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ABSTRACT

This thesiscovers electrical and surface analytical investigatioof organic
thin-film transistors. Thanost distinct aspect of the experimeniark wasthat the
organic film preparation,sawell as the chemical and electrical characterization of the
organic deviceswere performedin situ under ultrahigh vacuum conditions. This
allowed unprecedented measurements of the performance of organic transistors, in
particular with regard to repradibility and the correlation between film morphology
and electrical properties. To this emu situ Auger Electron Spectroscopy and Thermal
Desorption Spectroscopy, as wellassituAtomic Force Microscopyvere applied to
determine the chemistry, theamstability and morphology of the dielectric substrates
and the semiconducting organic layers. A special sample holdeedltbe cooling and
heating of the organic devices, thus enabling the study of the transistor performance
in situ as a function ofifm thickness, sample temperature and substratéfivations.

In particular, organic transistors with pentacene and epindolidiotieeasctive
semiconducting material, and silicon dioxide, as well as-spated capping layers
PVCi and PNDPE as dielett substrate, were prepared and characterized. The main
findings can be summarized as follows: The transistor properties, mainly characterized
by the charge mobility and threshold voltagesre governed by a subtle interplay
between the grain size and deysihe molecular ordering in the grains, and the overlap
between the organic film and the gold contacts. Deposition of the film at elevated
temperature increadethe grain size and the molecule ordering, thus increasing the
charge mobility; however, at ¢hsame time dewetting effeaéminishedthe overlap
between the organic film and the gold source and drain contacts, thus dectieasing
attainabledrain currentand consequentlyhe mobility. With an elaborate deposition
technique, by utilizing the spdid layer growth modes at different substrate
temperatures, this restrictiooould be overcomeand excellent mobilities for the

pentacene/silicon dioxide systemcamparablytow film thicknesswere obtained

Another important parameter for the film fornoe was the diffusivity of the
organicmolecules at the substrate. The diffusivityuld be intentionallyalteredby ion
sputtering of thesilicon oxidesubstrateand a modification of thsilicon oxideby less
polar organics, such as PVCi and PNDRE|ch bothinfluencel the resultingmobility
considerably. One of the main results of this wwds the finding that only 34 layers

of the organic film contributkto themajor part of the drain current






KURZFASSUNG

Die vorliegende Dissertation befasst hsicmit der elektrschen und
oberflachenaalytischen Charakterisierungvon organischenDunnschichttransioren.
Ein Grofdteil der experimentellen Arbeiten wurde dabei situ unter
Ultrahochvakuumbedingungen durchgefihriDadurch war es mdoglich die
Leistungséhigkeit der organischen Transistorea untersuchenim Besonderen in
Bezug auf Reproduzierbarkeit und die Zusammenhange zwischen Schichtmorphologie
und elektrischen Eigenschafte@usatzlich zu der elektrischen Charakterisierung
wurden sowohl in situ Auger Elektronenspektroskopie und thermische
Desoptionsspektroskopie, als au@x situ Rasterkraftmikroskopie eingesetzt um die
chemische Zusammensetzung, thermische Stabilitdt und Morphologie der dielektrischen
Substrate und organischen Schichten zu bestimmer Einsatz einespezifisch dafur
konstruierten Probenhalters digtichte das Heizen und Kihlen der Proben, sowie
Untersuchungen der Transistoreigenschaften als Funktion der Schichtdieke

Temperatur undon Oberflachemodifikationen.

Pentacen undEpindolidione Transtoren mit den DielektrikeSiO,, PVCi und
PNDPE wurden hergestellt und charakterisiert. Die dabei gewoenen
Haugerkenntnisse waren, dass die Transistoreigenschaften, repréasentiert durch die
Ladungstragermobilitdt und Einsatzspannungrwiegerd durch ein Zusammenspiel
der KorngroR3e undidichte im Halbleiter der Struktur in den Kérnern und de
Uberlapmung der Halbleiterschicht mit den Goldkontakten bestimmerden
Filmabscheidung bei erhohter Subdeatperatursteigertedie mittlere Korngréf3e und
Ordnung im Film, wodrch sich einerseitslie Mobilitdt erh6hteaber andererseituch
Entnetzungseffekte begunstigtusien, welche die erreichbaren Leistgoaraneter
negativ beeinflugen. Ein spezialisiertes Abscdengsprotokoll bei versaddenen
Abscheidungstemperaturen konnte die Vorteile bedeichekombinieren und fuhrte

zu exzellenten Mobilitaten beerhaltnismaligyeringen Pentacen Schichtdicken.

Ein  weiterer wichtiger Parameter des Filmwachstums war das
Diffusionsvermogen der ganischen Molekile auf dem Dielektrikum. Dieses konnte
mittels ArgorlonenSputtern oder Benetzen d&sliziumoxids mit weniger polaren
Schichten wie PVCi und PNDPE bewusst modifiziert werden und wirkte sich direkt auf
die erreichbard.adungstrgermobilitd aus, welcheum Uberwiegenden Teil von den
untersten 3 4 Schichten des Halbleiters bestimmirde
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1INTRODUCTI ON

Electonic devices based on organic semiconductors are on the verge of taking
over large shares of several markets currently dominated by inorganic syStgansic
electronicss thereforealready far beyond being a primarily research specific terth
isfrementl y used in todayés marketing- stra
edge technologjl,2]. The fieldremains highly relevant for the future of our electconi
world, as it offers the possibility to utilize highly advantageous organic material
properties for preseittay and prospective application3.he widespread scientific
interest in organic electronic devices can be largely attributed toniheepossibilty
to deposit and pattern the involved semiconducting materials at room temperature
while maintaining excellenbiodegradability and biocompatibilif$,4]. This enables
the creation of lowcost, largearea electronic functions on flexible substrates via
comparably inexpensive processes and therefore to realize applications not feasible with
silicon or other inorganic transisttgchnologiegl,5i 12]. Some examples for devices

based on these unique advantages are displayagure 1.1.

As one of the most basic building blocks of organic electronic devices, switches in
the form of organic thufilm transistors (OTF3) [13,14] are one of the pillars for
technological succes$Vhile the possibility to create and optimize organic devices is
evident to the present date, many of the underlying principles affecting critical device
parameters such as performance and lifetime are not yet fully understood and
controllablein satisfactory detailas outlined in a number of review artic|@8,15 17].

In general, the film morphology of the active layer, the molecular ordering, and

chemical impurities are recognized as prominentofacfor the attainable OTFT

Roman Lassnig May 2016 1



Chapterl: Introduction

performancgl18i 25]. Additionally, high performance organics are often sensitive to
oxygen[26,27], humidity[28], and light exposuri9], leading t¢ sometimes severe

device degradation under ambient conditions and limited operational lifetime.

To gain conclusive inght into thinfilm growth and the connected electrical
propertiesrecently several groups turned their attentiomtsitu measurements under
vacuum conditions, in an effort to improve reproducibility and reduce atmosphere
induced contamination and dededion[30i 38]. Some &perimental workshowed that
ultra-high vacuum (UHV) chamber depositioim combination within situ surface
analytical ad electrical characterizatioms able to accurately connect active layer
growth and morphology with the resulting electrical transistor properties, based on
specific, weltcontrolled surface alteratiofis8,19] One disthguishedand common
point of interest is the number of closed monolayers (ML) at which the rise in mobility
with increasing coverage saturates and therefore indicates the maximum effective
Debye length in the filnj39,40] This was subjeemnatter of a nurmer of
articles[30,31,34,36,3843] and formed the basis for our publications os thpic [44i
46].

Being part of organithin-film transistor research and development for almost 25
years[471 49], the polycyclic aromatic hydrocarbon pentacengH&;, Figure 1.2 (a))
has earnedreputation as a working horse material in OTFT fabricd®®h. This is for
the most part attributable to the attainable high charge carrier mohilitgggater than
1 cn?/Vs [50i 52] and can be related to the materials tendency to form-anedired
layers of standing molecules with excellent long axis alignment of the five linearly
connected benzene rin{s3,54], which form the molecules structU0]. Typically,
pentacene is deposited in vacuumaogate dielectric of choicajith gold electrodes in
a bottom or togcontact configuration. Subsequently, the devicescargacted and
electrically characterized in aiRecently some investigations onn situ pentacene
device fabrication and electrical characterization have been reponesll aKiguchi et
al. [30] were one of the first to study the conductivity of pentacene fimsitu
continuously during film growth, and found that the accumulation layer is just a few nm
thick. Similar experiments were performed by kiual.[31], who additionalf focused
on the role of pentacene purificatif82] and on the influence of vacuum breaking on
the device performand83]. Furthermorein situ and real time electrical measurements
were also carried out in the group of Biscaf8#,35], who studied the influence of the
deposition rate on the device performance and on the number of active layers



contributing to the drain current. Finally, the evolution of mobility, threshold voltage,

and hysteras during pentacene deposition was investigatesitu by Fiebiget al.[36].

In order to go byond this type oin situresearch on organic semiconductong,
focus of this workwas theanalysis of the semiconducting layer in orgatmm-film
transistors through a unique combinationros§itu layer deposition, reglme electrical
and surface aalytical characterization, with all investigations being performed under
ultra-high vacuum conditionsA specializedexperimental setup enabldull control
over the semiconductor deposition process through precise deposition temperature and
rate adjustmet, as well as exact sample surface temperature control and variation
between 12K and 800K, during and subsequent to the deposition it§éifough this,
it was possibleto realize unprecedented investigations during deposition and during
layer thinningby thermal desorption. Auger electron spectroscopy (AESapplied to
control the chemical composition of the surfaces involved prior and after film
deposition. The deposited filmouald alsobe desorbed and analyzed by Thermal
Desorption Spectroscopy IDB) in a controlled way, establisig the thermal stability
of the film. Due to the fact that repeated film deposition and rentoeddl be achieved
without breaking the vacuunt,was possible¢o test the influence of various parameters
on the reproducility of the transistor characteristicsuch asargonion sputteringof
the gate dielectrimhead ofsemiconductor depositioiex situ atomicforce microscopy

(AFM) was used to characterize the morphology of the films.

Following the successful implementati of pentacene OTFTs atite pioneering
success bestal{@®%5¥atkekoiganic pigment epindolidione 1(810N205,
Figure 1.2 (b)) was investigateds well As ahydrogenbonded analogue of the well
studied tetracendt, had emerged as one of the most interesting candidates for the active
layer materialin OTFTs[25,58] As a s$ructural isomer, the yellow to orange colored
epindolidione is closely related to the industrially mass produced indigo, a blue organic
dye with which it shares many advantageous properties. Epindolidione based OTFTs
had shown excellent application potéilt featuring very promising charge carrier
mobility values of up to 1.6m?/Vs for ptype conductiori55], electrode material and
derivatization indaoed ntype behavior, high air, water and temperature stability,
excellent biocompatibility, and stable operation in ionic solutions in a pH range of
3t0 10[57].

The samespecialized experimental setupas appliedwhich enabledthe
manufactuing and characteriation of electrical and surfacg@hysical properties of

Roman Lassnig May 2016 3



Chapterl: Introduction

epindolidione OTFTdn situ under ultrahigh vacuumconditions While inferior in

terms of charge carrier injection and therefore maximum attainable m¢bdlig9], the
employed bottorgate geometry allowed more insight into the correlation between
semiconducting and growth properties be gained An investigation ofthe layer
growth and transistor behavior of epindolidione as a function of the employed gate
dielectric material, its surface treatment, i.e. sputtering, and of the sample temperature
over a wide temperature range was performed. ihsitu experiments we again

complimented bex situAFM measurements.

Figure 1.1: Various exampledor the application of organic electronicsbased on
flexible substratessuch as (a) anfb) displays[60,61], (c) artificial skin[62], and (d)
circuitry [63].

(a)
L

Figure 1.2: Chemical structure of (a) pentacene and (b) epindolidione.
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1.1 General Organization of this Thesis

1.1GenelOraglani zati on of this Thesi
In this thesis electrical and surface analyticakudies on pentacene and
epindolidione organic fielgffect transistors will baliscussedn detail. The applied
experimental methods include electrical characterization as a function of dielectric
material, sample and device temperature during depositihsarface analytical
characterizatiorby thermal desorption spectroscopy, Auger electron spectroscopy and

ex situatomicforce microscopy.

Chapter 2 outlines the fundamental theoretical aspects of organic transistor
technology charge transport, parameter extraction and characterization. Additionally,
the basic physical principles of semiconducting layer formation, including the

adsorption process and nucleation are covered.

In chapter3 the main aalytical methods employed throughout this warid their
applicability to the present experimental challengese covered, namely thermal

desorption spectroscopy, Auger electron spectrosandyatomieforce microscopy.

Chapter4 then focusses on the experimental setup and instrumentation used
throughout this work, as well as the sample and device preparation and the
corresponding method and material choices. Detailthe sample temperature control
and surface modification tbhugh argoron sputtering are also found here.

The following three chapters then represent the main body of this thesis, detailing
all experimental results. The basic field effect transistor investigations for pentacene are
covered in chapteb, optimization of the semiconducting layer growth and pentacene
device performance are detailed in chapferand finally, chapter7 covers the
application of the then weélstablisled experimental system to an-tgpdate organic

semiconductor in the form of epindolidione.

The concluding chapters contain a short summary of the results and findings
obtained in the scope of this thesisd a list of conference contributiomms chapter8
and the list of literature references in chagter

Roman Lassnig May 2016 5
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1.2Li stncolfosked Publicati ons

PAPER RFE[ 4)4 ]

In situ preparation, electrical and surfaceanalytical characterization of pentacene

thin film transistors
R. LassnigB. StriedingerM. Hollerer,A. Fian,B. StadlobeandA. Winkler
Journal of Applied Physick16(2014)114508

Author Contribution: Following the successful implementation wof situ OTFT
fabrication and characterization for our vacuum setup, pentacene roasletidevices

were studied in detail. This work focused on the electrical device properties as a
function of film morphology, preparation, and characterization temperature.
B. Striedingerapplied the gold bottornontacts to th&iO, samples and in conjunction
with A. Fian and B. Stadlober assisted time interpretation of data. M. Hollerer
performed theauxiliary AFM measuremenisAll pentacene deposition, TDS, and

electrical chaacterization experiments were performed by R. Lassnig.

The publication was written by R. Lassnig in accordance with input and corrections

from Prof. A. Winkler, who supervised this project.

Large parts of this publication were used in chapter

PAPER( RF[ 4)5 ]

Optimizing pentacene thinfilm transistor performance: Temperature and surface

condition induced layer growth modification
R. LassnigM. Hollerer, B. Striedinger, A. Fian, B. StadlolardA. Winkler
Organic Electronicg6 (2015) 426428

Author Contribution: In extension of the previous publication, this woncluded
investigationsand possible routes of performance optimizat@mpentacene deposition
at differenttemperature and on sputtere&iO,. M. Hollerer performed detailed AFM
analysis on different pentacene layer thicknesses on the gold codi@gisand the
transition between those regions. B. Striediregglied the gold bottormontacts to the

SiO, samples and in conjunction with A. Fian and B. Stadlober assisted in the



1.2 List of Enclosed Publicatits

interpretation of dataAll pentacene deposition, surface modification arecteical

characterization experiments were performed by R. Lassnig.

The publication was written by R. Lassnig in accordance with input and corrections

from Prof. A. Winkler, who supervised this project.

Large parts of this publication were used in chafter

PAPERI( IRE[ 4)6 ]

Temperature and layer thickness dependent in situ investigations on epindolidione

organic thin-film transistors

R. Lassnig B. Striedinger A. O. F Jones, B. Scherwitzl,, A Fi an, E. D.
B. StadlobeandA. Winkler

Synthetic Metal218(2016) 64-74

Author Contribution: Following the successful studies on pentacene, the highly
promising, hydrogenbonded organic semiconductor epindolidione was investigated.
Once morethe influence of preparation and characterization temperature, as well as
dielectric configuration on the resulting transistor performance was studieetail

B. Striedingerapplied the investigated organic dielectrics and gold boetontacts to

the SiO, samples and in conjunction with A. Fian and B. Stadlober assisted in the
interpretation of dataA. O. F. Jones performed-ray investigations on epindolidione
layers andsupplied information on the epindolidione growth mode at different
temperaturesB. Scherwitzl performed preliminary TDS evaluations on the material and
came up with the suggestion to use epindolidione, which. G § o w aswpplied in
addition toconsultancy in experimental mattefdl epindolidione deposition, TDS, and

electrical claracterization experiments were performed by R. Lassnig.

The publication was written by R. Lassnig in accordance with input and corrections

from Prof. A. Winkler, who supervised this project.

Large parts of this publication were used in chapter
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Electrical in-situ characterisation of interface stabilised organic thiafilm

transistors
B. StriedingerA. Fian,A. Petritz,R. Lassng, A. Winkler and B. Stadlober
PhysicaStaus Solidi Rapid ResearchLetters9 Issue 12015)420-424

Author Contribution: R. Lassnig assisted in the interpretatiomxperimentatiata.

Adsorption, desorption and film formation of quinacridone and its thermal
cracking product indigo on clean andcarbon-covered silicon dioxide surfaces

B. Scherwitzl,R. Lassnig M. Truger,R. Resel,G. LeisingandA.Winkler
Submitted to Journal of Physical ChemistryMay 2016)

Author Contribution: R. Lassnig supplied a number of AFM images and performed
the analgis ofthe AFM data.

Structure solution of epindolidione from thin films and tuning of crystallite

orientations

A. O. F. Jones C. Roéthel O. N. BedoyaMartinez R. Lassnig P. Christian

I. SalzmannA. Winkler andR. Resel
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ZFUNDAMENTALS

Before going into the details of the experimental setup and sample preparation,
the basic theoretical principles applied in this work are covered. This includes
fundamental definitions and concepts for thim transistor technology, chge
transport and electrical performance parameter extractidre secondmajor part of
this chapter containthe foundations of semiconductingaterial deposition, adsorption

andfilm growth, as well aghe thermatesorption of molecules

210r gani-Eli nT hTirnansi st or s

As thefundamental building block for modern electronic devices, the transistor, in
its most simple functionality as an on/off switcbpresents the tool to translate binary
code into electronic functiorsnd vice versaThe following basicproperties of field
effect transistors are largely based on the works by Sze af@bNdgn Figure 2.1 the
elementarycomponents of a transistor, as employed throughout this thesis, are shown.
The switch functionality relies on the regudat of the voltage (Ups) driven current
flowing in between thelrainandsourceelectrodeglps). This is achievedby a potential
applied to a gate electrod€gs), which is separated from tlsemconducting channel
by a dielectricThe current path runninthrough the semiconductor between the source
and drain electrodes is called the chandslally, the source electrode is grounded and
used as a reference potential for the voltages applied to the gate and drain electrodes.
Therefore, the terms drain aggte bias areused synonymous with drasource and
gatesource bias throughout this wo&ince no significant current can flow between the

gate and the other electrodes, the attainddén-source current is modulated by the
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Chapter2: Fundamentals

gate potential inducedledric field, leading to the terminology fieldffect transistor
(FET). As a subcategory of fieldffect transistors, thifilm transistors (TFT) feature

the eponymous relatively thin semiconducting layer and a number of operational
differences compared to ET. Most notably TFTs operate exclusively in the
accumulation regime and therefore a simple attraction of mobile charge carriers by the
gate potential towards the dielectsemiconductor interface is responsible for the
formation of the charge transparg channel.These mobile charge carriers can be
injected from both electrodes and are not bound to generation in the semiconductor
bulk. The depletion and inversion regimes essential to FET operation are not found in
TFTs, as are the associated chemicaligp regions. The majority ofdnsistor systems
employing organic materials as a semicondydtaiuding the devices investigated in

this thesisare TFTY67].

Source Semiconductor Drain
Insulator
Uss '|' Up
DS

Figure 2.1: Schematicorganic thinfilm transistor structure and applied voltages

between the gate and sourtks;§, as well as drain and sourddpg) contacts.

OTFTs can be constructed in four basic configuratitersned after the orderin
the layeringand/or depositiorof the substrate, gate electrode, insulator or dielectric,
semiconductor, and source and drain electrodeBiguare 2.2 the schematics of these
four architectures are shown. Each arrangement features spgedimetry related,
advantages and disadvantages when it comesucial device parameters such as
charge carrier injection and transport contact resistance, deviabegradation, and
prominentlythe eag and feasibility of the manufacturing process itself. The bottom
gate, bottorrcontact architecture dadbeen chosen for this work, since it offered, among
other advantages, theniquepossibility to study the OTFT dewsin situ underUHV
conditions andluring the semiconductor depositiand layer growtlitself. In addition,
it is very often the configuration of choice for industsableproduction based on large
area deposition techniques, such as-spatingor inkjet-printing [67].

10



2.10rganic ThinFilm Transistors

(a) (®)

Source Drain
Source | Semiconductor | Drain Semiconductor
Insulator Insulator
Substrate Substrate

(<) (d)

Insulator
Source Insulator Drain
Source | Semiconductor Drain Semiconductor
Substrate Substrate

Figure 2.2: Basic organic thiffilm transistor achitectures (a) Bottom-gate, bottom
contact, (b) bottorgate, topcontact, (c) togate, bottorrcontact, and (d) tegate, top

contact.

2.1.1Basic DeviceOperation andCharacteristics

In order to characterize and analyze OTFT properties, parameters of ihterest
to be defined and establish&tlhile not always applicable to its full extd39,68], the
formalism developed for silicon bas€dETs[66] has proven to be the most efficient
and intuitive way to compare the performance characteristics betliféenentsamples
and with results from other research groups. By setting either thesinaioe voltage
(Ups) and sweeping the gaseurce voltageUcss), or vice versaand measuring the
resultingdrainsourcecurrent (ps) as a function of the swept voltagge-calledtransfer
and output characteristics can be generdteda device In turn thesecontain the
necessary information to extract the paetens of relevance for orge transistor
characterizationIn our casgthese parametersare thecharge carrier mobilityn the
linear (MLin) and in the saturatio(Uusa) regime,the threshold Y1) and onsetvoltages
(Uon), the on/offratio (or/lor), and the subthreshold swing, which wéll be covered in
more detail in the following sectiof89i 73]. In Figure 2.3 exemplary transfeand

output charaeristics forcommercialn-type, metatoxide FETs are showas extracted
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Chapter2: Fundamentals

from thecorrespondinglata sheetwhich havealsobeen used ttestthe viability of the
electrical measurement systeifhese characteristic curve progressions can also be
found to ahigh degree in all transfer and output curves for Q8 piesented in this
thesis and enable the formalism developed for inorganic FETs to be applied to OTFTs.
Noticeable deviations in presented OTFT characteristics from the classical form
displayed inFigure 2.3 hint towards the limitations of the classical FET picture for
organic semiconductors and the additional parameters not accouniedtiier model

andwill be coveredwhere applicable

90

()

70

60

Iy [A]
Io [A]

30 4

20

10

Vs [V] Vs V]

Figure 2.3: Characteristicn-type (a) transfer and(b) output curves for commercial
metatoxide powerFETS[74].

22Charge Transport in Organic Mater
Contrary to inorganic FES no intrinsic free charge carriers exist in the

semiconductoand as a consequencethe absence of any doping regioambipolar

electron and hole transport is theoretically feasiligoractice most OTFTs operate in

hole conductionThe main reason for this the higher Schottky barrier for electron

injection into organic semicondtors from the commonly used high work function

metal electrodes As mentioned in the previous chapter, TFTs operate in the

accumulation regime.fie application of a sufficient gate bidgs enables the uniform

collection of mobile charge carriers, injegtento the semiconductor from the source

and/or drain electrodes, at the dielees@mniconductor interface above the gate

electrode At the application of alrain-sour@ biasUps, the mobile charge carriers can
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2.2Charge Transport in Organic Materials

then transport charge between theseo eledrodes. The gate voltage at which the
channelfirst becomes conducting the secalled onset voltag8Jon), which equals the
flat-band voltage in the traditional FET pictuaed similarlythe gatesource voltage at
which the drain currenis at its minimum [75]. In order to apply the formalism for
parameter extraction developed for inorganic FET systems,otieept of a threshold
voltage (Urp) for the OTFT system was introducptD]. While denoting theransition
point from weak to strong inversion in traditional FE®6], it signifies the necessary
gate voltageto obtain appreciabledrain currentfor OTFTs and thereforeimplies a
current criteria for evaluatioji9]. Both parameterd)t, andUo,, have the same origin
and have sin@r meaning,but follow different evaluation procedure®ften the
effectiveapplied gate voltageUgs) is an important parameter for the analysis of a
OTFT system, defined as tipart of the appliedoltage that actively contributes to the
majority of hecharge carrier generation above the gate dielectric:

Y YO Y (2-1)
Consequently the accumulated mobile cha@at the semiconductatielectric
interface is defined by
v 0°Y (2-2)
with thegate dielectric capacitand€g.
In Figure 2.4 exemplary transfer and output characteristics for tHgpe
transistorgnvestigated in this thesis are shown. Thpli@ation of the drairsourcebias

Ups leads to a shift in the previously uniform charge carrier distribution above the gate

and with the previously defined voltages, twonduction regimesan be established
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Figure 2.4: Exemplary transfea) andoutputcharacteristics (b)neasured at 30K, of

an 8nm thick pentacene film after deposition on a carbon covered device Kt 200
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Chapter2: Fundamentals

For a certain gate voltadgéssexceedindJr, one can assume that a fixedwher
of charge carrier§) is injected andsupplied in relation tdJe+. Thenthe drain current
scales with therain-source biag)ps (Figure 2.3 (b) andFigure 2.4 (b)) in two distinct
ways For low drainsourcebiasUps, the drain current is not limited by the number of
accessible charge carriers and increases linearly with the appliecsduage potential.
This represents the smlledlinear regimeof OTFT operation. With increasindps, a
point is reached, where the fixed number of charge carriers supplied by the effective
gate voltageUgx limits the attainable draieource currentThe secalled saturation
regimeis reached, wher®r a certainUssthe eponymous saturation lgk as a function
of Upsis attainedand the conducting channel is pinckatlin accordance tthe classic
FET picture and the current flow is then spacharge limited Consequently,lps
becomes independent of the dramurce voltageThe transition from the linear to the
sauration regime can be observed in the evolution of the drain curréigure 2.4 (b)
from low to higher drairsource voltage (right to left). In terms of the established

voltages the regimes can be characterized by:

Linear regime: sY Y s %Y SY s T (2-3)

Saturation regime: sY s sY Ys Y T (2-4)

The transfer characteristics showrFigure 2.3 (a) andFigure 2.4 (a) represent a
different evaluation of theircumstancesdepictedin the output curveandthe same two
regimes can be specifiefihe drainsource potentiadlps is now the cortsint parameter
and the lowUgs parts of the graphs represetine saturation regime, where the current is
limited by the amount of mobile charge carriers supplied at a cedgg With
increasing gate bias, more and more charge carriers are injecteleirs|snticonductor
unt il the applied drain source voltage
charge carriers to its full extent. The drain curragta function of the drain source
voltageUps is thereforeonce more in the linear regimehi§ linearity is observablen
the spacing oftransfer characteristics for a number of drsdurce voltagesand a

specific gatesource voltage(not shown here) In Figure 2.4 (a) a logarithmic
(log(lpg) vs. Us9 and a square root reggentation (‘O vs. Ugd of the drain current
are depicted, highlighting the quadratic dependence chttagmable drain current as a
function of the applied gate biasthe saturation regimé&or output curves, as depicted

in Figure 2.4 (b), the same quadratic relationship can be observed. At a fixed
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2.2Charge Transport in Organic Materials

drain-source voltagdJps, the attainedps valuesthenshow thequadraticspacing as a

function of the applied gate voltagks

In both regimesthe channel itself acts asresistor. The equivalent resistance is
determined by the channébngth L, defined as the shortest drasource contact
distance andthe channelwidth Win the perpendiculan-planedirection. Additionally,
the charge transport properties in the semdictor itself, related to the charge carrier
density n and mobility ¢ and gate dielectric parameters, suchtlisknessd and
capacitanceCg, are of crucial importance for the resulting electrical performanice
squareroot representations generallythe data representation othoice in orderto
extract the threshold voltagg+,) and consequently charge carrier mobility in the linear
(Win) and, more commonly, the saturatifpsa) regime[76,77] Additionally, the
logarithmic form of representationmmediately yields the onset voltagdo, as
speified before,and theon/off-ratio (ovlor), defined as the ratio betweére highest
and lowest attainable drain currerib the corresponding on and off statEsom the
first major rise of the logarithmic transfer curvas a function of gate biathe
subthreshold swing can be extracted, which is the inverse of the slope in this regime and
noted in V/decade An optimal OTFT features a low onset voltage and threshold
voltage, as wells@ahigh on/off-ratio and subthreshold swing.

2.2.1Charge TransportMechamsm andTemperaturéependence

Due to the fact thaall our devices show a rather low mobilityy large part
attributable to the maximum performance wise inferior bottomcontact
architecturdg14,59], we assume that the contact resistance shouldplgya minor role
for the mobility determination from the transfer curv€ke contacts are able to supply
the channel with a sufficiently high amount of charge carrier thiedtemperature
dependence of the effective mobility shoulden by largely determined byhe
properties of ta organic film itself.

Several models have been discussed in the literdturéhe charge transport
mechanismn organic electronicfs7,73]. Unlike in inorganic semiconducting systems,
bandlike charge transporby delocalized states generally assumed not to pldye
most significant role in polycrystalline or amorphous organic matefvas/9)
Horowitz et al.[13] have shown that the mean free path of charge carriers can actually
be shorter than the meatomic distance, invalidating a pure baliice charge transport

model. Charge hopping and tunneling between localized states and their activation into
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Chapter2: Fundamentals

temporary delocalized states are the major contributions to charge transodften
encompasses thatermolecular overlap of orbitals of states that are delocalized over a
single molecule (intramolecular delocalization). This entdiiat the layer formation

and the relative orientation of molecules and grains to each other becomes highly
significant fa the charge transporEor the sheelike, benzene ring based molecules
pentacene and epindolidione studied in the present \{leidure 1.2), the charge
transport | argely r el i es-orbitals perpeadicsldri th& i n g
ring planes between neighboring molecy&81] This so0o sdadttha ch g~
molecules will be covered in more detail in sect8on the semiconductor deposition

and layer formation.

In the following, a number of chardgeansport mechanismere described which
are all temperaturelependento some degreé comprehensiveschematioverview of
theinvolvedtransportregimes of interest idepicted inFigure 2.5. The mostrequently
discussed model is the so called MTR (multiple trapping and release) model, which
assumes that most of the carriers are trapped in localized states, which have to be
promoted temporarily into a delocalized band, in which charge transport ¢Emguse
2.5 (c)). In this case, the drain current depends on the #ctivharrier between the
localized trap level and the delocalized band dd8g2] Contrary to inorganic FET,
thermally induced phonon scatteriirsgnot the maidimiting factor for charge transport
and the mobility has been shown to increase with temperg88teAccording to the
MTR model[67,79,84] the effectivemobility pgx is determined by a recurrent charge
carrier trapping where the mobility is naturally zerand subsequentelease from
shallow trap states below the conduction band edge. By assuming, for simplicity, a
single trap state with enerds abovethe conduction band the effective mobility can be
described by

‘ ‘| Agb *Qi"v (2-5)

where | is theintrinsic free carrier mobility near the bottom of the extended
st at e s N whereNc denotes the density of states at the bottom of the band
and Ny the trap density13,85] However, even in the case of nsimgle level trap
states, e.g., in the case of a linear or uniform distobutf states, it has been shown
that equation(2-5) still holds. The activation energia then corresponds to the

difference between the lowest lying trap states and the extended band edge. The value
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2.2Charge Transport in Organic Materials

of Udepends of course on the distribution of the trap states, but can be approximated by
U= En/ksT [85].

In addition, in a polycrystalline film the charge transfer between the individual
grains also playan important roléFigure 2.5 (b)). Measured activation barrgeshould
be then explained as the barrier necessary for thermionic emissiotunneling of
charge carriers between the individoagjanic semiconductagrains[83]. Under those
circumstances the mobility will strongly depend on the grain density of the film.
Furthermore, themetal electrode may form a cBottky contact with theorganic
semiconductor, such that the thermally activated charge injestepn dominate the
temperature dependence of the drain cureemd the related contact resistariRe
(Figure 2.5 (a)) [39,8G 88]. As pointed out in chapté&t.1 and displayed ifrigure 2.2,
due tothe potentially differentsemiconductor growtinodes on the dielectric compared
to the contact regionsa low conductivity regionmay form in this transition
region[89,90].

Source 'Semiconductor Drain
" Ansulator

Semiconductor
Electrode 1> > [—> Grain
{ ) \C)
Insulator

Figure 2.5: Charge transportontributionsin an organic thin film transistor: (d)he
charge carrier injection into the semiconductor, (b) the transition between grain

boundaries and (c) the charge transport within a grain.

In order to gain information on the prevailing charge carrier mechanism and its
temperature dependence, the natural logarithm of the mobilily dan be plotted
against the inverse temperaturé&.lAccording toequation(2-5), from the slope of this
Arrhenius type representatiorthe involved activation barrier for the thermally

activated carrier transpozan be deduced.
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Additional information can be extracted from the temperature dependence of the
threshold voltag. The generalincrease of the threshold voltage (higher negative values
for p-type channelswith decreasing temperature can be explained by the mobility edge
model[91]. In this model, two types of carriers are classified: mobile carriers in the
bandlike state and immobile carriers in the trap states. The trap states extend more or
less (deep and shallow traps) into the gap in an exponential like foormhdfe

conductivity, the density of occupied stalH&) is given by
0 0'0'Q00 Q0 (2-6)

where f(E,Ef) is the FermDirac distribution for holes. By increasing the
(negative) gate voltage, thieermi level moves towards the hole conduction band and
the deep traps become more and more filled until at a certain gate voltagmgéte
voltage) states in the delocalized band and shallow trap states become filled as well and
charge starts to flow ithe channel. At lower temperature, the tail of the Fédmac
distribution is less pronounced, thus a higher (negative) gate voltage is needed to fill the
traps. This effect was observed in all temperatudependent threshold voltage

investigations and ssequently influences ttappliedeffective gate potentidlgs.

2.2.2Threshold \bltageEvaluation
In Figure 2.6 the aforementioned threshold voltagéri) extraction fromthe

"O vsUgsplot is shown. In this representatiodyy, is then given by the intercept of
this slope of the linear part with the abscisBae threshold voltag#self, as observed
for disordered organic fieldffect transistors, is seen as a mere fit parameter by some
authors, lacking a clear physical &3i5]. As a characterization parameter these
authors suggest the onset voltdge,) to be used. Accordintp their calculations, the
onset voltage should be close to zero and in particular independent of the temperature.
This is apparently not the case in our work, whereetkteactedonset voltage often
deviate from zero and show shift with temperature agparable to the threshold

voltage.
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Figure 2.6: Threshold voltage extraction from d&rain current square root

( "O) vs.gate biasg9 plot.

2.2.3Charge Carrier Mobilitfgvaluation
One of the most commonly investigated parameters and therefore often the choice
for comparing results between different materials and research groups is the charge

carrier mobilityp. In a classical picture it is simply defined as the relation between the

applied electric field®) and the resulting average charge carrier drift velooiby: (

v

{ o= (2-7)

For the anbysis of the obtainedOTFT transfer and output curves, we dsthe
formalism for standard MOSFET devidé8,69] Under the assumption that the
mobility is constant along the channel and that the contact resistanbe atetal
semiconductor interface is low in comparison to the channel resisthecsaturation
mobility (Usa) as a function of coveraganbe extracted from the weknown formula:

"0 6t Z)_u YO (2-8)

and consequently:
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cO O
6w Y Y

(2-9)
Eis® s sY Ys m
Therefore,esa could bederived fromthe linearly fittedslopein a O vsUgs
plot (Figure 2.6). While the threshold voltage in some experiments shifted to quite
negative valuesdpwnto -45V and more), the effective gate voltagies used in the

regime characterization remainedrelatively low valuescompared to the appliddps.

This ensured the validity of treondition for the saturation regime, as stated above.

In similar fashion, lie linea mobility ., was derived from the O vs Ugs plot
representatiorior Ups=-3V in all casesensuring the compliance with the condition

for the linear regime:

. . w . " Y
O ot =Y Y Y — (2-10)
Y C
and consequently:
I 0 §O)
0 W « = - 2-11
CW v vy oy —Z (-11)

Fis¥ Y s sSYs

23Formation obtict hegSemyeond

A crucial aspect in the manufacturing of OTFT devices isdégosition and
formation of the semiconducting layer itsels pointed out in chapté.2.1, the charge
transport in organic materiateliesheavily onan activated transition of charge carriers
from the electrodes into tteemiconductgrfrom molecule to molecule, and in between
the grains of the polycrystalline material. It is evident, that in this case the layer quality
in terms if crystallinity, predrential grain orientation and defect densitg of major
influence on the resulting charge transport properesthe particular case covered in
this work, the aforementioned” st acki ng bet ween mol ecul es
for the charge traport in the layer. Therefore, the maximization of this overlap through
the selection of optimal deposition and growth conditions will be a focus throughout all
the experimental section¥he study of the growth of relike organic moleculetias
been a majotopic in a number of comprehensive publicatif9% 96].
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2.3Formation of the Semiconducting Layer

In the following chapterslargely based on the waly Ouraet al.[97], the
fundamental principles of molecular deposition from the gas phase, adsorption and
subsegent nucleationin the form of islandswill be covered. Additionally, the

formation of thicker layers and the thermal desorption of molecules will be discussed.

2.3.1Adsorption and Surface Diffusion

When asolid substratesurface is exposed toparticleflux from the gas phase, the
impinging molecules can adsorb on the surface when an attractive force between the
adsorbate and the surface is presant the adsorptiorprocessis energetically
favorable This circumstance is intuitively described by the Lennkmdes potential
(VL) model for the approach of a particle to anaotlesrdisplayed inFigure 2.7 and
described by

®w 1% (]‘1_ (]‘1_ (2-12)
with the depth of the potential wdll, the distance for zero int@article potential
U and the distance between the particleBhe attractive force carebof physicaland/or
chemicalnature and ranges in binding energy from meV to several eV, depending on
the involved material systenasd types of bindingThis substratsurface interaction is
most prominent for the first monolayer of coverage, which tenofabeled wetting
layer, and subsequently weaker in the following layers, since the surface potential is

thenpatrtially blocked by the already depositedterial

E
Repulsive Q
| r |
L -l
1 -
o r
Attractive
-
=) Equilibrium, Force
o
@\

Figure 2.7 LennardJones potential betwa two particles, displaying the attractive and

repulsive forces as a function of distan¢adapted fronj98]).
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In a general case, an impingipgrticle has to be range ofan attractive surface
potential. The concept of a sticking coefficienis introducedanddefined by,
I O AIAAOT JAETAADI AO
I O AIABBI PETIQHETACAOI AO

i (2-13)

for a given available surface site. A number of parameters, such as the surface
roughness, temperature, and existing covetsagily influence the sticking, as does
the impingement angle, kinetic energy and orientation relative to the surface of an

incomingparticle

Once a particle adsorbs, number ofsurface diffusion related processess
possible, as dispj@d in Figure 2.8. In terms of the diffusion coefficienD the
consideration o random walknotion[97] yields

g o Y
© Rop RGO — (2-14)

@) Y 0

o
with the attempt frequency for diffusion, the lattice constard, the number of

nextnearest neighboiitss z, the activation energy for diffusioBpis andthe diffusion

entropySy. As developed for the activated charge transport in the previous sections, the

surface diffusion is once more highly dependent on the surface temperature. The

diffusion energyEpis is related to present potential barrier hesgbt specific diffusion

stes and varies greatly with the surroundings of th#using particle such as the

number of nearest neighbors on, for example,-stEes versus a singparticleon a

large terace.The actual rate of diffusion for a particle is then determined by the relation

of this barrier heighEpi;; to the thermal energigT.

Arrival (R)  Re-evaporation qufa;e
l T dlﬁllSlOll/ «)>

Din O~ A0~ < Ox
&)

Special Surface Binding,
sites diffusion nucleation Interdiffusion

Figure 2.8: Overview of possible processes ammtrespondingadivation energies for

an adsorbingarticle[99].
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2.3Formation of the Semiconducting Layer

2.3.21sland Nucle#@on and Film Growth Modes

As outlined in Figure 2.8, adsorbates diffusing on a surface can either re
evaporate into the gas phase, or if éldequateonditions are met, bind to a special site
or otherdiffusing particle. The irteraction with the nearest neighbatssites such as
kinks and stepsor the nucleation into islands with other adsorbates, significantly
reduces the mobility of the diffusing species, inhibiting further diffusion processes. On
an initially clean surfacesland nucleation is the first step of adsorbate layer formation.
In order to form these islands, for each material system a specific number of particles
have to meet to ensure sufficient binding strength between them. This leads to the
definition of thecritical island size, which denotes the number gdrticlesfound in the
largest, norstable cluster. Therefore, the addition of a single adsorbate particle during
the lifetimeof a cluster of sizéleads to the formation of a stable island. The paramet
I is once more strongly dependent on the material system and especially the surface
temperature during the material deposi{i#@éi 102].

With increasing surface covera@é) more and more islands nucleate, leading to
an increase island density. The involved mechanisms edther be described bythe
classical nucleation thearyf diffusionlimited aggregatiof103,104] or attachment
limited aggregatiofi95,105] The initial nucleationoften significantly influences the
growthand properties of the film up to a thickness of several 1§98;96,106] This is
attributable to the fact that the number and form of islands, be it large, flat
two-dimensional or structured, high thrdenensional, determine the coarseness and
growth pattern for the subsequent layer formation. Once a nominal coverageuf
0.2 monolayers (ML) is reachdle system is referred to be in the aggregation regime,
where number of islands stays nearly camstandthe islandssubsequently grow with

increasing adsorbate coverage.

In general, banges in the island density are referred to as coarsening, which can
be attained in different way®7]. The coalescence of islands through merging of
mobile oness called ¢gnamic or Smoluchowskipeningand is most prominent at low
coverages around OML, while the joining of islandss a result of increasing island
sizeis termed as static coalescence and appears aD@HML of coverage. The most
significant related property for the formation of a charge conducting layer is the so
called percolation thré®ld, which denotes the coverage necessary to form larger,
interconnected structures, as necessary for charge transport between the drain and

source electrodes. A third form of coarsenin@&wald ripening, which describes the
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thermodynamically drivegrowth of larger islands on the expense of smaller ones as a

result of different vapor pressures related to the free emérgipnd edges

At a coverage of a full monolayer the classificationh&system transitions from
the wetting layer to the thifilm phase. All systems strife towards total free energy
minimization, which manifests in an interaction between the different surface tensions
for the substrate, the interface, and the adsof@i#. Under the condition that the
system is in thermodynamic equilibriuime predominantensuinggrowth behaviowith
increasing coverage usualiglls into one of the three categoridsplayed inFigure
2.9. These range from pure island growth (Voldéeber)to pure layeiby-layer (Frank
van der Merwe) growth and a mixture of both systems (Strakskstanov), where the
wetting layer fully closes before the system transitionsamtizland type growth nae.
The final, prevailing morphology for a certain material system isubsequently
determined bythe relative bond strength between the substrate and the adsorbate in
relation to the bond stretigbetween adsorbate particles and therefgran interplay

of thethermodynamic angdossiblekinetic piocesse$97,108]

W% m/// m1<6<2

Z%%%%ZZZZZ %%%%%%%%%% %%22%22222 o2

(a) -~ (b) (e)

Figure 2.9: The basic thiffilm growth modes (a) Volmeweber, (b) Frank van der
Merwe and (c) Stranski¢rastanov{99].

For the layer growth of organic moleculesthe low coverage regimen the
dielectrics covered in thishésis, the growth of comparably large and relatively flat
islands was observed for all material systems. Since the closing of layers is directly
related to the evolution of charge transport with increasing semiconductor coverage, the
so-called EhrlichSchwoebetb a r r iEg)rfor ipteplayer diffusion is of particular
interest[109,110] This barrier, aslisplayed inFigure 2.10, denotes the difference in
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2.3Formation of the Semiconducting Layer

energy necessary for an adsorbate particle to overcome a step edge of an island structure
in comparisorio a normal diffusion ste@.he change in energy stems from the variation

in the number of next nearest neighbors for a diffusing particle at the encounter of a step
edge The barriertherefore signifies the amount of energy it takes for a particle
adsorbing on top of an isldrto hop down, as well as forl@wer sitting partite to hop

up onto an existing islanl11]. The predominant thifilm morphologyis heavily
influenced by this barriesincethe additional kinetic hinderingn the layer formation
prohibits the layer from reaching the absolute thermodynamic ilegum
configurations shown irFigure 2.9. A large EhrlichSchwoebebarrier leads tahe
formation of high number of strongly cascaded islands, as particles adsorbing on top of
existing islands have difficulties reaching loweydes, while a very low barrier entails

the formation of large, flat islands as display@2i, 106}

AEgs

E gifr

Figure 2.10: Ehrlich-Schwoebel barrier faadown-hoppinglayer transitior{97].

Another important aspect when it comes to island and subsequent layer growth is
the orientationof the molecules within the islands and graiaktiveto the substrate
and transistor electrode&s pointed out before, thmrganicmoleculesanalyzed in this
thesis feature a rectangular, shidet structure based on a number of joined, flat
benzene ringgFigure 1.2). These ringshave to be geometrically aligned between
nei ghboring mol ecul es i n -oobitatb@amd subsequentyh i e v
reasonabl e charge transport. Addi ti-onal I
stacking alignment has to be oriented padieular to the dielectric surface, so that the
formation of a current path between the source and drain electredemesossible
(Figure 2.1). It is reasonable to assuntteat all diffusing single particles and smaller
clustersat the critical island size and below consist of-atg molecules, which also
diffuse in this configuration along the surface. The desired upright standing
configuration on the dielectric is therefore linked to a reorientation during the nucleation

phase at a sufficiently high coverafel 2]. This is intuitivelydependenbn the present
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substraté@ adsorbate interaction during the nucleation process arallsersipecific

criteria for the selection of a suitable gate dielectric: the interaction between the
substrate and the diffusing molecules has to be strong enough to ensure adsorption and
subsequely sufficientsticking of islands and layers to the sulistravhile it also has to

be weak in comparison to the adsorlhaselsorbate interaction to allow the formation of
islands and laysrcomposed of upright standing molecul@bis situation is achieved

for all investigated dielectrit organic semiconductaystems employed in this work

and will be further discussed in the sections on the deliberate modification of this
balance through surface modification.
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This chapter covers the basic analytical principles employed throughout this
thesis A closer look into the foundations ofettmal desorption spectroscopyuder
electron spectroscopy and atoAnecce microscopy will be supplied.

3.1Ther mal Desorption Spectrosco
Next to the electrical characterization of OTFTs, tempergitwgrammed or
thermal desorption spectroscopy (TDS) was the main analytical method used in the
scope of this thesis. While the basic principle of TDS is rather sifddi& 115],
namely the controlled desorpticof the adsorbateas a function of tempature, it
presents a powerful tool for the analysis of the adsorbate kEyedraddesorption
processtself. Important parameters such as the thermal stability of the film, as well as
involved desorption energies and kinetics can be extracted from acalddtated
system.Desorption spectra for a variation of coverageeating rate and substrate
temperatureduring deposition alloywunder specific conditionshe distinction between
the preseninolecular orientations in the film and the analysis of demg and surface
decomposition processe@\dditionally, dataevaluation enablesthe calculation of

sticking coefficientsas a function ofoverage.

The principle of TDS relies on the increase in intensity of thermal vibrations of
adsorbed molecules it increasing surface temperature. At a certain level these
vibrations are strong enough to overcome the attractive potevdlathe particle is
trapped in and a thermal desorption process is initidieel.required energy in order to

desorb a particle isictly related to the attractiy@otentialsinvolved in the preceding
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Chapter3: Analytical Methods

binding process, which can therefore be described by rate equations. For the desorption
of multilayers of non or very weakly interacting particles, as it is the casetlier
desorptiornexperiments in this thesis, these rate equatoaseferred to as the Polanyi
Wigner equations for zero order or multilayer desorption, which assume a constant, full
surface coverage of the adsorbate throughout the whole desorption p8ace$3]

, O
Y b AGD (3-1)

with the desorption ratR, theattempt frequency fazero order desorption , the
molecular surface density of one fullonolayerNy. and the desorption enerdpes
Epes IS equalto the heatof evaporationfor the adsorbat@nd, in the case of a non
activated adsorption, alsmual tothe adsorption energyfhe preexponential factor
is usually in the order of #bs* for small noninteracting atom§l15]. It stems from
transitionstatetheory[116i 118], which denotes theratio of the number of
translational, rotational and vibrational degrees of freedom a particle experiences in the
adsorbed and desorbed stafs.a resultof the geometric hindering by the surface and
internal degrees of freedom presentnmlti-atom systems, it is apparent that the
comparably large organic molecules investigated in this thesis experience a significant
shift in the number of thermally excitable degrees of freedom upon entering the gas
phase This isespeciallytrue in comparson to small, monatomic particle$118] and
leads to much higher values forfor large organic moleculd319], as will be

highlighted in theesultsections.

Experimentally, TDS is most often realized by timeline desorption of an
adsorbate into a mass spectrometeder UHV conditionsas a function of linearly
increasing sample temperature. The high pumpirgdin the UHV chamber ensures
that a clear relationshipetweertheregistered partial pressuaed themolecular flux of
the desorlsig molecule can be established. Large organic molecules tend to stick on
contact with most surfaces in the vacuum chamineking irtline detection necessary
for meaningful data extractiofhe higher prevalence of mass spectronsessr the
detector of choice in comparison to simple pressure gasggss from the fact that, in
contrast to the simple nemass specific detectn in pressure gauges, throughliime
detection the monitoring of specific masses in the desorption flux becomes possible. In
addition, large molecules and tentb fragment upon ionization iboth detectortypes.
Thereforea mass spectrometer can speaific detect the signals of fragmentation

masses and yield information on the desorption process and possible decomposition
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during the desorption from the sample surface for molecwigsch is again not
possible to deduce from a rise in overall presséineell-known cracking pattern of the
involved materials is then necessary in order to attain reliabte exactresults.
Additionally, the angular distribution of the desorption flux, which is a cosine
distribution in the ideal case, and the kinetic eneligiribution of the desorbing species

have to be kept in mind, especially its influence on the detection accuracy.

As expected from equatioli2-14), the desorption ratR is exponentially
depement on the sample temperature angteases up to a maximumj, where the
rate then rapidly drops to zero as result of the diminishing surface coveraggure
3.1 representative spectra for thero orderdesorption ofepindolidionelayers from a
sputteredSiO, sample are showin this graph the received data is represented without
the temperature and background corrections necessary for meaningful parameter
extraction, which will be discussed at a later poirite peak shapes and maximum
desorption temperates Ty yield information on the involved desorpti@mergies for

the investigatedystems.

Figure 3.1: Exemplary hermal desorption spectra froansputteredSiO, surface for
different epindolidione film thiknesses deposited at 3Q0substrate temperature.
Heatig r &l I€/s. Nbo temperature or background corrections have been applied.

Generally the shape, number and relative position of peaks in a TDS spectrum
allows the distinction between wetting amdultilayer desorption, and evethe
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