIN deposition temperature gives seraleakage current and larger
pentacene grain size. The field effect mobilitpegordingly improved. The process is
promising for the development of low-temperatureFDg.

Besides, we also tried to deposit the AIN filmrabm temperature (25 ). The
surface roughness and the profile image were edrifoy the AFM and SEM
microscope. As show in the AFM imageFa§. 4-3-5(a) we can observe that under a
very low deposition temperature, the surface wafigle free and its roughness was
still less than 0.2nm. The result can be as wethasAIN film deposited at 150 . In
Fig. 4-3-5(b) we can observe that the deposited AIN film thadsis less than 70nm.
We further compare the crystalline changes in tiéfAms, when we change the AIN
film deposition temperature. IRig. 4-3-§ we show the x-ray diffraction (XRD)
spectrum of AIN films, which are deposited at Z50150C , and 2% . When the

AIN deposition temperature was lowered, the criistlsignal was also reduced at
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the same time. The result is a proof of that highegosition temperature may result
in higher AIN crystallinity. The high AIN crystatlity implied the existence of grain

or micro crystalline structure inside the AIN filnAs a result, since the low

temperature AIN film is not perfect crystallineetgrain or micro crystalline structure
may be inserted between amorphous AIN. The amorphod crystalline boundary

may be a leakage path. However, when the depogsiimperature was reduced, the
AIN will become more amorphous and the crystallim@indary will also decrease at
the same time. The AIN dielectric leakage was taneduced.

In Fig. 4-3-7(a) we showed the dielectric leakage of room tempeeatieposited
and thin AIN film (<70nm). The leakage current dankept at a very low level about
10%~10°A/cm?, which was similar to the result of AIN film depiesi at 150C . We
also utilized this AIN dielectric to'fabricate tH@TFT. The AIN-OTFT transfer
characteristic was shown Ifig.:4-3-7(b) the device can also be operated at a low
voltage (<5V) with high on/off currentratios(>3)0 The field effect mobility is about
0.05 cnflv-sec and the subthresholdiswing is about 0.14de. It shows the
potential of using the room temperature AIN gatelatitric for OTFT for advance
application.

The pentacene-based OTFTs with AIN gate insulatmt heen fabricated and
characterized. By using RF-ICP sputtering systeii #lm exhibiting low leakage
current and high breakdown field can be depositeldva temperature. The surface
roughness can be controlled to be less than 2AWwgring the deposition temperature.
As a result, the morphology is suitable for thetpeaene dentritic structure growth
and therefore improves carrier mobility. The fieffiect mobility about 0.24cfiV-sec
and the sub-threshold swing abdu#tVV/decade can be obtained from our devices.

Further improvement is expected by pentacene patiéin in future studies.
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Ra=0.21 nm

(c)

Fig. 4-3-4 The AFM images of AIN films depositecht 250°C, 200°C, and
150°C are shown in Fig. 4(a), (b), and 4(c), respectiwel The
corresponding AFM images of pentacene films grown ro the
250°C, 200°C, and 15C°C AIN dielectrics are shown in Fig. 4(d),
4(e), and 4(f). The scanning size is fixed to be Spmz.

-63 -



Substrate

Fig. 4-3-5 (a) The AFM image. of room temperatureleposned AIN film surface,
and (b) is the SEM |mag'q‘0f AlN dlelectrlc profile.
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4-4. Effects of Ar/N, Flow Ratio on AIN Gate Insulator

Fig. 4-4-1(a)plots the X-ray photoemission intensity of nitrageersus binding
energy. As presented in the X-ray photoemissicectspm (XPS), the N 1s core
level emission around 397eV and the azide emisaronnd 402eV were observed
from the three AIN samples. When the Ariidtios were altered from 2/5 to 2/7 and
to 2/9, the nitrogen signals became more intensg® the azide signals were
unchanged. Accordingly, in the AIN film, the magsitrogen should increase with
the nitrogen-gas component. Evidently, increasignitrogen gas ratio effectively
increases the nitrogen chemical composition inAie  Fig. 4-4-1(b)presents the
leakage-current densities (J) from three MIS samptevarious electric fields (E).
The Ar/N,-gas ratio was then changed from 2/5 to 2/7 andt@/Suppress leakage.
As shown inFig. 4-4-1 (b) the leakage current was suppressed from 3:84/tfn’
to 6.2x10'A/lcm? and 2.2x13°%A/em? in an electric field of 2MV/cm.

To further study the conduction. mechanism-in Al teakage current density was
plotted as the function of electric field in logglescale (log(J) vs. log(E)) iRig.
4-4-2(a). Clearly, two transports mechanisms are observeteruthe low electric
field and high electric field. An Ohmic-conductican be linearly fitted under low
electric field, but the conduction transferred im@nlinear under high electric field.
If the Ar/N, gas ratios were changed from 2/5 to 2/7 and B®ransfer points were
also changed from 0.8 to 1.2 and 2.7 MV/cm, respelgt We illustrated the J-E
curves as Poole-Frenkel plots (In(J/E) v&2En Fig. 4-4-2(b). As shown in the
plots, a satisfactory fitting can be observed ioheeurve under the high electric field.
Our result was good agreed with the proposed Pe@ekel transport in AIN.  If we
consider the defect distribution in AIN film, it investigated that the corresponding

defects near the conduction band were the nitrogeoancie$4,27] Thus, the
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increase of nitrogen flow rate in the sputteringgass may be an affective way to
compensate the nitrogen vacancies and supprepstitatial leakage path in AIN.

To further understand the Poole-Frenkel-like trantsm the AIN film. We tried to
verify its leakage properties by measuring the temajre dependent AIN film
leakage. Since it has been suggested that thegeitroelated defect should be
influence the AIN film leakage. Thus, we chose #i& films deposited under
different nitrogen flow rate (Ar/Nis 2/7, 2/9, and 2/12) with different nitrogen

containment for comparison. By suing the Poole-keenurrent formuld36]:

1/2 _
J= C[Eexp(——’gpFE %FJ
kT

Where C is a constant: is the electric field, 8, is the Poole-Frenkel coefficient,

which is defined a#g, and ¢ isthe dielectric constantg,. is the potential depth

of defect, k; is the Boltzmann:constant,-and is the absolute temperature. We can
understand the effects of the“Ap/Njas flow ratio on Poole-Frenkel-like defect
distribution. As we plotted the electric field deplent Poole-Frenkel barrier height,
we can observe the original Poole-Frenkel barregit under zero biasing frofig.
4-4-3(a) 3(b), and 3(c). When the nitrogen flow rate is increased fromcrscto
9sccm, or to 12sccm, the barrier height of Pooknkel-like defects will increase
from 0.34eV, to 0.5eV, and to 0.63eV. The resutiveh that the increase of nitrogen
flow rate may influence the nitrogen related defdistribution significantly. It is
probable that when the defect distribution is shiftoward a deeper level, the
probability of carrier reemission from the defettes may be reduced at the same
time. As a result, the AIN film dielectric leakaggs than be reduced.

To fabricate the low-voltage OTFTs, we used thartar AIN film (~70nm) as the

gate dielectric. From our measurement, the cagramits were about 92nf/énThe
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output characteristics are shownhiy. 4-4-4 the transistor can be saturated at low
drain voltage (about -3V). The transfer charast&riis shown irFig. 4-4-5(a) In
Fig. 4-4-5(a) the AIN-OTFTs are operated lower than 5V. Thghhon/off current
ratio about 10 can be achieved even under an extremely low doas -0.5 V.
Additionally, the subthreshold swing can be as law ~104mV/decade. The
squared-drain-current %) plotted as a function of gate voltage is showrFig.
4-4-5(b) When the drain-voltage is biased at -3V, theastéd threshold voltage
and the field effect mobility was about -1.5 V afd2cni/V-sec, respectively.
Since the maximum interface trap density can benastd by the approximation
[15] :

Slog(e) C,
[ = )

where S is the subtheshold swingj<the capacitance per unit area, k is Boltzmann’s
constant, and T is the absolute témperature. Bymaimg G =92 nf/cnf and S = 104
mV/decade. From our calculation; the approximaierface trap density in our
devices is 4.2xTcm?eV?’. This trap density is quite low and slightly leetthan

the best records of other OTFT87-39] Many researchers proposed that dielectrics
with lower surface-free-energy were good for pesm&cdeposition and created lower
interfacial trapg40,41] When the surface-free-energy reduced, the pemtageins
were more close-packed and stacked in higher cgeera Thus, the OTFTs
performances were also improved. The result indécghat the surface-free-energy
may be an important factor that influences therfatéal defects between dielectrics
and pentacene. So we tried to use the contaceanghsurement to determine the
surface-free-energy of AINLO] The contact-angle between deionization water and
AIN was about 77.0°t2. The result showed that Ailsh was more hydrophobic

than the oxide-based dielectrics. Based on thesanement, the surface energy was
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about 38.5+1 mJ/fm The magnitude was similar to those of polymeteditrics and
close to that of the pentacene fildl] Accordingly, the outstanding subthreshold
swing and low interfacial traps may be attributedhe hydrophobic AIN dielectric.
Like the polymer dielectrics, low-surface-energyNAilm provides a similar surface
condition for pentacene crystallization and miniesizhe interfacial trapping defects.
In summary, the pentacene-based OTFTs with low ¢éeatpre AIN gate insulator
had been fabricated and characterized. By usingsgRiering system, the AIN
thickness can be controlled as thin as ~70nm. a$ also demonstrated that the
Ar/N, flow ratio in sputtering process was a key paramigt reduce AIN gate leakage.
The Poole-Frenkel related conduction could be seggad and retarded to higher
electric field. With the extremely thin AIN filmsagate dielectric, the OTFT
operating voltage was dramatically:reduced.to fleas 5V. The lowest subthreshold
swing ~0.104V/decade and threshold veltage -1.5Vh=mobtained from AIN-OTFTs.
The field effect mobility and the onloff-currenticawas about 0.02cffV-sec and

more than 1%) respectively.
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4-5. Low-Voltage Organic Thin Film Transistors with

Hydrophobic Aluminum Nitride Gate Insulator

In our previous investigation, the AIN film was dmsted at a higher substrate
temperaturg42]. The AIN film has a grain-structure and is higlkhaxis oriented.
If the AIN film is deposited at high temperaturefoom the gate-dielectrics, the grain
boundaries will affect the surface roughness addae the uniformity.  The grain
boundaries commonly serve as leakage paths. Sn&celielectric roughness and
leakage are critical in OTFT fabrication, in thienk, AIN was deposited at a lower
substrate temperature (150°C¥-ig 4-5-1(a)reveals the AFM image of the 150°C
AIN film. Unlike a high-temperature AIN film, th&50°C AIN film was smooth.
The surface roughness was only 0.18nrig 4-5-1(b)presents the scanning electron
microscopic (SEM) image to verify the dielectricadjty. In the 150°C sputtered
AIN film (with a thickness ofzaround-50nm), -no siigzant surface irregular and
pinholes were observed. The fluctuation of digledhickness is appeared; it may
result in performance variation when OTFT size educed to micro-scale. The
150°C AIN film had favorable surface properties.The dielectric properties were
also examined. The measured capacitance of theskili6ture was approximately
104nF/ci. Fig 4-5-1(c)shows the gate-leakage, which was as low ag Alom?
in an electric field of 1MV/cm.

In this investigation, OTFTs were fabricated witlin AIN film (thickness is
about 50nm, dielectric constant is about 6~7 as-dedlectric. Fig 4-5-2(a)presents
the transfer characteristics. The AIN-OTFTs canoperated at a relatively low
voltage (~5V). The on/off current ratio was abddf; the threshold voltage was
only -2.1V: the field effect mobility was 1.67éfW-sec. The subthreshold swing was

170mV/decade. The magnitude approached the thealretinimum, ~60mV/decade
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(kT/qlIn(10)) [15]. Fig 4-5-2(b)shows the output characteristics, the AIN-OTFT
were operated in the saturation region at low drhias (~3V). Since the
subthreshold swing represents the interface qualiy the trap behaviof43] the

maximum interface trap density is given by the agpnation,[15]

Slog(e) C,
[ = -

where S is the subtheshold swing;<the capacitance per unit ar&as Boltzmann’s
constant, and T is the absolute temperature. Bufirsgy G =104 nf/cnf and S=
170mV/decade vyields an approximate interface trapsidy in the devices of
1.2x13’cm%eVY.  To the authors’ limited knowledge, this valuedese to the
lowest reported for organic transistdil, 44]

The organic/dielectric interface defects strondfea the performance of OTFTs.
Surface polarity is key to redueing the. interfacefedt. SAM-treatment and a
polymer dielectric are widely: employed to change tholarity of the surface.
Researchers have recently demonstrated that ioéedfafects can be minimized by
changing the dielectric polarity. Accordingly, tA&N surface polarity was determined
herein. The modified Fowkes’ equation for the soé polarity in terms of the

surface energy is introduced0]
(L+cosB)y, = 2ysy))"* + 202y
where @ is the contact angle between probing liquid arel gblid surface;’t is
d
the total surface free energy of the probing liquld is the dispersion component,

P . . .
and YU s the polarity component. Based on this appnation, the total surface

free energy of the solid surface is,

Vs = Vs + Ve
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d
where the total surface free eneré/y? is the sum of¥L (dispersion component)

and Ve (polar component). The surface free energy cacabmilated by measuring
the contact-angle between the solid surface andliffierent probing liquids. As
shown inFigs. 4-5-3(a)(b), and(c), the optical images of various liquid drops on the
150°C AIN films were captured using a CCD camer@he water-AIN, ethylen
glycerol-AIN and diiodo methone-AIN contact anglesre 72.9°+5°, 60.7°+4° and
43.8°+2°, respectively. The Owens-Wendt-Rabel Kadlble’s method40] yields
an estimated surface energy of AIN of 38.3(nf)/mAs stated inTable 4-5-1
compared to the inorganic dielectrics, the AIN laaldw surface free enerd¥5,46]
The surface free energy was unusually lower thaselof polymer dielectridgl,41],
pentaceng41] and the HMDs-treated Sg47]. It was close to that of OTS-treated
Si0O, [47]. The particular characteristic differs.from thagehe other ceramic-based
dielectrics. According to Choat al.’s‘investigation[48], the deposited pentacene
film is composed of both orthorhembic and triclimpentacene. The “dielectric”
surface free energy matched to the “orthorhombittgmene film” (38mJ/A) is the
key factor to the high mobility OTFTs. It is beled that the voids and the
incompletely stacked layers, which limited the @artransport in the pentacene film,
are reduced due to the match of surface englgly In this study, the surface free
energy of AIN agrees very well with that of themmmthombic pentacene film, but not
to the triclinic pentacene filfb0]. Based on these arguments, the high performance
AIN-OTFT is attributed to the match of orthorhombientacene film with AIN.

An AIN film was used as the gate dielectric for O8FThe pinhole free, smooth
and extremely thin AIN film can be deposited by Bie-sputtering system at 150°C.
This low-temperature deposition process enablepaitential application on polymer

substrates. The dielectric leakage was signifigdatv, and the AIN has a surface
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free energy that is similar to that of the pentacéim. The transfer and output
characteristics demonstrate that the AIN-OTFT hastergial application in

low-voltage and rapid-switching organic transistors
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Fig. 4-5-1. (a) The AFM image shows the 150°C AINIm, and the scanning

size is 5x5um?.  (b) The SEM image is the cross-section view of
the AIN film on substrate. (c) The leakage currentof the

Au-AIN-Si structure as a function of the electric feld and gate
voltage.
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(a) The transfer characteristics of OFTs with AIN gate dielectric.
(b) The corresponding output characteristic.
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(a) Water

(c) Diiodo-Methane

43.812°

Fig. 4-5-3.  (a) The water, (b) ethylene glycolnd (c) diiodo-methane drops on
the 150°C AIN film for the surface-energy measurenmat. Each
value below the drop indicates the contact-angle begeen the liquid
drop and the AIN film. The entire optical images vere captured
from the CCD camera.
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Substrate Contact Angle between Liquid and ‘Sfample Surface Free Energy Reference
D.l. Water Glycerol Di-iodomethane (mJ/m2)

Al203 20-37 68-78 [15]
Si3N4 20-30 55-60 [16]
Si02 35.7 22.4 25.1 60 [20]
PVA 53.9 54 46.3 [17]
HMDs+SiO2 53.7 53.7 43.9 45.4 [20]
PVP-copolymer 50-60 42 [18]

Pentacene 38,42-48 [19],[21]

AIN 72.915 60.7+4 43.8+2 38.3 This work
OTS+Si02 78.9 81.8 43.9 34.9 [20]

Table. 4-5-1. Contact-angle measurements and the roesponding surface free
energy of the commonly used dielectrics in the OTIfabrication.
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Chapter 5
High Photo Responsivity of Pentacene-based Organitin-Film
Transistors with UV-treated PMMA Dielectrics

5-1. Introduction

Organic thin-film transistors (OTFTs) have receiveténse attention due to their
low cost, light weight, and low-temperature proaegscompatible with flexible
substrates. The integration of OTFTs with otheraarg devices such as the organic
light-emitting devices and the organic solar cellso opens up the field of flexible
optoelectronic$l, 2] In this field, OTFTs not only act as field-effdcansistors, but
their application in phototransistors “is‘zalso impot for light detection and
photoswitching. However, only-a small"number ofegeshers have published works
on the organic photo transistors. 'Researchers dlaserved reversible photo current
and light-induced threshold voltage 'sh@t5] Pentacene-based OTFTs withQa
gate dielectrics was also proposed to obtain higitgresponsivit{4] In this paper, a
new approach to enhance photo responsivity of pentabased OTFTs is proposed.
By using poly(methyl methacrylate) (PMMA) as theldctric and applying UV-light
treatment, photo responsivity of OTFTs can be §icamtly enhanced. By analyzing
the response lifetime, the underlying mechanisminigestigated carefully. The
proposed approach is simple and compatible with déeelopment of all-organic

electronics.

5-2. Experimental

5-2-1 Device Fabrication
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First, the Ni/Pd bi-layer was deposited on a giassstrate as gate electrodes. The
PMMA was dissolved with a 95 weight percent (wt #)anisole and was spun onto
the gate electrodes. Following the curing proc#ss,solvent was removed and the
PMMA was solidified to serve as a gate dielecffiocen, some samples were exposed
to UV-light (wavelength = 175-285nm and output powelOmW) for 90sec. Before
the OTFT fabrication, the surface energy of statd¥IMA and UV-treated PMMA
were verified. As demonstrated Tiable 5-1 the UV-treatment seemed not influence
the significantly. The surface energy of both PMM#lectric were about 44-46
mJ/nf. Both the UV-treated PMMA and the untreated (stadjl PMMA dielectrics
were transferred into a vacuum chamber for the sipo of 100-nm-thick pentacene
film and the 100-nm-thick gold (Au) electrodes. Tdevice channel widthv{) and

length () were 100@m and 10Qm, respectively.
5-2-1 lllumination System

The illumination system was a combination-of a prglbench (Cascade microtech,
RHM-06) and a halogen lamp (OPTEM, Lamplink 2). eTiaximum lamp power
was 150W and filtered at a wavelength of about 46@y using a band-pass filter
with a full width half maximum (FWHM) about 10nmh# filtered-light was guided
by an optical fiber and focused on the OTFTs bygisi microscope. The illumination
system was shown iRig 5-1 The excitation light is guided by the opticaldiband
focus by the microscope. We put the band pasg hkdore the light was projected
onto the OTFT. The system is stepped on a prolsumges thus, we may measure the

real-time OTFT IV characteristic under light extiba.

5-3. PMMA OTFT with/without UV-treatment (before

illumination)
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The transfer characteristics of standard PMMA-OTEid UV-treated OTFTs are
compared inFig. 5-2 The latter ones exhibit larger subthreshold swi@ds) and
positively-shifted threshold voltagev). The results are consistent with other
reports and a plausible explanation is that UV tinemt creates excess
negative-charged sites on the pentacene/PMMA axtef6,7] Accordingly, theS.S.
was enlarged an¥, positively shifted. However, the linear field-effemobility
(U= ) was not affected by UV- treatment and was abalitref/Vs for both devices.
This indicates that UV treatment does not changeaoene bulk properties. To verify
this assumption, the absorption spectrum and Xditisaction spectrum of pentacene
films deposited on standard PMMA surfaces and ontigsted PMMA surfaces are
compared inFig. 5-3(a)and inFig. 5-3(b) respectively. No significant difference
could be found between the standard sample antdVheeated sample. Thus, it is
suggested that the UV-treatment affects the interfaoperties significantly, but does

not influence bulk properties of:pentacene:

5-4. PMMA OTFT under lllumination

In Fig. 5-4 photo responsivitiesRjn) of standard devices and of UV-treated

devices are plotted as a function of gate bias simitial threshold voltage

(V,-V{™). This measurement was taken after 1000-sec iitlation at an intensity

of about 4%W/cn?’. Photo responsivity Ron) is estimated by using:

Ron =1 (EQWLL), where lp, is photo-induced excess drain current dads

ph
incident light intensity (W/crf).[8] When the gate bias increases, Ryeis enlarged.
This is known as the photo-field effect, when eletthole pairs generated in the
band-bending region are swept away by the elefigid (from applied gate-voltage
Vs and drain-voltag®/p).[3,9] The larger the gate bias, the easier it is tors¢pdhe

electron-hole pairs to form the photo current. Wileemparing théR,, of standard
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and UV-treated devices, the latter ones exhib@draR,, than the former. Liangt
al.[4] reported that carrier trapping in the insulator abrthe insulator/pentacene
interface may cause a photo-induced threshold g®elshift AVy,).[3,4,10] In our
experiment, it is plausible that the excess negatharged sites on the
pentacene/PMMA interface produced by UV treatmei$éo aenhanced the
photo-inducedVi.

In Fig. 5-5(a) 4Vy, of standard devices and of UV-treated devicespéotted for
comparison as a function of time. The devices kueinated in the initial 1000 sec
and then recovered in the dark environment. Oblypuke AVy, of UV-treated
devices is more pronounced than that of standamdcele SincedVy, under
illumination is due to an increase in carrier dgrd,4,10] it is speculated that
UV-treatment created negative-charged sites, wredhmanced the attraction of
photo-generated holes and thus enlarged the tHdesblbage shift. When UV-treated
devices return to the dark, the‘negative=charges silso retard the neutralization of
light-induced carriers. The separation and neuaéibn of light-induced carriers can
also be observed by plotting thg, as a function of time as iRig. 5-5(b) UV
treatment enlarges the photo excess current udidenination and enhances the
persistent photo current (PPC) effect during raiand11l] The PPC effect has been
proposed to be strongly related to interfacialestfif?] PPC can be analyzed by

using a double exponential form to fit the photorent relaxatiorj11]

5-5. Time-constant Analysis

In the following discussion, thg, under illumination is fitted by usingpn(t) =
I1[1-exp(¥/ )] + I[1-exp(4/12)] and the excess current during relaxatigns fitted
by usinglet) = Isexp(/13) + l4exp(/1z), wherer; and 1z are fast time constants, and

rand zare slow time constants. The fitted result of OTUROer light excitation and
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after light off was shown irFig 5-6 The rising time constantg;(and z;) and
recovering time constantss;(and zs), which were extracted within the observation
time and obtained under differevit, are plotted as a function 6§ in Fig. 5-7(a)and
5-7(b), respectively. It was observed that the fast tiooastants #f and z3) are
independent o¥g and are not influenced by the UV treatment. Ondbetrary, the
slow time constantst{ and z;) exhibited a strong dependence Wg and were

significantly changed by the UV treatment.

5-6. Molecular Simulation

Based on previous discussions, the influence ofUkereatment on slow time
constants can be easily understood. The UV-tradtmeay modify the PMMA
functional end-groups from —GHo —COOH]|13] which will result in the changes of
charged-states near PMMA sufface. Based on thesssmations, the standard
(with —CH; end groups) PMMA and UV-treated (with —COOH endugps) PMMA
monomers were estimated by Gaussian 03 @afthnitio calculation[14] The basis
sets we used in these calculations were 6-311G(dgp311+G(2d,p), and
6-311+G(2df,2p). After Hartree-Fock (HF) optimizat] as shown irrig. 5-8,it is
found the UV-treated PMMA monomer shows a largeotli moment (2.42-2.5Debye)
than standard PMMA monomer (1.81-1.91Debye). Adardipole moment implies
that a larger voltage-drop will appear at PMMA sod, which will create a larger
built-in electric field (E,) and enhances hole attraction. Therefore, thergéion
of I,n is accelerated and the of UV-treated devices is smaller than that of dtad
devices. After the removal of light, the recombioatof excess electron-hole pairs is
retarded due toE,. As a result, the, of UV-treated devices is larger than that of
standard devices.

The underlying mechanism of fast time constantsydwer, is not well understood.
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A spatial separation model has been proposed fotophurrent in OTFTs. As
illustrated inFig. 5-9 the charged sites between PMMA dielectric andamame film
will influence the carrier concentration locally. h the light was illuminated on
UV-treated PMMA OTFT, the charged sites will attrélte hole and result in larger
photo current and responsivity. After the illumionat the charged site may result in
the spatial electron-hole pair separation and deththe OTFT recovering after photo
illumination.

The photo current should be the combination of ok&ourrent and
bulk-currenl5] The channel-term has a longer time scale thak-team and is
gate-voltage dependent. However, the bulk-tersigsature of fast response and is
independent of gate-voltage. In our study, thétiase constants are not affected by
UV treatment and are independent of gate-voltagereasonable explanation of fast
time constants should be come_from photo currehiclwis weakly connected to
channel region.

UV-treatment of PMMA-dielectric’is proposed to enba photo responsivity of
pentacene OTFTs. With UV-treated PMMA, a high oesivity of about 10 A/W
can be obtained. The enhanced photo responsivitybrealue to negatively-charged
sites produced by UV treatment on the PMMA surface. Aseault, UV-treated
devices exhibit increased subthreshold swing, pestshifted threshold voltage,
enhanced photo responsivity, and prolonged pensipteoto current during relaxation.
By analyzing photo current response time, it wasébthat gate-bias-dependent time
constants are significantly influenced by UV treatrh This analysis explains the

UV-treatment effect and gives insight into photaitation.
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Sample D.l. Water Glycerol Di-iodomethane Surface Enzergy
(mJ/m?2)
PMMA 68.1 47.8 33.8 44.8
PMMA 62.8 43 34.1 46.9
(UV-treated)

Table 5-1.  The comparison of liquid contact angleand surface energy between
standard PMMA (non-treated) and UV-trated PMMA.

Halogen

Light Source Optical Fiber

(white light)
/ Coupler
’ Wavelength Filter ‘

Objective
Lens

Sample Holder

Stage

n
n
| |
[]
n
u
n
n
u
"

Semiconductor
Analyzer
(HP4156 or.K4200)

Fig. 5-1 The illumination system of light-exc#tion on OTFTs.
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Fig. 5-2. The transfer characteristics of standd PMMA-OTFT (opened
circle) and UV-treated PMMA-OTFT (solid square).
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Fig. 5-3. (a) The absorption spectra of pentane films on standard PMMA

dielectric and UV-treated PMMA dielectric. (b) The X-ray
diffraction spectra of pentacene films on standard PMMA
dielectric and UV-treated PMMA dielectric.
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Fig. 5-4. The photo responsivity of standard PMA-OTFT (opened circle)
and UV-treated PMMA-OTFT (solid square) are plotted as a

function of V., -V,". . Theimeasurement was made under a drain

voltage V, =-25V andafter 1000sec light-illumination.
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Fig. 5-5. (a) The threshold voltage shift4V, ) of standard PMMA-OTFT

(opened circle) and UV-treated PMMA-OTFT (solid square) are
plotted as a function of time. (b) The photo-indued drain

current (1, ) of standard PMMA-OTFT (opened circle) and

UV-treated PMMA-OTFT (solid square) are also plottel as a

function of time. Both measurements were made undera
V,=-25V.
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Fig. 5-6. The fitted photocurrents (standard ad UV-treated) are plotted as

a function of time, which are extracted under

gate-voltage (\&).
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Fig. 5-7. (a) The rising time constantszy and 7, ) of the fitting curve I p(t)

= I4[1-exp(#/1r)] + I1-exp({/ )] are plotted as a function of
gate-voltage (b) The recovering time constantsr{ and 7,) of the

fitting curve l«(t) = lsexp(¥/13) + l.exp(¥/n) are plotted as a
function of gate-voltage.
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4

PMMA UV-treated PMMA

Basis set Dipole moment ( Debye )
6-311G (d,p) 1.815 2.424
6-311+G (2d,p) 1.894 2.502
6-311+G (2df,2p) 1.912 2.489
Fig. 5-8. The optimized structures and dipole oments of standard PMMA

monomer and UV-treated PMMA monomer are plotted asall and
bond type. (Calculated by Gaussian 03, Hartree-Forknethod)
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UV-light Induced negative Site

Gate PMMA Gate PMMA
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PMMA-OTFTs in dark
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Fig. 5-9. The illustration of UV-treatment indueed charged sites on the
interface between PMMA dielectric and pentacene fih. The
interface charge sites may influence the PMMA OTFTphoto
responsivity significantly.
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Chapter 6
Gated-Four-Probed OTFTs in Ammonia (NH3) Gas Sensm

6-1. Introduction

Recently, organic thin-film transistors (OTFTs) baveen intensively studied for
used in flexible displays, smart cards, and vari&irgls of sensorgl-3] Great
progress has been achieved in device engineershdgnication technologies, OTFT
light weight arrays, low-cost processing, and lovltage driveg4] Due to organic
active layers, OTFTs were found to exhibit high ssevity to many kinds of gas
moleculed5] The concept of using solution-based OTFTs inc@iing ink-jet
printing technology for electronic noses has beeopg@sed6] Gas sensing
mechanisms for OTFTs have also been reseaif@h@d. It has been proposed that
gas molecules interact with carfiers in_conductobiannels at dielectric interface.
Polarized molecules, such as water molecules, alevied to diffuse into grain
boundaries and interact with “conducting..molecule$his may increase grain
boundary barrier for carrier transport. This intdi@n may lead to a reduction in
on-current and field-effect mobilif{t0] However, it has also been proposed that the
source/drain contact resistance or the contaattioje barrier is influenced by vapor
moleculeql1l] The above description indicates that the gasisgmeechanism of
OTFTs needs to be clarified, since the variatiorcaitact resistance is incorporated
into external field-effect mobility variation. Bigles, OTFTs are treated as
“multi-parameter” gas sensdiks?] threshold voltage shift and the mobility
degradation should be distinguished in sensing\nefs&a Therefore, in this report,
Gated-four-probed devices are proposed to separ@bgblore device parameter
variations in gas sensing§3] Ammonia (NH) was chosen as the analyte in this

study. NHgas sensors are useful in many fields such asotie ihdustry, medical
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diagnostics, environmental protection and variowukistrial processgd4|

6-2. Experimental

Gated-four-probed OTFTs fabricated on p-type Siensfvere used as Nidensors.
A 100-nm-thick SiQ layer was deposited on the heavily-doped Si. Tisetuble
polymethylmethacrylate (PMMA) was spun onto the S&yer to modify the surface.
The capacity of PMMA/Si@ dielectric was about 23-24 nF/ém The pentacene
powder we used in this experiment was obtained fAddrich was about 99%. A
100-nm-thick pentacene layer evaporated througbdshanasks at a deposition rate
of 0.5 A/sec at a pressure of <lGorr. After the pentacene deposition, a
100-nm-thick gold (Au) layer was deposited througfladow masks to serve as
source/drain electrodes. The _channel:. width (W) aleiigth (L) of the
Gated-four-probed OTFTs were 8@®n and -120(m, respectively. The distance
between two internal probes wasTabout 40M. The geometry of the
gated-4-probed OTFTs was shownHig. 6-1(a) Devices were measured by using a
semiconductor analyzer (Keithley 4200-SCS) in deseahamber. The inside total
chamber-volume was about 42 L and its configuratage was also shown Hig.
6-1(b). The chamber was initially vacuumed and purgedh wiigh-purity (99.99%)
nitrogen (N). Then, NH gas (Airproduct, >99%) was injected through a niksg
controller (Brooks, MFC 5850E) into the chamberidgra controlled time period.

The concentration of Nfgas in the chamber was estimated as a unit of(prgriL).

6-3. Results and Discussion
The device transfer characteristics measured utitferent NH; concentrations are
depicted inFig. 6-2 NHzconcentration varied from 0 to 0.52 ppm in incretaesf

0.065ppm per 6 min.  After NHnjection, a minimum of 150 sec was allowed to let
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the samples come to equilibrium with the environm&he samples were measured
after equilibrium. It was observed that, asd\tdncentration increased, the transfer

characteristics shifted, the threshold voltagé, | became more negative, and

on-current (,,,) decreased. The decrease in on-current is génevgdlained by

the interaction between gas molecules and cartieat degrades carrier mobility.

The higher the concentration of gas, the lower mhebility and drain current.

However, the influence o¥/,, on the | is excluded by plotting drain current as a

D,on
function of V; -V, as in the inset ofig. 6-2 The drain current is still decreased

by increasing Nklconcentration.

To clearly illustrate the variation of device paeters while varying N

concentration, on-current { | ), thresheld: voltage\(,, ), subthreshold swingS( S),

and intrinsic mobility

int

) were:all normalized to their initial values andtfed as a

function of NH concentration Fig. 6-3—~The 4, is obtained from the voltage
difference between the two interior ‘probes of Gdtea-probed devicepl3]

Obviously, both thel and theV,, are significantly influenced by varying NH

D,on
gas concentration. Th8. S.remains almost constant. The is decreased with
the increase of Nkgas concentration. The reason for the thresholige shift is
still not very clear. A possible reason is that tiolarized NH molecules attract
carriers from the channel region. As a result, aamegative threshold voltage is
needed to turn on the device. The unchargesldenotes that the interface between
pentacene and the gate dielectric layer is noctefteby NH.[15] The result also
verifies the assumption that the gas sensing meéshams a surface reaction
(including grain boundaries) rather than a bulkctea[3] The reduction of

mobility has been reported in many previous stuie316] It is proposed that the
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gas molecules adhered to or penetrated into trenardilm produces electric dipoles
to influence carrier transpdi7] Polarized gas molecules may cause spatial
fluctuations of potential energy, which affect tteariers transport in pentacene film.
Specifically, grain-boundaries are active regiamstie gas molecules interaction.

In those reports, the reduction of on current isnhgaattributed to the variation of
mobility.[7-9,16] However, in our study, the reduction of on cutrnsnmuch larger
than the variation of mobility. The discrepancyvietn previous reports and our
result can be explained in the following discussion

In previous reports, the external mobility/(,) is used to represent the real
mobility. Both film resistanceR;,,, ) and contact resistanc&(,,) influence z.,,. In

our study, the intrinsic mobility

int

) obtained from the voltage difference between
the two interior probes of Gated-four-probed. devieused. The variation oR_,,
is excluded from the variation:of¢, . Accordingly, previously reported behavior of

U, may be strongly influenced-by the variation oR.,, during gas sensing.
In Fig. 6-4(a) the R;,, and R, extracted from Gated-four-probed devices are
plotted as a function of Nbtoncentration. The extraction method was propased

P. V. Pesaventet al[13, 18] The R, is the sum of total contact resistance from

the source side and the drain sid€ig. 6-4(a)shows that the variation oR,, Is

more drastic than that oR.,  in the variation of NH concentrations. SinGgy: is

film
extracted from total turn-on resistance includify,, and R, the variation of

R, during gas sensing may give rise to a significetrange of 1,,,, especially

when R, is compared to the value oR To quantitatively discuss the

film -
influence of R, on f.,., the following equations were used to extragt, and
Hin -
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where Cg is the gate capacity per unit area, L is the chhlength, and W is the

channel width.

In Fig. 6-4(b) measured and estimated field-effect mobility atetted as a

function of NH; concentration. It can be found that,, exhibits a larger variation
than x4, . In addition, the influence of channel lengthtba observedy,,, is also
considered. The long channel of Gated-four-proloedices (L = 1200um)

produced a largeRR;,,, compared toR_, ., which reduced the influence dR,, on

film
the total resistance and om,,,. When the device channel length was reduced to
500 pm or 100 pm, it was:expected thaR , would influence 1, more
significantly. We estimated the.,,.of devices with different channel lengths by

reducingL in Eq. (3). R,., 4., andV, were assumed to be independent of

channel length and was obtained from Gated-foubgulodevices. The estimated
U, for devices with channel lengths of 5@G and 10Qum are shown irrig. 6-4(b)

for comparison. Obviously, when channel lengthrelases, the variation ofz,,

becomes more pronounced and exhibits a strong depea on Nhklconcentration.

In summary, pentacene-OTFTs were used as ai“parhmeter” gas sensor which
showed a high sensitivity to NH3 gas. With lessithd ppm NH3 molecules, OTFTs
performed significant turn on current reduction dhieshold voltage shift. With the
aid of Gated-four-probed OTFTs, the influences aftact resistance and pentacene

bulk resistance on the sensing behavior wereYissgtparately discussed. The current
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reduction was not only due to the decreasing ofieratransport mobility but also
strongly influenced by carrier injection properti®olar NH3 molecules may reduce
carrier injection at metal/organic interface andaege the contact resistance. When
the channel length is scaled down, the influenceamftact resistance on turn on
current and on external field-effect mobility is mopronounced. It is clearly
demonstrated that the OTFT sensing regions inclpdetacene film via grain
boundaries and the metal/organic interface. Gataedqfrobed structure successfully
separates the variation of these two regions amviges more parameters for

monitoring gas sensing.
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Drain Current
Under Different NH 5 concentration
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Fig. 6-2 Transfer characteristics (, -V;) of Gated-four-probed OTFTs
with  varied concentrations of NH; gas.
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Fig. 6-3
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Fig. 6-4 (a) Pentacene film resistanceR(,,) and contact resistance R,,)

are plotted as a function of V;-V, under different NH;

concentrations. (b) The measured (L=12Q0m) and estimated
(L=500pm and 10Qum) intrinsic mobility ( ) and extrinsic
mobility ( y,,) of different channel lengths are plotted as a
function of NH3 concentration.
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Chapter 7
Vertical Channel Organic Thin Film Transistors with Meshed

Electrode and Low Leakage Current

7-1. Introduction

Recently, OTFTs have drawn much attention duestpatentially applications on
flat panel display or flexible electronifs-3] To improve the OTFT performances,
many methods such as the surface treatment, negtragle material, and new
dielectric materials were proposgd6] In addition to increase the output driving
current, it was also essential to lower down thieimy voltage. As a result, new
device structures with short channel length wereppsed.7-12] With high
resolution lithography systems ‘such as the: G-limetgithography, the I-Line
photolithography, and the e-beam direct writer, dhganic devices with nano-scale
channel length have been realized. The device bpeneoltage could be scaled down
to less than ten volts. However, production costk wacreased by using these
advanced lithography system. To develop short-cbla@®TFTs with low production
cost, a vertical structure with top drain contagtd abottom source contact
(TBC-OTFTs) was demonstratgtl-12] Influences of the electrode materials and
electrode configurations have been discussed, whéeunsaturated characteristics

required further improvement.
In this paper, we firstly investigated the conduogtimechanism of the

TBC-OTFTs. The unsaturated characteristics werendoto be governed by the
Forwler-Nordheim tunneling. The F-N tunneling frasource to drain reduced the

control ability of gate bias and increased the dgmk current of the devices. To
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suppress the tunneling effect, TBC-OTFTs with mdsiseurce electrode were
proposed. By utilizing the fringing field effect merated by the gate bias around the
source electrode, the tunneling effect can be sogmitly suppressed. As a result,

better saturated turn-on characteristics and snakéage current were obtained.

7-2. Device Fabrication

The process flows are illustratedkig. 7-1(a)-(e) InFig. 7-1(a) we grown the
thermal oxide about 1000A on the slightly boron etSi wafer, the wafer resistance
is about 15-25 ohm-cm. Then, the bi-layer metRId/Ti) are deposited as source
and drain electrodes by the E-gun deposition systddiVAC EBX-10C ). The
deposition pressure is at 3x3@orr with the deposition rate of 0.5~1 A/sec. The
thicknesses of the Pd and Ti layers:are, 1000A &k, tespectively. The source
electrode is then patterned by photolithographycess after metal deposition and
shown inFig. 7-1(b) With the etching in the dilute aqua regia (HNGCI:H,0=1:3:4
at temperature >7Q), the electrode pads are formed. The pentaceterialahat we
used is obtained from the Aldrich without any pigafion; the as-received material is
placed in the thermal coater for the depositioredaly. InFig. 7-1(c) we use the
photoresist to define the active regions, we mayp aise the shadow mask to define
pattern of the pentacene film. During the pentaceleposition, the substrate
temperature is heated to°Td The deposition rate is 0.5A/sec and the pressuess
then 3x1C torr. Then, the window-like source electrode islyficovered with
100nm pentacene film. On the top of the pentaddme we mount the other
shadow mask for depositing drain electrodes. Asstilated inFig. 7-1(d) we
deposit the Au (50nm) via the thermal evaporatothasdrain electrode pad. Several
individual drain electrodes are formed on the pegrta film as shown ifig. 7-1(e)

The short-channel TBC-OTFTs, in which the draircetedes were overlapped with
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the source electrodes, were defined as the Growgwices. The long-channel
TBC-OTFTs were defined as the Group-B devices iickvkhe drain electrodes were
far separated from the source electrodes. The ip-image that captured from the
microscope CCD is shown Fig. 7-2

Then, we fabricated the TBC-OTFTs with meshed-Bkerce electrodes by the
process flow described above. The only differencas what we replaced the
window-like source electrodes to be the mesheddiace electrodes. The top-view

image of the devices with meshed-like source edees is shown ifig. 7-3

7-3. Result and Discussion

Firstly, the output characteristics of the Grougl@vices are shown iRig. 7-4(a)

It is obviously that unsaturated drain current Bserved. This is consistent with
previous reports on short channel organic thin flamsistorg13] Fig. 7-4(b)depicts
their transfer characteristics, higher ©ON/OFF aurmatio can be achieved when the
drain electrode bias is higher. For Group-B devicasparently different output
characteristics are observedFig. 7-5 Very well saturated behavior can be obtained
under large drain bias. To understand this diffeegemve consider the carrier transport
mechanism in OTFTs. It has been well acceptedttietarrier transport in OTFTs
strongly affected by two distinct mechanism. Onéhis carrier injection through the
barrier at metal/organic interface. The other is thultiple trapping mechanisms
when the carrier transport inside the organic fifrn.

For Group-B devices, actually the current pathofiwB long-channel current path
that carriers have to travel a certain lateralagisé from source side to drain side. As
a result, conventional long-channel device charmties are obtained. For Group-A
devices, carriers inject from source side and parisinside the pentacene layer
through a very short range (~ 100nm) then arriveedhain side. It is plausible that
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under the large electric field, carrier may tuntmebugh the potential barrier between
metal contact and pentacene film. The process ban described by

Fowler-Nordheim transport as the following equadfib#]

i)

I, OF[@F

WhereF=| Vp/L|, Vp is drain biasL is the channel length and 5 a potential barrier
related constant. If the Fowler-Nordheim transpsrtthe dominant mechanism,
linear relationship can be found in thelji¥p) v.s. 1N/p| plot. InFig. 7-6(a)we show
the In{p/Vp) v.s. 1N/p| plot for Group-A devices. Very clear linear reaship can be
found. For Group-B devices, as showrFig. 7-6(b) no obvious dependence can be
found. This comparison clearly demonstrates thaiu@A devices and Group-B
devices exhibit totally different carrier transparechanism. This also explains their
different behavior in the output characteristics.

Since the vertical devices with ultra short chanleeigth (Group A devices)
exhibit Forwler-Nordheim transpert-mechanism, itfasind that increasing the gate
control ability can improve the device performantkerefore, we further modify the
source electrode pad to be meshed-like shape usdraited inFig. 7-3 The small
pinholes arrayed on the electrode allow gate etefigld penetrate into the channel
region and give better control ability. The outpbaracteristics of this new device are
shown inFig. 7-7(a) It is found that relatively good performance daa obtained
even when the operation voltage is smaller than Bhéir transfer characteristics are
also depicted inFig. 7-7(b) improved subthreshold swing and reduced leakage
current can be found by comparing with thos€im 7-4(b)

To further study the influence of the source etmidr shape on the leakage
current, the electric field distribution was sinteld by the Silvaco TCAD (ATLAS

and ATHENA). By setting the gate bias as 20 V ane drain bias as -20 V, the
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electric field distribution of the Group A devices shown inFig. 7-8 (a) A large

electric field higher than 2 MV/cm is located beemethe drain and the source
electrode. It is very possible that this large ®ledield causes tunneling effect or
barrier lowering effect to produce a large leakageent from the source to the drain.
The TBC-OTFT with meshed-like source electrodes ttm other hand, exhibits a
very different electric field distribution as shownFig. 7-8 (b) Significant gate-field

fringing effect is observed. It reduces the electield around the source electrodes
and blocks the high field from the source to tha&irdrThe result explains the reduced
leakage current in the TBC-OTFTs with meshed-likarse electrode and gives an

insight of the OTFT leakage mechanism.

In summary, we used a simple method to fabricate riano-scale vertical
channel organic devices without high resolution tphiiography process. The
process can be completed by-only using shadow raadksimple aligner. Channel
length is defined by the pentacene thinfilm thieks and the source/drain electrode
configuration. When the drain electrode pad is laygred with source electrode,
ultra-short channel device characteristics are rvse Fowler-Norheim transport
mechanism is found to dominate the output charaties because of the large
electric field located in the channel region. Whiea drain electrode is not overlapped
with source electrode, typical long-channel deyaiegformances are observed and the
carrier transport in pentacene layer follow conigrdl multiple trapping theory. To
further enhance the gate control ability and lodewn the leakage current of the
ultra-short channel devices, we introduced the me@sbource electrode. In the
renewed device, low drain voltage (<10 V) and higBdl/OFF current ratio (about 4
orders) can be successfully obtained. Further asudre in the progress to discover

and identify more specific short channel propertesTBC-OTFTs.
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Group-B

Fig. 7-1 The structure and the process flow ofertical-channel organic thin
film transistors with top drain contact and bottom source contact.

(TBC-OTFTs).
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Source Electrode

Drain Electrode

Fig. 7-2 Topview microscope images of the TBCAPFTs. The shapes of

source/drain electrodes are also shown.

Source Electrode

Drain Electrode

Fig. 7-3 Topview microscope images of the TBCA®Ts with meshed source
electrode. The shapes of the bottom source and taolpain electrode

pad are also shown.
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Chapter 8

Conclusion

Low-temperature gate-dielectric, AIN films, is poged for OTFTs. The pinhole
free, smooth and extremely thin AIN film can be ogfed by the RF-sputtering
system at low deposition temperature. The dieledtakage was significantly low,
and the AIN has a surface free energy that is ambd that of the pentacene film. It
can be concluded that lowering the AIN depositemperature gives smaller leakage
current and larger pentacene grain size. The fegfdct mobility is accordingly
improved. The process is promising for the develepinof low-temperature OTFTs.
The Ar/N; flow ratio in the sputtering process was demotastiéo be a key parameter
in reducing AIN gate leakage. Poole-Frenkel-reldieakage is suppressed as the
electric field increased. Based on experimentallteshe low-voltage and high
performance OTFTs are realized; —With the thinndN Agate-dielectric, lower
substrate temperature, and higher ‘Arfidtio, the AIN-OTFTs can be operated at
low-voltage (about 5V). From the series of thearkpents, the highest field effect
mobility is 1.67cri/V-sec, the lowest subthreshold swing is 104mV/decand the
lowest threshold voltage -1.3V, respectively. Tiigh on/off current ratio about 10
were all observed from these AIN-OTFTs. Accorditogthe mentioned electric
properties, it is demonstrated that the AIN-OTFTs hgotential application in
low-voltage and rapid-switching organic transistors

The OTFTs with solution-based PMMA gate-dielectacsl investigate the effects
of UV-light treatment on PMMA gate-dielectrics. Withe UV-light treatment, the
threshold voltage and the subthreshold swing wallsignificantly altered, but the
field-effect mobility remains almost unchanged. é&fhthe light-irradiation on

these OTFTs, the devices with UV-light treatmentl whow a larger threshold
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voltage shift and a larger photo responsivity thlanse devices without UV-light
treatment. In order to investigate the effect d¥-light treatment on OTFTs
characteristics, the material analysis and thesdiat leakage-current measurement
are proceeded. It is found that the variation e semiconductor layer and the
trapping in the dielectric layer should not be thheminated factors. By the
time-dependent analysis of threshold voltage shift photo-generated current, the
saturated time and the recovering time show a gtoonrelation to the gate-voltage.
That implies the electric-field in the organic seamductor film will influence the
behavior drastically. It is most probably the Uyht treatment may create the
charged traps at the interface of the PMMA-dielea@nd the organic semiconductor,
which will result in a build-in electric-field inhe organic semiconductor near the
PMMA gate-dielectric. Hence,.the OTETs with UVHigtreatment will show
different characteristics, such as a faster saturaime and a longer recovering
time.

We constructed a gas-sensing system and investigfa¢einteraction of pentacene
film to NH3 gas via the gated-4-probes OTFT. In our obsematichen NH gas
interacted with the OTFT, both the contact resistamnd the pentacene film
resistance are increased, which resulted in thectesh of drain-current. The
threshold voltage is also shifted negatively to aagér value; however, the
subthreshold swing was almost unchanged. Accordmgour estimation, the
increase of pentacene-film resistance will redue intrinsic field-effect mobility.

It should be attributed to the interaction of Nkhs and pentacen film will create
additional traps in the pentacene grain, which widrease of grain boundary (GB)
barrier height. On the other hand, based on tlgathely increased threshold
voltage and the almost unchanged subthreshold swheg\NH; shows a character of

“hole withdrawing” in pentacene film but do not luénce the distribution of
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interface trap significantly. We suggest that streng interaction between NHas
and OTFT may be connected to the highly polarizéti Iolecule, but further work
is needed to determine the detail of related mashan

In this investigation, the novel vertical orgartint film transistors (VOTFTs) and
the Top-bottom-contact OTFTs was proposed. Withntietal shadow-mask and the
simple photolithography, the short channel (chatergth less than 100nm) OTFTs
with vertical structure was fabricated. As well #&® common short channel
transistors, the unsaturated drain current (undgr train-voltage) was observed in
the proposed VOTFTs. ltis found that the Fowlerdheim tunneling dominated the
carrier transport in VOTFTSs, resulting in the umsated drain-current. To further
improve the VOTFTs performance, the modified mestmatce pad was proposed.
The control of the gate bias was_enhanced. andrtia doltage can be significantly
reduced. The modified VOTETs can be operated wat doain-voltage and low

gate-voltage (about -5V) and the ‘on/offrcurrentoratas also increased from 4.0

orders to 1torders.
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