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RESUME

Les polymeéres et petites molécules semi-conducteurs organiques ont été largement étudiés, en
raison de leur possible traitement en solution (imprimabilité), de leur compatibilité avec des
substrats flexibles et de leurs propriétés optoélectroniques ajustables par la synthése chimique.
Cependant, ils présentent de fortes concentrations de défauts qui entrainent des désordres
structurels et énergétiques, difficiles a éliminer, résultats de faibles interactions intermoléculaires
aussi appelées forces de van der Waals. Le fort couplage porteur de charge-phonon, ¢’est-a-dire un
électron ou trou couplé a un phonon, ainsi que le désordre dans les semi-conducteurs organiques
conduisent a la localisation des porteurs de charge et a la formation de polarons. Celles-ci
conduisentainsi a la difficulté de comprendre les mécanismes détaillés du transport des porteurs

de charge dans les matériaux organiques.

Dans cette these, les mécanismes de conduction dans les semi-conducteurs organiques sont étudies
a travers le comportement de Meyer Neldel (MN). Les effets de la température T, du champ
électrique, du poids moléculaire et de la fréquence du courant alternatif (CA) sur le transport sont
étudiés.

Les mécanismes de transport des porteurs de charge dans le Poly(3-hexylthiophene-2,5-diyl)
(P3HT) regio-régulier, avec trois poids moléculaires différents, glacé amorphe sont déterminés
sans ambiguité, a la fois en-dessous et au-dessus de la température T,, dite la température de
transition a 1’état glacé amorphe. Ceci est le résultat de mesures de la température, du champ
électrique et de la dépendance en fréquence alternative de la mobilité et de la densité des porteurs
de charge dans des transistors a effet de champ sur le P3HT. Les relaxations moléculaires jouent
un réle important dans la conductivité en courant continu. A des températures supérieures a T,
sous une tension drain-source constante, les porteurs polaroniques sous forme de trous sont
transportés avec chaines de polymeéres mobiles etpeuventsauterd’une chaine a1’autre. En dessous
de T,, ils sautent entre des segments de chaines mobiles de molécules voisines essentiellement
immobiles. En appliquant des tensions drain-source alternatives a des fréquences supérieures ou
égales a 100 Hz, les porteurs de charge sont transportés le long des chaines de polymeéres. Ce
mouvement le long des chaines ne contribue pas a la conductivité en courant continu. Nous

présentons le premier rapport d’un effet positif des relaxations moléculaires, mouvement de



chaines moléculaire et des segments de polymeére, sur les processus de transport de porteurs de

charge dans les semi-conducteurs organiques.

Comparés aux semi-conducteurs organiques de type p de haute performance, les matériaux de type
n sont plus insaisissables en raison du piégeage d'électrons a I'interface et du probléme d'injection
de porteursde charge au niveau desélectrodes. Nous avons fabriqué d es transistors a effet de champ
organiquesabase de PCBM (Phenyl-C61-Butyric Acid Methyl Ester) etamélioré les performances
du dispositif en réduisant le piégeage d'électrons a l'interface diélectrique -semi-conducteur et en
améliorant l'injection de porteurs de charge grdce aux nanotubes de carbone intégrés dans
I'electrode d'or. Ces procédures ont par consequent amélioré la mobilité des porteurs de charge des
dispositifs jusqu’a trois ordres de grandeur de plus, comparé au PCBM déposé sur un substrat
conventionnel de SiO, avec une électrode en or non traité. Le mécanisme de transport des porteurs
de charge dans un PCBM a ensuite été étudié. La courbe d'Arrheniusa été utilisée pour éclairer les
mécanismes de transport des porteurs de charge dans les couches minces PCBM. La cristallisation
duPCBM a été observée pendantlamesure, donnantlieu a la facilité de sautsde porteurs de charge

dans des régions plus cristallisées.

Ces connaissances sur la dépendance des propriétés de transport des porteurs de charge aux
propriétés moléculaires devraient contribuer aux progrées des cellules photovoltaiques organiques
stables, de la thermoélectronique organique et de I'électronique thermiquement dégradable.
L'approche adoptée ici devrait également étre utile pour clarifier les mécanismes de conduction

dans d'autres semi-conducteurs a base de polymeres et de petites molécules.
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ABSTRACT

Organic semiconducting polymers and small molecules have been widely investigated, due to their
solution processability (printability), compatibility with flexible substrates and optoelectronic
properties tunable with chemical synthesis. However, they have high concentrations of defects that
bring aboutstructuraland energetic disorder, difficultto eliminate, due to their weak van der Waals
intermolecular interactions. Strong charge carrier-phonon coupling and disorder in organic
semiconductors lead to charge carrier localization and to the formation of polarons. These lead to

the difficulty in understanding detailed mechanisms of charge carrier transportin organic materials.

In thisthesis, the conductionmechanisms in organic semiconductors are studied through the Meyer
Neldel (MN) behavior. The effect of temperature, T, electrical field, molecular weight and

alternating current (AC) frequency on transport are studied.

The charge carrier transport mechanisms in amorphous glassy Poly(3-hexylthiophene-2,5-diyl)
(P3HT) are determined unambiguously, both below and above the glass transition temperature, T,,.
This is the result of measurements of temperature, electric field, and ac frequency dependence of
charge carrier mobility and density in organic field effect transistors, based on regioregular P3HT
of three different molecular weights. Relaxations play an important role in dc conductivity. At
temperaturesabove T, under constant drain-source voltage, the hole-like polaronic charge carriers
hop between, and move with, mobile polymer chains. Below T, they hop between mobile chain
segments of essentially immobile neighboring molecules. Under drain-source voltages at AC
frequencies of 100 Hz and higher, charge carriers move along polymer backbones. This motion
along the backbones does not contribute to dc conductivity. A positive effect of molecular
relaxations, the movement of the molecular backbone and of chain segments on charge carrier

transport processes in organic semiconductors, has not previously been reported.

Compared with high performance p-type organic semiconductors, n-type materials are more
elusive, due to the electron trapping at the interface and the problem of charge carrier injection
from the electrodes. We have fabricated PCBM based organic field effect transistors and improved
device performance by reducing the electron trapping at the dielectric-semiconductor interface and
improving charge carrier injection, using carbon nanotubesintegrated into the gold electrode to

improve injection efficiency. These procedures improved charge carrier mobility of the devices by



Vil

about three orders of magnitude compared to PCBM deposited on untreated SiO, substrate with
gold electrodes. The charge carrier transport mechanism in a PCBM was then studied. Arrhenius
plot has been employed to cast light on the charge carrier transport mechanisms in PCBM thin
films. Crystallization of PCBM was observed during the measurement, the charge carrier hopping
is then facilitated by the formation of more crystallized regions.

These insights into the dependence of charge carrier transport properties upon the molecular
properties should contribute to advances in stable organic photovoltaics, organic thermoelectrics,
and thermally degradable electronics. The approach taken here should also be useful for clarifying

conduction mechanisms in other polymer- and small molecule-based semiconductors.



viii

TABLE OF CONTENTS

ACKNOWLEDGEMENTS.... ..ttt e e e e e e e e e e e as Il
RESUME ...ttt ettt ettt ettt et ettt et st et s et et et et e et re et et e s et re et tens v
A B ST R A C T ..ttt et e e e e e et e ettt ettt e e et e e e e e e e e e e et et e tata it VI
TABLE OF CONTENTS ...t e e e VIl
LIST OF TABLES . ...ttt e e e e e e et e e e e e e e e e e e e e Xl
LIST OF FIGURES ...ttt e e e e e e e e e e e e e e e XIl
LIST OF SYMBOLS AND ABBREVIATIONS..... .. XV
LIST OF APPENDICES ... ..ottt e e e e e e e e e e n e XX
CHAPTER 1 INTRODUCTION.....iiiiiiiiiieeeee ettt e e e e e e 1
1.1 OrganiC SEMICONUUCTIONS. ......coiiiiiiiiiiieii e e e e e e e e e e e e e e e e e e s e e s aareaeeas 1
1.2 IMIOTIVALION. ..ttt e et 2
R B O o] [=To{ 1) ST PP PP PPPRT 2
1.4 OUutline Of the theSiS.......coiiiiiiiii s 4
1.5  Proposed charge carrier transport models in organic semiconductors.............cccvvveeene... 4
1.5.1 Variable range NoPPING ........vviiiiiiiei e 4
1.5.2 PEICOIATION. .....eiiiiiiie ittt 5
1.5.3 Band-lKe tranSPOrt.......cccvviiie et e e s e e e 5
1.5.4 Multiple trap and release model............oocvvvriiiiiiiiiic e 6

1.5.5 Proposed unified model of charge carrier transport in organic semiconducting

010 1Y/ 00T SRS 7
1.6  Relaxation phenomena in organic materialS............ccovvieiiiiiiiiiiiee e 8
1.6.1 Relaxation and itS CharaCterizationS............uvveeiiiiiiiee e 8

1.6.2 The effect of relaxations on charge carrier tranSport..........ccoocvveiiiiieeniiiieee i 12



1.7 Other effects which influence the charge carrier transport Process ............cccceevevveeenne. 13

CHAPTER 2  LITERATURE REVIEW: THE MEYER NELDEL RULE AND ITS

MICROSCOPIC ORIGIN: MULTI EXCITATION ENTROPY MODEL..........ccccviiiiiiiineeen. 16
20 R 111 {00 (¥ Ty 1 oo TP R PP PP POPPRRTPRR 16
2.2 MNR in organic SEMICONAUCTIONS .......cuvvireeeiiiiiiieeesciiiie e e e s s e e e e et e e e e s s enananeeeens 17
2.3 MEE MOGEL. ... 19

CHAPTER 3  FIELD-EFFECT MOBILITY AND CHARGE CARRIER DENSITY IN FIELD-
EFFECT TRANSISTORS MAKING USE OF ORGANIC DISORDERED SEMICONDUCTING

THIN FILMS . ettt e e e e e et e e e e e e e e e e e e a s 24
3.1 Working principle of organic field-effect transistors.............cccvveeiiiiiiiieeee e 24
3.2 Field-effect MODIlItY .......overiiiii e 26
3.3 Charge Carrier ENSILY ........vveeiieieeiiii ettt ettt 27
3.4 Schottky barriers and charge carrier injection in OFETS.........cccovvvviiiiiiiiiiiiceiiieee 27
3.5 Activation energy measurement in OFETS........ccoiiiiiiiiiieiiiiie e 27

CHAPTER 4  EXPERIMENTAL METHODS AND TECHNIQUES..........cccccooiiiiiiiiiinns 29
4.1  Microfabrication of AU lECIIrOUE. .........cocuiiiiiiiieiiiiee e 29
4.2  Microfabrication of SWCNT/AU leCtrOdes........ccovuviiiiiiiiiiiiie e 30
4.3  Thin Fillm depoSItioN..........ovviiiiiiiie e 33
N 1= Tod ] [0 [0TSR 33

4.4.1 Electrical CharaCterization .............ccuviiiiiiiiiiiii e 33
4.4.2 Structure and morphology film characterization..............cccooeiiiiiiiiiie, 33
4.4.3 Thickness CharaCterization.............ccuueeiiuirieiiiiie e 35

CHAPTER5  ARTICLE 1: DEPENDENCE OF CHARGE CARRIER TRANSPORT ON
MOLECULAR RELAXATIONS IN GLASSY POLY(3-HEXYLTHIOPHENE-2,5-DIYL)
(PBHT) oo ettt ettt s et s e s ee ettt et en e 36



5.1 AUhOr and COAULNOTS. .......uviiiiiiiee e 36
5.2 ADSITACT ..ttt 36
5.3 INIIOTUCTION. ...ttt e e 37
5.4  Dependence of dc mobility, 1, on T under several V..o, 38
5.5  Dependence of charge carrier density UPON VJ ......c.ooeiiiiiiiiiiieiniiieeeiieee e 42
5.6 Dependence of mobility upon source-drain VOItage...........cccocvveveeeiiiiiieieeesiiiieeeees 43
5.7  AC conductivity in IoW MW P3HT .....coooiiiiiiiiiiiiiie e 46
5.8 DHSCUSSION ...ttt etttk e e 47
5.9 CONCIUSION ...t 50

CHAPTER6 CHARGE CARRIER TRANSPORT IN A SEMICONDUCTOR BASED ON A
SMALL ORGANIC MOLECULE: PHENYL-C61-BUTYRIC ACID METHYL ESTER
[GL03=1Y ) RO OO 52

6.1 T i oTo (0103 (To] o VENUUTTET TR 52

6.2  Optimization of PCBM thin film performance: influence of HMDS, thermal treatment,

air exposure and SWCNT on charge carrier INJeCtion ...........cccccvviiiviiieieee e 53

6.3  Dependence of mobility on T under several V4 in conventional Au based OFET and
SWOCNT/AU-DASE FET .ottt ettt e e nnnnee e 57

6.4  Structural changesS INPCBM ...t 60

6.5  Electrical measurement of PCBM-based FET during three heating and cooling cycles60

G SR B T ol U XS] (o] o B TP T PR PP PP OPPRPTPPR 61
6.7 CONCIUSION ...ttt 62
CHAPTER 7 GENERAL DISCUSSION......ouiiiiiiiiiiiiieee ettt 64
CHAPTER 8 CONCLUSION ...ttt e e e e e 69
REFERENGCES ... .ttt e e e e e eeeeas 71

APPENDICES ... ... 80



Xi

LIST OF TABLES
Table 5.1 Activation energy of high MW RR P3HT, below T, as a function of Vg, Vd=-20 V.39
Table 5.2 Activation energy of low MW P3HT as a function of Vg, Vd=-15V..........cccccevuvrenn 45
Table 5.3 Activation energy of low MW RR P3HT as a function of Vd,Vg=-25V.................. 45

Table 6.1 Activation energy in PCBM-based FET as a function of Vg.......c..cccooiiiiiiinnnn, 58



xii

LIST OF FIGURES

Figure 1-1 System schematic of molecular arrangement in ordered P3HT thin film. Reprinted from

with permission From Ref. 23, . ... .. e 3
Figure 1-2 lllustration of temperature dependence of the modulus of the polymer. ..................... 9

Figure 1-3 Two differentlocal motions (a) y relaxation, side group movement, and (b) 3 relaxation,

Chain SEgMENT MOVEMIENT........ouiiiii it e e s e e e e e e e e e e s araeaeeeaannns 9

Figure 1-4 The dependence of (a) conductivity and (b) charge carrier mobility on temperature,

reprinted with permission from Ref. 57and 29............cccooiiie i 13

Figure 2-1 Observation of Meyer-Neldel rule: an observable (e.g. mobility or current) versus 1/T,
where z is a variable parameter (e.g. gate voltage, V). Reprinted with permission from Ref.
OO PTPPPPP 17

Figure 2-2 (a) System schematic of the OFET investigated and (b) observation of MNR in the
OFET: Temperature dependence of p at different V4. Reprinted with permission from Ref. 7,

Figure 2-3 Temperature dependence of p in pentacene films measured at different V4. The Tis IS

indicated in the figure. Reprinted with permissionfrom Ref. 7. ...........cccooiiiii e, 19

Figure 2-4 Temperature dependence of the p in P3HT-based FETs measured at different Vg,

Reprinted with permission from Ref. 80, ... ... 19

Figure 2-5 A simplified model to explain Arrhenius Law. The larger ball represents electron, the
smaller one is the phonon, the arrow means the electron changed from trapped state to de-
TrAPPEA STALE.....eie ittt 20

Figure 2-6 A simplified model when activation energy iS large..........cccccccoviviiiiiiiiiiiiiieneneeeeenn, 21

Figure 3-1 (a-c) Charge carrier concentration in bottom gate bottom contact OFETs under (a) linear

region; (b) pinch-off region; (c) saturation region; (d) typical output curve of the transistor.



Xiii

Figure 4-2 (1) Substrate: SiO, on doped Si; (2) HMDS-treated substrate; (3) SWCNT deposition;
(4) metal electrode evaporation; (5) parylene coating; (6) photoresist coating; (7) developer;
(8) etching; (9) parylene peel-offand 550 “C thermal treatmentin vacuum for 1 h; (10) organic
semiconducting film deposition (on substrates previously cleaned by low power sonication in

acetone and IPA to remove the SWCNTSs from the interelectrode region). ...........ccccceeneee. 32

Figure 4-3 10 umx10 um-sized AFM images of (a) low MW P3HT, (b) medium MW P3HT, (c)
RGN MWW PBHT ...ttt s bt e st e e anb e e e nnbeeean 34

Figure 5-1 Repeating unit leading to P3HT . ........oooiiiii e 37

Figure 5-2 (a) Linear fitting results for high MW RR P3HT in the low T region, T=210-290 K.
Vd=-20 V. (b) Dependence of mobility on T under differentVg in high MW RR P3HT.

MW=80-90 kDa, Vd=-20 V, T=210-330 K, Ta=290 K.......0reeiiiiiiiiiciiieeeeiie e 39

Figure 5-3 Dependence of u on T under different Vg in low MW RR P3HT. MW<20 kDa, Vd =-
15V, T=200 10 350 Koottt ettt ettt 40

Figure 5-4 Dependence of 4 on T under different Vg in medium MW RR P3HT. MW=30-50 kDa,
Vd=-15 V, T=200 to 370 K. High T measurements were performed immediately after low T

(R[S T ] 401 1 ST 41

Figure 5-5 Dependence of u on T under different Vg in medium MW RR P3HT. MW=30-50 kDa,
Vd=-15V, T=200-350 K. High T measurements were performed 12 hours later than low T
measurements, during which the device was left at room temperature in a vacuum probe

£ L {[0] 4 VOTT TR 41

Figure 5-6 X-ray diffraction (XRD) patterns of three MW RR P3HT before and after the high T

41T U =] 1011 0] TR 42

Figure 5-7 Dependence of n on Vg under different T in high MW RR P3HT, Vd=-20 V, T=260,
290 ANA 330 Koottt 43

Figure 5-8 Mobility as a function of T between 200 and 350K, (a) Low MW, ca. 20 kDa, Vg=-25
V; (b) Medium MW, 30-50 kDa, Vg=-20 V; (c) High MW, 80-90 kDa, Vg=-20 V.......... 44



Xiv

Figure 5-9 gac, at f between 100 Hz and 1 MHz, and adc of low MW P3HT, at T from 260 K to
350 K, VGT-20 V. oottt 47

Figure 5-10 Charge carrier transport mechanisms in RR P3HT. In the low T region, the hopping is

controlled by the B relaxation. In the high T region, a relaxation helps the hopping process.

Figure 6-1 Output curves of a PCBM-based FET, measured at room temperature...................... 54

Figure 6-2 Transfer curves of PCBM devices with HMDS coating and thermal treatment as

parameters, all curves are scanned at V=50 V.......ccuuiiiiiiiiiiiii e 55

Figure 6-3 The SEM images of the (a) Au electrode coated on SWCNTSs/SIO, substrate and (b)
SWCNT tails with etching profile inthe channel...............oooo e, 56

Figure 6-4 The output curve of the PCBM-based device with (a) conventional gold electrode (b)
SWOCNTS-based ElECIIOE. ........eveeiiiiiiiie e 57

Figure 6-5 Arrhenius plotfor PCBM based OFET, with V4=10 V. T variesfrom 145 to 320 K..58

Figure 6-6 Hypothesis of effect of T on film structure and charge carrier transport in PCBM thin

Figure 6-7 XRD patterns of PCBM films on SWCNT/Au electrode fabricated on HMDS treated
1] 0] L= PP 60

Figure 6-8 Effect of cycling measurements in PCBM-based FET, V4=10 V, T=295 to 380 K,

samples were kept in a vacuum probe Station............ccccooiiiiiiiiiiiiiiiii e 61
Figure 7-1 Monomer of 3-Phenythiophene...........oooiiiii 66

Figure 7-2 Molecular structure of PTEN-H..........cooiiiiiiiiiie e 67



AC

AFM

Au

BCB

BSE

DC

Dl

DMA

DSC

E,

E!’

LIST OF SYMBOLS AND ABBREVIATIONS
Area
Alternating current
Atomic force microscopy
Gold
Divinyl tetramethyl siloxane-bis(benzocyclobutene) derivative
Backscattered electron
Capacitance
Fullerene
Calcium
Correlated barrier hopping
Specific capacitance per unit area of the gate insulator
Carbon nanotube
Interplanar spacing of the crystals
Thickness of the dielectric
Direct current
De-ionized
Dynamic Mechanical Analysis
Differential Scanning Calorimetry
Elementary charge
Storage modulus
Loss modulus

Energy of the conduction band edge

XV



hv
HMDS
HOMO

HT-HT

IPA

LUMO
MEE
Mg
MgO
MN
MNE
MNR

MW

N>

OFET

Meyer Neldel energy

Energy of the trap depth

Electric field applied in x direction
Frequency

Excitation energy
Hexamethyldisilazane

Highest occupied molecular orbital
Head-tail head-tail

Drain source current

Isopropyl alcohol

A material specific constant

Channel length of the transistor

Lowest unoccupied molecular orbital

Multi excitation entropy
Magnesium

Magnesium Oxide
Meyer Neldel

Meyer Neldel energy
Meyer Neldel Rule
Molecular weight
Charge carrier density

Nitrogen

Effective density of states for the trap sites

Organic field-effect transistor

XVi



OLED Organic light-emitting diode

OPV  Organic photovoltaic cell

OTFT  Organic thin-film transistor

P3HT Poly(3-hexylthiophene-2 5-diyl)
PCBM Phenyl-C61-butyricacid methyl ester
PR Photoresist

PTEN-H N-annulated perylene tetraester
PTFE Polytetrafluoroethylene

Q Charge carrier density

Q(x)  Charge carrier density in x direction
r Hoppingdistance

R Resistance

rms root mean square roughness

Rq Roughness factor

RR Regioregular

SEM  Scanning electron microscopy

SiO,  Silicon dioxide

SWCNT Single-wall carbon nanotube

tansd  Mechanical damping factor

T Temperature

T, Alpha relaxation temperature

T oo Alpha relaxation temperature at infinite molecular weight limit

T, Characteristic temperature of the assumed trap density distribution

XVii



Tiso
Ti

Tmn

Uo

Glass transition temperature

Isokinetic temperature

Titanium

Meyer Neldel temperature

Drain source voltage

Gate voltage

The threshold voltage

Channel width of the transistor
Williams-Landel-Ferry

Observable such as charge carrier mobility
Activation prefactor

Activation prefactor

X-ray diffraction

Variable parameter such as gate voltage
Activation energy

Vacuum permittivity

Angle of incidence

Boltzmann constant

Coupling constant between electronsand phonons
Dielectric constant

Wavelength

Charge carrier mobility

Band transport mobility

XViii



XiX

perr  Effective mobility

Po Trap density

o Conductivity

Ouc AC conductivity

O4c DC conductivity

W Relaxation frequency

Wy Relaxation frequency at glass transition temperature



XX

LIST OF APPENDICES

APPENDIX A LIST OF PUBLICATIONS IN POLYTECHNIQUE MONTREAL NOT
INCLUDED IN THE THESIS ... 80

APPENDIX B PARTICIPATION IN CONFERENCES...........ccooiiii 81



CHAPTER 1 INTRODUCTION

1.1 Organic semiconductors

The history of organic semiconductors began in 1970s, with the discovery of conducting polymers
and their properties.! Since then, organic semiconducting polymers and small molecules have been
widely investigated. 23 The properties of organic semiconducting materials can be tuned through
changing their chemical structures, which results in a great variety of organic materials.4 > Thus,
such materials can be versatile, to meet different demands in applications such as organic thin-film

transistors (OTFTs), organic photovoltaics (OPV) and organic light-emitting diodes (OLEDS).

Compared to conventional crystalline semiconductors, organic semiconductors are characterized
by lower mobility, with a benchmark value between 15 cm2/Vs and 20 cm?/Vs for p-type
materials,5 7 10 cm2/Vs for n-type materials.” Although the mobility of the conventional covalent
semiconductors can be several orders of magnitude higher than organic semiconductors, e.g. ca.
1400 cm?/Vs for crystalline silicon8 and ca. 107 cm?2/Vs for gallium arsenide,® any structure change
will greatly affect their charge carrier transport, and thus deteriorate the mobility. Organic
semiconducting materials have advantages such as low temperature manufacturing, solution
processability and compatibility with flexible substrates.3 5 10 These make them to be interesting

candidates for printed electronics.11. 12

Unlike crystalline inorganic materials presently in use, organic semiconductors have high
concentrations of defects that bring about structural and energetic disorder, difficult to eliminate,
due to their weak van der Waals interactions. Strong charge carrier-phonon coupling and disorder
in organic semiconductors lead to charge carrier localization and to the formation of polarons.?
These consist of the charge carrier coupled to structural deformation, which results in effective
mass much larger than that of free electrons, and further lowers the charge carrier mobility
compared with thatexpected for charge carriers with effective mass close to the free electron (hole)
mass. Although various transport models, including band-like transport,13 multiple trap and
release,*variable range hopping,1>and percolationhave been proposed, 16 the detailed mechanisms
of charge carrier transport in organic materials are still not well understood. The dependence of
electronic properties upon the molecular properties (e.g. molecular relaxations) has rarely been

explained unambiguously.



1.2 Motivation

The motivation of this thesis is to use Meyer Neldel (MN) behavior (a set of comparable samples
exhibit kinetic behavior independent of the activation energy at an isokinetic temperature, please
see Chapter 3.1) to cast light on conduction mechanisms in organic semiconductors. The effect of
temperature, T, electrical field, molecular weight and alternating current (AC) frequency are all
studied.

The inherent disorder and strong charge carrier-phonon cooupling in organic semiconductors lead
to the difficulty in understanding their charge carrier transport mechanisms. The previously
proposed transport models all have limits to their application; a unified model of charge carrier
transport in organic semiconductors is still lacking. This thesis will focus on the effect of
temperature on transport mechanisms in amorphous semiconductors, studying the impact of
molecular relaxations on electronic properties, and proposing an approach (combining the MN
behavior study and AC measurement analysis) which might be useful for clarifying charge carrier

transport mechanisms in other glassy organic polymers.

1.3 Objectives

There are two main types of organic semiconducting materials: small molecules and polymers.
Among conjugated polymers, Poly(3-hexylthiophene-25-diyl) (P3HT), a polythiophene
derivative, is widely used in organic electronics as a representative p-type material due to its high
charge carrier mobility and good air stability. P3HT can form head-tail head-tail (HT-HT)
regioregular structures, self-organized into lamellar sheets, as shown in Figure 1-3.4> The regular
end-to-end arrangement of its side chains ensure an efficient - stacking of the polymer
backbone.l” With the increase of the regioregularity, out-of-plane twists along the polymer
backbones can be avoided. 4 > These characteristics make possible high charge carrier mobility of
P3HT in the range of 10-°to 10-1 cm?/Vs.18-20 However, the torsional motion of the thiophene rings
in the main chain and the relaxation of hexyl side chain induce complexity to charge carrier
transportin P3HT.2% 22
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Figure 1-1 System schematic of molecular arrangement in ordered P3HT thin film. Reprinted from

with permission from Ref. 23,

Among small molecule semiconducting materials, one distinctive example is a soluble fullerene
derivative, namely n-type phenyl-C61-butyric acid methyl ester (PCBM). 2426 PCBM has lower
lowest unoccupied molecular orbital (LUMO) level compared to fullerene (C60), enabling easier
electron injection processes with respect to C60.27.28 PCBM can undergo up to six reversible
electron transfer processes due to its triply degenerate LUMO.25 20 Previous studies were focused

on P3HT:PCBM blends, less attention was paid to the pure material.3°
The objectives of this thesis are to:

(1) Study the charge carrier transport in P3HT and clarify the effect of glass transitions on its
transport properties in glassy P3HT. Previous research was focused on its semi-crystalline

form,31-35 Jess attention was paid to the glassy polymer.

(2) Maximize the performance of elusive n-type semiconductor PCBM, study the charge

carrier transport and illustrate the influence of temperature on its transport properties.



1.4 Outline of the thesis

In the following part of Chapter 1 we discuss previously proposed charge carrier transport models
in organic semiconductors, such as band-like transport, variable range hopping, multiple trap and
release model and percolation theory. We also discuss relaxation phenomena and other parameters
which have effects on charge carrier transport in organic semiconductors. In Chapter 2 we
introduce the Meyer Neldel rule and its microscopic origin (multi excitation entropy (MEE)
model). In Chapter 3, we introduce working principles, injection processes and figures of merit in
OFETs and present a method for measuring the activation energy. Chapter 4 is devoted to the
description of experimental methods and characterization techniques employed in this thesis.
Chapter 5 treats charge carrier transport mechanisms of dc and ac conduction in Poly(3-
hexylthiophene-2,5-diyl) (P3HT). Chapter 6 is dedicated to charge carrier transport in a small
molecule organic semiconductor PCBM. Chapter 7 general discussion and perspectives and

Chapter 8 conclusions.

1.5 Proposed charge carrier transport models in organic

semiconductors

1.5.1 Variable range hopping

Variable range hopping model is based on Marcus’s semi-classical electron transfer theory and is
described by Mott’s Law. This model is widely used in the disordered systems to interpret the

1
temperature dependence of charge carrier transport, i.e. the conductivity is proportional to T+, as
follows:

1
oxTs (1-1)
Equation (1-1) is the Mott’s law.36-38

And the average hopping distance is

1
<r>xT s+ (1-2)



The hoppingdistance increases as the T decreases, this is why the model is called variable range
hopping. Mott’s variable range hopping model has been used in organic semiconductors to

illustrate the charge carrier transport mechanism.3%-41

The limits of the Mott’s law are the following ones: (i) the localization radius of the charge carriers
cannot be too small, the charge carrier hopping will only happen between nearest neighboring sites
if the charge carriersare too localized; (ii) it only applies at low temperatures; (iii) the system needs
to be highly disordered, while conjugated polymers feature ordered aggregates. The assumption of
a constant density of states near the Fermi level always leads to the natural mismatch of the

experimental data with the theory .42

1.5.2 Percolation

Since organic semiconductors are usually inhomogeneously disordered, charge transport could also
locate in the sub percolation limit such that charge transport would be limited by the connectivity
of conducting domains (while the poorly connected disordered domains would act as energy
barriers AE and give the temperature dependence of the conductivity as e "AE/ksT) 43 All in all, the
conductivity is dominated by transport within and between ordered domains. Such a percolation
mechanism for charge transport is thought to be consistent with recent microstructure studies. For
instance, in Ref. 31t is shown thattransportoccurs through aggregates (connected ordered regions)
within an inhomogeneous disordered sample; in Ref. 44, it is shown that the mobility of the field-
effect transistors could be increased dramatically by a small increase of the volume fraction of

aggregates.

1.5.3 Band-like transport

In the absence of physical and chemical defects, charge carrier transportin organic semiconductors
with a simple single-crystalline structure is determined by the interplay between electron-phonon
couplings and intermolecular electronic couplings:4> when electron-phonon couplings are weak,
charge carriers are delocalized and behave as described in the band theory. This theory states that
the energy spectrum of an electron movingin a periodic potential is constituted by conduction band
and valence band. An electron with energy located within the conduction band will move like a

free particle with an effective mass. Effects of the weak electron-phonon couplings to charge



transport can be taken into account by using a quasiparticle called polaron which describes
electrons moving together with the dressed phonon cloud. The charge carrier mobility in this
periodic potential generally decreases with increasing temperature due to the enhanced phonon
scattering; When the electron-phonon couplings are stronger than the intermolecular electronic
couplings, the charge carriers are completely localized on individual molecules and transported by
hopping from one molecule to another. In such a region, the band-like theory cannot be applied
anymore. Hopping transport is temperature-activated since the thermal fluctuations provide the

activation energy for the charge carriersto overcome the energy barrier.

1.5.4 Multiple trap and release model

In some organic semiconductors, transport is limited by trap states induced by defects and
impurities. These trap states are highly localized and carrierstrapped in these states cannot escape
easily from these locations. Charge carriers arriving at the trap site are captured instantaneously
and with a large probability. And the release of the trapped carriers is temperature-activated. The
effective mobility can be defined as*6: 47

Er-Ec

Herf = topo€ *BT (1-3)

where u is the band transport mobility, p, is the trap density, Er is the energy of the trap depth
and E is the energy of the conduction band edge. In real systems, the trap density will show an
energy dependence. Here, by assuming an exponential distribution, one can arrive at an expression

of the effective mobility as

T C(V-Vp)

L,
—_ T
Tc [ qNT ]

Pepr = (1 + po (1-4)

with T, being the characteristic temperature of the assumed trap density distribution, C is the

capacitance, and Ny is the effective density of states for the trap sites.

Itis noted thatthe MTR modelis applicable for systemsthatstill have well-defined band structures
with trap levels located within the bandgap. The mostcrucial parameter here thataffects the charge
transport is the trap energy E+. Since the relaxation time of a trapped carrier is proportional to
eEr/ksT more considerable trap energy may result in a more severe decrease in the mobility. This

observation has been used to interpret results in Ref. 48-50,



1.5.5 Proposed unified model of charge carrier transport in organic
semiconducting polymers

Researchers tried to develop a unified and widely applicable model of charge transport in
semiconducting polymers. For instance, Noriega et al. studied samples of semicrystalline P3HT
which were prepared at varying degrees of order.3! They explained how the degree of disorder and
(ordered) aggregation would influence charge transport, and why poorly ordered polymers could
have high performance. First, they argued that the ordered regions are largely responsible for
charge transport. This argument is based on the observation that charges must overcome an energy
barrier to move from ordered regions to amorphous regions and charge carriers would stay in the
ordered region (using P3HT model semicrystalline conjugated polymer where ordered and
amorphous regions coexist to demonstrate this hypothesis). They studied charge transport in
ordered regions by using a simple one dimensional tight-binding model. This model assumes
hopping integrals are induced by energetic disordered local on-site hopping and nearest neighbor
transport. They propose that the density of states of the aggregate in typical conjugated polymers
is determined by the amount of paracrystallinity (measures the fluctuation of lattice space in the n-
stacks) and seldom affected by on-site disorder. Further, the wave function in the tail of density of

states represents localized states that can act as traps for the delocalized band states.

Then, they investigate the collected experimental data to prove the impact of paracrystallinity on
charge transport properties. They divide the conjugated polymers into two categories. In one
category, they have the totally amorphous materials. These materials lack any long-range order and
their X-ray scattering halo are characterized by featureless and broad signals. Charge carrier
transport in these materials is limited by hopping between localized states in a broad density of
states. In the second class, they have materials which can form inter-connected aggregates either
of long-range or short-range type. For the long-range ordered type, referred as “classical
semicrystalline”, their transport can be explained by the trapping-limited picture where the greater
is the disorder, the deeper is the trap and the larger is the activation energy. For the short-range
type, they argued that, since the mean free path in the m-stack is smaller than the aggregate length,
the paracrystallinity-dominated mechanism still applies; with a comparable activation energy as

semicrystalline materials, this type can achieve high charge transport performance.



Finally, by bringing together the discussions, they propose that short-range ordered aggregations
in high MW polymers are enough for long-range charge transport and it explains why sometimes
poor ordered polymers have higher performance. We will show below in Chapter 6 that in mostly
amorphous thin film, hopping in amorphous region instead of the ordered region would dominate
the charge transport and provide an explanation for the phenomenon of increased crystallinity

leading to lower mobility.
1.6 Relaxation phenomena in organic materials

1.6.1 Relaxation and its characterizations

When a system experiences an external change of the stimuli such as electric field or temperature,
it will be in a non-equilibrium state. The system will then relax. In conjugated polymers, after
temperature or electric field changes, molecular relaxations are observable. Such relaxations can

be due to a variety of movements of molecular segments or additives/impurities.>!

With increasing of the temperature, the state of semiconducting polymers may change in the
sequence: solid state, with mixture of amorphous and crystalline region; glassy state, characterized
by non-equilibrium and non-crystalline amorphous structure; rubbery state, which leads to softness
and flexibility; and viscous fluid state. In some polymers, e.g. cross-linked resins, there is no

rubbery state and viscous fluid state.

There are typically three relaxation processes, called y, § and «, in the glassy state. They can be
observed by plotting the modulus of the polymer (the ratio of stress to the elastic strain) versus

temperature, as shown in Figure 1-3.



Modulus

Temperature

Figure 1-2 Illustration of temperature dependence of the modulus of the polymer.

The motions corresponding to the gamma and beta relaxations are illustrated in Figure 1-3. The y

relaxation corresponds to the side chain movement, this movement might be the vibration of the
side chain or rotation of the side chain if it contains polar bonds. The £ relaxation usually involves

the movements of chain segments.

(a)

y relaxation

(b)

P relaxation

Figure 1-3 Two differentlocal motions (a) y relaxation, side group movement, and (b) 3 relaxation,

chain segment movement.
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Except from local motions, there is also the structural relaxation, « relaxation, which refersto the
rearrangementand movementof the overall polymer chain. Itusually happenswhen the amorphous

polymerexperiencesadramatic change in the modulusin the region of glass transition temperature.

The structural relaxation can be characterized by the following macroscopic features, which

permits the observation of this transition:

(1) Change of enthalpy or entropy, can be detected by techniques such as Differential Scanning
Calorimetry (DSC)

The heat capacity of the sample is measured using heat flow between the sample and reference, as
a function of time. Initially, the sample is heated above the glass transition temperature (higher
than Ty to remove the thermal history of the sample) and then cooled down to below T4 at a
particular heating and cooling rate. Afterwards, the sample is reheated with the same heating rate.
The temperature at which the heat capacity exhibits a step change is the glass transition
temperature. DSC requires a simple experimental setup, and it is suitable to identify the various
thermal transitions in a wide temperature range. T4 of polymers can be measured easily using DSC
except for polymers with Ty below ambient temperature, highly crosslinked polymers, polymers in
single layer nanoscale film form and those with small capacity changes with respect to

crystallization, during cooling. %2

(2) The change of specific volume of a thin film, can be measured using techniques such as

thermodilatometry

In thermodilatometry, the volume of a polymeric sample is measured as a function of temperature
under isobaric conditions. A change in slope of the volume versus temperature curve corresponds
to the glass transition region. This technique is mainly suitable for probing T4 in amorphous
polymers. The main disadvantage of thermodilatometry is that it requires large amount of sample

to extract the glass transition temperature 52 53

(3) The change of mechanical properties can be measured by techniques such as Dynamic
Mechanical Analysis (DMA)

In dynamic mechanical analysis, an oscillatory strain (or stress) is applied to the material to obtain

the mechanical response of the material with respect to the temperature and frequency. >3 Storage
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modulus (E’) and loss modulus (E’”) are obtained from DMA measurements and the mechanical
damping factor (tan 6) is calculated using storage and loss modulus. T is extracted from the tan §
curve. DMA is highly preferred to detect the glass temperature of crystalline conjugated polymers.
The limitations of DMA are that it is difficult to determine T if the sample has multiple thermal

transitions, and it that it can only be applied to bulk material. 52

(4) Dielectric properties can be measured by techniquessuch as Dielectric Spectroscopy, Thermal
Stimulated Depolarization (TSD) and Thermal Stimulated Current (TSC)

Dielectric spectroscopy is employed to study the dielectric response of the material subjected to a
small magnitude electric field as a function of fixed or variable frequencies.>* This technique can
be used to measure the AC, DC conductivity and dielectric properties such as dielectric constant
and dielectric loss of the material.>> Various relaxations processes can be measured over the
frequency range of from 10-6to 1012 Hz, it can reveal a lot of information on the structure of the
material. Dielectric spectroscopy is suitable to measure T4 of polymer bulk material as well as thin
films. However, this technique is limited in measuring high conductivity materials, the low
frequency conductivity slope will lead to the difficulties in analyzing dielectric relaxation response
of the material.>2 TSD/C are also widely used to determine the glass transition temperature of the
material. The sample is subjected to polarization with DC electric field and the polarization is
maintained under cooling process. Afterwards, depolarization takes place during sample heating
process and the depolarization current is measured. Depolarization current peak region is
corresponding to the glass transition and the temperature at which the maximum intensity of the
depolarization current is Tq. TSD/C technique is the suitable method to deduce Ty in wide range of
materials such asamorphous and crystallinepolymers, andorganic glass formers. Itwill be difficult

to use TSD/C measurement if the sample contains mobile ions. 53
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The relaxations will also have a strong influence on the conductivity of organic semiconductors. It
was found that when «a relaxation happens, instead of following the Arrhenius Law, the relaxation

frequency of the substance would follow the Williams-Landel-Ferry (WLF) equation ¢

T-Ty
B+T-Ty

In (wi) =A , (1-5)

where Ty is the glass transition temperature, w is the relaxation frequency, w, is the relaxation

frequency at glass transition temperature and A, B are constants.

However, all of those methods will only work on the determination of the glass transition
temperature and the change of conductivity or dielectric properties of the material, the illustration
of the detailed charge carrier transport process is still missing. In the following chapter, we will
introduce a theory which has been well established in many physical processes. The charge carrier
transport processes in P3HT will be explained unambiguously by studying this theory in the DC

conditions and performing the measurement of the same sample in AC conditions.

1.6.2 The effect of relaxations on charge carrier transport

Most previous work on charge carrier transport in organic semiconductors have focused on semi-
crystalline material and did not discuss the effect of glass transitions in organic semiconductors on
transportmeasurements.31-3 Some of them observedthatthe relaxations would influencetransport:
for instance, Obrzut, et. al. studied semi-crystalline P3HT from 193 K to 333K (they see no sign
of the glass transition in their measurements), and they have measured DC, AC conductivity and
dielectric response normal to the plane of a P3HT film, with 40-50 um between electrodes, in a
capacitor geometry. As shown in Figure 1-3, they find that the relaxation of the side group, the y
relaxation, causes scattering of carriers moving on the molecular backbone, which leads to the
decrease of the device performance.5” Such effects are indeed well established, and different from
what we report in this thesis. We find that charge carriers in glassy material must hop from one
molecule to another for DC current to traverse the interelectrode distance. The experimental
observation of the positive effect of relaxation on charge carrier mobilities has been reported in a
few publications. 5859 However, these have either emphasized device performance or the effect of
scattering at high temperatures. For instance, Shen et. al. reported the charge carrier mobility of
P3HT went faster from ca. 385 to 415 K (the region right after the linear plot and before the
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scattering effect), shown in Figure 1-3. %9 As we discuss later in this thesis, this positive effect of

the relaxations is also important and is much greater than the scattering effect.
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Figure 1-4 The dependence of (a) conductivity and (b) charge carrier mobility on temperature,

reprinted with permission from Ref. 57 and 9.

1.7 Other effects which influence the charge carrier transport

process

The stability of the organic materials is a common issue in the development of organic electronics.
The degradation of the devices and formation of new defects due to the exposure to the external
conditions will result in the decrease of the charge carrier mobility. 5% 61 Khelifi et al. studied the
charge carrier transport in P3HT and PCBM blender through the admittance spectroscopy and
capacitance voltage measurements under various temperatures.®! The samples were measured with
and without encapsulation. Their admittance spectroscopy measure ments show two defect states
with activation energies of 53 and 100 meV and the defect concentration is 10 times higher in the
samples without encapsulation. Those defects were attributed to the charge transfer complex

formed between O, and P3HT and they would lead to the decrease of charge carrier mobility. 60 6
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To avoid the effect of oxygen, we prepared our samples in the nitrogen filled glovebox and

measured it in a vacuum probe station which is connected to the glovebox.

The polarization at the interface or inside the organic material will also have some impactin the
charge carrier transport process. For instance, Uludag et al. studied the dielectric properties of
P3HT/CSA composites, they found that the real part of the complex permittivity decreased with
the frequencyincreased from20to 107 Hz.%2 They attributed this behavior to the Maxwell-Wagner-
Sillars interfacial polarization mechanism (MWS polarization may occur either at the inner
dielectric boundaries or atthe interface of electrode and dielectric). They propose that the dielectric
material can be treated as the well conducting region, e.g. grains, surrounded by the poorly
conducting region, e.g. grain boundaries. At low frequencies, the charge carriers will move to the
grain boundaries, the accumulation of electrons at the boundaries will lead to a high-order
polarization which manifests itself as high dielectric constant. We will show in Chapter 5 that it is
not the case here, in the mostly amorphous material, the poorly conducting region is distributed

large scale and randomly in the film, the ac conductivity increases with frequency.

Researchers report that the room temperature molecular motions also influence the charge carrier
transport process. Troisi et al. studied the charge carrier transport in crystalline organic
semiconductors.® They employed a one dimensional stack of planar conjugated molecules with
one molecular orbital per molecules to calculate the charge carrier mobility under different
temperatures. They took pentacene as an example, the initial nuclear positions are randomly
selected from the Boltzmann distribution of non interactingharmonic oscillators. The displacement
of the molecules is calculated from the Gaussian distribution. The temperature dependence of
charge carrier mobility is determined from Einstein relation. They suggest that the charge carrier
transport process in crystalline organic semiconductors at room temperature is neither polaronic
nor the mixture of thermally activated hopping and polaronic transport. The room temperature
molecular motions in organic crystals are adequate to destroy the translational symmetry of the
electronic Hamiltonian, and thereby localize the charge carriers, it makes the band like transport
theory insufficient for room temperature organic cystals. However, in the disordered organic

semiconductors with high activation energies, the case is very different. The hoppingprocessis not
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fully free and random, and the potential well is not shallow enough for the Einstein relation and

Gaussian distribution to be applicable.



16

CHAPTER 2 LITERATUREREVIEW: THE MEYERNELDELRULE
AND ITS MICROSCOPIC ORIGIN: MULTI EXCITATION ENTROPY
MODEL

2.1 Introduction

The common factor among various charge carrier transport models in semiconductors is the
existence of an activation energy. It has been well established that various physical processes,
including charge carrier transport in semiconductors are temperature activated and follow the

Arrhenius law: 64
X = X,e 4E/kgT (2-1)

where X is an observable such as the mobility u, X, is the activation prefactor, AE is the activation
energy, kg is the Boltzmann constant, and T is the temperature. Since the 1920s, it has been found
experimentally, even though the underlying mechanisms were not always clear, that for a related

group of processeswhich are temperature activated, the prefactor obeys the relation: 65
Xo = XooeAE/kBTiso (2-2)

which leads to

InXo=InXpo +——  (2-3)
kg

Lso

where X, is an activation prefactor and T;,, is called the isokinetic or Meyer Neldel temperature,
since X becomes independent of AE when T = T;,,. Combining Equation (2-3) with Equation (2-

1), we obtain

E_ L2 (2-4)

kBTiso kT

InX = lnXOO +

Equation (2-4) is known as the Meyer-Neldel rule (MNR), since it was reported by Meyer and
Neldel in describing the experimentally observed conductivity of disordered materials;¢ as the
compensation law, because the exponential term e4E/kBTiso in X, compensates the decreasing
exponential, e ~4E/k8T as AE is increased; and as the isokinetic law, since X becomes independent

of AE when T = Tig,.
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The MNR can be represented by a plot of In X versus the inverse temperature which is called
Arrhenius plot: the lines depend on different Arrhenius parameters and will intersect at Tj,, as

indicated in Figure 2-1.
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Figure 2-1 Observation of Meyer-Neldel rule: an observable (e.g. mobility or current) versus 1/T,

where z is a variable parameter (e.g. gate voltage, Vg). Reprinted with permission from Ref. .

MNR has been observed in the transport properties of amorphous and crystalline silicon, 68-1
catalyzed chemical reactions,’”? solid state diffusion in crystals,”® biological and geological

substances.’ 75

2.2 MNR inorganic semiconductors

In inorganic semiconductors,such as Siand Ge, in which the charge carrier mean free path is larger
than the lattice constant, charge transport can be described by the band theory and the mobility has
a power law dependence upon temperature In g o< T~™ with n=1-2. 76 However, band transport

properties are rarely observed in organic semiconductors.

It has been found that the electron or hole mobility, p, in many organic semiconductors, 6192
including fullerene,® polythiophene,2 pentacene,® and N-alkyl perylene diimides,?! follow MNR.

MNR was also observed in the ac conductivity of amorphous chalcogenides.’”

For instance, MNR has been observed in disordered fullerene film-based devices fabricated using

physical vapor deposition.”® The schematic structure of the device isshown in Figure 2-2 (a). From
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the Arrheniusplot, asdepicted in Figure 2-2 (b), acrossing pointof extrapolated data lines indicates
the MNR behavior and permits to deduce the MN parameters. The isokinetic temperature obtained

from OFETs based on Cg is T, = 408K, corresponding to a MN energy of Eyy = 35 meV.

OFET

Increasing V

3 4 5
1000/T [K']

Figure 2-2 (a) System schematic of the OFET investigated and (b) observation of MNR in the

OFET: Temperature dependence of p at different V. Reprinted with permission from Ref. 78,

This MNR has also been observed in pentacene-based OFETSs. Figure 2-3 shows temperature
dependence of charge carrier mobility plotted at different V. MNR is observed to be at the point
Of T|so:465 K.
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Figure 2-3 Temperature dependence of p in pentacene films measured at different V4. The Tis IS

indicated in the figure. Reprinted with permission from Ref. 7°.

In P3HT-based OFETSs, a similar behavior is observed. As Figure 2-4 shows, the V¢ dependence
of charge carrier mobility disappears at the Tis,, Which confirms the presence of MNR. However,
the highest temperature studied here is ca. 300 K. It is of interest to study the effect of the
temperature on charge carrier transport at higher temperatures.
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Figure 2-4 Temperature dependence of the p in P3HT-based FETs measured at different Vg,
Reprinted with permission from Ref. &.

2.3 MEE model

In the 1980s, the MNR was explained by a number of authors, ¢ including Linert8 and Yelon and
Movaghar82 who called their version of the explanation the multi-excitation entropy (MEE) model.
These explanations are based upon the key observationof the MEE model that, when th e activation
energy AE is much larger than both the energy of the available excitations and the thermal
fluctuation energy, multiple excitations are necessary to obtain the energy to overcome the
activation barrier. Thus, a contribution from the entropy of the collected excitations must be taken

into account %, and it leads to the MNR or compensation law. This idea can be explained by the
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following simple examples. As depicted in Figure 2-5, suppose that we have an electron trapped in
a potential well, and this electron can absorb the energy of a phonon to jump out of this potential
well. Accordingto the rule of statistical physics, the rate of this electron to jump out of the potential
well should have an exponential dependence on the gap of this potential well and the temperature
of underline system. The observable, e.g. mobility, current or conductivity, can be given as the

Arrhenius law, as Equation 2-1 shows.

Arrhenius Law

Figure 2-5 A simplified model to explain Arrhenius Law. The larger ball represents electron, the
smaller one is the phonon, the arrow means the electron changed from trapped state to de -trapped

state.

However, when the depth of the potential well is much larger than the phonon energy and thermal
fluctuation, as depicted in Figure 2-6, multiple phonons must be collected by the electron to de-
trap, i.e., a compensation from multi phonon entropy must be taken into account. For instance, if
there are ten phonons available, and the electron just needs to absorb the energy of three phonons

to jump out the potential well, then the entropy term S of the phonon should appear in the model.
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MEE

Figure 2-6 A simplified model when activation energy is large.

In the case of high temperature and strongcoupling, we need to consider the entropy of the electron
from the trapped state to detrapped state, so AS should include both the phonon and the electron

parts. We need to treat the electron and phonon as one system, instead of separately.

It has been shown that the MN energy (MNE) appears to be given by

hv
MN Btiso Ink

(2-5)

In Equation (2-5), Av is the energy of the excitations, normally phonons in inorganic solids, and
infrared or Raman vibrationsin organic solids, and x is a coupling constant between electrons and
phonons. % 82 83 This E,,y is extracted from a bath, whose source is the electron-phonon
interaction. Semiconductors with similar structure will exhibit similar E,;y, since they obtain their
excitation energy from similar thermal baths.83 Equation (2-5) may provide important insights in
the study of organic semiconductors. For example, it has recently been shown that the proton
conductivity in perovskite-type metal oxides can be enhanced by tuning a lattice vibration
frequency towards a desirable T;,.8* For some properties of some materials, described in Equation
(2-4), such asconductivity in amorphous chalcogenides,8>a correlation has beenobserved between
Xoo and T;g,. This has been explained by the dependence of the conductivity on k, the electron-
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phonon coupling, and the dependence of E,;y upon k, expressed in Equation (2-5). 8 This may
provide important insights in the study of semiconductors. For instance, a low T;,, corresponds to
a large electron-phonon coupling constant in the chalcogenides and the material becomes less
conducting as the polaronic interactions increase.8¢ Thus, the correlation between X, and T, can
be used to identify the conduction mechanism. Polaronic conductors exhibit a positive correlation
(dXp9/dTis, > 0) while conductors featuring trap limited mechanism exhibit a negative
correlation (dXoo/dTis, < 0).85

The MEE model can be used as a general model to explain a large variety of experimental data 8
87-89 'while other methods %> will generally require some sortof disorder and a Gaussian distribution
of the density of states. However, MNR is usually observed in systems where the charge carriers
are deeply trapped, while the material can be either disordered or crystalline. The MEE model has
also been verified by molecular dynamics calculations of surface diffusion on metals which have
large activation energies.? 91 As pointed out by Boisvert etal %, the activation energy calculated
by assuming an attempt frequency for jumps which is equal to the phonon frequency in surface
diffusion at high temperature can lead to an error of the diffusion coefficient by a factor of 10. The
recent atomistic simulations of Gelin, et. al. also confirms the entropic nature of the compensating
term.%1 They find that the experimental compensation effect of diffusion process in silicon and
aluminum crystals originates from the broadening vibrational spectra (i.e. lower and higher
frequency phonons), typically in softening solids. This is associated with the entropy of the system
which is proportional to the activation energy. They find that the anti-compensation effect would
only be observed in solids having dense structure, and with rigid interactions. These atoms have
little free space to move and the collision of the atoms will be involved in the activation, it will

shift the vibrational spectrum to the one with unusual high frequencies localized modes.

Despite considerable evidence in its favor, the MEE model of MNR’s origin is still frequently
contested.% Afrequently cited® alternative, in which entropy plays no part, is the Gaussian density
of states model, which explicitly assumes that virtually every disordered material exhibits this
particular distribution, and implicitly assumes that excitation (phonon or vibrational) energies are
comparable to AE. The first of these is implausible, and the second is clearly incorrect, since MNR
is observed only in materials which exhibit AE much greater than those energies. It has also been

shown that their explanation is unrealistic for the MNR in liquid semiconductors.% Their model
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has been demonstrated in various experiments that it leads to unreasonable values for the
prefactors.92 Further, it predicts that the isokinetic temperature is related to the width of the
assumed Gaussian density of states. This is in contradiction with experiment: 92 the Arrhenius plots
of well-ordered and disordered materials with small, but variable, AE cross at 1/T=0 (their

“isokinetic temperature” is infinite).
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CHAPTER 3 FIELD-EFFECTMOBILITY AND CHARGE CARRIER
DENSITY IN FIELD-EFFECT TRANSISTORS MAKING USE OF
ORGANIC DISORDERED SEMICONDUCTING THIN FILMS

3.1 Working principle of organic field-effect transistors

Transistors have been widely used in electronic circuits as the active parts, such as switches and
amplifiers. Figure 3-1 indicates a typical transistor output curve (drain-source current lq versus
drain-source voltage Vg). As long Vg is larger than the threshold voltage, Vi, i.e. V4>V, the thin
film transistor channel becomes conductive. When Vg is applied, the charge carriers start to flow
between source and drain electrodes. The majority of charge carriers in p-type semiconductors are
positive holes whereas the electrons are the majority charge carriers in n-type semiconductors.
Injection and extraction of the charge carriers in the semiconductor channel take place at the drain

and source electrodes.

The arrangement of electrodes, organic semiconductors, and the gate dielectric result in different
architectures of the OFETs. The most used device architectures are top gate top contact, top gate
bottom contact, bottom gate top contact and bottom gate bottom contact. Figure 3-1 (a) shows a
bottom gate bottom contact structure OFET, it contains a gate electrode, a dielectric, a drain
electrode, a source electrode and the organic semiconducting thin film. The source electrode is
connected to the ground, the charge carriers begin to accumulate at the interface in the thin film

channel when Vyis applied.
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Figure 3-1 (a-c) Charge carrier concentration in bottom gate bottom contact OFETsunder (a) linear

region; (b) pinch-off region; (c) saturation region; (d) typical output curve of the transistor.

The device operation is explained with p-type (accumulation) organic semiconductor channel

material and bottom gate bottom contact architecture in Figure 3-1 (a-c). As indicated in Figure

3-1(a), when V4<Vq4- Vu, lgwill increase with the Vg, this is called linear region. When V4=V,

- Vin, shown in Figure 3-1 (b), Vg4 is compensated by V4 and the thin film channel is pinched off at

the drain electrode. A saturation region, Figure 3-1 (c), is reached at V4 > Vg - Vi and Ig will not

increase with V4 anymore due to the lack of majority charge carriers in the depletion region near

the drain electrode. The currentin the thin film is maintained by the charge carrier injected from

the electrode.

The specific capacitance per unit area of the gate dielectric can be written as

Ci

d

__EkA
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where ¢ is the vacuum permittivity, K is the dielectric constant, A is the area of the dielectric and d

is the thickness of the dielectric layer.
At V=0, the charge carrier density can be written as
Q=Ci(Vy=Ven) (3-2)
The charge carrier density will become a function of the distance from the source electrode when
V4 increases, Equation (3-2) can then be written as
Qe =iV~ Vin—V (@) (3-3)
Then I4 can be written as

I =WpQ () Ex(x) (3-4)

dV(x)

Where W is the channel width, u the charge carrier mobility and E,.(x) = the electric field

applied in the x direction.

Combining Equation (3-3) and (3-4), we can obtain that in the linear region, i.e. V4 << V¢-Vyp, %

WCl

Iy w(Vg —Ven — )Vd (3-5)

In the saturation region, V4 = V-V, lq can be written as®

WuCl

Iy = (v, - Vth) (3-6)

3.2 Field-effect mobility

The field effect mobility can then be derived from Equation (3-5) and (3-6). %4

In the linear region, it is:

_ L 6Id
WCV 6V

Win = (3'7)

In the saturation region, itis:

L (2flasac ) (3-8)

Usat = (
wc\ av
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3.3 Charge carrier density

The dc conductivity, oy, is determined from
o = L/(RWd) (3-9)

where R is the resistance (can be derived from the linear region of 14 versus Vg4 curve), d is the

thickness of the thin film. The charge carrier density, n, can then be determined from
n = o/ (ue) (3-10)

where e is the elementary charge.®

3.4 Schottky barriers and charge carrierinjectionin OFETs

Charge carrier injection in OFETs depends on the work function of the source drain electrode and
the position of the energy levels of the organic semiconductor. When the work function of the
electrode is close to the highest occupied molecular orbital (HOMO) or LUMO levels, the charge
carriers are more easily to be injected and contacts are called ohmic. The mismatch between the
work function and the band edges is called the Schottky barrier. It will induce a contact resistance
in the OFET.

3.5 Activation energy measurementin OFETSs

In most studies of MN behavior, the activation energy is varied by preparing a number of samples
in slightly different ways, e.g. changing the preparation conditions for samples with a specific
composition, or by preparing closely related compositions.® 9% However, in studies of
semiconductors, as is the case here, there is considerable advantage in preparing FETSs, using the
material under investigation as the semiconducting film transistor channel. Varyingthe gate-source
voltage, V;, modifies the band bending at the semiconductor dielectric interface. This changes the
energy distribution of charge carriers near the dielectric, compared with those farther away, thus

changing the activation energy, AE.

In classic transistor technology, based upon small gap, crystalline, inorganic semiconductors, the
number of thermally activated charge carriers is large at moderate values of T, as is the charge

carrier mobility, p. As expected for band transport, it is not thermally activated.
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These conditions are not expected to apply to organic semiconductors. The charge carrier density
is not strongly dependent upon T. In contrast, the charge carrier mobility, i, may be activated. In
accumulation, except at the lowest voltages, the charge carriersinduced by the gate-source voltage
determine the source-drain current (in absence of charge carrier injection energy barriers). The

activation energy AE is then controlled by ;. Of course, the device must be functional over a wide

enough temperature range for meaningful kinetics to be measured.
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CHAPTER 4 EXPERIMENTALMETHODS AND TECHNIQUES

4.1 Microfabrication of Au electrode

The detailed procedure of microfabrication of conventional Au electrode is shown in Figure 4-1.

SiO,
Si

(D

Photoresist
Sio,
Si

)

Ti/Au Ti/Au

Si

S)

Photoresist

Si0,

Si

2)

PR PR PR

Si0,
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4)

Si0,

Si

(6)

Figure 4-1 Microfabrication of Au electrodes by photolithography.

The initial substrate is a 200£10 nm-thick SiO, on 525£25 pum-thick silicon wafer purchased from
WaferPro, San Jose, California. The heated substrate surface was exposed to hexamethyldisilazane
(HMDS) gas to promote the adhesion of the photoresist using a Four YES oven. Then the
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photoresist was deposited by spin coating at 4000 rpm for 30 s (thickness of ca. 1.56 um). After
the deposition, a soft-bake at 110 °C for 50 s was performed. The ultraviolet-ozone exposure was
then operated at 7.7 mW by SUSS MicroTec HG Lamp; an energy density between 55 and 60
mJ/cm2was provided forca. 7 s. The pattern was made by means of SUSS MicroTec Mask Aligner
MAG6/MB6. The photoresist development was made by soaking the substrate in the developer,
stirring it for 1 min. The substrate was then washed by de-ionized water. The concentric regular
geometry of the metallic Ti/Au (5/40 nm/nm) electrodes were evaporated by an electron beam
evaporator. In Chapter 5, the channel of the devices has a width (W) of 2.5 cm and length
(L) of 10 um. In Chapter 6, the channel of the devices hasa W of 1,500 ym and L of 20 pm. Then
the substrates were immersed in the PG remover overnight to remove the residual resist. The
patterned substrates were cleaned with a sequential ultrasonic bath in isopropanol alcohol (IPA),
acetone and IPA, followed by UV exposure. Afterwards, the organic semiconductor, e.g. PCBM,

was spin coated on the substrate.

4.2 Microfabrication of SWCNT/Au electrodes

Single-wall carbon nanotube (SWCNT) powder (purchased from RAYMOR Nanolntegris) was
sequentially purified using 3M HNO3, 3M NaOH, and HCI. The SWCNTSs were rinsed six times
with de-ionized (DI) water to achieve a neutral final solution (pH ~ 7.8, as indicated by the
pH/conductivity meter) and collected by the Polytetrafluoroethylene (PTFE) membrane filter. The
SWCNT solution was prepared with the same method as previously reported by Cicoira et. al.28
Briefly, 0.5% w/v sodium cholate and 5 mg SWCNT were dissolved in 400 mL of DI water and
tip sonicated for 20 min. 4 ml of the solution were subsequently putin 80 ml of DI water, giving
rise to a concentration of SWCNT ca. 6.25x10-4 mg/mL. The final solution was bath sonicated for
another 30 min. The SWCNTs were then transferred to an amino cellulose membrane filter (0.22
um Triton-Free MCE, purchased from Sigma Millipore) through vacuum filtration. The SWCNTs
on the filter were then attached to a pre-cleaned SiO,/Si substrate (i.e., sonication in DI water, IPA,
Acetone, IPA, and UV ozone treatment) to make a SWCNT coating. The samples were immersed
in a fresh acetone solution for 54 hoursto dissolve the membrane. They were then placed inside a

Type 21100 Tube Furnace for thermal annealing at 350 °C for 5 h in air to remove the solution
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residue and improve the metal adhesion during electrode deposition. The substrate was then
transferred to the clean room to perform the microfabrication (Figure 4-2). Circular Au/Ti
electrodes (40 nm/5 nm) were photolithographically patterned on the SWCNT/SiO,/Si substrate.
To make a SWCNT-free channel within the interelectrode distance, samples were exposedto O,

reactive ion etching (50 W RF power at 125 mTorr and 8 sccm etching rate), for 1 min.

e

M

CNT

HMDS coating

HMDS coating
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Figure 4-2 (1) Substrate: SiO, on doped Si; (2) HMDS-treated substrate; (3) SWCNT deposition;
(4) metal electrode evaporation; (5) parylene coating; (6) photoresist coating; (7) developer; (8)
etching; (9) parylene peel-off and 550 “C thermal treatment in vacuum for 1 h; (10) organic
semiconducting film deposition (on substrates previously cleaned by low power sonication in

acetone and IPA to remove the SWCNTSs from the interelectrode region).
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4.3 Thin film deposition

Thin films of RR P3HT (Solaris Chem Inc.) were deposited by spin coating (1,500 rpm, 100 s)
from a (freshly prepared) 10 mgmL-! solution in chlorobenzene under N, atmosphere, after the
solution was stirred at 50 °C overnight. Each device was thermally treated ona hotplate at 110 °C
for10 min. The proceduresare keptthe same forall samples. Three molecular weights, ca. 20 kDa,
30-50 kDa, 80-90 kDa, are studied.

Thin films of PCBM (Solaris Chem Inc.) were spin coated (1500 rpm, 100 sec) froma 10 mg/mL
solution in chlorobenzene under N, atmosphere. Prior to spin-coating, the solution was stirred

overnight. Some of the devices were thermally treated on a hotplate at 50 °C for 2 h.
4.4 Techniques

4.4.1 Electrical characterization

Measurements of dc electrical properties were carried out using a semiconductor parameter
analyzer Keithley 4200-SCS. During the measurements, the source electrode was connected to
ground. Samples were measured in a micromanipulator cryogenic probe station with liquid
nitrogen and copper heater to change the temperature. Measurements of ac electrical properties

were performed using a Hewlett Packard 4192A LF impedance analyzer (5 Hz-13 MHz).

4.4.2 Structure and morphology film characterization

The surface topography of the samples was analyzed by atomic force microscopy (AFM) under
ambient conditions, using a Digital Instruments Dimension 3100 (Santa Barbara, CA) equipped
with a Nanoscope V controller (Bruker). The sample surface was scanned in tapping mode using
an etchedsilicon cantilever (tip radius <10 nm, spring constant~40 N/m, and resonance frequency
~300 kHz) with a scanrate of 1 Hz. The height and phase AFM images were obtained with medium
tip oscillation damping (20 % — 30 %).

The AFM images of (a) low MW P3HT, (b) medium MW P3HT, (c) high MW P3HT are shown
in Figure 4-3. The value of the root mean square roughness (rms) is 1.6+0.1 nm for low MW,
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5.3+0.6 nm for medium MW and 13.8+1.8 nm for high MW. Lower MW polymers are expected

to be better dissolved, resulting in a lower surface roughness of the thin film.
(b) - ©
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Figure 4-3 10 umx10 um-sized AFM images of (a) low MW P3HT, (b) medium MW P3HT, (c)
high MW P3HT.

The electrodes with SWCNT were investigated by scanning electron microscopy (SEM). The
surface of the samples is scanned by the electron beam. As compared to the optical microscope,
electron microscope provides a higher magnification image with the utilization of electron gun.
There are two different types of electrons are emitted from the sample after it is interacted with the
incident electron beam, namely (i) secondary electron and (ii) backscattered electron (BSE). The
secondary electrons are emitted due to the elastic interaction whereas the backscattered electrons
are emitted due to the inelastic scattering. The surface feature and atomic number of the samples
were analyzed using the secondary electrons and the BSE, respectively.®’. % SEM measurements
in this thesis were carried out at an accelerating voltage of 5 kV in BSE and secondary electron
imaging mode using the machine JEOL FEG-SEM.

X-ray diffraction (XRD) spectra of the thin films were scanned by a Bruker D8 diffractometer
machine with the 1.54 A wavelength (CuKa). The samples were scanned every 20 = 0.01 with a
time interval at 0.6 s. XRD can provide the orientation and structural information of the crystalline
materials.99-19 Tt is based on the Bragg’s law: 2dsin€ = nl, where d is the interplanar spacing of
the crystals, Othe angle of incidence, n an integral, and A the wavelength. The diffraction will take

place when conditions satisfy Bragg’s law. % 101 The incidencemonochromatic beam of X-rayswill
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be diffracted by the atoms of the materials to produce the diffraction peak, the peak intensity will

be determined by the atoms within the lattice.%°

4.4.3 Thickness characterization

The thickness of the organic semiconducting thin film was measured using a Dektak 150
Profilometer, a stylus profilometry based technique. The film thickness was 51.7+0.7 nm for low
MW P3HT, 42.14+4.0 nm for medium MW, and 65.0+4.7 nm for high MW P3HT. The thickness
of PCBM thin film was ca. 68.2+5.6 nm.
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5.2 Abstract

A positive effect of molecular relaxations, the movement of the molecular backbone and of chain
segments on charge carrier transport processes in organic semiconductors, has not previously been
reported. In this work, charge carrier transport mechanisms in amorphous glassy Poly(3-
hexylthiophene-2,5-diyl) (P3HT) are determined unambiguously, both above and below the glass
transition temperature, T,. This is the result of measurements of temperature, electric field, and ac
frequency dependence of charge carrier mobility and density in organic field effect transistors,
based on regioregular P3HT of three different molecular weights. Relaxations play an important
role in dc conductivity. Attemperatures above T,, under constant source-drain voltage, the hole-
like polaronic carriers move with, and hop between, mobile polymer backbones. Below T,, they
hop between mobile chain segments of essentiallyimmaobile neighboring molecules. Under source-
drain voltages at frequencies of 100 Hz and higher, charge carriers move on polymer backbones.
This motion does not contribute to dc conductivity. These insights into the dependence of charge
carrier transport properties upon the molecular properties should contribute to advances in stable
organic photovoltaics, organic thermoelectrics, and thermally degradable electronics. The
approach taken hereshouldalso be useful for clarifying conductionmechanisms in other polymeric

semiconductors.
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5.3 Introduction

Regio-regular Poly(3-hexylthiophene-2,5-diyl) (RR P3HT), whose monomer is shown in Figure
5-1, has been widely investigated for organic electronics, and the temperature dependence of u
has been shown to obey the Meyer-Neldel (MN) rule (MNR).66. 102 Qver the past two decades,
improvements in P3HT film preparation have resulted in increased chemical purity, control of the
molar mass and prolonged interchain conjugation. As a result, the u of RR P3HT has improved

considerably, from 10-5to 10-1 cm?/V/s.18-20

CH2(CH2)4CH3
/ \

/S Y

- “n

Figure 5-1 Repeating unit leading to P3HT.

Most previous work on charge carrier transport in P3HT has focused on semi-crystalline material
and did not report the effect of glass transitions in glassy materials on transport.31-35 It is essential
to study the effect of molecular relaxations on transport. We optimized the device performance by
appropriate technical choices: high boiling point solvent to obtain a uniform film morphology;
adjustment of solution concentration to maximize the charge carrier mobility; surface treatment of
dielectric SiO, with hexamethyldisilazane (HMDS) to decrease charge carrier trapping at the
interface; choice of thermal treatment conditions to enlarge the device functional temperature

range.

In this chapter, we measured the temperature, electric field and ac frequency dependence of u in
OFETs based on RR P3HT of three different molecular weights (MW), ca. 20, 30-50, 80-90 kDa,
exhibiting different glass transition temperatures, T,. The results are obtained both above and

below the glass transition temperature.
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5.4 Dependence of dc mobility, 4, on T under several Vq

The dependence of u upon 1, and T for high MW RR P3HT is shown in Figure 5-2. Mobility
increases with increasingly negative V. That is, the carriers are hole-like, as expected. At room
temperature, its values range from 4x10-5 cm2V-1s-1 to 3x10- cm2V-1s-1, which is comparable with
previous publications.103. 104 As shown in Figure 5-2 (a), at T < 290 K, u exhibits Arrhenius
behavior for each 1;, and obeys, with a Tis, ca. 390 K. The activation energies are given in Table

5.1.

In Figure 5-2 (b), we observe that the slope of u vs. 1/T changes sharply at 7=290 K, with
p becoming independent of ;. This is not due to an annealing effect, which might modify the
structure. If the measurementis repeated, the resultis essentially the same. Itisdue to the transition
between two conduction mechanisms, one dominant below 290 K, the other dominant above 300
K. The abrupt change in slope shown in Figure 5-2 (b)is typical of the a relaxation of glassy
polymers, which has been investigated intensively.%6: 195 The a relaxation signifies that the
thermally activated movement of the polymer backbones increases rapidly. This process becomes
observable at the glass transition temperature, T,,. For RR P3HT of 80-90 kDa, T, is reported to be
295 K.195 This observation, and the observed temperature dependence discussed below, clearly
show that the material investigated here is primarily in the glassy state, and that its dc conductivity
is essentially that of the glass. We propose that the electric field acting on the charged sites causes
the backbones to move, and that this process controls the mobility at T > T,. This produces a Tig
of 300 K. We propose that at T < T, hopping of polaronic carriers is the controlling process.
Details of this process will be developed, below in the discussion. We shall find, below, that

hoppingstill takes placeat T > T,. T, is closely related to the MW, as indicated by the Flory-Fox
equation, Ty = Ty oo — Mﬁ where Ty o, is Ty, in the infinite MW limit and K is a specific constant
for the material.205 1% As reported before, T, = 22.1 £1.2°C, K = 291 + 23 kg/mol for
Mw=80-90 kDa in RR P3HT; T, = 2.9+ 0.2 °C, K = 22 + 1 kg/mol for Mw<20 kDa in RR
P3HT. The resulting a transition temperature are T, = 19 °C for mw=80-90 kDa and T,, = 2 °C

for mw<20 kDa. 105
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Figure 5-2 (a) Linear fitting results for high MW RR P3HT in the low T region, T=210-290 K.
V4=-20 V. (b) Dependence of mobility on T under different 1, in high MW RR P3HT. MW=80-90
kDa, V;=-20 V, T=210-330 K, T,=290 K.

Table 5.1 Activation energy of high MW RR P3HT, below T, as a function of 1, V;=-20 V.

v, (V) 15V 20V 25V 30V 35V
Ea (MeV) 128 118 97 95 87
T=210-290 K

We also investigated RR P3HT, for low MW=ca. 20 kDa, with T, near 275 K, and for medium

MW=30-50 kDa, with T, near 290 K. The dependence of u on T under several Ij; in low MW

P3HT is shown in Figure 5-3. Behavior similar to that shown in Figure 5-2 is observed for low
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MW P3HT. Inthe low T region, T < T,, u dependsuponV,,and In u increaseswith T. In the high
T region, T > T,, u is independent of I}, with the slope increasing discontinuously, and then
decreasing gradually. In this region, we see, more clearly than in Figure 5-2 (b), that i does not
obey Equation (2-1). The behavior of u resemblesthatdescribed in the empirical Williams-Landel-
Ferry (WLF) equation, the signature of the o relaxation.>® In what follows, we have determined the
slopes of the Arrhenius plots, which we call the apparent values of AE. As shown in Figure 5-2 (b),
taking /;=-15 V as an example, the apparent AE changes from 406 meV at 290 K to 200 meV at

325 K.
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Figure 5-3 Dependence of u on T under different 1, in low MW RR P3HT. MW<20 kDa, V;=-15
V, T=200 to 350 K.

Unfortunately, the relation of u to polymer relaxation puts limits to our ability to perform
reproducible experiments and to obtain reliable device performance, near to, and above, T,. We
have verified that this is indeed the case for medium MW RR P3HT, MW=30-50 kDa. For this
material, the behavior of a transistor was found to be quite different if high temperature
measurements were performed immediately after low temperature measurements (Figure 5-4), or
after 12 hours (Figure 5-5), during which it was left at room temperature. With relaxation times
comparable to the time allowed for the temperature to stabilize (30 min), it is extremely difficult,

if notimpossible, to obtain meaningful kinetic data.
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Figure 5-4 Dependence of u on T under different 1 in medium MW RR P3HT. MW=30-50 kDa,

V;=-15V, T=200 to 370 K. High T measurements were performed immediately after low T

measurement.
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Figure 5-5 Dependence of u on T under different 1, in medium MW RR P3HT. MW=30-50 kDa,

V;=-15V, T=200-350 K. High T measurements were performed 12 hours later than low T

measurements, during which the device was left at room temperature in a vacuum probe station.

To examine our hypothesis of the glass transition, we also measured the XRD spectra of the P3HT

films (a) before and (b) after the high temperature measurement, shown in Figure 5-6. We observe
the same (100) diffraction peak at 26=5.1°, which is the typical signal of the lamellar structure of
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P3HT.58 107 The peaks of the P3HT film after the high temperature measurementare weaker, which

signifies a more amorphous thin film after the glass transition.
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Figure 5-6 X-ray diffraction (XRD) patterns of three MW RR P3HT before and after the high T

measurement.

5.5 Dependence of charge carrier density upon Vg

We determined the dependence of charge carrier density, n, on j; at various T in high MW RR
P3HT from Equation (3-9) and (3-10). As indicated in Figure 5-7, with the 1/, going from 15 to 35
V, n changes by a factor of about 2 below T, and by twice that, above.
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Figure 5-7 Dependence of non I, under different T in high MW RR P3HT, V;=-20 V, T=260,
290 and 330 K.

5.6 Dependence of mobility upon source-drain voltage

We have determined the variation of p with T for a given value of I, and several values of V;, for
low, medium and high MW of P3HT. The results are presented in Figure 5-8. This behavior is
independent of /; in the range of drain-source voltages studied, at least for the low and medium
MWs, that is, the behavior of the organic semiconductor and of its contacts are ohmic. Thisappears
to render the problem of reproducibility, due to relaxation, discussed in Chapter 5.4, unimportant
for this measurement, at least for low and medium MW samples. It is possible that the small scatter
in Figure 5-8 (c) is due to the beginning of relaxation in the high MW material. We also note, in

Figure 5-8 (b) and (c), the decrease of the apparent value of AE, characteristic of the o relaxation.
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For all cases, the mobility is not free-electron like (band like), itis activated. For low MW P3HT
(Figure 5-8 (a), and for other values of 1, not shown here), the activation energy for various V; is
shown in Table 5.2. For comparison, values of activation energy as a function of /; are presented
in Table 5.3. We see that the in-plane activation energy at I, =-25V is comparable with, buthigher
than those obtained in Table 5.1. We assume that the differenceis due to the approximations in

Equation (3-5) and (3-6), and that the mechanisms controlling mobility in both are the same:

polaron hopping below T,, and polymer backbone motion, above. As discussed in Chapter 5.4, the
high temperature, WLF region, values in Table 5.1 are apparent activation energies. This is also
the case in Table 5.2 and Table 5.3.

Table 5.2 Activation energy of low MW P3HT as a function of I, V;=-15 V.

V=15V V,=-20 V V,=-25V V,=-30 V V,=-35V
(Fig. 6-8 (a))
E.  (meV) 126 123 114 114 103
T=200-290 K
E.  (meV) 182 243 252 290 316
T=290-330 K

Table 5.3 Activation energy of low MW RR P3HT as a function of V, ;=-25V.

V=15V V=20V V=25V V,=-30V V,=-35V

E.  (meV) 120 129 120 126 146
T=210-290 K
E.  (meV) 329 282 238 219 209

T=290-330 K
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5.7 AC conductivityin low MW P3HT

To shed lighton inter-chain versus intra-chainhopping, we also explored transportunder ac voltage
on the same transistors upon which we performed dc measurements. The ac frequency provides
another parameter for determiningif the hoppingis between chains oralongchains. We expectthat
hopping between chains would occur only when the ac frequency is small enough and T is high
enough. We measured ac conductivity, a,., of low MW P3HT over a range of T from 260 K to 350
Kand frequency, f,from 100 Hz to 1 MHz. We were unable to obtain reliable measurements below
100 Hz. At frequencies from 10 Hz to 100 Hz the values obtained changed from one measurement
to the next. The standard deviation is extremely large below 100 Hz in the temperature range
investigated, such that we were not able to establish a value with confidence. We take this as
indicatingthatthe relaxation frequency is comparable to the ac frequencyappliedand the relaxation
under combined Vgand Vg is not negligible. The electric field acts on the charge carriers, which act
on the polarized atoms to which they are coupled. This leads to the deformation of the molecules.
The charge carriers, which can move along the molecular backbone, will hop when two molecules
are close together, lowering the barrier. This process is too slow at high frequencies, and relatively
efficientatdc and at low frequencies. At frequencies from 10 Hz to 100 Hz, relaxation produces

uncertain positions of the carriers, resulting in a small, variable, conductivity.

Results for 1,=-20 V are shown in Figure 5-9, which also shows o for the same 1, crossing the
ac results. We see that ¢ increases with f, following the universal relation for disordered materials

below optical frequencies.3’
Oqc = Af* (5-1)
where s<1 and can be temperature dependent.1% However, we note that the f = 0, dc value may

be above or below the ac values. We have also measured the dependence of ¢ 0n V; from -10 V

to -40 V. There are small changes in o, 0f 2 to 5, which are perhaps related to the variation of
charge carrier density, shown in Figure 5-7. We discuss the significance of Figure 5-9 in the

following section.
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Figure 5-9 o, at f between 100 Hz and 1 MHz, and o, of low MW P3HT, at T from 260 K to
350K, 1;=-20 V.

Theorigin and implications of Equation (5-1) have been intensively studied. Thisrelation iswidely
observed for disordered materials,3’ as noted above, and is obtained from theory for percolation on
a disordered network.3 Itmay be understood qualitatively from the factthatthe carriersmove over
smaller distances about their equilibrium positions as f increases, remaining in regions of smaller

variation of potential energy.

It is found experimentally in a vast majority of disordered solids that s=1 (o, linear with f)
correspondsto the Arrheniusslope, ¢’ = do/3(1/T) = 0.43 18 Theoretical models show that these
two effects should occur when the process responsible for o, makes a negligible contribution to
0423199 As this contribution increases, s decreases and ¢’ increases. The data of Figure 5-9
correspond to s=1 (best fit for s=0.96), and are independent of T. In typical amorphous networks,
forexample, in chalcogenides,’7:108-110 =1 at low T, and decreases with increasing T, so that o4

increases, joining the Arrhenius line for 4.

5.8 Discussion

In Chapter 5.4, we proposed that the mechanism controlling mobility in low T region is polaron

hopping, and charge carrier hopping with polymer backbone motion in high T region.
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We are now in a position to propose a mechanism for the ac conductivity, and to refine our model
for the dc conductivity. In the ac measurements shown in Figure 5-9, f is low enough, and T is
high enough for the charge carriers to hop on the same molecular backbone, but notenough for
themto hop to other polymer chains. Itindicates that the process responsible for the dc conductivity
must involve relaxation frequencies, lower, in their temperature ranges of applicability, than 100
Hz, the lowest frequency investigated. As indicated above, below 100 Hz, the relaxation frequency
of the glassy P3HT is comparable to f. The relaxation time of the low MW sample must be on the

order of 0.01 sec, or higher, and is surely higher still for the higher values of MW.

That g, can be higher than o, also reinforces our proposal that, in the high T region, the carriers
move with the polymer backbones, due to the a relaxation. They hop rapidly when two molecules

approach each other. It is the backbone movements which limit the hopping rate.

In the low T regime, the carriers must also hop from molecule to molecule if they are to contribute
to the dc conductivity. This happens less frequently than in the high T regime. That this process
involves a relaxation implies that the hopping rate is controlled either by movement of small
segments of the backbone, or by the approach of the side group on the monomer, shown in Figure
5-1, to another polymer chain. These movements involve the so-called B or y relaxations.56: 111
CHy(CH,)4CHjs is insulating.>® Thus, carrier hopping from polymer backbone to polymer backbone

must be due to the relaxation of backbone segments. That is, it is controlled by the B relaxation.

We are also able to explain the small changes in the charge carrier density with varying V.
Contribution to a,;. must require that carriers move into the band bending region. This must be
difficult, but less so at high T than at low T. In contrast, the ac measurements are essentially
independent of Vy They represent the entire thickness of the semiconducting layer. This makes

clearwhy the acand dc results, which representdifferent populations in the sample, can cross over.

Our study drew a complete picture, shown in Figure 5-10, of the charge carrier transport processes
in the widely studied P3HT conjugated polymer in the glassy state. The impact of polymer
properties, especially relaxation, upon electronic properties has rarely been explained for organic
semiconductors. We believe that the approach taken here would be useful for clarifying charge
transport mechanisms in other polymeric and molecular semiconductors, well beyond P3HT. The

higher mobility of the RR P3HT above the a transition temperature might also help to guide future
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design of organic electronic devices. However, as indicated in the measurement of medium MW

P3HT, relaxation may represent a danger to reliable device performance.

DC AC

chain
P3HT monomer segment

side chain —
Io : u ! o o
Low T & — oot M "
200-290 K Pping 5 [ prin |
¢ polymer backbone Moving on the polymer backbone

Hopping between polymer backbones or chain segments

polaronic carrier

High T ’w PPN
290-350 K M
Moving on the polymer backbone

—

Moving with the mobile chains & hopping between backbones

Figure 5-10 Charge carrier transport mechanisms in RR P3HT. In the low T region, the hopping is

controlled by the B relaxation. In the high T region, a relaxation helps the hopping process.

It is important to recognize that, in the literature, samples of P3HT have been prepared at varying
degrees of order.3! These may not necessarily exhibit the same electronic properties. Noriega et al.
have reported the results of a detailed study of semicrystalline P3HT thin film (40% ordered
aggregates of the thin film, from their supplementary material) that the ordered region is more
conductive than the disordered region, and that carriers need to overcome a large energy barrier to
move from the ordered to amorphous region.3! In the samples reported here, the ordered material
constitutes a very small fraction (Figure 5-6). Thus, it is not sufficient for the charge carrier
transport through the entire thin film. In the present case, the ordered material may make a
significantcontribution to the ac conduction. However, dc conduction requires percolation through

the more resistive disordered region, which dominates the dc measurements.
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There has been considerable work on the effect of relaxations on carrier behavior in semi-
crystalline P3HT. In particular, ithas been reported that relaxations scatter carriers on the molecular
backbone, reducing mobility and ac conductivity.5” Our study yields a very different insight. It
demonstrates that relaxationsare neededfor carrier transportin glassy P3HT, the motion of carriers
with the mobile polymer backbone and carriers hopping between neighboring chain segments are
necessary for dc conductivity. It is likely that similar processes occur in other glassy conducting
polymers. The fact that intermolecular carrier hopping requires molecular vibrations was
experimentally observed in a few earlier publications,%8. 59 but not considered in detail. It may
explain the observation12 that increasing film crystallinity leads to lower mobility. This suggests
that, under some circumstances, increased crystallinity could impede the approach of polymer

chains and thus decrease charge carrier mobility.

Since charge carrier transport in the glassy material is closely related to polymer relaxation,
detailed study of relaxation of different MW P3HT, investigation of morphology and crystallinity
of the thin film after relaxation may improve our understanding on this polymer structuresand the
electronic properties. It would also be of interest to investigate the relaxation times or frequencies
involved in the two dc conduction regimes. Given their likely values and the limitations to stability
of the samples at elevated temperature, this is likely to be less difficult in the time domain than in
the frequency domain. Thermally stimulated techniques might be appropriate.113 Such studies
would also permit comparison of experiment with models of the hopping process, as s approaches
zero, and the activation energy of ac conductivity approaches that of dc conductivity. This was
particularly fruitful when predictions of the correlated barrier hopping (CBH) model were
compared with experiments on amorphous chalcogenides.””. 108-110 The polaronic conduction in
chalcogenide glasses was successfully described through including the MNR in the activated form

in the relaxation time.

5.9 Conclusion

A positive effect of polymer molecular relaxation upon charge carrier transport processes
in organic semiconductors is reported for the first time. Through studying the charge carrier
transport properties of RR P3HT under various temperatures and electric fields, we reveal the

correlation between polymer molecular relaxations and transport mechanisms. We find that, in the
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range 200 to 290 K (low T), the charge carriers hop between molecules when chain segment
movements (the B relaxation) permit. Between 290 K and 350 K (high T), charge carrier mobility
increases more rapidly than itdid at low T and is independent of V4. We attribute this behavior to
the a relaxation of the polymers, thatis, to the movement of the carriers with the mobile backbones,
hopping more easily than at low T. To shed light on inter-chain versus intra-chain hopping, we
explored transportin ac conditions. The study of low MW P3HT shows that ac conductivity is
independent of T and increases exponentially with the frequency. This indicates that carriers move

freely on molecular chains in ac conditions, but that this does not contribute to dc conductivity.

The transport mechanisms in glassy P3HT is explained unambiguously for the first time. This
should contribute to advances in P3HT materials synthesis as well as technological developments
for thermally stable organic photovoltaics, organic thermoelectrics, and thermally triggered
degradable electronics. We believe that the dependence of charge carrier transport on molecular
relaxations is unlikely to be limited to P3HT. The approach taken here is expected to pave the way

to discover analogous molecular relaxation properties in other organic polymeric semiconductors.
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CHAPTER 6 CHARGE CARRIER TRANSPORTIN A
SEMICONDUCTORBASED ON ASMALLORGANICMOLECULE:
PHENYL-C61-BUTYRICACID METHYL ESTER (PCBM)

6.1 Introduction

Although PCBM s a prototype n-type small molecule widely used as electron acceptor in OPV,
the pristine material has been poorly studied. Solution-processed thin films of PCBM are usually
structurally and energetically disordered due to the high concentrations of defects (owing to the
inherent properties of organic materials, inclusion of impurities and solvent molecules).3 This

leads to difficulty in understanding the charge carrier transport process. 45 114 115

MNR in PCBM has previously been studied by Fishchuk et. al 116 and by von Hauf 117, Fishchuk
et. al. 116 studied the dependence of charge carrier mobility on T without changing the gate voltage.
von Huaf!!” investigated the charge injection conditions with various metal contacts. Mg contacts
exhibited the best charge injection due to the doping of Mg into the fullerene derivatives and to
MgO bilayer formation at the interface of the metal contact and the semiconductor. The field effect
carrier mobility of PCBM was studied by modulating AE by varying the gate voltage. However,
measurements were reported for only two gate voltages, with extrapolation over different
temperatures. Here, we report a more thoroughly study, whose motivation is to use the Arrhenius
plot to cast light on the conduction mechanisms of PCBM, as we have done for P3HT in Chapter
5.

Schottky barrier formation between the metal electrode and the LUMO or HOMO level of the
semiconductor (depending upon the sign of the carriers in the semiconductor) limits the injection
efficiency of the transistors. Structural disorder and interfacial traps also affectinjection efficiency.
A strong electrostatic field at the electrode-semiconductor interface improves injection efficiency.
1D SWCNT with one end connected to a metal contact and the other to PCBM provides such an
electrostatic effect. SWCNT arrays improve the charge injection and charge carrier mobility as
compared to conventional Au electrodes. The linear mobilities of SWCNT based OTFTs and Au
based OTFTs were 2 x10-2 cm2/Vs and 1 x10-3 cm2/V/s.28
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This chapter is devoted to the study of the dependence of charge carrier transport process upon the
temperature and upon details of the crystal structure of the PCBM film. To gain insight into the
fundamental properties, we optimized the performance of PCBM based OFETs by reducing
electron trapping at the dielectric-semiconductor interface and by increasing charge carrier
injection through embedding SWCNTSs into the conventional gold electrode. We then used MNR

to investigate charge carrier transport mechanisms in PCBM thin films.

6.2 Optimization of PCBM thin film performance: influence of
HMDS, thermal treatment, air exposure and SWCNT on charge

carrier injection

Chua et al. demonstrated that electron trapping by hydroxyl groups at the untreated dielectric-
PCBM interface leads to poor OFET characteristics.118 As shown in Figure 6-1, the drain-source
current is extremely low due to the electron trapping at dielectric-PCBM interface, and the
transistor character is not obvious. To overcome this problem, Chuaetal. replaced the commonly
used dielectric material SiO, with high quality hydroxyl-free dielectric material, such as divinyl
tetramethyl siloxane-bis(benzocyclobutene) derivative (BCB) and found that the performance of
n-type material-based devices improved significantly. Another method is hexamethyldisilazane
(HMDS) coating, HMDS can break the O-H bond and form O-Si(CH3)s, which greatly limits
trapping at the interface. According to our study, the current in the PCBM-based devices after

HMDS treatment increases 2 orders of magnitude and a clear n-type transistor behavior appears.
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Figure 6-1 Output curves of a PCBM-based FET, measured at room temperature.

We find that HMDS, thermal treatment and exposure to ambient air will all influence device
performance. Therefore,we have studiedsix groups of samples in differentconditions with HMDS,
thermal treatment, and exposure to ambient air (overnight) as parameters. Transfer curves of
PCBM-based devices: (1) without HMDS and thermal treatment, stored in the N, glovebox; (2)
after thermal treatment but without HMDS, stored in the N, glovebox; (3) after HMDS but without
thermal treatment, stored in the N, glovebox; (4) with both HMDS and thermal treatment, stored
in the N3 glovebox; (5) after HMDS but without thermal treatment, exposed to ambient air and (6)
without HMDS and thermal treatment, exposed to ambient air were studied. The results showed
that groups (2) thermal treatment, no HMDS, no ambient air exposure; sample (3) with HMDS, no
thermal treatment, no ambient air exposure and sample (4) with HMDS and thermal treatment, no

ambient air exposure have the best performance.

Here we show results of groups (2), (3) and (4) mentioned above, using HMDS and thermal

treatment as varying parameters. Four sets of samplesare shown in Figure 6-2.
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Figure 6-2 Transfer curves of PCBM devices with HMDS coating and thermal treatment as

parameters, all curves are scanned at V4=50 V.

In general, samples with HMDS have better performance. But whether thermal treatment is good

for samples or not can still not be decided. We studied both of them and calculated the charge

carrier mobility. The average mobility of devices with both HMDS and thermal treatment is
©=0.0019 + 0.0011 cm?/Vs. While the mobility of devices after HMDS treatment but without
thermal treatment is ©=0.0016 + 0.0008 cm?/Vs.
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We fabricated the electrodes with SWCNTs to further improve charge carrier injection. The
SWCNT electrodes consist of bundles of SWCNTs having one end in the channel and the other,

connected to the electrode. SEM images of SWCNT electrodes are shown in Figure 6-3.

(b)
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Figure 6-3 The SEM images of the (a) Au electrode coated on SWCNTSs/SIO, substrate and (b)
SWCNT tails with etching profile in the channel.

Figure 6-4 shows the output curve of PCBM thin film fabricated on the conventional device and
SWCNTs-based device. Compared to the device fabricated with gold electrode (Figure 6-4 (a)),
the currentof the SWCNTs-based device isimproved approximately 3 orders of magnitude (Figure

6-4 (b)). It demonstrates that the SWCNT arrays provide better electron injection.
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Figure 6-4 The output curve of the PCBM-based device with (a) conventional gold electrode (b)
SWCNTs-based electrode.

6.3 Dependence of mobility on T under several Vg in conventional Au
based OFET and SWCNT/Au-based FET
By modifying the semiconductor-dielectric interface and improving the charge carrier injection,

we optimized the devices for study of the charge carrier transport mechanisms in PCBM. The

dependence of pupon T for several Vy is then studied in Figure 6-5.



58

T T
—a—V =30V

T
2l
g
g
9
g
g

In u (em?/Vs)

T T T
3.0 35 4.0 4.5 5.0 55 6.0 6.5 7.0
1000/T (1/K)

Figure 6-5 Arrhenius plot for PCBM based OFET, with V4=10 V. T varies from 145 to 320 K.

As shown in Figure 6-5, at T<240 K, [ increases with V4 and depends exponentially upon T at a
given Vg. The activation energies, shown in Table 6.1, are calculated from the data in Figure 6-5,

using Equation (2-1).

Table 6.1 Activation energy in PCBM-based FET as a function of V

Ea (meV) Ea (meV) Ea (meV)
T=145-240 K T=260-310 K T=312-320K
Vg=30 V 168 377 383
Vg=32 V 243 264 303
Vg=34 'V 156 201 254
Vg=36 V 149 167 202
V=38 V 147 150 166
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Vg=40 V 145 142 175

As we may see, the activation energies for PCBM thin films are considerably higher than excitation
and thermal energies. This would be in agreement with the multi-excitation entropy model and
support it as the explanation of the origin of MNR.®5 92 At T > 240 K, 1 increases more rapidly as
a function of 1/T than at lower temperature. This increase becomes more rapid at T=310 K, with
u becoming less dependent upon V. This rapid increase of the p signifies the decrease of the
activation barrier. We attribute this change in Arrhenius slope to the crystallization of the PCBM
small molecules under elevated temperature 119120 In the low temperature (145-240 K) region, the
charge carrier hops between PCBM molecules in a mostly amorphous thin film. As we shall show,
in the high temperature (240-320 K) region, PCBM molecules can diffuse, increasing the
crystallinity.120 The increased crystallinity of the film facilitates electron hopping. This is

illustrated in Figure 6-6.
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P® R 4 b "8 crystaised DETIGddE ]S
Amorphous Crystallinity region
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Hopping between molecules in Hopping facilitated by the formation of
amorphous region crystallinity regions

Figure 6-6 Hypothesis of effect of T on film structure and charge carrier transport in PCBM thin
film.



60

6.4 Structural changes in PCBM

To pursue this hypothesis that the PCBM crystallized as described in the previous chapter, we
performed grazing X-ray diffraction (XRD) measurements before and after high temperature
measurement. The results of the XRD measurements are shown in Figure 6-7. The three diffraction
peaks in the figure are at 26=3.8°(corresponding to an interplanar distance of 2.3 nm), 5.2° (1.7
nm), 6.5° (1.4 nm).121 Accordingto the Scherrer relation,?? the mean size of the crystallites of
these three peaks are 25.4, 2.8, and 1.4 nm, respectively. Comparing with the sample before high
T measurement, the peak at 3.8° is sharper, which gives ca. 1.6 nm larger crystallized region in the
thin film. The new peak located at 5.2° also demonstrates our proposal that the crystallization

process happens with the T increases.
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Figure 6-7 XRD patterns of PCBM films on SWCNT/Au electrode fabricated on HMDS treated

substrate.

6.5 Electrical measurement of PCBM-based FET during three
heating and cooling cycles

We also measured p as T increased during three heating and cooling cycles. The 2 cycle was

carried outimmediately after the 1stcycle, and the 3™ cycle, 12 h after the 2" cycle. Asshownin
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Figure 6-8, W increased in both cycles. This increase in the 2nd cycle is attributed to the
crystallization process. The further improved in the 37 cycle is probably due to the relaxation of
the PCBM molecules. The drop of the curve athigh T under V=20 and 30 V is due to the scattering
of charge carriers. Some electrons are deviated from their original path for hopping under high
temperatures. While at higher Vg4, more electrons are induced, the effect of the electric field
suppresses the effect of scattering.
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Figure 6-8 Effect of cycling measurements in PCBM-based FET, V4=10 V, T=295 to 380 K,

samples were kept in a vacuum probe station.

6.6 Discussion

The study of high-performance n-type organic semiconductors is essential to complementary logic
circuits fabrication. However, there are three obstacles before organic n-type organic transistors.
First, the noble metals, e.g. Au, Ag, mainly used in electrodes have work functions which are more
suitable for injection of holes into the HOMO level, rather than into the LUMO level, for typical
organic semiconductors. Although lower work function metals like Mgand Ca have lower Schottky
barriers, which can ensure better electron injection from the electrodes, they are more reactive with
the organic semiconductorsand are easily oxidized. Second,oligoacenesand oligothiophenes have
relatively small electron affinities, and, although the molecules can be chemically tuned with

electron withdrawing side groups to transport electrons more efficiently, the final compounds are
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more sensitive to the atmosphere.® Third, electrons are trapped at the semiconductor-dielectric
interface by hydroxyl groups, present in the silanol groups in the most frequently used dielectric,
SiO,. These three effects have rendered n-type transistors elusive. Here, following the literature,
we have coated HMDS on the SiO, gate dielectric to decrease the electron trapping at the dielectric
interface with the PCBM film. SWCNTs were successfully embedded in the conventional gold
electrodes to form a strong electrostatic field at the electrode-semiconductor interface to improve

the electron injection efficiency.

The dependence of charge carrier transport behavior upon crystal structure and its stability under
various temperatures was then studied, PCBM crystallization processes are found during the
measurement.

It has been shown that the annealed PCBM films can be converted to ambipolar material after
vacuum annealing at 400 K for several hours.28 It would be of interest to study the charge carrier
transport properties of electrons and holes in PCBM thin films and compare charge transport
mechanisms before and after the conversion of polarity of the thin film.

The detailed study of the structure and the packing of the PCBM small molecules under different
temperatures would also help us to identify that if there is a favorable stacking for electron
transport. Such understanding would contribute to the material synthesis of thermally stable OPV
and OTFTs.

6.7 Conclusion

The fullerene-based derivative phenyl-C61-butyric acid methyl ester (PCBM) has attracted
attention as a transistor channel and organic photovoltaic material, due to its solution
processability, stability and high electron mobility. However, disorder in solution processed PCBM
thin films makes understanding of charge carrier transport mechanisms difficult. We have
fabricated PCBM based FETs and improved device performance by reducing the electron trapping
at the dielectric-semiconductor interface and improving charge carrier injection. SWCNTSs were
successfully integrated into conventional gold electrodes to improve injection efficiency. The
charge carrier mobility was improved by about three orders of magnitude. Arrhenius plot has been

employed to cast light on charge carrier transport mechanisms in PCBM film. Crystallization of
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PCBM was observed during the measurement. At low temperature, charge carriers hop between
molecules in the amorphous region. At high temperature, this hopping is facilitated by the

formation of more crystallized regions.
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CHAPTER 7 GENERAL DISCUSSION

In the past two decades, research in organic semiconductors has been focused on increasing the
crystallinity degree in order to achieve higher device performances.123-126 Thus, semi-crystalline
films31-35. 127 have been thoroughly studied, while amorphous organic materials have been
neglected. Here, we presentan investigation of charge carrier transport in amorphous P3HT and
PCBM films. These have been incorporated into transistors, permitting control of a wide range of
parameters: temperature, gate voltage, drain source voltage, and AC frequency. Typical
investigations have involved a limited range of these parameters. We have used the widest range
possible. This has permitted us to explain the charge carrier transport mechanism in P3HT film
unambiguously and figure out the change of the charge carrier transport mechanism in low and

high temperature region in PCBM film.

Charge carrier transport in glassy P3HT was studied under DC and AC conditions. DC charge
carrier transport mechanism is determined by the Arrhenius plot. The MNR behavior in the DC
conditions shows that polaronic conductors hop in the low temperature region. In the high
temperature region, the charge carriers obey WLF instead of MNR, indicating the effect of
molecular relaxation: charge carriers hop with the polymer backbone motions, bringing about a
decrease of the activation barrier. DC measurements cannot provide more insightabouthow charge
carriers hop in the low temperature region. AC measurements have therefore been performed on
the same sample to provide another parameter, the frequency, to shed light on the inter- or intra-
chain hopping. It has been found that the frequency is low enough and the temperature is high
enough for charge carriers to hop on the same polymer backbone; charge carriers cannot hop to
other polymer chains in AC conditions. The fitting of AC results with the universal relation
regarding the dependence of conductivity on frequency foundin disordered materials show thatthe
AC conductivity makes a negligible contribution to the DC conductivity. These results help us to
refine the charge carriers hopping mechanism in DC condition: the charge carriers must hop

between polymer chains when chain segments approach each other.

The effectof relaxation on intermolecular charge transfer ismuch greater than the scattering effect
This thesis fills in a blank: the charge transfer from molecule to molecule in the glassy polymer,
necessary for DC conductivity, requires molecular relaxations. Actually, the positive effect of

relaxation on charge carrier mobilities has been experimentally reported in a few publications but
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not considered in detail.”-8 Efforts were focused on device performance or the effect of scattering
at high temperatures. The higher mobility of the RR P3HT above the a transition temperature might
help to guide future design of organic electronic devices. For instance, systematically increasing
crystallinity of the organic semiconductors may finally impede the approach of polymer chainsand
thus decrease charge carrier mobility at high temperatures. Most importantly, this result proposed
anapproach whichmightbe useful for clarifyingcharge carrier transport mechanismin other glassy

polymers. Possible continuations of this work are
1. Time-domain measurements of low frequency conductivity of P3HT

Since charge carrier transport in the glassy material is closely related to polymer relaxation, it
would be of interest to investigate the relaxation times or frequencies involved in the low
temperature and high temperature regions in P3HT. It is likely to be accomplished through
changing the waiting time during the measurement instead of changing the ac frequency. The
acquisition of the detailed values of the relaxation time at different temperatures may permit the
comparison of the experiments with theoretical models of hopping process. F. Abdel-Wahab et.
al.110 studied the dependence of dc and ac conductivity on temperature and frequency in
chalcogenide glasses, and found that the experimental data fits very well with the modified bi-
polaron correlated barrier hopping (CBH) model, which includes the MNR term in the relaxation
time.”7. 108-110The polaronic conductionin chalcogenide glasses was successfully described through
this theoretical model. It solved the debate that the transport mechanism in this material is band

transport, electron tunneling through intermolecular barrier, polaron hopping or other models.85

2. The study of thiophene with a conjugated side chain

The study of a polymer which is similar to P3HT but with a conjugated side chain instead of the
insulating alkyl chain would also be of interest. The monomer of 3-Phenylthiophene, shown in
Figure 7-1, might be a good candidate. It is expected that it would have a higher DC condu ctivity
than P3HT at low temperatures. It might show a similar AC conductivity behavior to that of PSHT
at high frequencies, but may start to deviate from P3HT result at low frequencies. If it is

demonstrated, it might guide the design of side chains in organic semiconductors: In glassy
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polymers, the side chain can not only be used as solubilizing groups or groups which tune the

physical properties, it can also enhance the charge transport through molecular relaxation.

/[ \
S

Figure 7-1 Monomer of 3-Phenylthiophene.

3. Validation of positive effect of molecular relaxations on other glassy polymers

It is unlikely that this positive effect of relaxation on charge carrier transport is limited to P3HT.
In the future, we should explore more glassy polymers to see if this conclusion can be generalized
to other disordered materials. DC measurement might help to explain the charge carrier transport
process both above and below the glass transition temperature. AC measurement might provide
insights of detailed transport mechanisms, e.g. polaron hopping (along or between the chains),
electron tunnelingor percolation. The difficulty ofthis projectisin choosingthe materialsand how
to avoid the scattering effect. The candidate polymer should have high charge carrier mobility and
good thermal stability so that the meaningful Kinetics can be measured at a wide range of
temperatures. N-annulated perylene tetraester (PTEN-H), shown in Figure 7-2, might be a good
choice, it shows a good thermal stability at least up to 330 °C.128 o relaxations are especially
sensitive to the thermal pretreatments, 129131 the high temperature stability of the material would
allow a wide range of thermal annealing temperature, thus modifying the alpha relaxation
temperature. The amorphous PTEN-H thin films can be obtained by spin coating techniques.1® It
will permit the study of molecular relaxation effect on charge carrier transport in this glassy

material. Bromination of PTEN-H allows the structural modification of the monomer,33 the
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electron-donating pyrrolidine or electron withdrawing cyano can then be added to the PTEN-H
molecules. The charge carrier transport mechanism can then be tuned through the side chain

modifications.

ROOC COOR

T
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Figure 7-2 Molecular structure of PTEN-H.

In the study of the charge carrier transport in small molecule semiconductor PCBM, we observed
a change of charge carrier transport mechanisms between low and high temperature regions, the
motion of smallmoleculesinfluenced the transport. We foundthe charge carrier mobility of PCBM
thin film increased in both the 2nd and 3 cycle in the heating and cooling cycling tests in Chapter
6. The increase of the mobility in the 2nd cycle is attributed to the crystallization of the PCBM thin
film. In the 3" cycle, this increase is probably due to the molecular relaxations. Further studies

which need to be performedare
1. The measurement of AC conductivity in PCBM thin film

It may improve our understanding of the effect of molecular relaxations on charge carrier transport.
The study of AC conductivity under different temperatures and frequencies might also indicate the

detailed charge carrier transport mechanisms in PCBM. 110
2. The study of ambipolar property of PCBM

It was shown by some researchers that PCBM thin films can be converted to ambipolar by vacuum
annealing the samples at 400 K for several hours.28 The charge carrier transport properties of

electrons and holes in the PCBM and the comparison of charge transport mechanisms before and
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afterthe conversionof polarity of the thin film mightbe of interest. This high temperature annealing
procedure mightalso increase the tolerance of PCBM thin film at high temperatures. The aim of
measuring the mobility of PCBM at higher temperatures without being affected by strong electron
scattering might be achieved. It could help us to gain insight into a complete picture of charge

carrier transport mechanisms in this small molecular organic semiconductor.
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CHAPTER 8 CONCLUSION

The conduction mechanisms in organic semiconductor P3HT and PCBM are clarified by exploiting
Meyer-Neldel rule. The activation energy of the charge carriers ismodified by varying gate voltage
in FET. We find that intermolecular charge transfer in glassy material is needed for the current to
traverse the transistor channel. The importance of molecular motions to electronic transport in

amorphous organic semiconductors is shown clearly for the first time.

It is observed thatcarrier mobility in P3HT depends upon VVgbelow the glass transition temperature
butis independent of itabove. Itis due to the a relaxation of the polymer. At temperatures above
T, the hole-like polaronic carriers hop between, and move with the mobile polymer backbones.
Below T,, the carriers hop between chainsegments of essentially immobile neighboringmolecules.
Under drain voltage at frequencies higher than 100 Hz, charge carriers move freely on polymer

chains. This motion along the polymer chain does not contribute to dc conductivity.

We fabricated PCBM based organic field effect transistors and improved device performance by
reducing the electron trapping at the dielectric-semiconductor interface and improving charge
carrier injection. Carbon nanotubes were successfully integrated into the conventional gold
electrode to improve the injection efficiency. The charge carrier mobility of devices was improved
by about three orders of magnitude compared to the device with untreated SiO, substrate and gold
electrode. The study of Meyer-Neldel behavior shows that the charge carrier transport behavior
changed at high temperature region, and X-ray Diffraction results indicates that crystallization of
PCBM small molecule occurred during the measurement. At low temperature, the charge carriers
hop between molecules in the amorphous region. At high temperature, the amorphous material is
annealed, resultingin the formation of more crystallized regions. The crystallizationis irreversible,

so that low temperature conduction is also improved.

The transport mechanisms in amorphous P3HT is explained unambiguously for the first time. This
clear picture of charge carrier transport mechanisms under different conditions will guide the
design of stackingand orientation of organic semiconductors in material synthesis. We believe that
the dependence of charge carrier transport on molecular relaxations is unlikely to be limited to
these two materials. The approach taken here is expected to pave the way to discover analogous

molecular relaxation properties in other organic semiconductors. Insights into the dependence of
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charge carrier transport properties upon the molecular properties should contribute to advances in

stable OPV, OLED, OTFT, organic thermoelectrics, and thermally triggered vanishing electronics.
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