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Abstract

Organic electronics has emerged as a promising technology in the last decades offering
opportunity to create a new form of electronics, which do not purely compete with inorganic
electronics but complement it. Applications and products associated with it are primarily
those that cannot be achieved with inorganic semiconductor technologies, due to material
restrictions or costs associated with commercial production. While applications such as
organic light-emitting diodes, organic solar cells and organic transistors have been
commercialized, the charge transport in all of them are based on m-conjugated
semiconducting molecular or polymeric materials that have charge carrier mobilities orders
of magnitude lower than in inorganic semiconductors. While studies have been performed to
improve the charge transport by using the concept of doping in equivalence to inorganic
semiconductors, the success has been limited due to the high dependence on processing
conditions.

Therefore, in the course of this work a selected system of investigations are undertaken to
gather deeper insight into the phenomenon associated with processing of organic
semiconductors and its effect on charge transport and device performance.

In the first part of this work the study of charge transport in the amorphous organic small
molecules a-NPD  (N,N-di(1-naphthyl)-N,N-diphenyl-(1,1-biphenyl)-4,4-diamine) and
SpiroTAD (2,2,7,7-tetrakis(N,N-diphenylamino)-9,9-spirobifluorene)) is performed. Charge
transport is investigated in solution-processed films and compared to charge transport in
vacuum-deposited films of the same molecule. By optimizing the deposition conditions, such
as solvent and concentration, equal charge-transport parameters for solution-processed and
thermally-deposited films are demonstrated. The charge carrier transport characteristics are
then modelled by drift-diffusion simulations. The dependence of the charge carrier mobility
on temperature, carrier density and electric field was found to be the same for vacuum
deposition and solution processing, demonstrating that solution processing can be a viable
alternative to thermal evaporation in terms of charge transport.

In the second part, the charge transport in p-type doped films of a-NPD, doped with the high
electron affinity dopant F6TCNNQ, is investigated. The results of the space-charge-limited
current measurements for different doping concentrations reveal that only a small percentage
of free charge carriers is generated with respect to the doping concentration, which is
corroborated by impedance measurements. It is observed that at higher electric fields, more
mobile charges are generated, which is interpreted as the dissociation of Coulombically
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bound charge transfer states. Therefore, this demonstrates that while charge transfer may be
efficient, free charge-carrier generation is severely limited by the Coulombic attraction of the
countercharge on the dopant.

In the third part, the charge transport in solution-processed Spiro-OMeTAD layers is
investigated and the doping efficiency of two p-type dopants, FATCNQ and F6TCNNQ, at
low to moderate doping concentration in a diode device configuration is analyzed. It is found
that the addition of dopants drastically improves the conductivity of Spiro-OMeTAD. By
numerical modelling of the current density-voltage characteristics, it is found that the doping
efficiency at low electric fields is above 1%, which is considerably higher than the doping
efficiency of evaporated Spiro-TAD:FOTCNNQ reference films. In addition, the doping
efficiency is observed to increase with increasing electric fields, possibly originated from
field-assisted ionization of the dopants.

Finally, difluorobenzothiadiazole-oligothiophene copolymer (PffBT4T-2DT) is solution
processed into a well-ordered monolayer and is used to demonstrate an integrated circuit of
hundreds of polymer monolayer field-effect transistors (PoM-FETs). Field-effect mobility of
upto3 cm? V'1s! is achieved due to the pronounced organization of polymer chains, which
greatly facilitate the charge carrier transport within the monolayer. Making use of the
improved FET fabrication process, high molecular order and contact engineering, we are not
only able to achieve high mobility but also large current modulation and high reproducibility
of PffBT4T-2DT PoM-FETs. This reproducibility allows for combing the PoM-FETs into
inverters to form unipolar gates, and the small parameter spread allows for the construction of
ring oscillators from the individual inverters. In the next step, we successfully fabricate a
state-of-the-art example of an organic integrated circuit by constructing a 15-bit code
generator and thus demonstrating the potential of using bottom-up organic electronics.

Thereby, the results and findings from this work are able to provide a deeper insight and
valuable answers into underlying physics and material processing effects on the charge
transport characteristics in solution-processed organic semiconductors while demonstrating
potential to integrate into commercial applications.
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Zusammenfassung

Die organische Elektronik hat sich in den letzten Jahrzehnten zu einer vielversprechenden
Technologie entwickelt, die die Moglichkeit bietet, eine neue Form der Elektronik zu
schaffen, die nicht nur mit der anorganischen Elektronik konkurriert, sondern diese erginzt.
Die damit verbundenen Anwendungen und Produkte sind in erster Linie solche, die mit
anorganischen Halbleitertechnologien aufgrund von Materialbeschrankungen oder der mit der
kommerziellen Produktion verbundenen Kosten nicht erreicht werden kénnen. Zwar wurden
Anwendungen wie organische Leuchtdioden, organische Solarzellen und organische
Transistoren auf den Markt gebracht, doch basiert der Ladungstransport in allen diesen
Anwendungen auf m-konjugierten molekularen oder polymeren Halbleitermaterialien, deren
Ladungstragermobilitdt um GroBenordnungen geringer ist als bei anorganischen Halbleitern.
Es wurden zwar Studien durchgefiihrt, um die Mobilitdt durch das Konzept der Dotierung in
Aquivalenz zu anorganischen Halbleitern zu verbessern, der Erfolg war jedoch aufgrund der
starken Abhéngigkeit von den Verarbeitungsbedingungen begrenzt. Daher wird im Rahmen
dieser Arbeit ein ausgewdhltes System von Untersuchungen durchgefiihrt, um einen tieferen
Einblick in die mit der Verarbeitung organischer Halbleiter verbundenen Phédnomene und
deren Auswirkungen auf den Ladungstransport und die Leistung der Bauelemente zu
gewinnen.

Im ersten Teil dieser Arbeit wird die Untersuchung des Ladungstransports in den amorphen
organischen kleinen Molekiilen o-NPD (N,N-Di(1-naphthyl)-N,N-diphenyl-(1,1-biphenyl)-
4,4-diamin) und SpiroTAD (2,2,7,7-Tetrakis(N,N-diphenylamino)-9,9-spirobifluoren)
durchgefiihrt. Der Ladungstransport wird in losungsgefertigten Filmen untersucht und mit
dem Ladungstransport in vakuumabgeschiedenen Filmen desselben Molekiils verglichen.
Durch Optimierung der Abscheidungsbedingungen, wie Losungsmittel und Konzentration,
werden gleiche Ladungstransportparameter fiir in Losung hergestellte und thermisch
abgeschiedene Filme nachgewiesen. Die Ladungstrigertransporteigenschaften werden dann
durch Drift-Diffusionssimulationen modelliert. Die Abhéngigkeit der Ladungstriagermobilitat
von der Temperatur, der Ladungstrigerdichte und dem elektrischen Feld ist bei der
Vakuumabscheidung und der Losungsabscheidung gleich, was zeigt, dass die
Losungsabscheidung im Hinblick auf den Ladungstransport eine brauchbare Alternative zur
thermischen Verdampfung sein kann. Im zweiten Teil wird der Ladungstransport in p-
dotierten Schichten aus a-NPD untersucht, die mit dem hoch elektronenaffinen Dotierstoff
F6TCNNQ dotiert sind. Die Ergebnisse der raumladungsbegrenzten Strommessungen fiir
verschiedene Dotierungskonzentrationen zeigen, dass nur ein geringer Prozentsatz an freien
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Ladungstragern in Abhéngigkeit von der Dotierungskonzentration erzeugt wird, was durch
Impedanzmessungen bestitigt wird. Es wird beobachtet, dass bei hoheren elektrischen
Feldern mehr mobile Ladungen erzeugt werden, was als Dissoziation von coulombisch
gebundenen Ladungstransferzustinden interpretiert wird. Dies zeigt, dass der
Ladungstransfer zwar effizient sein kann, die Erzeugung freier Ladungstriager jedoch durch
die coulombische Anziehung der Gegenladung auf den Dotierstoff stark eingeschrankt wird.
Im dritten Teil wird der Ladungstransport in 16sungsgefertigten Spiro-OMeTAD-Schichten
untersucht und die Dotierungseffizienz der beiden p-Typ-Dotierstoffe FATCNQ und
F6TCNNQ bei niedriger bis mittlerer Dotierungskonzentration in einer Diodenkonfiguration
analysiert. Es wird festgestellt, dass die Zugabe von Dotierstoffen die Leitfahigkeit von
Spiro-OMeTAD drastisch verbessert. Durch numerische Modellierung der Stromdichte-
Spannungs-Charakteristik wird festgestellt, dass die Dotiereffizienz bei niedrigen
elektrischen Feldern iiber 1 % liegt, was wesentlich hoher ist als die Dotiereffizienz von
aufgedampften Spiro-TAD:F6TCNNQ-Referenzfilmen. Dariiber hinaus wird beobachtet,
dass die Dotierungseffizienz mit zunehmenden elektrischen Feldern steigt, was
moglicherweise auf die feldunterstiitzte lonisierung der Dotierstoffe zuriickzufiihren ist.

Zum Schluss wird das Difluorbenzothiadiazol-Oligothiophen-Copolymer (PffBT4T-2DT) in
Losung zu einer gut geordneten Monoschicht verarbeitet und zur Demonstration einer
integrierten Schaltung mit Hunderten von Polymer-Monoschicht-Feldeffekttransistoren
(PoM-FETs) verwendet. Aufgrund der ausgeprigten Organisation der Polymerketten, die den
Ladungstragertransport innerhalb der Monolage erheblich erleichtern, wird eine
Feldeffektmobilitit von bis zu 3 cm® V! s erreicht. Durch den verbesserten FET-
Herstellungsprozess, die hohe molekulare Ordnung und das Kontakt-Engineering sind wir in
der Lage, nicht nur eine hohe Mobilitdt, sondern auch eine grofle Strommodulation und eine
hohe Reproduzierbarkeit von PffBT4T-2DT PoM-FETs zu erreichen. Diese
Reproduzierbarkeit ermdglicht es, die POM-FETs zu Invertern zu kombinieren, um unipolare
Gates zu bilden, und die geringe Parameterstreuung ermoglicht den Aufbau von
Ringoszillatoren aus den einzelnen Invertern. Im néchsten Schritt gelingt es uns, ein
modernes Beispiel fiir einen organischen integrierten Schaltkreis herzustellen, indem wir
einen 15-Bit-Codegenerator konstruieren und damit das Potenzial der organischen Bottom-
up-Elektronik demonstrieren.

Die Ergebnisse und Erkenntnisse aus dieser Arbeit konnen einen tieferen Einblick in die
zugrundeliegende Physik und die Auswirkungen der Materialverarbeitung auf die
Ladungscharakteristiken in ldsungsprozessierten organischen Halbleitern geben und
gleichzeitig das Potenzial zur Integration in kommerzielle Anwendungen aufzeigen.



Contents

070711211 xi
LSt OF FIGUIES ...ttt ettt ettt ettt e et e e e e saaeesbeeesbesnsaensseenseensseenseas XV
LSt OF TADIES ...ttt sttt ettt ettt ne e Xix
NOMENCIALUTE ......veeeieiieeiiee ettt et e et e e et eeetaeeessaeesssaeesssaeessseeesssesensseeesseesnsseas XXi
Chapter 1 INtrOQUCTION.......ccuiiiiieiiecie ettt ettt eere e eebe et eebeessaeensaesaeeenseennns 1
RETEIENICES ...ttt ettt et st sbe e et be e s e b eas 5
Chapter 2 Theoretical fundamentals..............cccueeeiiiieiiieeiiiece e 7
2.1 Organic SEMICONAUCTOTS .....cc.eeeiieiieeieerieeeieerieeeteeneeeeteesseeeseesseeeseesseeasseessnesssaesseenns 7
2.2 Linear combination of atomic orbitals ............cccccueeiiiriiiiiiieiiierie e 8
2.3 Organic light emitting diodeS........cc.eooiiriiiiiiiiniiiiiicce e 12
2.4 Organic field-effect tranSiStOrS.......ccuveeiuiiiiiieeeiie ettt e 13
2.5  Charge-transport models for organic semicoNductors ..........ccccuveevveeerureenciieerineeenne 15
2.6 DEVICE ChAraCtEIISTICS .. eeuireurieiieiiientie et esiie et ettt siee et e st e et esteesteesaeeeabeesseesaeeas 21
2.7 Doping in organic SEMICONAUCTIOTS. ......c.uieriuiieriiieeriieeriieerieeeiteeeereeeereesaeeesreeennns 22
2.8 Mechanisms Of AOPING .....ccoveeiiuiiiiiiieiieeee e et aee e ree s 22
2.8.1  Ton Pair fOrmation .........cocieruiiiiieiie ettt 26
2.8.2  Charge transfer complex formation ..........ccccceeeviieeriieeiieeeiieeeee e 27

2.9 CONCIUSION. ...ttt ettt ettt et sttt et e b e eaeeas 28
RETRIEIICES ...ttt ettt et e st e et et e et e s st e enseesneeeaneas 29
Chapter 3 Experimental teChNIqUES.........cccueveiiiieiiieeiieeiee e 35
3.1 Materials and PrOPETTIES .......eeerveeeriieeiieeerteeerreeerreeeereeeteeeeeaeesaeeessseeessseeessseeennnes 35
3.2 Thin film ProCeSSING.....ccuueiiieiieeiieiie et etee ettt ettt e ete et e saeebeesteenbeeseaeenseesnneens 37
3.2.1  Thermal eVapOration ..........ccveeeiiiieiiiieeeieeerieeesieeerteeeereeeseeesreeessreeesseeessseeenns 38
3.2.2  SPIN COALINE .evveeuerieeiieeeiieeeieeeeieeeeteeesteeeseteeessteeasseeassaesssseesssseesssseessseessseeens 38
3.2.3  Wire-bar (Mayer 1od) COAtING .......ccocuierierieeiieeie ettt 39



3.2.4  DIOP-CASTING...ccciuiieiiiieiitieeeiieeeieeeeteeesteeesteeesateeesaeessseessseesssseesssseessseeessseeenns 40

3.2.5  DIP COALNG....vieiieeiiieiieeie ettt ettt et s e et e st e e beessaeebaesaaeesseesssesnseensseenseennns 41

3.3 Sample Preparation..........ccccveeriieeieeriesieerieeeeeeteesteeteeeaeebeessaeebeessaeebeessaeesaennaeens 42
3.4  Device WOrking PrinCiple.......cccuieiiieeiiiieiiie e e s 43
3.5  Device CharacteriZation .........cceeevieriieiieeiieeieeieeeteeiee et e e ebeessaeesbeessaeensaensneens 44
3.6 AtOMIC fOICE MICTOSCOPY v.uvvrerrieririeiierieetiesteeteesteesseesseesseessseeseessseesseesseeensesssneans 47
RETEICIICES ...ttt ettt et e sttt e et e et e e bt e e nbeesseeeaneas 49
Chapter 4  Charge transport in undoped small molecules..........ccccocveeerieniiicieniiienienieee. 51
4.1 TNEEOAUCTION ..ottt ettt ettt sbe et st saeeaeenees 51
4.2 Sample fabrication and characterization .............ccceeeeeriierieriienie e 53
4.3 Results and DiSCUSSION.......ceruiriirieiieieeiieieee sttt sttt s 54
4.4 CONCIUSION....eouiiiiiiieie ettt ettt et sae et et e s bt et e et e seeenaeenees 62
RETETEICES ...ttt e e e e ettt e e st e e e abe e e saeeessaeessaeesasaeessseeensseeenns 63

Chapter 5 Charge transport in organic semiconductor films of a-NPD doped with the high

electron affinity dopant FOTCNNQ .....cc.cociiiiiiiiiiieeceteeeeeee ettt 65
ST B 0315 o T 1L To7 5 o ) s WP 65
5.2 Sample fabrication and characterization .............ccoceeeeerieeriienieeneeeieeieeseeevee e ens 66
5.3 Results and DiSCUSSION..........eiiiiiieiiieeiiieeiee ettt tee e eree e sree e eree e sereeeeaveeeenas 67

5.3.1  Current-Voltage characteristics of hole-only oevices of a-NPD doped with

FOTONNQ ettt ettt ettt et e b e e et e st e et e eneesaee bt entesseeaeennes 67
5.3.2  Impedance spectroscopy on Schottky diodes of doped a-NPD layers .............. 71

54 CONCIUSION. . ..eiiiiiiiiiite ettt ettt et sb e et e e st eeabe e sbeeebeesaneeas 76
RETEIENICES ...ttt ettt st sbe e e e b sateas 78
Chapter 6  Efficient doping of solution processed Spiro-OMeTAD ..........cccceeviieiieninennnen. 81
6.1 INEFOUCTION ..ottt ettt e e e saneeas 81
6.2  Sample fabrication and characterization ..............ccceeevuieeeiiieeniieenie e e 83
6.3 Results and DiSCUSSION.........iiiuiiiiieiieiie ettt ettt et eseeeebeesaeeens 85
0.4 CONCIUSION. ....eiiiiiitiiiie ettt ettt et et s bt e et esbeeebeenaneeas 93
RETEIEIICES ...ttt ettt e e eaneas 94
Chapter 7 Conjugated polymer based integrated CIrCUItS ........cccueerieeiiieriieriiienieeieeeee e 97
Tl INETOAUCTION ..ttt ettt et et e st e et e sbeeebeenaeeens 97
7.2 Sample fabrication and characterization ..............ccceeeeuieeeiiieeeiieenie e e 100
7.3 Results and DISCUSSION.......c..cccuiriiriiiiiiriiireeientee ettt st 101

Xii



T CONCIUSION. ...ttt e e e e e e e e e e e e e e e e e e e e e aeaeeeeeenannaan 109

RETCICIICES ...ttt ettt et ettt e et e e bt e e sbe e teeenbeesseeenseensaesnsaensnaans 111
Chapter 8  Conclusion and OULIOOK ..........cceeriieiieniiiiiieieeitee e 113
8.1 SUMIMATY .eeiiieiiiiie et e e et e e et e e e e ntaeeeeennsaeeeesnnseeeeas 113
8.2 OULLOOK ..ttt ettt 116
RETCICIICES ..ottt ettt ettt et s b e e bt e esbeesseeenbeesseeenseensnesnsaenseaans 118
F N 08157 116 D G 2 USSR 119
A.1  Calculation of depletion Width: ............ccccieriiiiiiiriiiiiiee e 119
A2 UV-VIS SPCCIIOSCOPY . vvienrreeirieiiearieniteeiteestteeseeseeesseesseeaseesssesseesssesseesseessseesssesns 121
A3 FTIR SPECIIA...eiiieiiiiie ettt ettt e e et e e e s ee e e satteeeeesnsseeeeenssaeeeennssaeeeannes 124
A.4  Effect of barrier on numerical simulation of J-V Characteristics ............c.ccccveunnn. 127
APPENAIX B oot ettt et e ebeeteeenbeentaeebaenneaans 129

xiil



X1V



List of Figures

Figure 2-1 Chemical structures of a) poly(p-phenylene vinylene) (PPV) b) a-NPD ................ 7

Figure 2-2 a) sp” hybridization of carbon atoms. b) highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO) level formation due to
hybridization ¢) Molecular bonding in benzene d) Energy levels in benzene by the Hiickel

Method with degenerate HOMO and LUMO States. .........coceevuerierienienienieneiieneeneeeeeeeeeenne 9
Figure 2-3 Schematic of a multilayer OLED Structure.........c..coeevuerieneriienienenienecnieeieneens 12
Figure 2-4 Operation regimes for an OFET and typical I-V characteristics..........c.ccccceevuennnn. 14

Figure 2-5 Dependence of the mobility on charge-carrier density at vanishing electric field
for different values of the dimensionless disorder parameter (ckBT) for different
temperatures in units of ©0. Solid lines are the fits using the parametrization scheme in Eq.
2.18. Symbols are the numerical results. Reproduced with permission from [28].................. 20

Figure 2-6 Shift of the Fermi level for a p-doped organic semiconductor. With increasing
dopant concentration, the Fermi level moves towards the HOMO level............c.ccccvveunnnne.. 24

Figure 2-7 The schematic representation of the energy levels and the density of states due to
p-type doping in both mechanisms of charge transfer complex (left) and ion pair formation
(right) respectively. Reproduced with permission from [47].......cccccooieriiiniiniiiniiinienienen, 27

Figure 3-1 Chemical structures of a) FATCNQ a p-type dopant b) FOTCNNQ a p-type dopant
c¢) 0-NPD a hole transporting small molecule d) Spiro-TAD a hole transporting small

molecule e) Spiro-OMeTAD solution processable hole transporting material ................c...... 36
Figure 3-2 Energy level diagram of the materials used in this work..............ccccooininie. 37
Figure 3-3 Schematic of a thermal evaporator used for vacuum deposition of small molecule

based thin IS ....cc.eoiiiii e 38
Figure 3-4: Schematic of SpIN-COatiNg PrOCESS .......veerviieriieeriieerieeerteeerreeeieeesreeesaeeesreeenns 39
Figure 3-5 Schematic of the wire bar coating process to create thin films........c..ccocevereeneen. 41
Figure 3-6: Schematic of drop casting of solution processable materials to create thin films on
SUDSEIALES ...ttt ettt ettt ettt et b bt et st a et e bt e b e et s ae e a e b eaeenee 41
Figure 3-7 Dip coating steps used in thin film processing...........ccoceeveeververienenneniieneenennns 42

Figure 3-8 Schematic overview of the three dominant processes during OLED operation: 1)
injection, 2) transport and 3) reCOMbBINAtION ..........eevuieriiiriieeiieiie et eiee et ste e e eneees 44

XV



Figure 3-9: Schematic energy diagram of a single charge carrier device: a) electron only
device with two low work function electrodes and b) hole only device with two high work
fUNCHION CIECIIOAES ...ttt ettt st et e e s e eneeas 44

Figure 3-10 Hole current measurement of a Spiro-TAD hole only device..........c.cccceveennennee. 46

Figure 3-11 Schematic of a typical hole only structure used to measure single carrier charge
transSpOrt N thiS WOTK ......eoiiiiiiiicee et et ree e s aee e saee e 46

Figure 3-12 Charge transport measurements of a single-layer OLEDs with Spiro-TAD (300
nm). Solid lines show the J-V characteristics and dotted lines show the photocurrent density.

Figure 3-13 Schematic representation of an AFM (Thorlabs)..........cccceeeeiieeiiieiiiieeiieeeeens 48

Figure 4-1: Experimental current density-voltage characteristics of hole-only devices with a
Spiro-TAD layer thickness of 100 nm. The solution-processed films spin-cast from
chlorobenzene (red triangles), toluene (green squares), or chloroform (blue diamonds) are
compared to a thermally evaporated (black circles) reference device. ........ccoeevverveeiiennnennnn. 54

Figure 4-2: Experimental current density-voltage characteristics of hole-only devices with an
a-NPD layer with a thickness of 100 nm. Thermally evaporated devices (black squares) are
compared to solution-cast films from different solvents: chloroform (green triangles) and
Chlorobenzene (Te€d dOtS). ....cc.iiiiieiiieiiieiieeie ettt tee et esbeestaeesbeensneenneas 55

Figure 4-3: Temperature-dependent experimental (symbols) and simulated (lines) current
density voltage characteristics of Spiro-TAD hole-only devices with a layer thickness of 180
nm, solution-processed from toluene (a) and vacuum-deposited (b)........cceevveeecrveeecrieennenens 56

Figure 4-4: Temperature-dependent experimental (symbols) and simulated (lines) current
density voltage characteristics of Spiro-TAD hole-only devices with a layer thickness of 100
nm, solution-processed from tOIUENE...........coceriiiiiiiiiiii e 57

Figure 4-5: Temperature-dependent experimental (symbols) and simulated (lines) current
density voltage characteristics of Spiro-TAD hole-only devices with a layer thickness of 98
nm, solution-processed from chloroform...........c.cccoooiiiiiiiiiiiiieeeeen 58

Figure 4-6: AFM topography (scale bar 200 nm) of vacuum-deposited Spiro-TAD films (a)
and spin-cast from toluene solution (b). The measurement area size used is 1 x 1 pm?. ........ 59

Figure 4-7: Atomic Force Micrographs (scale bar 200 nm) of a-NPD films processed by (a)
thermal evaporation and solutions of (b) chloroform and (c) chlorobenzene. Films processed
using chlorobenzene as a solvent are found to have surface roughness comparable to the
vacuum-deposited films (2.4 and 2.8 nm respectively). The film processed using chloroform
is found to have higher roughness (7.7 nm). The measurement area size used is 1 x 1 um?..60

Figure 4-8: J-V characteristics of single-layer OLEDs with Spiro-TAD (100 nm) as the
emitter layer (lines). The symbols represent the corresponding luminance-voltage
CRArACTETISTICS. ..euiiiiiiiiice ettt 61

Figure 5-1: a) Schematic structure of a P-i-P device b) Image of an actual device.............. 67

Xvi


file:///C:/Users/DC/Desktop/Deepthi_PhD_Thesis/PhDThesis/SentforReview/SenttoPaul/Deepthi_PhDThesis_Consolidation_Print_v1.docx%23_Toc84164031
file:///C:/Users/DC/Desktop/Deepthi_PhD_Thesis/PhDThesis/SentforReview/SenttoPaul/Deepthi_PhDThesis_Consolidation_Print_v1.docx%23_Toc84164031
file:///C:/Users/DC/Desktop/Deepthi_PhD_Thesis/PhDThesis/SentforReview/SenttoPaul/Deepthi_PhDThesis_Consolidation_Print_v1.docx%23_Toc84164031
file:///C:/Users/DC/Desktop/Deepthi_PhD_Thesis/PhDThesis/SentforReview/SenttoPaul/Deepthi_PhDThesis_Consolidation_Print_v1.docx%23_Toc84164036

Figure 5-2: Temperature dependent J-V characteristics of an undoped a-NPD (150 nm)
hole-only device. Dotted lines refer to experimental measurements. Solid lines refer to
NUMETICAL STMUIALIONS ....eoutiiiiiiiieie et ettt e s e eneeas 68

Figure 5-3 a) J-V characteristics at room temperature (295 K) of o-NPD device doped with
F6TCNNQ at various concentrations b) Temperature dependence of a 0.5% doped
FOTCNNQ: 0-NPD AEVICE. ...ccuiiiiiiieiiiieeiie ettt ettt e et eeeaae e e eaaeesvaeesaeeesaseeenns 70

Figure 5-4: Temperature dependent J-V characteristics of a doped a-NPD (150 nm) hole-
only device for various doping concentration: a) 1% b) 1.5% c) 2%. Dotted lines refer to
experimental measurements. Solid lines refer to numerical simulations. d) Doping
concentration vs ionized dopant CONCENTIAtION. ........ccvreeriireerieeeiieeeiieeeeeeereeesreeesaeeesereeenes 71

Figure 5-5:a) Depletion region capacitance measurement for a 1% doped FOTCNNQ-a-NPD
device. b) ionized dopant concentrations measured by impedance spectroscopy (red) and
drift-diffusion simulations (black) of doped FETCNNQ-a-NPD device for various doping
QOIISTEIES . ..ttt ettt ettt ettt et e e et et e s et e et e e eab e et e e eab e e bt e enb e e bt e et e e bt e enbeeneeenneas 73

Figure 5-6: Extracted background hole density as a function of temperature. The activation
energy amounts t0 60 MEV .......coiiiiiiiiiiiiii e e 75

Figure 6-1: Chemical structure of Spiro-OMETAD.......c..cccoviiiiiiiniiniiiniceeceeceeeens 82

Figure 6-2: Temperature dependent J-V characteristics of an undoped Spiro-OMeTAD
(115nm) hole-only device. Dotted lines refer to experimental measurements. Solid lines refer
t0 NUMETICAl STMUIATIONS. ...e.veeiiiiiieiieeie ettt 84

Figure 6-3: Doping of Spiro-OMeTAD with FATCNQ and F6TCNNQ. J-V characteristics at
295 K and comparison with undoped Spiro-OMeTAD hole only device. ........ccccoeveervreennns 85

Figure 6-4: Current density with increased doping of Spiro-OMeTAD with FOTCNNQ at 295

Figure 6-5 : Temperature dependent J-V measurement of F4ATCNQ doped Spiro-OMeTAD.
Dotted lines refer to experimental measurements. Solid lines refer to numerical simulations.
a) dopant concentration of 1% b) dopant concentration of 1.5% and c) dopant concentration

Figure 6-6: Temperature dependent J-V measurement of FOTCNNQ doped Spiro-TAD.
Dotted lines refer to experimental measurements. Solid lines refer to numerical simulations.
a) dopant concentration of 0.5 % b) dopant concentration of 1% and c) dopant concentration

Figure 6-7: Comparison of FOTCNNQ doping in a-NPD, Spiro-TAD, Spiro-OMeTAD. a)

dopant ion concentrations versus doping concentrations b) a) doping efficiency versus doping
concentrations ¢) conductivity vs doping CONCENtration. ............c.eeeveerueeesieenieerieeenieenieennesnnns 90
Figure 7-1: Chemical structure of PABTAT-2DT ......ccooooiiiieiiiieeeeeeeeeeeeee e 99

Figure 7-2: (a) Schematic of a field-effect transistor (side view) (b) Transfer curve of a
unipolar OFET comprising a p-type semiconductor. At negative gate bias current flows and
the current is depleted at positive Gate bias. .......cccveeeciiiiiiiieeiiee e 101

Xvil


file:///C:/Users/DC/Desktop/Deepthi_PhD_Thesis/PhDThesis/SentforReview/SenttoPaul/Deepthi_PhDThesis_Consolidation_Print_v1.docx%23_Toc84164040
file:///C:/Users/DC/Desktop/Deepthi_PhD_Thesis/PhDThesis/SentforReview/SenttoPaul/Deepthi_PhDThesis_Consolidation_Print_v1.docx%23_Toc84164040
file:///C:/Users/DC/Desktop/Deepthi_PhD_Thesis/PhDThesis/SentforReview/SenttoPaul/Deepthi_PhDThesis_Consolidation_Print_v1.docx%23_Toc84164040
file:///C:/Users/DC/Desktop/Deepthi_PhD_Thesis/PhDThesis/SentforReview/SenttoPaul/Deepthi_PhDThesis_Consolidation_Print_v1.docx%23_Toc84164040
file:///C:/Users/DC/Desktop/Deepthi_PhD_Thesis/PhDThesis/SentforReview/SenttoPaul/Deepthi_PhDThesis_Consolidation_Print_v1.docx%23_Toc84164042
file:///C:/Users/DC/Desktop/Deepthi_PhD_Thesis/PhDThesis/SentforReview/SenttoPaul/Deepthi_PhDThesis_Consolidation_Print_v1.docx%23_Toc84164043
file:///C:/Users/DC/Desktop/Deepthi_PhD_Thesis/PhDThesis/SentforReview/SenttoPaul/Deepthi_PhDThesis_Consolidation_Print_v1.docx%23_Toc84164043
file:///C:/Users/DC/Desktop/Deepthi_PhD_Thesis/PhDThesis/SentforReview/SenttoPaul/Deepthi_PhDThesis_Consolidation_Print_v1.docx%23_Toc84164043
file:///C:/Users/DC/Desktop/Deepthi_PhD_Thesis/PhDThesis/SentforReview/SenttoPaul/Deepthi_PhDThesis_Consolidation_Print_v1.docx%23_Toc84164044
file:///C:/Users/DC/Desktop/Deepthi_PhD_Thesis/PhDThesis/SentforReview/SenttoPaul/Deepthi_PhDThesis_Consolidation_Print_v1.docx%23_Toc84164044

Figure 7-3: a)-b) Transfer and output characteristics of a PffBT4T-2DT monolayer ring
transistor. The channel length and width are 10 pm and 2500 um, respectively. The drain
voltages used in a) are -2 V and -30 V for the measurement in the linear and saturation
regimes, respectively. c-d) The distribution of saturation and linear mobility (pusat and plin)
of the polymer monolayer transistors. S/D electrodes are functionalized by 2,3,4,5,6-
pentafluorothiophenol (PFBT) SAMs. Over 80 transistors were measured. .............cccenee... 102

Figure 7-4: The saturation mobility of PffBT4T-2DT monolayer as a function of temperature.
M is the saturation mobility measured at different temperatures, and prr is the value
measured at room temperature. The activation energy is around 90 meV ..........cccccccvveennee. 103

Figure 7-5: The saturation mobility and on/off ratio as a function of layer number
forPffBT4T-2DT PoM-FET. It is evident that the charge carrier transport remains
independent of layer number. The identical transistor performance of monolayer and
multilayers provides further evidence that the first monolayer close to the dielectric is mainly
responsible for the charge carrier tranSPOrt. .........c.oeovveeciierieeiiieiie et 104

Figure 7-6: The influence of channel length on the saturation (a,c) and linear mobilities (b,d)
of PffBT4T-2DT monolayer. Both ring (a,b) and interdigitate transistors (c,d) are analyzed.
The channel width is 1000 um and 10000 um for ring and interdigitate transistor. ............. 105

Figure 7-7: a) Total device resistance (Riota1) as a function of the channel length (L) with
various Vgs for PffBT4T-2DT monolayer transistor. The channel width is 1000 um. B)
Contact resistance times channel width (W) as a function of Vgs. C) The slopes of red lines in
a), (ARww/AL)!, as a function of Vgs. According to the inset equation, the mobility
calculated by transfer-length-method is 1.3 cm? V1 s, in an excellent agreement with the
value extracted from the transfer characteristics. .........coovverirrierienieiieniereee e 106

Figure 7-8: Integrated circuits based on PffBT4T-2DT PoM-FETs. A) Static input—output
characteristics of a unipolar inverter based on PffBT4T-2DT monolayer with Vgs = 0 V. The
supplied voltage, Vad, is =5V, =10 V, and —20 V, respectively. The inverter layout is shown
as an inset. B) A POM-FET 7-stage ring oscillator operating at a frequency of 6.16 kHz with a
supply voltage of =15 V. ¢ A POM-FET 15-bit code generator with a bit rate of about 330 bit

ST AL VE= 720 Ve ans 107
Figure 7-9: Schematic illustration of the measurement set-up for the ring oscillator. .......... 107
Figure 7-10: Plots of corresponding gain of polymer monolayer inverter (Figure 7-8 a)). Vin,
input voltage; Vou, output voltage. The inset shows a diagram of the logic gate.................. 108
Figure 7-11: The frequency of polymer monolayer ring oscillator as a function of bias

VOIEAZE. ...ttt ettt b ettt b et et h bt a e bt bt et sh et et beenae e 109
Figure 7-12: Block diagram of the 15-bit code generator.............ccoceeviiiiiiinieiiienieeeenees 110

XViii



List of Tables

Table 3-1 The HOMO and LUMO energy levels of the materials used in this work.............. 35
Table 5-1: Doping efficiencies with increasing dopant concentration of a FOTCNNQ doped

OFINPD AEVICE. ...ttt ettt et e ettt e st e e bt e enbeesneeeaneas 74
Table 5-2: Temperature dependent p_0 values obtained from the numerical simulations of the
J-V curves for 2% doped 0-NPD fllmsS.........cccciiviiriiiiiiiiicicceceee e 76
Table 6-1 Doping efficiency of FOTCNNQ in Spiro-TAD .....cocoviiiiiiiiiiiieeeeeeeee, 91
Table 6-2 Doping efficiency of FOTCNNQ in Spiro-OMEeTAD .......cccocevviiviininiiinieieenens 91
Table 7-1: Device performances of PffBT4T-2DT PoM-FETs with three different geometries
of source/drain (S/D) PATLETIIS .....ccuvieruiieiieiie ettt ettt ettt ettt e et e saee e ees 103

XiX



XX



Nomenclature

Acronyms / Abbreviations

a-NPD

AFM

Al

Au

CB

CF

CPX
CTLM
Er
EGDM
EIB
FATCNQ
F6TCNNQ

FET

2,2'-Dimethyl-N,N’-di-[(1-naphthyl)-N,N’-diphenyl]-1,1'-
biphenyl-4,4'-diamine

Atomic Force Microsocopy

Aluminium

Gold

Chlorobenzene

Chloroform

Charge transfer complex

Circular transfer line method

Fermi level

Extended Gaussian disorder model

Electron injection barrier
2,3,5,6-Tetrafluoro-7,7,8,8-tetracyanoquinodimethane
1,3,4,5,7,8-Hexafluorotetracyanonaphthoquinodimethane

Field-effect transistor

xxi



HIB

HOMO

HTL

HTM

IC

IPA

ITO

LCAO

LUMO

MoO:s

OFET

OLED

0]

OSM

PEDOT:PSS

PffBT4T-2DT

PoM-FET

SAMFET

SCLC

Hole injection barrier

Highest occupied molecular orbital
Hole transport layer

Hole transporting material

Integrated circuit

Ion Pair Formation

Indium tin oxide

Linear Combination of Atomic Orbitals

Lowest unoccupied molecular orbital
Molybdenum trioxide
Organic field-effect transistor

Organic light emitting diode

Organic photovoltaic

Organic small molecule
Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate)

Poly[(5,6-difluoro-2,1,3-benzothiadiazole-4,7-diyl)[3,3"'-bis(2-
decyltetradecyl)[2,2":5',2":5",2"'-quaterthiophene]-5,5"-diyl]]

Polymer monolayer field-effect transistor
Self-assembled monolayer field-effect transistor

Space-charge limited current

xxii



Spiro-TAD 2,2'.7,7'-Tetrakis(N,N-diphenylamino)-2,7-diamino-9,9-

spirobifluorene

Spiro-OMeTAD 2,2',7,7"-Tetrakis(N,N-di-p-methoxyphenyl-amine)9,9'-
spirobifluorene

TCNQ 7,7,8,8-Tetracyan-chinodimethan

TCTA Tris(4-carbazoyl-9-ylphenyl)amine

Tol Toluene

XXiii



XXiv



Chapter 1

Introduction

Since the pioneering work in organic electroluminescent devices by Tang and Van Slyke in
1987 [1] there has been large progress and ever-increasing interest in Organic light-emitting
diodes (OLEDs) due to their application in areas such as full color display panels and lighting
sources. Both industrial and academic research has led to the development of high-
performance OLEDs with considerable improvements achieved in luminance efficiency,

color range, device stability and different fabrication techniques.

OLEDs have also been widely commercialized in indoor lighting, displays in consumer
electronics such as mobile phones, digital cameras, wearable electronics, and ultra-high-
definition televisions. The commercial lighting product first introduced was by OSRAM in
the form of a table lamp in 2008 [2], this was followed by Philips who launched a
commercial lighting panel in 2009 [3]. Most of the commercial lighting panels that have
since followed have achieved a power efficiency of 15 to 50 ImW. OLEDs have
additionally always had a drawback of having high manufacturing costs [4].

Further optimization of OLED performance is still widely investigated due to the challenges
in standardization for lighting sources and display performances. A hurdle to high-performing
OLEDs since the beginning has been the design and synthesis of appropriate polymeric and
small molecule-based emitters, which have the ideal electrical and optical properties essential
to fully use the generated singlet and triplet excitons for energy conversion. Another
roadblock is the charge injection process, which affects the utilization of charge carriers. This

is mainly determined by the electric properties of the transporting materials and device

1



architecture. The industry standard for fabrication of OLED devices is thermal evaporation,
which is preferred over solution-processed deposition of organic materials. There are
considerable advantages with thermal evaporation such as thickness control and pristine
deposition conditions, but there are also drawbacks such as increased cost due to the wastage
of about 70 to 80% of the organic materials in the chamber and the requirement of high
vacuum deposition conditions [5]. The solution processing of organic materials has
considerable advantages such as cost-effective processing of organic materials, especially for
mass manufacturing and is more promising for large area displays [5]. However, the major
challenges of solution processing that have hindered the wide scale adoption of the technique
in industrial production are: a) solubility of some organic materials in organic solvents b)
blending between layers during subsequent coatings to achieve multi-layer structures and c)
morphological and compositional defects due to the processing. Both fabrication processes
tend to lower the overall efficiency of the OLEDs when manufactured at large scale and has

been one of the major obstacles for commercialization of competitive products.

The other bottleneck for real uptake of products in the market is the instability of the hole
transporting materials (HTMs) in the stack. There has been extensive work in development of
HTM and they mostly consist of triarylamines and benzidines in many forms [5-8]. The three
main categories are, (i) amine family (TCTA, TPT1), (ii) benzidine family (a-NPD, NPB,
TPD), and (iii) spirolinked or spirocyclic fluorine (spiro-TPD, spiro-2NPB, spiro- TAD). In
wide-band gaps materials such as Spiro-OMeTAD there is need for doping to achieve the
necessary electrical conductivity. The selection of dopant for high efficiency is not the only
hurdle, the hygroscopic nature of the dopant itself makes the layer highly hygroscopic and
leads to chemical degradation and causes device instability. The doping also induces
degradation of charge selective layers. Next to the hygroscopic nature of the HTM, pin holes
in the film morphology, humidity and thermally induced instability all contribute to lowered
efficiency. HTMs are also important active materials in other organic devices as for example
in hybrid inorganic/organic perovskite solar cells, where they are responsible for efficient
hole extraction and prevent undesirable recombination processes leading to an improved

efficiency [9]. The efficient device operation in multi-stacked devices is dependent on the



alignment of the energy levels of the emissive layer with the transport layers. For efficient
hole injection, the highest occupied molecular orbital (HOMO) of the HTL must be less
negative than that of the emitter and the high lying lowest unoccupied molecular orbital
(LUMO) will ensure that electrons are blocked because of the low electron affinity. It is also
essential that the conductivity of the hole transport layer (HTL) is high to reduce voltage loss
during charge transport from the hole injecting contact to the emissive layer. A high
conductivity can be achieved by a combination of high mobility and high charge carrier
density The solubility of the HTL is also critical to obtain the same characteristics as in

thermally evaporated devices.

Spiro-OMeTAD has a HOMO level around -5.1 eV and exhibits a hole mobility of 10~ to 10°
4 cm? V157! and has high solubility in organic solvents such as toluene or chlorobenzene [10].
There has been considerable research interest in the charge transport in HTMs in recent years.
However, the clear correlation between fabrication and its dependencies on the transport has
not been fully understood. There are also few reports that discuss the correlation between
molecular structures and dopants, and carrier drift mobilities [10-12]. It is essential to
understand the charge-transport parameters which have been obtained by the analysis of the
charge-carrier drift mobilities in terms of the disorder of the materials. It has also been found
that the films and their composition offer differences in transportation based on both the
thickness and the device structure [13], hence this work not only focuses on different
fabrication techniques for a range of small molecular hole transporting materials, but also
uses different devices structures to investigate the transport, such as p-i-p devices, hole-only

diodes and field-effect transistors and finally integrated circuits to investigate a real-life

application of the monolayer.

Therefore, in the course of this thesis a selected system of investigations was performed to
gather deeper insight into the phenomenon associated with processing of organic
semiconductors and its effect on charge transport and device performance. The thesis is

organized as follows:



Chapter 2 is a primer and provides an overview of the main theoretical concepts that
are necessary to comprehend the experimental analysis that are described in the
following chapters in the thesis

Chapter 3 provides a description of the key materials used and the experimental
techniques for fabrication, characterization, electrical and optical measurements.
Chapter 4 investigates the effect of solvents used for solution processing of organic
small molecules and their effect on device performance

Chapter 5 investigates the charge transport in thermally co-evaporated doped organic
small molecules and the resulting doping efficiency when compared between different
host-matrix systems

Chapter 6 investigates the charge transport in solution-processed doped organic small
molecules and the resulting doping efficiency when compared between different host-
matrix systems

Chapter 7 is an investigation of the transport properties of a polymeric monolayer
organic field effect transistor of difluorobenzothiadiazole-oligothiophene copolymer
(PffBT4T-2DT) with further development of the OFETs into logic gates, ring
oscillators and integrated circuits

Chapter 8 summarizes the findings of the investigations in this thesis and discusses

the promising concepts and its future applications
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Chapter 2

Theoretical fundamentals

2.1 Organic semiconductors

Inorganic semiconductors have played a dominating role in electronics since the invention of
the transistor in the middle of the 20" century. The advance of society and technology has
been rapidly fueled due to the ever-prevailing silicon based electronic devices. However,
organic material-based devices have been rapidly advancing due to many advantages they
offer over inorganic materials such as low cost, flexibility, scalability, and potential usage in
transparent devices [1]. The key materials used can be classified into two groups for organic
semiconductors: low molecular weight (small) molecules that are typically processed in
vacuum and conjugated polymers, which are typically processed from solution. Typical
examples for the two classes are shown in Figure 2-1. The common feature is the conjugation
1.e., alternation of the single and double bonds along the backbone, which is responsible for

their semiconducting properties [2].

W Qoo?
@j\# QQ

Figure 2-1 Chemical structures of a) poly(p-phenylene vinylene) (PPV) b) a-NPD



In an organic semiconductor the electronic structure is dominated by their conjugated =-
system formed by sp>-hybridized carbon atoms. The ground state of a carbon atom is 1s? 2s?
2p°. In order to be energetically favorable, the atomic orbitals of the valence electrons are
hybridized, i.e., the linear combination of the 2s-orbital with the 2p-orbitals, where the 2s-
orbital is combined with one, two or all three of the 2p-orbitals which is referred to as sp, sp’
and sp® hybridization. The sp? hybridization is crucial for the formation of conjugated m-
systems. In this case, the hybridization of the valence orbitals in the carbon atom (2s, 2px,
2py) forms three degenerate sp’-orbitals with one p-orbital (p,) remaining, schematically
shown in the Figure 2-2 a). The three sp’-orbitals are oriented in-plane at 120 degrees
relative to each other and the p, orbital is perpendicular to the plane. In a conjugated polymer,
every carbon atom contributes two sp? orbitals and forms a covalent bond with the two
adjacent carbon atoms called a 6-bond. The remaining p, orbitals overlap above and below
the plane and form another covalent bond, which is called a m-bond. The m-orbital is
delocalized across the 6-bond above and below the nodal plane of the m-bond. The electrons
in the m-bond are delocalized along the chain and are then associated with a molecular orbital.
The contribution of these m-electrons to the bonding of the molecule is small and excitation of
the m-electrons will not cause scission of the backbone c-bonds, hence the structural integrity

of the molecule is retained.

2.2 Linear combination of atomic orbitals

The description of the o-bond and the m-bond is based on the linear combination of atomic
orbitals method, where the molecular orbitals are approximated by a linear combination of
the involved atomic orbitals [3]. In the Linear Combination of Atomic Orbitals (LCAO) it is
assumed that the number of molecular orbitals and the sum of all involved atomic orbitals are

equal. To construct the wavefunctions of the molecular orbitals {;, the wavefunctions of the

atomic orbitals ¢; can be used in a linear combination
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Figure 2-2 a) sp® hybridization of carbon atoms. b) highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO) level formation due to
hybridization ¢) Molecular bonding in benzene d) Energy levels in benzene by the Hiickel

Method with degenerate HOMO and LUMO states.
Y= Ycijdi (2.1)
where ¢;; is determined by minimization of the total energy of the system.

The energy levels E; of the molecule can then be calculated using the molecular orbital

wavefunctions



. (b H ;)

Yyl (2.2)
T (i)

where H denoted the Hamiltonian of the system. The energy levels of the - and the -
orbitals are represented in Figure 2-2 b) The energy levels of the sp? orbitals split into a
bonding and antibonding orbital. The interaction between the m-electrons creates a bond
length alteration which is called Peierls distortion. As a result, an energy gap is created
between the HOMO and the LUMO. Here the HOMO is constituted by a m-orbital and the
LUMO is made up of a m*- orbital.

An example of a m-conjugated system is the benzene molecule, which is shown in Figure 2-2
c). Each p-orbital contributes one electron, therefore there are 6 m-electrons which are

delocalized over the whole carbon ring.

To analytically calculate the energy levels of the m-conjugated system, the Hiickel method
can be used which is based on the LCAO approach. By using the Rayleigh-Ritz method of
the variation principle the minimization of the total energy of the system can be performed by

minimizing the Eigenvalues of the energy with respect to the co-efficient ¢;;.

d
aCij

(w;|H|p;) =0 (2.3)

Inserting this into the above equation, a linear set of equations is obtained, which has only a
non-trivial solution if
where Hy; = (¢d;|H|¢;) is the Coulomb integral, H;; = (d)l-lHld)j) is the resonance integral

(for i #j)and §;; = ((])i|c|)j) is the overlap integral.

In the Hiickel method [4], in order to simplify the problem, the m-orbitals are treated
separately from the c-orbitals by considering the interactions between the p, orbitals of the

neighboring carbon atoms of the n- system. The Coulomb integrals are set to be equal, hence
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H;; = a, resonance integrals are only considered from neighboring atoms, H;; = f ( H;j = 0
for non-neighboring atoms) and overlap of the wavefunctions of different atoms is neglected,
S;j = 6;;. With these approximations, the equation can be expressed as a polynomial equation
on the order of the number of involved carbon atoms, which can be analytically solved.
Figure 2-2 d) shows the calculated energy levels of benzene, where the HOMO and LUMO

levels are degenerate states.

The interaction between the m-electrons creates a bond length alteration which is called
Peierls distortion [5]. As a result, an energy gap is created between the HOMO and the
LUMO, which is an intrinsic property of the molecule. The energy gap of the semiconductor
lies between 1-4 eV which makes them suitable for optoelectronic applications [6]. Optical
excitations from the bonding to antibonding orbitals are also energetically feasible in the
molecule as shown in the Figure 2-2 b). In organic semiconductors, the HOMO and LUMO
form localized charge-transport states, which play a similar role to the valence and

conduction band in inorganic semiconductors.

The length of the conjugated molecule and the side groups influence the energetic position of
the HOMO and LUMO levels and hence the energy gap of the system. Therefore, by tailoring
the properties of the molecules, the electronic and optical properties can be altered. When the
size of the m-conjugated system increases, the energy gap is reduced. If electron donating side
groups are present as side chain in the molecule, such as phenyl and amine groups, then the
HOMO-LUMO energy values are raised in comparison to the unsubstituted system.
Similarly, the presence of electron withdrawing groups, such as halides and nitro, can be used
to lower the HOMO and LUMO levels. Also altering the side chain helps to improve the
solubility and stability in solution. If alkyl groups are added to the molecule the solubility can

be improved without drastically changing the optical or electronic properties.
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2.3 Organic light emitting diodes

A typical OLED consists of multiple layers of organic materials sandwiched between two
electrodes. However, in its most simplified form, an organic light emitting diode consists of a
single layer of an organic semiconductor sandwiched between two metallic electrodes, one of
which is transparent in order to transmit the light that is generated inside the OLED [6].
Figure 2-3 shows the schematic of a typical OLED structure.

2to 10V

Light Output

Figure 2-3 Schematic of a multilayer OLED structure

The three main processes in the operation of an OLED are 1) charge injection i.e., when a
voltage is applied between the electrodes, charges are injected into the organic semiconductor
layer. For efficient charge injection, the work function of the anode and cathode are chosen
such that they match the HOMO and LUMO of the organic semiconductor to obtain Ohmic
contacts. This leads to a difference in the work function of the anode and cathode, which
creates a built-in voltage. Only when the applied voltage is larger than the built-in voltage,
holes and electrons are efficiently injected from the anode and cathode, respectively. The
second process is i1) charge transport, due to the applied voltage an electric field is generated

that helps transport the holes and electrons towards each other in the semiconductor layer.
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The third process is iii) charge recombination. When the hole and electron recombine, a
neutral exciton i.e., a bound state of an electron-hole pair is formed. The radiative decay of an
exciton results in a photon of which the energy is determined by the energy gap of the
organic semiconductor, and, as a result, determines the wavelength of the emitted light. The

light is then transmitted through the transparent electrode.

2.4 Organic field-effect transistors

An organic field-effect transistor (OFET) is a three-terminal device, which comprises a
semiconducting channel between a source and a drain electrode [7-9]. A typical structure of
an OFET is shown in Figure 2 4. In an OFET, an organic semiconductor is used. OFETs are
the basic building block for flexible integrated circuits and displays. The gate dielectric
provides the electrical separation of the gate electrode from both the source and drain

electrodes and the conductive channel.

When the charge carriers are injected at the source, they traverse through the channel and are
then collected at the drain. The role of the gate on the channel can be modelled by
considering the transistor as a parallel plate capacitor. The gate electrode and the organic
semiconductor represent the parallel plates. When a positive (negative) bias is applied to the
gate electrode, this results in accumulation of electrons (holes) in the organic semiconducting
channel. The accumulated carriers in the channel can be controlled by modifying the applied
gate bias, as the number of accumulated carriers is directly proportional to the product of the
applied gate bias and the capacitance of the gate electric. Traps present at the gate-dielectric
interface or in the semiconductor are filled preferentially before creating mobile carriers and
therefore not all induced charge carriers are mobile. The threshold voltage (V) is the gate
voltage/bias at which the current starts to flow. The gate bias is swept while the source and
drain current is monitored, keeping the source and drain bias fixed. In the linear regime, the
drain bias is much smaller than the gate bias. In the saturation regime, the drain bias is much

larger than the gate bias.
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The amount of charge carriers flowing through the channel can therefore be controlled by
applying a voltage on the gate electrode. In an ideal field-effect transistor, without application
of the gate voltage there is no current flowing in the channel i.e., it is in the OFF state. Upon
applying a voltage on the gate electrode, current flows from the source to the drain electrode
1.e., the transistor turns ‘ON’. The on-off current ratio characterizes the ability of the device
to switch off. A high on-off ratio is preferred and can be as high as 107 in organic transistors
[10]. The charge carrier mobility in the organic semiconductor should be high and is a critical
parameter for device performance in order to obtain high enough source-drain currents which

can then be modulated by applying a gate voltage.
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Figure 2-4 Operation regimes for an OFET and typical I-V characteristics

The transport in the OFETS can be derived analogously to the classical inorganic MOSFETs,

and in the linear regime (|Vy|<<|V; — V;3|) the source and drain current is given by [11],
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- CoxW
I = _Ulin% (Vg - Vth)Vd (2.5)

where W and L are the width and length of the channel, C,, is the geometric gate capacitance

and p is the mobility of the charge carrier.

The mobility can be obtained from the first derivate of the source and drain current to the

gate bias as [11],

L 0l
Win = 5> (2.6)
BT VCo W Y,
When |V [>>|V; — V|, the drain/source current is given by [11],
. CoxW 2
L= _usat% (Vg - Vth) . (2.7)

The mobility is then obtained by taking the second derivate of the source and drain current to

the gate bias [11],

L Py
Ivlsat - CoxW anz

(2.8)

2.5 Charge-transport models for organic semiconductors

The intrinsic charge-carrier density of thermally excited charge carriers in organic
semiconductors is generally very low in comparison to inorganic semiconductors'. Based on

the height of the injection barrier of the device, the device current could either be limited by

! This is however dependent on the band gap and the doping of the material
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the charge injection or by the bulk transport. The most effective way to investigate the
injection barrier and charge transport in organic semiconductors is by using single-carrier
devices, in which only one charge carrier type i.e., either holes or electrons dominate the
transport characteristics. Single-carrier devices can be fabricated by matching the contact
work functions with either the conduction band edge to probe electron transport or with the
valence band edge to probe hole transport. Single-carrier devices used to probe electrons are

called electron-only device and devices used to probe holes are called hole-only device.

When the contacts are ohmic, the current through a single-carrier device is limited by the
bulk transport and is called space-charge limited current (SCLC) [12-13]. For
undoped/intrinsic semiconductors in this regime, the number of charges injected into the
device per unit time is limited by the electrostatic field due to the space—charge formation in
the bulk of the organic semiconductor. Based on the Mott-Gurney law, which is the drift-only
approximation of a trap-free SCLC, the current density is proportional to the square of the
voltage applied and is inversely related to the device thickness to the third power and is given

by [14]:

9 V2
JscLe = 3 EoérH 3’ (2.9)

where €, and €, are the vacuum and relative permittivity of the semiconductor, respectively.

The intrinsic charge carrier density n of a semiconductor in general can be estimated using

Boltzmann statistics by [15-16]

_Eg
n(T) = Neffe kpT (210)

where Ngsr is the effective density of states, E, the energy gap of the semiconductor, kg
Boltzmann’s constant and T the absolute temperature.

The intrinsic charge carrier density is usually in the range of 10° to 10° cm™ for organic

semiconductors, whereas for inorganic semiconductors it lies in the range of 10'* to 10" cm™.
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The charge carrier density for organic semiconductors, depending on the band gap and purity it

can be made extrinsic either by injecting charges or doping.

The charge-carrier mobility is one of the most important parameters to characterize the charge

transport in semiconductors. The mobility is defined as

v
== 2.11
=z (2.11)

where v is the average drift velocity of a charge carrier and E is the electric field.

In organic semiconductors, charge transport occurs due to a phonon-assisted hopping process
between localized states. Due to conformational variation of molecules or polymers, these
localized states are distributed in energy. This energetic density-of-states (DOS) distribution
is commonly referred to as energetic disorder. This is in contrast to inorganic semiconductors
which have a periodic lattice and therefore exhibit delocalization of charge carriers with a
large mean-free path. In inorganic semiconductors, charge transport is limited by scattering of
the charge carriers due to phonons, which results in a reduction of mobility at higher
temperatures due to increased phonon scattering [17]. In contrast, not only do organic
semiconductors have a lowered mobility due to the high disorder and amorphous structure,
but the mobility also lowers with reduction in temperature [16]. In addition, there are also
physical defects in a polymer chain which cause a conjugation breakage. The consequence is
observed in the energy distribution of the site energies resulting in a term referred to as
energetic disorder. The energetic distribution of the DOS is frequently approximated by a
Gaussian distribution, with about a width in the range of 0.05-0.2 eV for most organic small
molecules and polymers. Increasing the temperature increases the thermally-assisted hopping

rates, and therefor leads to an increase in charge-carrier mobility with temperature.

In addition to the mobility obeying Arrhenius’ law for temperature activated transport,
energetic disorder also is responsible for a dependence of the mobility on electric field [19-
20]. Empirically, this can be described by the Poole-Frenkel model, which describes the

mobility as a function of field and temperature as [21]
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_Ea
u(T,E) = e keTe?VE (2.12)

where | is the mobility at T—> o and E = 0, E4 is the activation energy, kg the
Boltzmann constant, T is the absolute temperature, E the electric field, and y is a field-

activation parameter.

Although the Poole-Frenkel model qualitatively describes the field and temperature
dependence of the mobility in organic semiconductors, it is empirical and cannot be used for
all materials. An improved charge transport model was proposed by Bissler et al., where the
hopping sites are assumed to be localized and the adjacent site energies are assumed to be
uncorrelated [22]. The energetic sites are given by a Gaussian distribution in energy and the
mobility is dependent on how fast charge carriers hop from one site to a neighboring site and
in turn depends on the energetic difference and spatial distance between hopping sites. When

under thermal equilibrium, the charges in the semiconductor are ‘relaxed’ with the mean of
G2

their distribution located at the equilibrium energy level E, ., which is present at T below
B

Ey ., the center of the density of states. Charges need to be excited to the transport energy

level, E, . as very few transport sites are present at E .. There are enough transport sites at

the transport energy level for the charges to hop from one site to the other. It has been

theoretically calculated to show that the transport energy level, E, .is located near the center

2

of the DOS at [22-25].

18kpgT
Under the influence of an external electric field, the difference in energies of the individual
sites decrease. The probability of an electron to jump to a site of higher energy increases

resulting in a direct dependence of the mobility on the electric field. In addition, it is found
2
o)

that charge carriers located around jump to the transport energy level and the

B
0.2

temperature-dependent activation energy ( ) therefore results in a temperature

9kgT
dependence of the mobility [22-25].
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(2.13)

2 2
Hepm = Heo€XP [— (3,2(%) ] X exp [C ((k%) - 2.25) \/E] ,ForX <15

where o, is a mobility prefactor T — oo, C =3 x 1074 cm%V_% is a numerical constant
dependent on the site separation and X represents the degree of positional disorder of hopping
sites. This model for the charge-carrier mobility considers the temperature and electric field
dependence. However, the mobility is also dependent on the charge carrier concentration (n

for electrons and p for holes), which, in a device, are injected by the application of an electric

field.

In the EGDM this dependence of the charge carrier mobility on the density is also taken into
account [26]. The mobility both increases with increasing charge-carrier density and electric
field. The following parametrized equation summarizes all the mobility dependencies to give
[27],

tecom (T, 0, E) = Unp(T,0) X ug(T, E) (2.14)

where Wy, (T, p) describes the temperature and carrier density dependence and is given by

o \* 1(/ o \? o
b (T, P) = o€y exp [—Cz (7)) *3 ((k—T) - (k—T)> (Zpa3)6] (2.15)
And & is given by
In <(k;LT)2 — (k;%)) — ln(ln(4))
2
(5)
where W, (T, p) describes the temperature and carrier density dependence.

o % Eea\?
ug(T,E) = exp|0.44 (—) —221x [140.8 (—) -1 (2.17)
kBT o
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When p = 0 and E — 0 the equation can be simplified to obtain the temperature dependence
of mobility.
o

to(T) = poCy exp <_Cz (ch_T) ) (2.18)

a’vye
where Uy = :
o

Wo 1s the mobility prefactor, v, is the attempt to hop frequency, e is electronic charge, o the
width of the Gaussian disorder, kg is Boltzmann's constant, T is the temperature and a is the

lattice constant. C; = 1.8 X 1072 and C, = 0.42 are constants.
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Figure 2-5 Dependence of the mobility on charge-carrier density at vanishing electric field

for different values of the dimensionless disorder parameter (ﬁ) for different temperatures
B

in units of ;. Solid lines are the fits using the parametrization scheme in Eq. 2.18. Symbols

are the numerical results. Reproduced with permission from [28]
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2.6 Device characteristics

In an organic-semiconductor device, the charges are injected at the electrode interfaces. The
electrodes are typically made of metals or metal oxides. The energetic difference between the
Fermi level Er of the electrode and the HOMO is called the hole injection barrier (HIB),
while the difference between Er and the LUMO onset is called the electron injection barrier

(EIB).

When the injection barrier is low, the flow of the current is limited by the semiconductor and
not by the contacts, such a contact is called an Ohmic contact [28]. This contact can be made
selective to holes or electrons as explained below. However, the injection barriers can also be

high, resulting in resistance to injection of carriers leading to an injection limited current.

In non-Ohmic contacts the charge injection consists of two processes by which the energetic
barriers are overcome on the application of an electric field. In the first process, an electron at
the Fermi level of the electrode tunnels through the barrier which is reduced due to the
externally applied electric field. This effect is called Fowler-Nordheim tunneling and is
dominant for large electric fields and at low temperatures [29]. In the second process i.e., the
thermionic injection, a thermally activated electron can overcome the tilted barrier. In both
cases, the barrier is lowered by an image charge induced by the electron at equal distance to

the interface, which is called the Schottky-effect [30,31].

In both OLEDs and OFETs the most important process is the transport of charge-carriers. In
order to isolate and study the transport of the individual carriers, electron and hole-only
devices can be fabricated. Such devices consist of one injecting electrode for Ohmic charge
injection and a counter electrode, which blocks the injection of the opposite sign charge
carrier. In a hole-only device the high work function of the anode used provides Ohmic hole
injection into the HOMO and the work function of the cathode is chosen to be sufficiently
high to create an injection barrier which is large enough to prevent electron injection into the

LUMO [32-33]. This results in a pure hole current as there are no injected electrons
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contributing to this. Similarly, an electron only device can be created which will have a pure

electron current due to the absence of hole injection.

2.7 Doping in organic semiconductors

The doping of organic semiconductors allows to control the charge transport properties in an
organic semiconductor by increasing the charge carrier density, while additionally facilitating
charge injection from the contacts. The initial process of doping involved strongly oxidized
gases and later small atoms were used to improve the conductivity [34, 35]. However, in both
methods, the devices were found to be instable due to a tendency of the dopants to diffuse in
the organic layers and thereby causing degradation. A more efficient and stable way to dope
organic semiconductors is to use molecular dopants which due to their larger size are found

to be less prone to diffusion than atomic dopants [33].

2.8 Mechanisms of doping

In inorganic semiconductor technology, doping is widely used to improve the density of
charge carriers. By incorporating impurity atoms such as pentavalent impurities like
phosphorus or trivalent impurities like boron into the crystalline semiconductor host material
of silicon with four valence electrons either n-type or p-type doping is achieved [36]. If a
trivalent impurity is used, it increases the density of holes and if a pentavalent impurity is
used, it increases the density of electrons [36]. Based on classical semiconductor theory, the
density of negative n, and positive p, charge carriers in an undoped semiconductor can be
calculated from Fermi-Dirac statistics depending on the position of the conduction band
E. and valence band E}, to be [36],

Er—Ec Ev—EFr
ng = N¢- e k8T and py = Ny - e kBT (2.19)
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where N is the effective density of states in the conduction band and Ny is the effective

density of states in the valence band.

In case of intrinsic semiconductors, ny = p, and the Fermi level is located close to the

center of the gap where E, = E. — Ey and is hence the Fermi level energy is given by,
g g

E, ksT (N
g B |4

4 B (L 2.20
2t 2 l“(NC) (2.20)

Ep =
The introduction of the impurity atoms with a density of Nj leads to shallow donor states
with Ej, located below the conduction band edge, which leads to a shift of the Fermi level
towards the conduction band. Similarly, when acceptor states with E, are introduced above
the valence band edge due to the presence of the acceptor atoms with density N4 in a p-type
semiconductor, there is a shift of the Fermi level towards the valence band [36].

le(NA)
B nNV

Np
kgT In (—)| and|Ey — E4| <
Nc¢

|Ec — Epl < (2.21)

In extrinsic semiconductors, the shallow states are located at the band edge and their
ionization energy is less than room temperature thermal energy and hence the dopant atoms
are ionized even below room temperature. In comparison, in an intrinsic semiconductor the
ionization energy can sometimes be higher than room temperature thermal energy. Hence in a
doped semiconductor, the number of mobile charge carriers is independent of the temperature

and is directly proportional to the number of dopant atoms present.
The fermi level is thus given by

Ny
)and EF = EV + kBT <_) (222)
Ny

Nc

E=E—kT<
F c 55\,

which shows that the number of carriers, the conductivity and the position of the Fermi level
can be controlled precisely by changes in the dopant concentration N, and N, [36]. For

dopant concentrations in the range of 107 to 10* (atomic ratio), this leads to dramatic
P g
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increases in conductivity as the crystallinity of the semiconductor is largely undisturbed at

these dopant concentrations, which leads to a retention of the charge carrier mobility [36-37].

However, the doping mechanism is largely different in organic semiconductors. The use of
small atoms like halides or alkali metals as dopants led to device instabilities, which were
found to be linked to the tendency of these small dopants to diffuse throughout the organic
layer [38], in contrast to inorganic semiconductors where the dopants are covalently bound to
the host atom. In order to overcome this issue, small donor or acceptor molecules were used
as molecular dopants which given their size have a smaller tendency to diffuse [39, 40]. The
usage of dopant molecules leads to an increase in conductivity by several orders of magnitude

and thereby enables high performance devices. [39, 40]
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Figure 2-6 Shift of the Fermi level for a p-doped organic semiconductor. With increasing

dopant concentration, the Fermi level moves towards the HOMO level

As discussed above in the case of inorganic semiconductors, doping leads to a shift of the
Fermi level which is also found to be true for organic semiconductors. The Fermi level moves
increasingly towards the respective transport level i.e., HOMO for p-type and LUMO for n-
type doping with increasing dopant concentrations [15, 36-37]. In contrast to the doping

behavior in inorganic semiconductors, there is a saturation in both the conductivity and the
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Fermi level shift at few mole-percent dopant concentrations (up to 10%). As shown in Figure
2-6, there is a pinning of the Fermi level at the edge of the respective transport level and

hence at a particular dopant concentration (which is material dependent), the shift stops [41].

Another contrast to inorganic semiconductors is that the doping efficiency of molecular
dopants is found to be very low. This necessitates the use of dopant concentrations in the
order of mole percent. This in turn influences the morphology and structure of the thin films.
For pristine films that are crystalline, the addition of the dopants leads to an amorphous
growth and therefore a reduction in mobility. For ordered materials this reduction in mobility
has a greater impact on the conductivity than the doping effect of an increased charge carrier
density [42]. This effect however reverses at sufficiently high dopant concentration, at which
point the increase in the charge carrier density will outweigh the decrease in mobility and
cause a net increase in the conductivity again. For amorphous organic semiconductors,
however, this effect is found to be different [43, 44]. With decreasing order, the mobility
decrease due to doping is smaller than the increase in charge carrier density, at low electric
fields and low dopant concentrations. Therefore, there is a strong increase in conductivity.
However, at very high dopant concentrations the doping efficiency is found to decrease with

increasing dopant concentration resulting in a decrease in conductivity [44].

At the beginning of the doping research in organic semiconductors, gases like iodine,
bromine and chloride were the most commonly used p-dopants [45-46]. However, it has been
observed that due to the tendency of the atomic dopants to diffuse, there is device instability.
This led to the development of molecules with a quinone structure and unsatisfied aromatic
rings which are the most popular variety of p-dopants. TCNQ is the standard molecule used
from this class and has been studied in great detail as it has an ability to form charge-transfer
complexes when used with small molecular donors. The biggest limitation of TCNQ has been
its electron affinity of 4.2 eV, which prevents usage in most organic semiconductors having
ionization energies in the range of 5-6 eV [36]. This is the main reason that there has been
considerable research and development of other molecules to be used for doping a wider

range of organic semiconductors and leading to considerable industrial applications.

25



Despite the advantages such as tuning of the optical gap through varying the chemical
compositions and large area processability, the usage of organic molecules is still limited due
to the low doping efficiencies observed which in turn points to the lack of in depth
understanding of the mechanisms behind molecular doping in comparison to the inorganic

semiconductors.

There are primarily two distinct mechanisms identified based on the phenomena observed
during doping of organic semiconductors: the ion-pair formation and the charge-transfer

complex formation [47].

2.8.1 Ion Pair formation

On doping an organic semiconductor with a p-type dopant, the underlying assumption for the
ion pair formation (IPA) is that the electron affinity of the acceptor is the same or higher than
the ionization energy of the host such that it facilitates the transfer of one electron from the
HOMO of the host to the LUMO of the dopant [47]. This results in the formation of an anion
(acceptor) and cation (host) i.e., the ion-pair. The formation of the ion-pair in molecular
doped organic semiconductors has been observed and investigated primarily via spectroscopy

due to the diagnostic ion absorption features observed in visible and IR regions [48-52].

In order to understand how mobile charge carriers, arise from the ion pair formation it is
needed to know where the IPA levels are in energy in comparison to the levels of the
surrounding organic semiconductors. As organic semiconductors respond to charging with
bond-length changes and stabilization of the molecular orbitals, the second ionization energy
is higher than the first and the electron affinity of a cation is higher than that of the neutral
molecule [53]. Therefore, the occupied and unoccupied HOMO-derived sublevels of the
cation split due to the consequence of the on-site Coulomb interaction which in turn
originates from the energy difference between the electron affinity and the ionization energy

of the cation. This is schematically shown for a p-type dopant in the Figure 2-7.

26



formation of a ground-state
charge-transfer complex (CPX) ion-pair formation (IPA)

=
r = Py e U2 . - m == T W e e
¥ ¢
4 CPX 0SC DOS 4,  p-dopant OSC

binding energy
binding energy

p-doping p-dopingT

neutral dopants in OSC matrix

_=> p——

neutral neutral neutral neutral

NP neutral 0sc DOS p-dopant n-dopant osc
CPX

—

binding energy

binding energy

Figure 2-7 The schematic representation of the energy levels and the density of states due to
p-type doping in both mechanisms of charge transfer complex (left) and ion pair formation

(right) respectively. Reproduced with permission from [47].
2.8.2 Charge transfer complex formation

The mobile carrier density is also thought to originate from an alternate mechanism of the
ground state charge transfer complex (CPX) formation [47]. The hybridization of the of the
molecular orbitals of the dopant and the frontier molecular orbitals of the host lead to the
formation of a new set of bonding and anti-bonding orbitals (occupied and empty
respectively). For a Hiickel-type host-dopant model, the energy of the occupied and empty
hybrid orbitals of the charge-transfer complex is given by [47,54]:

Hypost + Laopant
Borxiun = =2 [(Hyo: + Laopans)* + 467 (223)
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It is important to note that the CPX is charge-neutral and the HOMO of the organic
semiconductor and the LUMO of the dopant do not have to be in resonance, the hybridization
can also take place when the LUMO of the dopant is higher or lower in energy to the HOMO
of the host. This process therefore can also take place in cases where an ion-pair formation
cannot occur. The CPX also exhibits absorption bands in spectroscopic investigations [54-
55]. For a p-type dopant, usually the ionization energy of the CPX is higher and the electron
affinity is lower than the ionization energy of the host. This results in the creation of a filled
level above the host and an empty level below the transport level of the organic

semiconductor. This is schematically depicted in Figure 2-7.

2.9 Conclusion

In this chapter, the most important concepts required for the understanding of the
investigations presented in this thesis were discussed. This included topics ranging from
linear combination of atomic orbitals in organic semiconductors, the device characteristics of
organic light emitting diodes and field-effect transistors, the charge transport models used for

investigation of the devices, the doping techniques, and the underlying doping mechanisms.
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Chapter 3

Experimental techniques

In this chapter, the materials used in this thesis will be introduced as well as the procedures,

with which samples were prepared. Additionally, the experimental setups (the theory of

which was described in Chapter 2), and data analysis methods will be described.

3.1 Materials and properties

Throughout the work in this thesis, a large number of host and dopant materials in various

combinations were investigated. The chemical structures of the materials used as well as their

properties are summarized in Figure 3-1 and Table 3-1 respectively [1-4].

Material HOMO LUMO
FATCNQ -8.34 eV -5.24 eV
F6TCNNQ -7.8 eV -5.37eV
a-NPD -54 eV -23eV
Spiro-TAD -54 eV -24 eV
Spiro-OMeTAD -5.1eV -1.8eV

Table 3-1 The HOMO and LUMO energy levels of the materials used in this work
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Figure 3-1 Chemical structures of a) FATCNQ a p-type dopant b) FETCNNQ a p-type dopant
c) o-NPD a hole transporting small molecule d) Spiro-TAD a hole transporting small

molecule e) Spiro-OMeTAD solution processable hole transporting material
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Figure 3-2 Energy level diagram of the materials used in this work

3.2 Thin film processing

The industry standard for thin film deposition and coating is through thermal evaporation in
high vacuum. This usually results in high film uniformity, reproducibility, thickness control
and multilayer deposition. However, this comes attached with drawbacks such as high setup
cost, large material consumption and low throughput. In comparison, solution processing
methods are more favorable for flexible substrates and offer low-cost manufacturing, reduced

wastage of materials and high versatility.

But depending on the material characteristics and the solvents used, solution processed films
might be difficult to control and have reproducibility issues. It is important to choose the best
strategy in order to obtain the best performance. This section discusses in detail some of the

methods used in the preparation of thin films characterized in this work.
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3.2.1 Thermal evaporation

Thermal evaporation is a very widely used process for making thin film OLEDs of small
molecules [5]. This allows multiple layers to be deposited with precise layer thickness
control. There is also a possibility to make doped films by co-evaporating the host molecules
together with the dopant molecules. The material to be deposited is placed in a small crucible
and heated to a temperature such that it reaches a state of sublimation. A schematic

representation of thermal evaporation is shown in Figure 3-3.
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containing the _ L —
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Figure 3-3 Schematic of a thermal evaporator used for vacuum deposition of small molecule

based thin films
3.2.2 Spin coating

Spin coating is a very widely used low-cost solution processing technique to form thin films
on top of substrates [6]. As shown in Figure 3-4 a predetermined amount of the desired

material dispersed homogenously in the appropriate solvent is cast onto the substrate, which
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is then rotated at high speeds causing the centrifugal force to spread the liquid over the entire
substrate. The evaporation of the solvent leads to the formation of a solid film over the entire
substrate. The thickness of the film can be adjusted by rotation speed, time of rotation and the
solution concentration. The disadvantage of spin coating is that the area of the substrates is
usually small (typically 5-300 mm), preventing upscaling (example: for 55 inch display) in an
industrial process, and requires dispersion of a large amount of the solution, which is wasted
during the rotation of the substrate. In this work, spin coating was carried out with a
LabSpin6 TT from Suss MicroTec. In this a cleaned substrate such as glass or ITO patterned
glass or silicon substrate is placed on to a chuck and held in place using vacuum. The
required polymer or small molecule solution is dropped on to the center of the substrate and
homogenously distributed by the rotation of the chuck. A typical process was the preparation
of the a-NPD film with a thickness of about 100 nm. In the first step, a solution of 10 mg/ml
(Chloroform) was dispersed, and the substrate was first rotated at 500 rounds per minute
(rpm) for 10 seconds and then in the next step it was rotated for two minutes at 1500 rpm
(film drying). The film thickness resulting from spin coating can be controlled by adjusting

the polymer solution concentration and the rotation speed.

Figure 3-4: Schematic of spin-coating process
3.2.3 Wire-bar (Mayer rod) coating

This solution-coating method involves the usage of an automated wire-bar, which is moved
over the substrate with constant speed resulting in spreading the solution uniformly over the

substrate [7]. Before the movement of the rod, the solution is poured over the substrate in
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front of the rod. There is a gap between the substrate and the wires of the rod, which enables
the distribution of the solution over the substrate. The thickness of the resulting film is
determined by the temperature of the plate, the applied speed of the wire-bar and the
dimensions of the wire, which is wound around the bar. The substrate temperature can also be
controlled which results in homogenous films formation with typically lower use of material.
Mayer rod-coating is a well-established process in the coating industry [7] to obtain high
quality films. Wire bar coating was performed with a K202 control coater (RK PrintCoat
Instruments Ltd, UK). In this work, films of about 100 nm thickness were prepared by wire-
bar coating. a-NPD was dissolved in chlorobenzene with a typical concentration of 15 mg
dissolved in 1 ml of the solvent. Proper dissolution occurred at 80 °C under vigorous stirring
(magnetic stirrer). The cleaned substrate is put onto the heated plate and fixed with two
sacrificial glass slides on either side. The wire-bar starts its movement on top of the first
adjacent glass slides, then moves over the actual substrate, and stops on top of the second
adjacent glass slide after the substrate. This has been depicted schematically in Figure 3-5.
Using these two sacrificial glass slides, the solution can be homogeneously distributed over

the entire sample.
3.2.4 Drop-casting

In Figure 3-6 it can be seen that, by dropping the solution on to the substrate, after which the
solvent is allowed to evaporate, a thin film is formed. The thickness of the resulting film is
controlled by varying the viscosity of the solution [8]. The films are very easy to process, and
it also allows for large substrates to be processed, however the thin film coating is usually

non-uniform and there is typically a coffee-ring effect.
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Figure 3-5 Schematic of the wire bar coating process to create thin films

Figure 3-6: Schematic of drop casting of solution processable materials to create thin films on

substrates
3.2.5 Dip coating

Deposition of a film obtained by immersion and withdrawal of a substrate into a solution is
generally indicated as dip coating (Figure 3-7). The coating thickness is controlled by the
withdrawal speed, concentration of the solution, viscosity, and boiling point of the solvent.

Dip-coating is a cheap and simple method with no waste of raw material [9]. However,
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double-side coating of bare substrates is unavoidable and uniform film formation is restricted

to viscous solutions.
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Figure 3-7 Dip coating steps used in thin film processing.

3.3 Sample preparation

The devices used for all the measurements in this thesis were prepared under inert
atmosphere or under vacuum. For solution processed molecules and polymers, a nitrogen
filled glovebox was used where the water and oxygen levels were less than 1 ppm.
Chloroform (CF), chlorobenzene (CB) and toluene (Tol) were procured from Sigma Aldrich
GmbH (>99.9% purity, inhibitor-free) and the stock solutions were prepared only using dry
and degassed solvents i.e., further degassing was performed by pump thaw freezing before
usage. The host and dopant materials used were handled only in the nitrogen filled
gloveboxes, where they were weighed and then dissolved in appropriate amounts dependent
on the thickness desired. The stock solutions were stirred and used immediately. Especially
for doped devices, solutions were always prepared from the stock solutions directly before

deposition of thin films. About 25-75 ul was dropped onto the cleaned ITO patterned glass
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substrates covered with 100 nm of PEDOT:PSS and spin coated at various speeds and times

to achieve the desired thickness.

The thermal evaporation was performed in vacuum systems with base pressures less than 107
mbar. The small molecule was loaded into quartz crucibles surrounded by tantalum wires and
heated by the current flow resistively. The crucibles were loaded into the vacuum chamber
together with the pre-cleaned substrates and then pumped down to pressures below 107 mbar.
By heating the crucible above the sublimation temperature of the materials, the small
molecules were sublimed. The thickness was controlled by using a quartz crystal
microbalance and a steady rate (5 A/min) was obtained before the shutter was opened for the

actual deposition.

3.4 Device working principle

In order to clearly understand the charge transport in a semiconductor thin film, it is
necessary to disentangle the effects of electrons and holes. This is achieved using hole-only
and electron-only devices. In an OLED, the work functions of the anode and cathode match
the energy levels of the HOMO and LUMO respectively. The energy diagram is shown in
Figure 3-8. ITO covered PEDOT:PSS layer is used as anode and hole-injection layer

respectively and barium with an aluminum capping layer is the cathode.

In a hole-only device, the injection of electrons must be blocked. There two hole-injecting
contacts are used. The energy diagram is shown in Figure 3-9. For the bottom contact ITO
with a PEDOT:PSS layer is used and thermally evaporated MoOs is used as a top-hole
injecting contact. For an electron-only device, the hole injection at the electrodes need to be
blocked. The ITO is replaced with an oxidized aluminum contact which has a work function
of around 3.1eV below vacuum and prevents hole injection. Electron-injecting barium with

an aluminum capping layer is then used as a top contact.
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Figure 3-8 Schematic overview of the three dominant processes during OLED operation: 1)

injection, 2) transport and 3) recombination

a} Wacuum Level b}l Wacuurn Level

Emissive Layer Emissive Layer

Figure 3-9: Schematic energy diagram of a single charge carrier device: a) electron only
device with two low work function electrodes and b) hole only device with two high work

function electrodes

3.5 Device characterization

The charge transport in organic semiconductors is characterized by analyzing the current-
voltage characteristics (I-V) of both single carrier and double carrier devices. In this thesis,
the devices were prepared as described in the previous section and then measured using a

Keithley 2400 source meter. The light output of a PLED is measured using a silicon
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photodiode that is connected to a Keithley 6514 electrometer. To measure the luminance (L),
a Konica Minolta LS-100 luminance meter was used. The Electroluminescence spectrum is

measured with an Ocean Optics USB400-UV-Vis-ES spectrometer.

In order to measure the current density -voltage (J-V) characteristics of a PLED, a voltage
sweep is applied typically from 0 to 6V with a step size of 0.1V. At 6V, the voltage is swept
back to -2V and subsequently increased back to 0 V. A J-V curve of a typical Spiro-TAD
LED is shown in solid lines in black in Figure 3-12. In reverse bias the leakage current of the
device is obtained which is also observed at very low voltage in forward bias. The device
current at low voltages is primarily dominated by the leakage and it scales linearly with the
applied voltage. Above 3 V, the current follows an exponential increase. Due to the different
work functions of the electrodes, a built-in voltage exists across the device, which gives rise
to an internal electric field at 0 V. When the voltage applied is lower than the built-in voltage,
the electric field is in the opposite direction to the current flow, and therefore the measured
current is dominated by a diffusion current. In this case the current density is exponentially
dependent on the voltage applied [10]. At voltages above the built-in voltage, the electric
field changes sign, resulting in a drift current. In the case of a space-charge-limited drift

current, the current density is quadratically dependent on the voltage.

In symmetric hole-only devices, hole injection is possible from both contacts depending on
the sign of the applied voltage, resulting in a hole current present in both forward and reverse
bias. In this case, the voltage is swept from 0 to 5 V and -5 to OV. This is shown in Figure
3-10. For the curve to be symmetric, both the contacts must be Ohmic. The analysis of charge
transport from J-V characteristics requires knowledge of the film thickness. Therefore, there
is a need to measure and control the thickness of the film of every device. A Bruker
DektakXT Stylus Profiler was used to measure the film thickness. The thin film is scratched
with a needle, exposing the glass substrate underneath. The surface profiler is then used to

measure the height difference between the thin film and the glass surface.
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Figure 3-10 Hole current measurement of a Spiro-TAD hole only device

Glass

Figure 3-11 Schematic of a typical hole only structure used to measure single carrier charge
transport in this work
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3.6 Atomic force microscopy

Atomic force microscopy (AFM) was carried out with a Nanoscope Dimension 3100

(Bruker) and with Si tips and Al backside coating in tapping mode.

In an AFM measurement, the surface of a sample is scanned with a tip mounted to the
cantilever. The tip can either be in contact with the surface or slightly above the surface
which is called the non-contact mode. Tapping mode is a special case of non-contact mode
where the cantilever is further vibrated using an actuator. The cantilever oscillates close to its

resonance frequency.

Current Density (A/m?)
Photocurrent Density (A/m?)

Voltage (V)

Figure 3-12 Charge transport measurements of a single-layer OLEDs with Spiro-TAD (300

nm). Solid lines show the J-V characteristics and dotted lines show the photocurrent density.
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When in contact with the surface, the free oscillation of the cantilever gets damped and the
amplitude of oscillation is decreased. The cantilever had a force constant 26 N/m and the
resonance frequency was around 270 kHz. A scan frequency of 0.5 Hz was applied which
means that one line was scanned back and forth within two seconds. In this work, the
measurements were performed in constant amplitude oscillation. To keep the amplitude
constant during the surface scan, the feedback loop moves the cantilever up or down by
means of a piezoelectric element. The signal for the feedback is given by a laser which is
focused onto the cantilever such that the reflected beam hits a photodiode sensor. The change
in the height position which is used by the piezoelectric element as a corrective measure for

the amplitude of the cantilever results in the desired height signal of the measurement.

Fiber

Laser Source
|| | |
=L-.| Cantilever
I} i
| ¥YZ Piezo Positioning - .{‘“a r
Stage
Controller PC

- ='|x Y DSF+IL —

Figure 3-13 Schematic representation of an AFM (Thorlabs)

The three-dimensional (3D) data were processed using the software Gwyddion. The pictures
are shown as 2D images, where x- and y position define the probed area. The height is color-

coded (see Figure 4-6 and Figure 4-7).
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Chapter 4

Charge transport in undoped small molecules

This chapter? presents a study of charge transport in the amorphous organic small molecules
a-NPD  (N,N-di(1-naphthyl)-N,N-diphenyl-(1,1-biphenyl)-4,4-diamine) and SpiroTAD
(2,2,7,7-tetrakis(N,N-diphenylamino)-9,9-spirobifluorene)). Charge transport is investigated
in solution-processed films and compared to charge transport in vacuum-deposited films of
the same molecule. By optimizing the deposition conditions, such as solvent and
concentration, equal charge-transport parameters for solution-processed and vacuum-
deposited films are demonstrated. Modelling of the charge carrier transport characteristics
was performed by drift-diffusion simulations. The dependence of the charge carrier mobility
on temperature, carrier density and electric field was found to be the same for vacuum
deposition and solution processing. In both material processing cases, hole mobilities of
4x10°® m*V-!s! for Spiro-TAD and 0.8x10® m?V-!s! for o-NPD is obtained, demonstrating
that solution processing can be a viable alternative to vacuum deposition in terms of charge

transport.

4.1 Introduction

The field of display technology and lighting in the last decade has been revolutionized by the
discovery of organic light-emitting diodes (OLEDs) based on mn-conjugated organic

semiconductors [1, 2]. In addition, small-molecular organic semiconductors are widely used

2 The content of this chapter has been adapted from: D. K. Mangalore et al., APL Mater. 7, 011105 (2019)
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in charge-transport layers in perovskite photovoltaic devices [3]. The opportunity presented
by these technologies has driven the research to find cheaper alternatives to the traditional
deposition method of layers of organic small molecules by thermal evaporation in high
vacuum. The solubility of organic semiconductors in organic solvents renders them suitable
for film deposition from solution, which can be scaled up to a cost-effective roll-to-roll
process [1, 2]. However, it is unclear whether solution-processed films of organic
semiconductors can maintain the same film quality and charge-transport characteristics as
compared to vacuum-deposited films. Usually, to obtain solution processability, the chemical
structure of organic molecules is modified, typically by adding solubilizing side chains to the
conjugated moiety [4, 5]. However, these insulating sidechains also affect the charge-
transport properties, complicating a direct comparison with their vacuum-deposited

counterparts.

Solution-processed small-molecular charge-transport layers in OLEDs have been reported as
early as two decades ago [6]. More recently, efforts have been made to systematically replace
vacuum-deposited transport- and emitting-layers in OLED stacks by solution processed
layers and investigating their effect on the OLED performance [7-9]. To compare the charge-
transport characteristics of individual layers of solution- and vacuum-deposited small
molecules, single-carrier devices have been investigated [7, 8]. Dissimilar current-voltage
characteristics were obtained, possibly affected by the presence of a variation in injection
barrier [7]. While morphological differences have been investigated in films of spin-coated
and vacuum-deposited amorphous small molecules [10], a detailed analysis and comparison
of the charge-transport properties of solution- and vacuum-deposited films of organic small
molecules has not been reported to date. Additionally, the modelling of the transport

characteristics from different processing conditions has not been investigated.

In this chapter, we investigate the hole transport in solution-processed and vacuum-deposited
films of the commonly used amorphous hole-transport molecules a-NPD and Spiro-TAD by
space-charge-limited current measurements in single-carrier devices with Ohmic hole

contacts and verify it by numerical modelling. After optimizing the solution process, smooth
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and uniform films with near identical charge-transport properties are obtained as compared to

vacuum-deposited films of the same molecule.

4.2 Sample fabrication and characterization

The two investigated hole-transport materials, Spiro-TAD and a-NPD (both sublimed grade)
were purchased from Luminescence Technology Corp. and Sigma-Aldrich, respectively, and
used as received. The hole-only devices were fabricated in sandwich geometry consisting of a
bottom electrode, a small molecule thin film and a top electrode [11, 12]. Glass substrates
pre-patterned with indium-tin oxide were first cleaned with neutral soap and then rinsed with
deionized water, followed by sonication in acetone and isopropanol, and UV-ozone
treatment. Next, a 55 nm thick film of poly(3,4-ethylenedioxythiophene): polystyrene
sulfonate (PEDOT:PSS; Clevios P VP Al4083, Heraeus) was spin-coated from an aqueous
dispersion and then annealed at 140 °C for 10 minutes in air. Subsequently, organic thin films
of a-NPD or Spiro-TAD were deposited by either spin coating or conventional vacuum-
deposition. For spin coating, solutions of different concentrations in chloroform,
chlorobenzene or toluene were spin cast in nitrogen atmosphere, followed by annealing for 10
min at 50 °C. Alternatively, vacuum deposition was carried out at a deposition rate of 1-2 A/s
at a base pressure of 1 x 1077 mbar. For Ohmic-contact formation, a 5 nm layer of tris(4-
carbazoyl-9-ylphenyl)amine (TCTA) was vacuum-deposited between the hole-transport layer
and the vacuum-deposited MoO3(10 nm)/Al(100 nm) top electrode [13].The current density-
voltage (J-V) characteristics were recorded with a Keithley 2400 source meter. All
measurements were carried out in nitrogen atmosphere. The thickness of the films was
measured using a Bruker Dektak XT Profilometer. In the solution process, Spiro-TAD was

deposited using three different solvents.
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Figure 4-1: Experimental current density-voltage characteristics of hole-only devices with a
Spiro-TAD layer thickness of 100 nm. The solution-processed films spin-cast from
chlorobenzene (red triangles), toluene (green squares), or chloroform (blue diamonds) are

compared to a thermally evaporated (black circles) reference device.

4.3 Results and Discussion

The current density-voltage characteristics of the hole-only devices were then compared to a
thermally evaporated control device, as shown in Figure 4-1. Similar current densities to the
control device were obtained for the solution-processed films when using chlorobenzene or
toluene as a solvent. As the current density scales directly with the hole mobility in a space
charge-limited device, the almost identical J-V characteristics indicate that hole transport in
these solution-processed films is equal to the hole transport in the vacuum-deposited film. On
the other hand, the current in the chloroform-processed Spiro-TAD device is a factor of 4
lower, showing that the used solvent can influence the hole transport. A more prominent
effect of the solvent is observed for a-NPD. a-NPD was found to be less soluble and more

difficult to process from solution. However, for chlorobenzene-processed films, the measured
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hole current was found to approach the current of the vacuum-deposited control device, as

shown in Figure 4-2.
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Figure 4-2: Experimental current density-voltage characteristics of hole-only devices with an
a-NPD layer with a thickness of 100 nm. Thermally evaporated devices (black squares) are
compared to solution-cast films from different solvents: chloroform (green triangles) and

chlorobenzene (red dots).

The results above demonstrate that solution-processed films of Spiro-TAD and o-NPD can

have similar hole transport to their vacuum-deposited counterparts at room temperature.

To investigate the charge transport in more detail, temperature-dependent J-V characteristics
were measured, which were modelled with one-dimensional drift-diffusion simulations [14],
from which the hole mobilities were evaluated. The charge-carrier mobility in disordered
organic semiconductors is dependent on temperature, charge-carrier density and electric field
[14, 15]. For hopping transport between states having a Gaussian distribution in energy, the
mobility has been described by the extended Gaussian disorder model (EGDM) [14].
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Figure 4-3: Temperature-dependent experimental (symbols) and simulated (lines) current
density voltage characteristics of Spiro-TAD hole-only devices with a layer thickness of 180

nm, solution-processed from toluene (a) and vacuum-deposited (b).

In this model, the charge transport is characterized by the width of the density-of-states
distribution o, the lattice constant a and a mobility prefactor p,. With increasing energetic

disorder, the mobility becomes increasingly dependent on temperature, according to [14]
G\ 2
10T = ey exp| 2 () | (4.1)
where ¢; = 1.8 x 10 and ¢, = 0.42 are given by the EDGM, k is the Boltzmann constant and
T is the temperature. Here, Wy (T) denotes the temperature-dependent mobility in the limit of

vanishing carrier density and electric field. Apart from the influence of o on the temperature

dependence, also the density dependence of the mobility becomes stronger for increased

energetic disorder.
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The lattice constant a mostly influences the field dependence of the mobility, with a stronger
field dependence for larger lattice constants. The constants ¢; and ¢, are obtained in Ref.
[14] from the parametrization of the solution of the Master equation for hopping transport on
a cubic lattice of sites with Gaussian distribution of energy. Even though these constants are
obtained for a lattice model, it has been shown that for simulated morphologies of a-NPD a
constant ¢, = 0.41 is obtained, very similar to the constant in the EGDM, justifying its
applicability [16]. The constant ¢; can be included in the mobility prefactor. The mobility
prefactor p is a temperature-independent parameter that only influences the magnitude of
the mobility and is used as a fit parameter, next to the density of states distribution and the

lattice constant.
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Figure 4-4: Temperature-dependent experimental (symbols) and simulated (lines) current
density voltage characteristics of Spiro-TAD hole-only devices with a layer thickness of 100

nm, solution-processed from toluene

The experimental temperature-dependent J-V characteristics were modelled with drift
diffusion simulations incorporating the EGDM mobility function, as displayed in Figure 4-3.

The experimental data can be consistently described for both solution-processed and
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thermally evaporated films, with the same set of parameters. We find that the energetic
disorder is 0.09 eV in both thermally evaporated and optimized solution processed devices.
The used lattice constant was 1.1 nm in both cases. The mobility at 295 K at zero electric
field and carrier density was found to be 4 x107® m?>V~'s™! for both solution- and vacuum-
deposited films. This value is also consistent with time-of-flight measurements on thermally
evaporated Spiro-TAD [17]. The temperature dependent J-V measurements of a hole-only
device with a different Spiro-TAD thickness (100 nm) can also be modeled with the same
parameters and fits with the EGDM (see Figure 4-4). The results from the two different

thicknesses show that equal mobilities can be obtained irrespective of the device thickness.
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Figure 4-5: Temperature-dependent experimental (symbols) and simulated (lines) current
density voltage characteristics of Spiro-TAD hole-only devices with a layer thickness of 98

nm, solution-processed from chloroform
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For a-NPD, the hole mobility in the chlorobenzene-processed film amounted to 0.9 x107®
m?V~!s™!, approaching the value for the vacuum-deposited reference. The energetic disorder
was found to be 0.09 eV in both cases, similar to previously reported values [11,16]. The
similar mobility and disorder values obtained for solution-processed and vacuum-deposited
films of a-NPD and Spiro-TAD show that charge transport can be equally good for both
deposition methods. The lower mobility in chloroform-cast films may arise from increased
energetic disorder in these films. This hypothesis is supported by the increased temperature
dependence of the J-V characteristics in chloroform-cast films compared to toluene-cast films
(see Figure 4-5). When modeled using the EGDM, we find that the disorder parameter in

chloroform-cast films is 0.12 eV, which is larger than the energetic disorder obtained for

toluene-cast and vacuum-deposited films (0.09 eV).

Figure 4-6: AFM topography (scale bar 200 nm) of vacuum-deposited Spiro-TAD films (a)

and spin-cast from toluene solution (b). The measurement area size used is 1 x 1 pm?.

In order to compare the surface morphology, spin-coated and vacuum-deposited films thin
films were prepared on glass-ITO substrates. The spin cast films were deposited in a nitrogen
atmosphere from solutions of Spiro-TAD in chlorobenzene and toluene. Figure 4-6 shows the
atomic-force microscopy (AFM) images of the vacuum-deposited and spin-coated thin films

of Spiro-TAD on the ITO substrates. The root mean square (RMS) roughness values of the
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surface of films obtained by thermal evaporation, chlorobenzene deposition, and toluene
deposition were 8.1 nm, 2.4 nm, and 2.1 nm, respectively. Hence, the spin-coated Spiro-TAD
films are even smoother in comparison to the thermally-evaporated films. For a-NPD, the
RMS roughness was determined to be 2.8 nm for the thermally evaporated film and 2.4 nm
for the chlorobenzene-cast film as shown in Figure 4-7. The chloroform-cast film had an
RMS roughness of 7.7 nm. As expected for amorphous materials, the AFM topography

images do not show any distinct features.

Figure 4-7: Atomic Force Micrographs (scale bar 200 nm) of a-NPD films processed by (a)
thermal evaporation and solutions of (b) chloroform and (c) chlorobenzene. Films processed
using chlorobenzene as a solvent are found to have surface roughness comparable to the
vacuum-deposited films (2.4 and 2.8 nm respectively). The film processed using chloroform

is found to have higher roughness (7.7 nm). The measurement area size used is 1 x 1 pm?

To investigate how the current-voltage characteristics compare in double-carrier devices,
OLEDs were fabricated by sandwiching a Spiro-TAD between a hole-injection layer of
PEDOT:PSS an electron-injecting Ba(5 nm)/Al(100 nm) top electrode. As can be seen in
Figure 4-8 the J-V characteristics are almost identical for the solution-processed and vacuum
deposited device. Due to large built-in voltage, also the leakage current is visible at low
voltages. The leakage current predominantly depends on the film quality. Interestingly, it is
observed that the leakage current for the solution-processed film is even somewhat lower
than for the thermally evaporated film in this case, indicating that a closed and pinhole-free

film is obtained with the solution process.
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Figure 4-8: J-V characteristics of single-layer OLEDs with Spiro-TAD (100 nm) as the

emitter layer (lines). The symbols represent the corresponding luminance-voltage

characteristics.

Also plotted in Figure 4-8 is the recorded light output. In contrast to the current density, the
measured luminance is lower for the solution-processed device. The reason for this can be an
increased concentration of electron traps, which lowers the light output because of an
increased amount of non-radiative trap-assisted recombination. Another reason can be the
presence of a slightly higher injection barrier for electrons in the solution-processed device,
which is not unlikely considering the low electron affinity of Spiro-TAD [18]. However, the
fact that the (hole-dominated) current is the same in the also in an OLED configuration once
more shows that equal hole-transport behavior can be equally good in a solution-processed

device.
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4.4 Conclusion

In summary, hole transport was studied in films of the small molecules of Spiro-TAD and a-
NPD deposited using two different methods: solution processing and thermal evaporation.
Even though these molecules are originally designed for vacuum deposition, the obtained

hole mobility can reach equal values when these materials are deposited from solution.

Numerical simulations of the temperature-dependent hole transport using the EGDM resulted
in equal values for the energetic disorder, amounting to 0.09 eV for both materials and
deposition processes. The numerical simulations are found to be in excellent agreement with
the experimental transport characteristics. AFM characterization indicated that the solution
processed films were smooth and uniform. Our comprehensive experimental and numerical
study of the transport properties for different deposition conditions shows that solution
processing can be tailored to be a viable alternative to vacuum deposition for charge-transport

layers in optoelectronic devices.

62



References

[1]
[2]

[3]

[4]
[3]

[6]

[7]

[8]

[9]

[10]

R.-P. Xu, Y.-Q. L1, and J.-X. Tang, J. Mater. Chem. C 4, 9116 (2016).

H.-W. Chen, J.-H. Lee, B.-Y. Lin, S. Chen, and S.-T. Wu, Light Sci. Appl. 7, 17168
(2018).

R. A. Belisle, P. Jain, R. Prasanna, T. Leijtens, and M. D. McGehee, ACS Energy
Lett. 1, 556 (2016).

K. S. Yook and J. Y. Lee, Adv. Mater. 26, 4218 (2014).

L. Duan, L. Hou, T.-W. Lee, J. Qiao, D. Zhang, G. Dong, L. Wang, and Y. Qiu, J.
Mater. Chem. 20, 6392 (2010).

J. Salbeck, N. Yu, J. Bauer, F. Weissortel, and H. Bestgen, Synth. Met. 91, 209
(1997).

T.-W. Lee, T. Noh, H.-W. Shin, O. Kwon, J.-J. Park, B.-K. Choi, M.-S. Kim, D. W.
Shin, and Y.-R. Kim, Adv. Funct. Mater. 19, 1625 (2009).

S. Feng, L. Duan, L. Hou, J. Qiao, D. Zhang, G. Dong, L. Wang, and Y. Qiu, J. Phys.
Chem. C 115, 14278 (2011).

G.-J. A. Wetzelaer, D. Hartmann, S. G. Santamaria, M. Perez-Morales, A. S. Portillo,
M. Lenes, W. Sarfert, and H. J. Bolink, Org. Electron. 12, 1644 (2011).

M. Shibata, Y. Sakai, and D. Yokoyama, J. Mater. Chem. C 3, 11178 (2015).

63



[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

R. Rohloff, N. B. Kotadiya, N. Cr aciun, P. W. Blom, and G. Wetzelaer, Appl. Phys.
Lett. 110, 073301 (2017).

A. Kunz, P.W. Blom, and J. J. Michels, J. Mater. Chem. C 5, 3042 (2017).

N. B. Kotadiya, H. Lu, A. Mondal, Y. Ie, D. Andrienko, P. W. Blom, and G.-J. A.
Wetzelaer, Nat. Mater. 17, 329 (2018).

W. Pasveer, J. Cottaar, C. Tanase, R. Coehoorn, P. Bobbert, P. Blom, D. De Leeuw,
and M. Michels, Phys. Rev. Lett. 94, 206601 (2005).

L. J. Koster, E. Smits, V. Mihailetchi, and P. Blom, Phys. Rev. B 72, 085205 (2005).
A. Masse, P. Friederich, F. Symalla, F. Liu, R. Nitsche, R. Coehoorn, W. Wenzel, and
P. A. Bobbert, Phys. Rev. B 93, 195209 (2016).

T. P. Saragi, T. Spehr, A. Siebert, T. Fuhrmann-Lieker, and J. Salbeck, Chem. Rev.
107, 1011 (2007).

A. Kahn, N. Koch, and W. Gao, J Polym Sci B Polym Phys. 41, 2529 (2003).

64



Chapter 5

Charge transport in organic semiconductor films of
o-NPD doped with the high electron affinity dopant
F6TCNNQ

In this chapter®, we investigate the charge transport in p-type doped films of the archetypical
hole transport material a-NPD doped with the high electron affinity dopant, F6TCNNQ.
Analysis of space-charge-limited current measurements for different doping concentrations
reveals that only a small percentage of free charge carriers is generated with respect to the
doping concentration, which is corroborated by impedance measurements. It is observed that
higher applied electric fields assist the dissociation of coulombically bound charge-transfer

states.

5.1 Introduction

Molecular doping of organic semiconductors has been widely used in the last decades to
obtain increased conductivity and reduced contact barriers in charge-transport layers in
organic light-emitting diodes (OLEDs), solar cells, field effect transistors (FETs) etc. [1-3].

One of the main disadvantages found in organic semiconductors is the low charge carrier

3 The contents of this chapter has been adapted from: D. K. Mangalore, P. W. M. Blom, G.-J. A. H.
Wetzelaer, Study of charge transport in doped hole transport layers with the high electron affinity
dopants, Under review
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mobility, which stems from the low orbital overlap between the weakly interacting
molecules. Combined with the low intrinsic charge-carrier concentrations in organic
semiconductors, this results in low electrical conductivity. To increase the conductivity,
organic semiconductors can be doped with molecular dopants that have either a high electron
affinity to obtain p-type doping [4-6], or a low ionization energy to obtain n-type doping [7].
Such dopants induce charge transfer, such that the charge-carrier concentration in the host
increases. Apart from increasing the conductivity, the increased charge-carrier concentration
reduces the width of the depletion layer near the electrode-semiconductor interface, resulting

in improved charge injection from the electrode.

Although doped charge transport layers have been successfully used in devices, it remains
challenging to decouple the effects of the mobility and the charge-carrier concentration on the
conductivity of doped organic thin films. For small molecular doped films as used in
OLEDs, a detailed experimental investigation of the charge transport beyond conductivity

measurements is lacking.

5.2 Sample fabrication and characterization

To investigate the effect of p-type doping on the charge transport of a-NPD, we performed
space-charge-limited current measurements on hole-only devices®, using FETCNNQ as a
strong dopant. At low doping concentrations, the current is expected to depend linearly on
voltage in the low voltage regime. At low voltage, the doping-induced charge-carrier
concentration is larger than the injected charge concentration. At higher voltage, the space-
charge density will become higher than the doping-induced charge concentration, resulting in
a quadratic space-charge-limited current. As a result, the mobility can be obtained from the
higher voltage region, which can be used to infer the doping-induced charge-carrier
concentration in the linear regime at low voltage [8]. This allows for discrimination of the

effects of charge concentration and mobility on the conductivity in doped organic films.

4The devices were fabricated by Novaled GmbH
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Such measurements were performed on hole-only devices, consisting of a lightly doped a-
NPD layer sandwiched between heavily doped a-NPD hole-injection layers. The hole-only
devices were prepared on glass substrates with indium-tin oxide electrodes. The first layer
consists of a-NPD (host) doped with 10% F6TCNNQ (dopant), prepared by thermally co-
evaporation under vacuum, to form a 10 nm injection layer. The process was repeated to
obtain the thicker (150 nm or 200 nm) layer of a-NPD (host) which was again doped with
F6TCNNQ. The doping ratio was varied from 0.5% to 4% to comprehensively study and
understand the effect of doping over a range of doping concentrations. Finally, an injection
layer of 10 % doped a-NPD was deposited. For, the top contact Au was thermally deposited
then capped with Al. The schematic of the device structure is shown in Figure 5-1: a)
Schematic structure of a P-i-P device b) Image of an actual device. The J-V characteristics

were measured using a Keithley 4200 SCS under vacuum.

25 mm

a-NPD: FETCNNQ 10% I onm / Cathode
200nm
a-NPD: FETCNNQ & -

150nm

- =3

o-NPD: F6TCNNQ 10%

I ; + _|~t——— Anodes
D2 D3

Figure 5-1: a) Schematic structure of a P-i-P device b) Image of an actual device

5.3 Results and Discussion

5.3.1 Current-Voltage characteristics of hole-only oevices of a-NPD doped
with F6TCNNQ

First, the charge transport in undoped a-NPD was investigated. The measured current
density-voltage characteristics are displayed in Figure 5-2. The hole currents show typical

67



space-charge limited behavior, with a quadratic dependence of the current on voltage. This
allows for direct determination of the mobility by using the Mott-Gurney square law [9]
9 v?
Iscre = geoerUp L_3 (5.1)
where €€, are the permittivity of the layer, u, is the hole mobility and L, is the layer

thickness of the transport layer. A hole mobility of 3 x 10% m? V! 57! was determined,

consistent with previously obtained values [10].
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Figure 5-2: Temperature dependent J-V characteristics of an undoped o-NPD (150 nm)
hole-only device. Dotted lines refer to experimental measurements. Solid lines refer to

numerical simulations

The charge transport can be analyzed more precisely by simulating the current density-
voltage characteristics with drift-diffusion simulations incorporating a mobility that depends
on temperature, charge-carrier density and electric field. To this end, we used the mobility
function as described by the extended Gaussian disorder model (EGDM) [11], derived for
hopping transport in a Gaussian distributed density of states (DOS) (See 2.5 for more details).
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The solid lines in Figure 5-2 have been numerically calculated with a a = 1.2 nm and o = 0.1
eV. A mobility pre-factor py = 2.5 X 10® m? V! s! was used, equating to a mobility of 3 x
10 m? V' s at 295 K extrapolated to zero field and density. These parameters are similar to
hole only devices previously reported [10] and the temperature dependence of the J-V

characteristics is well described at both low and high fields.

For the doped devices, the addition of the p-type dopant F6TCNNQ results in free holes
being created in the semiconducting layer. The density of free holes induced by the dopant,
Do, is higher than the charge density injected from the contacts contributing to the space-
charge-limited current in the undoped devices at low voltages. An Ohmic current will flow at
low voltages as both the background carrier density p, and the mobility are constant. The

ohmic current is given by [13]

14
Jonm = APoby T (5.2)

where ¢ is the magnitude of electron charge, p, the free hole density, p,, the hole mobility at
low voltage, and L is the thickness of the semiconductor layer. With increasing voltage, the
injection of charges from the contacts increases and space charge builds up in the
semiconductor. At higher voltages, the formed space charge will outnumber the background
density p,, leading to the observance of a space-charge-limited current, in which the density

increases linearly with voltage, resulting in a quadratic voltage dependence of the current.

Figure 5-3 a shows the J-V characteristics as a function of doping concentration. The linear
part of the J-V characteristics at low voltage is governed by the product of the hole density p,
and the hole mobility p,. For doping concentrations up to 2%, only the linear part of the J-V
characteristics increases, while the curves converge at higher voltages, suggesting that the
mobility does not substantially increases with doping concentration. The change in the linear
regime is therefore due to an increased background density po. With p, (T, p, E) known, the
background density of free holes can be determined. For instance, a background density of

Po = 2 X 1021 m~3 was found for a doping concentration of 1%. Since the mobility depends
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on charge-carrier density, the additional background density due to doping results in a minor

increase in mobility.

Current Density (A/m°)

—295K

10° L L 107 . i
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Figure 5-3 a) J-V characteristics at room temperature (295 K) of a-NPD device doped with
F6TCNNQ at various concentrations b) Temperature dependence of a 0.5% doped
F6TCNNQ: a-NPD device.

In Figure 5-3 b), the temperature dependence of the current is displayed. The background
charge density p, was assumed to be temperature independent in the simulations, which
results in good agreement with the experiments at low voltage. However, for high doping
concentrations and low temperatures, the simulations deviate from the experiment at high
applied voltage. In previous work, this phenomenon has been ascribed to field-assisted
ionization, which effectively results in a field-dependent background density p,. Here, the
simulations contain a constant value for p,. Since the effects of charge density and electric
field are taken into account in the simulated mobility, the deviation from experiment likely
results from p, being increased at higher applied electric fields. Such effect can be interpreted
as the field-assisted dissociation of charge-transfer states, resulting in a higher mobile carrier

concentration a higher applied electric field.
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Figure 5-4: Temperature dependent J-V characteristics of a doped a-NPD (150 nm) hole-
only device for various doping concentration: a) 1% b) 1.5% c) 2%. Dotted lines refer to
experimental measurements. Solid lines refer to numerical simulations. d) Doping

concentration vs ionized dopant concentration.

5.3.2 Impedance spectroscopy on Schottky diodes of doped a-NPD layers

For the determination of the ionized dopant density, impedance spectroscopy was performed
on doped o-NPD p-i-p devices which behave like Schottky diodes. For sufficiently high
doping concentrations and efficient doping conditions we observe that the depletion region

width will be thinner than the device thickness (see A.1). For such a case, the capacitance
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will vary with the applied voltage. This variation of the capacitance with voltage at any given

ionized dopant density Nj, is given by [12]

k,T
1 2(Veias =V ="' /g) .
E_ qasND ()

As a result, plotting the C~2 versus the voltage and extracting the slope gives the ionized

dopant density Np .

2 1
Np = — [— —_— 5.4
T W TV Y ©H
The J-V characteristics of the F6-TCCNQ: a-NPD hole only devices were analyzed as shown
in Figure 5-4. When the applied voltage exceeds the built-in voltage, the forward bias is
space charge limited and the p, can be obtained from the J-V characteristics similar to the
method described previously for single carrier hole only devices. In this case, the p, obtained

at 1% is 2 X 1021 m=3 .

It is important to note that changing voltage changes the depletion region and therefore the
obtained ionized dopant concentration. Due to the difference in the fermi level between the
highly doped interlayer and low doped bulk there is an apparent injection barrier like

behavior.

Next the same device was used for impedance measurements where an alternating voltage of
magnitude 100mV was applied and under reverse bias the voltage was varied from 0 to -0.5
V. For every DC bias voltage, a frequency scan was then made over a range of 10 Hz to 200
kHz and the impedance was measured. By modelling the device as a parallel RC circuit for
the depletion region in series with the parallel RC circuit for the bulk semiconductor, the
value for the capacitance of the depletion region is then calculated at each bias. The plot is as
shown in figure. The slope of the plot of C~2 versus the voltage gives the ionized dopant
density as mentioned above. In this case at 1% the value is found to be 8 x 10%* m =3, The
two methods are found to be in good agreement and confirms the analysis and interpretation

of the charge carrier density dependent mobility.
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Figure 5-5:a) Depletion region capacitance measurement for a 1% doped F6TCNNQ-a-NPD
device. b) ionized dopant concentrations measured by impedance spectroscopy (red) and drift-

diffusion simulations (black) of doped FETCNNQ-a-NPD device for various doping densities.
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The numerical simulations were performed with a OV barrier at the injecting contact. At an
ohmic contact, charge carrier diffuse into the organic semiconductor. The carrier density at
the interface depends on the barrier height. In order to investigate the effect of the diffused
charge carrier concentrations, a small barrier was introduced (0.1eV) however it can be seen
(see A.4) that there is no distinguishable effect. Therefore, it is not trial to isolate this effect
and calculate the exact charge carrier concentration. This still points that the obtained values

of p, using both techniques are in the same order of magnitude.

Based on the above evaluations, it can be seen that the mobility as measured in the undoped
sample is not just changed by the carrier density p, but also by the FETCNNQ™ counter ions.
In small molecules, it has been seen that the hole transport is dominated by energetic

disorder.

The doping of small molecules results in an increase of this energetic disorder and also an
increase in the width of the DOS is expected due to potential fluctuations which might arise

from the Coulomb field of the dopant ions distributed throughout the host matrix. Due to this

Doping concentration | Doping concentration Charge concentration Doping efficiency [%]
[wt%] [#molecules/cm?] due to doping in alpha-
NPD [cm?]
0.5 7x10'8 1.2x10% 1.17x10°2
1 1.4x10%° 1.8x10%° 1.29x10%
1.5 2.1x10% 3x101 1.43x102
2 3x10% 1x101'6 3.33x1072
4 6x10" 4x10'° 6.67x1092

Table 5-1: Doping efficiencies with increasing dopant concentration of a FETCNNQ doped
a-NPD device

The comparison of the amount of dopant carriers with the free carrier density gives doping
efficiencies << 1%. A possible explanation for this could be an energetic mismatch between

the host and dopant molecules. From the temperature dependence of p, the activation
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energy can be calculated. Figure 5-5 a) shows the capacitance of the depletion region versus
voltage at room temperatures. The zero-voltage capacitance is found to slightly reduce upon
cooling down the sample which shows that the free holes available have reduced with

reducing temperature.

Due to this reduction in the density, the depletion region should grow and therefore the

capacitance C should be smaller as described by the equation below [13].

kT

1 2(V =V —)
— = 1 (5.5)
c q€sPo

where Vj; is the built-in voltage and g is the permittivity of the semiconductor.
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Figure 5-6: Extracted background hole density as a function of temperature. The activation

energy amounts to 60 meV
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T(K) Po(x102m™3)
295 1
275 0.8
255 0.5
235 0.2
215 0.1

Table 5-2: Temperature dependent p_0 values obtained from the numerical simulations of the

J-V curves for 2% doped a-NPD films

From the slopes of the C-V characteristics, p, can be determined at various temperatures.
Figure 5-6 shows the temperature dependence of p, for 1% doping concentration. For this
doping concentration the activation energy for the ionization of free holes from the
F6TCNNQ™ ions can be obtained and amounts to 60 meV. This shows that in the temperature

range of 215-300 K, p, only changes by a factor of = 5.

The temperature dependence p, values for 2% doped films are shown in Table 5-2. Due to
the absence of a large activation energy and the fact that p, is small, it is difficult to
distinguish the doping-induced density from the density of diffused charge carriers from the

electrodes in the J-V measurements.

5.4 Conclusion

In conclusion, charge transport was investigated in films of the o-NPD (host) doped with the
high electron affinity dopant FOTCNNQ. While charge transfer from dopant to host occurs,
the concentration of mobile charge carriers is only a fraction of the doping concentration,
resulting in doping efficiencies in the order of 0.1-0.01%. At higher electric fields, more
mobile charges are generated, which is interpreted as the dissociation of Coulombically

bound charge transfer states. This demonstrates that while charge transfer may be efficient,

76



free charge-carrier generation is severely limited by the Coulombic attraction of the

countercharge on the dopant.
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Chapter 6
Efficient doping of solution processed Spiro-

OMeTAD

In this chapter®, we investigate the charge transport in solution-processed Spiro-OMeTAD
layers and compare the doping efficiency of the two p-type dopants, FATCNQ and
F6TCNNQ at low to moderate doping concentration in a diode device configuration. It is
found that the addition of dopants drastically improves the conductivity of Spiro-OMeTAD.
By numerical modelling of the current density-voltage characteristics, it is found that the
doping efficiency at low electric fields is above 1%, which is considerably higher than the
doping efficiency of evaporated Spiro-TAD:F6TCNNQ reference films. In addition, the
doping efficiency is observed to increase with increasing electric fields, possibly originated

from field-assisted ionization of the dopants.

6.1 Introduction

Hole transport layers (HTLs) play a very important role in the performance of OLEDs and
OPVs. In order to minimize charge accumulation and to also prevent recombination of holes
1.e., the positive charge carriers, the energetics and mobilities of these layers must be highly

controlled and balanced for optimal device performance [1]. For example, in perovskite solar

5 The contents of this chapter has been adapted from: D. K. Mangalore, P. W. M. Blom, G.-J. A. H.
Wetzelaer, Study of charge transport in doped hole transport layers with the high electron affinity
dopants, Under review

81



cells, the HTL provides hole conduction and electron blocking, which results in reduced

recombination and increased fill factor (FF) and power conversion efficiency (PCE) [2-3].

In perovskite solar cells, the HTL also plays a role in the structural integrity as it is generally
on top of the active layer and impacts the stability and lifetime. To realize these devices
commercially, the two main criteria are performance and stability. For this to be realized it is
important to optimize and understand the functioning of such hole transport layers. Organic
polymers such as PTAA, poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
(PEDOT:PSS), or poly(3-hexylthiophene) (P3HT) are commonly used as hole transport
layers, as they are found to have high mobility and can be solution processed [1]. However,
batch-to-batch molecular weight variation can not only alter the physical and chemical

properties but also drive-up manufacturing costs.

OCHa OCHa

o~ _Hn O D N )00k,
H300—©—N Q @—ocm

S

OCHs OCHs
Figure 6-1: Chemical structure of Spiro-OMeTAD

Organic small molecule-based hole transport layers such as a-NPD [4], Spiro-TAD [4] and
Spiro-OMeTAD [5] have been very widely used as they are versatile with respect to their
material characteristics. They demonstrate high batch-to-batch consistency in not only
synthesis but also device fabrication, as films of organic small molecule (OSM) HTLs are
typically amorphous. With the intention of tuning the properties, p-dopants such as F4ATCNQ
and F6TCNNQ are also commonly used [6]. In this Chapter, the charge transport in solution-
processed layers of Spiro-OMeTAD doped with FATCNQ or FETCNNQ are investigated. By
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solution processing the active layers, the effect of the dopant on the performance of the
individual layers is presented in this work. A comparison between Spiro-OMeTAD and
Spiro-TAD doped with FETCNNQ, and the doping efficiency of both systems is discussed in
this chapter.

Generally, the electronic effects of doping are investigated by measuring the charge-carrier
mobility in OFET or diodes. However, in OFETs the charge transport is confined in an active
layer which is at the gate dielectric which makes it difficult to evaluate the bulk transport
properties. In addition, there is a much higher charge carrier density in comparison to diodes,
due to which the doping effects might not be clearly visible. In addition, the two different
doping characteristics i.e., the field induced doping and the free carrier induced doping
cannot be observed in an OFET architecture. Therefore, in this work we use a diode

architecture to investigate the charge transport in doped Spiro-OMeTAD.

To alter the semiconducting properties of the pristine organic small molecules, the dopant
impurity is added to the bulk matrix. For p-type doping, in contrast to inorganic systems, this
process corresponds to the chemical oxidation. The tetracyanoquinodimethane (TCNQ) based
doping systems have an advantage that they are compatible with both vacuum and solution
processing techniques [7]. TCNQ is a known electron acceptor capable for forming charge-
transfer complexes for improved optoelectronic properties and fluorinated TCNQ derivatives
have been successfully used to obtain doped Spiro-OMeTAD based HTLs [8]. However, a

detailed investigation of the charge transport in such films is lacking.

6.2 Sample fabrication and characterization

To investigate the hole transport properties in the undoped bulk layer, hole only devices of
Spiro-OMeTAD were fabricated using glass substrates with a patterned ITO electrode which
was spin coated with PEDOT:PSS followed by an annealing step at 140 °C for 10 min to
remove residual water. The Spiro-OMeTAD was purchased from Sigma-Aldrich and used

without any purification and dissolved in chlorobenzene and spin coated to create a 100 nm
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thick layer. To create a hole-only device, a 5 nm top contact of MoOs was evaporated®. In
order to create a robust top contact, it was then covered with a 100 nm Al layer which was
exposed to oxygen to create a self-passivated oxide layer. For the p-doped hole only devices,
the Spiro-OMeTAD was doped using either FATCNQ or F6TCNNQ. The solvent used was
chlorobenzene and different ratios of Spiro-OMeTAD and the dopant were dissolved and
after separately being filtered in advance, were spin cast to form 100 nm thick doped layers.

Spiro-OMetad undoped HO 115nm

10° —

T
F s S muilated
[ m Experimental

3 m 215K
107 E m 235K
255K
W 275K
295K

Current Density (A/m?)
S

H, = 1000 m*Vs

107 - a=1.9nm é
i a=01eV 3
[ H(295K) = 2.7 x10” m¥/Vs ]
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0.1 1
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Figure 6-2: Temperature dependent J-V  characteristics of an undoped Spiro-OMeTAD
(115nm) hole-only device. Dotted lines refer to experimental measurements. Solid lines refer

to numerical simulations.

The FATCNQ was purchased from Sigma Aldrich and the FOTCNNQ was provided by
Novaled GmbH. Finally, a 5/100 nm MoO3/Al top electrode was deposited on the organic
layer by thermal evaporation at a chamber pressure of 1077 mbar. The entire process was
carried out in an inert nitrogen atmosphere to maintain device stability and eliminate
exposure to air. Current—voltage characteristics of the diodes were recorded in the dark and in

nitrogen atmosphere using a Keithley 2400 Source Meter.

® No interlayer was needed to achieve ohmic contact with MoOj; and bulk
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6.3 Results and Discussion

The MoOs contact is used to provide an ohmic contact for the hole-only devices. From a
work function point of view, both PEDOT:PSS (5.1 eV) and MoO3 (6.86 ¢V [9] ) should
provide Ohmic hole contacts with the HOMO of Spiro-OMeTAD (-5.1 eV), giving rise to
space-charge-limited currents in the undoped devices. Charge transport was investigated by

characterizing temperature dependent current density-voltage characteristics.

10° ;..— f _-I;
. [ Illl ]

0E (1l TLLL

, ]
a 100 F nn® E
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% : . " . ]
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10° — —

N = 2% FETCNNQ doped

0 F = 2% F4TCNQ doped E

o Undoped

V (V)

Figure 6-3: Doping of Spiro-OMeTAD with FATCNQ and FOTCNNQ. J-V characteristics at
295 K and comparison with undoped Spiro-OMeTAD hole only device.

As shown previously [10] the current depends exponentially on the injection barrier and
hence the selection of the ohmic charge-injecting contact is important for the determination
of the transport characteristics. This ensures that the measured current is not limited by the

injection rate, and the calculated mobility is not underestimated.

Figure 6-2 shows the current density versus voltage (J-V) characteristics of a PEDOT:PSS/
undoped Spiro-OMeTAD/MoOs/Al hole-only device at various temperatures. The J-V

characteristics are also numerically modelled as shown by the solid lines. In the hole-only
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device the measured current is found to be a space-charge-limited current (SCLC). For this
case, the current density J¢-; - can be described by [11]
9 V2
Iscre = ) Eo&rtp 3 (6.1)
, where gy&, is the permittivity, u, is the charge carrier mobility, V' the voltage, and L the
layer thickness. As can be seen from the above equation, the current scales with thickness to
the third power and is directly dependent on the square of the applied voltage. The charge-

carrier mobility can be obtained by fitting the SCLC equation to the J-V characteristics

measured.

J (Aim®)

2%
—1.5%

1%
Undoped

V (V)

Figure 6-4: Current density with increased doping of Spiro-OMeTAD with F6TCNNQ at 295
K

In the case of disordered organic semiconductors, the charge-carrier density is also dependent
on the carrier density and the electric field which leads to a voltage dependent mobility.
Extended Gaussian Disorder Model (EGDM) can therefore be used to describe systems with
hopping transport between localized energy states and having a Gaussian distribution of the

energy states [12]. The EGDM is a well-established mobility model [13-15]and describes the
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transport in the system using the following parameters: the width of the density-of-states

distribution o, the lattice constant a and a mobility prefactor p, (See 2.5 for more details).

The current density of an undoped Spiro-OMeTAD hole-only diode as a function of voltage
in presented in Figure 6-2 for various temperatures. At low bias voltages, the current density
scales with the square of the voltage, which indicates a space-charge limited current.
Therefore, the charge transport in the diode is bulk limited. The current density-voltage
characteristics are fitted with drift-diffusion simulations incorporating the EGDM. As fit
parameters, a room temperature mobility of 2.7 X 1072 m?V! s is used with a lattice
constant a=1.9 nm and disorder 6 =0.1 eV. This is found to be in good agreement with the
values reported so far for Spiro-OMeTAD [5]. It is observed that the current density
increases and reaches up to 2 orders of magnitude higher current densities (for the
measurement at 295 K) at the highest dopant (2%) concentration than that of the undoped
Spiro-OMeTAD hole only device (Figure 6-3). The current density is observed to increase
with change in doping concentration (Figure 6-4, Doping concentration: 0%, 1%, 1.5%, 2%).
The slope indicates that the current is controlled by doping-induced charges and no longer

only by the build-up of space charge.

The electron affinity of FOTCNNQ has been previously determined to be 5.60 eV [16] and is
one of the strongest organic molecular oxidizing agents used in organic semiconductors. In
comparison the electron affinity of FATCNQ has been previously found to be 5.45e¢V [16]
and is still suitable to be used with small molecules such has Spiro-TAD and Spiro-OMeTAD
(See 3.1)

For the doped devices, the numerical drift diffusion model was also used to model the charge
transport, which, as in the simulation of the undoped device, incorporates a mobility that
depends on the charge-carrier density and the electric field because of energetic disorder.
However, for the doped devices, an additional charge concentration po was added, which is
the charge density that arises due to doping. The solid lines in Figure 6-5 show a good
agreement between the experimental and the simulated data at low voltage. However, at

higher voltages the experimental current deviates from the simulations. In the next step,
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charge transport in Spiro-TAD doped with FOTCNNQ is measured and it is observed (Figure
6-6) that the current density increases with increase in doping concentration. (See 3.1 for
material properties of the hosts and dopants). The numerical analysis is repeated for the
charge transport in Spiro-TAD devices and it is observed that similar to doped Spiro-
OMeTAD devices there is a good agreement between the experimental and the simulated
data at low voltage, however at higher voltages the experimental current deviates from the
simulations. Additionally, it is seen that the current densities in Spiro-TAD devices are lower

than in Spiro-OMeTAD devices.

Spiro-OMetad 100nm 1% F4TCNQ doped Spiro-OMetad 100nm 1.5% F4TCNQ doped
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Figure 6-5 : Temperature dependent J-V measurement of FATCNQ doped Spiro-OMeTAD.
Dotted lines refer to experimental measurements. Solid lines refer to numerical simulations.
a) dopant concentration of 1% b) dopant concentration of 1.5% and c) dopant concentration
of 2%
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a) Spiro-TAD 150nm 0.5% FETCNNQ doped Spiro-TAD 150nm 1% F6TCNNQ doped
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Figure 6-6: Temperature dependent J-V measurement of F6TCNNQ doped Spiro-TAD’.
Dotted lines refer to experimental measurements. Solid lines refer to numerical simulations.
a) dopant concentration of 0.5 % b) dopant concentration of 1% and c) dopant concentration

of 2%

Since the simulations already contain the effect of the charge-carrier density and electric field
on the mobility, an additional factor must affect the transport at higher applied voltages. At
higher doping concentrations and lower temperatures, the deviation of the simulations from

the experiment is observed to increase.

7 These devices were fabricated by Novaled GmbH
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concentrations c¢) conductivity vs doping concentration.

Such behavior has been observed previously for a conjugated polymer doped with FATCNQ,
which was ascribed to field-assisted ionization of the dopant [17]. This implies that with
increasing electric fields, more free charge carriers from the dopants are generated. Possibly,
this results from field-assisted dissociation of charge-transfer states between a hole in the
semiconductor and an electron on the dopant. In the simulations presented in Figure 6-5 and
Figure 6-6, the doping-induced charge density po was assumed to be field independent,
explaining the deviations between the simulations and the experimental characteristics.

However as indicated for the increasing field, the dotted lines vary from the experimental
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measurements showing at high electric fields (E) and low temperatures (T<270 K) the model
calculations start becoming inconsistent and with higher voltages, the curves exhibit an
increasing dependence on the electric field’s indicating field assisted ionization of the dopant
concentrations. Figure 6-7 shows the extracted dopant ion concentrations (at low fields)

versus dopant concentrations in the samples measured.

Doping Doping
concentration | concentration Charge concentration due to | Doping efficiency (in
[wt.%] [#molecules/cm?] doping in Spiro-TAD [cm3] %)
0.5 6.80 x 108 5.00 x 10%° 7.35x10?
1.3 x 10% 1.00 x 10%° 7.69x107

Table 6-1 Doping efficiency of FETCNNQ in Spiro-TAD

Doping Doping
concentration | concentration Charge concentration due to Doping efficiency
[wt.%] [#molecules/cm?3] doping in Spiro-OMeTAD [cm3] | (in %)
0.5 8.00 x 108 2.00 x 107 2.50
1 1.60 x 10%° 2.50 x 10" 1.56
1.5 2.40x 10% 3.30x 10Y 1.38
2 3.20x 10% 4.30 x 10Y 1.34

Table 6-2 Doping efficiency of F6TCNNQ in Spiro-OMeTADTable 6-1 and Table 6-2
provide an overview of calculated doping efficiencies for Spiro-TAD and Spiro-OMeTAD
respectively. It is seen that Spiro-OMeTAD is found to be a better host matrix, despite the
solution processing of the dopant rather than the thermally co-evaporated FOTCNNQ doped
Spiro-TAD.

This observation agrees with theoretical studies by Thompson et. al., where dynamics for
dopants in a 3D periodic cubic lattice were simulated by kinetic Monte Carlo (kMC) for a
range of molar doping ratios from 0.01% - 10% [18]. In this study the role of morphology on
the doping efficiency is investigated in a-NPD and Spiro-TAD both doped with FOTCNNQ.

Both systems are configured to have identical electronic coupling, energetic disorder and
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connectivity between the sites. The system is however parameterized to have different
electrostatic disorder between sites and the interaction with the field is also different for the
two systems. They observe that increasing the size of the molecules (from a-NPD to Spiro-
TAD) by treating the carriers as point charges at molecule centres results in a largely
increased charge transport. It is seen that extremely different charge dynamics and measured
doping efficiency is seen by a small change in the molecule size. In conclusion they see that
the escape probability responds more strongly to the applied field at large separations and for

small lattice spacings.

In order to investigate the possible mechanisms for the doping and further probe the reduced
efficiencies, spectroscopy measurements were performed both in solvent and of thin films.
However there was no distinct signature observed in the measurement (see A.2, A.3) . In
literature there is evidence for charge transfer complex formation upon doping 4T with
FATCNQ and similarly the corresponding polymer P3HT despite structurally similarity is
found to have spectroscopic evidence for IPAs [19]. In the case of Spiro-TAD and Spiro-
OMeTAD it should be noted at the very low dopant concentrations there is no clear

indication if the spectral signature points to any species such as ionized CPXs being present

Hence within the current measurement techniques and the measured regime it is not possible
to clearly attribute the behavior to either of the two doping mechanisms: Ion Pair Formation
and Charge Transfer Complex Formation (see 2.8 for more details). Due to the nature of the
electrical measurements obtained and the HOMO and LUMO levels of the hosts and dopants
used (see 3.1 for more details), it can be speculated that the behavior points towards the
Charge Transfer Complex mechanism in the systems investigated, in line with other reports
[6]. This further indicates there is as yet an incomplete understanding of the process behind
the doping in small molecules. Due to the presence of a large number of molecules of the
dopant, only <1% of them release mobile holes in to the host. As discussed above, the
potential reason for this discrepancy possibly arises from the case that there are holes which
are trapped due to being Coulombically bound to the ionized dopant molecules, or the charge

transfer complexes.
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6.4 Conclusion

In summary, the charge transport in solution-processed Spiro-OMeTAD doped with the high
electron affinity dopants F4-TCNQ or F6-TCNNQ was studied. The doping efficiency was
found to be higher than for evaporated films of Spiro-TAD doped with F6TCNNQ. For
example, for a doping concentration of 3.2 x 10" molecules/cm® a charge concentration of
4.3 x 10" cm™ was obtained at low electric fields, corresponding to a doping efficiency of
1.34%, whereas the doping efficiency of FOTCNNQ in Spiro-TAD remains below 0.1%. At
higher electric field, the doping efficiency was observed to increase due to field-assisted
ionization of the dopants. In conclusion, it is seen that that solution processed, and doped
hole transport layer (Spiro-OMeTAD) can achieve higher doping efficiency than thermally
co-evaporated and doped hole transport layer (Spiro-TAD).
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Chapter 7

Conjugated polymer based integrated circuits

In this chapter® we solution process a difluorobenzothiadiazole-oligothiophene copolymer
(PffBT4T-2DT) into a well-ordered monolayer and demonstrate an integrated circuit of
hundreds of polymer monolayer field-effect transistors (PoM-FETs). We achieve a field-
effect mobility of up to 3 cm? V™! s7! due to the pronounced organization of polymer chains
which greatly facilitate the charge carrier transport within the monolayer. Making use of the
improved FET fabrication process, high molecular order and contact engineering we are not
only able to achieve high mobility but also large current modulation and high reproducibility
of PffBT4T-2DT PoM-FETs. This reproducibility allows for combing the PoM-FETs into
inverters to form unipolar gates, and the small parameter spread allows for the construction
ofring oscillators from the individual inverters. In the next step, we successfully fabricate a
state-of-the-art example of an organic integrated circuit (IC) by constructing a 15-bit code

generator and thus demonstrating the potential of using bottom-up organic electronics.

7.1 Introduction

The fabrication of polymer based monolayer field-effect transistors has been challenging
because of the crystallization and film formation properties of the conjugated polymers. The

transport of the charge carriers in OFETs predominantly takes place the first few layers of the

8 The contents of this chapter have been adapted from: M. Li and D. K. Mangalore et al., Nat. Commun. 9,
451 (2018)
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semiconducting organic layer which is adjacent to the gate dielectric [1-2]. Therefore, OFETs
based on a monolayer of organic semiconductor can be constructed, in which the charges are
confined exclusively to the monolayer on top of the gate dielectric. Monolayer transistors
provide a near-ideal platform for the investigation of fundamental transport mechanisms, due
to the two-dimensional nature of the monolayer and therefore confinement of the charge
carriers and their pathways in two dimensions [3]. Not only is the monolayer transistor
important to understand the underlying physics in the charge transport properties of the
conjugated polymers, but they also hold great potential in applications relevant to chemical
and biological sensing as the transistor channel is accessible and more sensitive. This
enhancement in sensitivity also leads to faster response and recovery rate and increased

selectivity.

The monolayer deposition is critical to the performance of such devices. By thermal
evaporation in high vacuum, thickness and deposition parameters have been shown to be
effectively controlled leading to enhanced performance of transistors. Organic monolayer-
based transistors have been fabricated in recent years using thermal evaporation in high
vacuum and have demonstrated high mobilities. Devices fabricated using monolayers of
pentacene [4], oligothiophene [5] and their derivatives [6] have demonstrated field-effect

mobilities of around 1072 cm? V''s™!.

In the case of solution processing, drop-casting has
been used to deposit monolayer films or single crystals and devices fabricated with this
method have demonstrate mobilities ranging from 1072 to 1 cm? V! s7! [7-10]. Alternatively,
self-assembly has also been used as a method of bottom-up fabrication to downscale the
semiconductor layer into a monolayer. This is done by chemically modifying the n—
conjugated semiconducting core with an anchoring group which is capable of covalent
binding to the dielectric surface. Devices using this technique are called self-assembled
monolayer field-effect transistors (SAMFETSs) and have been shown to reach mobilities of
0.01- 0.04 cm? V! s7!, providing a route to realize functional integrated circuits [11-14].
While semiconducting conjugated polymers have been seen as interesting candidates due to

their flexibility and solution processability, it has been found to be challenging to obtain high

charge carrier mobilities in conjugated POM-FETs [15-16].
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Fabrication of conjugated POM-FETs is a great challenge due to the intricate crystallization
and film formation of conjugated polymers. In this chapter, the charge transport in PoM-
FETs based on a single monolayer of a conjugated polymer is studied. The organic
compound used in this work is a donor-acceptor conjugated polymer, PffBT4T-2DT (Figure
7-1), where 5,6-difluorobenzothiadiazole is the acceptor unit and quarterthiophene with long

branched alkyl chains attached is the donor unit.

The PoM-FETs are found to be highly reproducible and achieve charge carrier mobilities of 3
cm? V! 571, The high carrier mobilities arise from the strong interactions of the polymer
chains which are already present in solution and lead to pronounced edge-on packing and

well-defined monolayer microstructures [17].

Figure 7-1: Chemical structure of PffBT4T-2DT

In the next step we used the unipolar PoM-FETs and configured it as inverters and ring
oscillators to perform discrete logic operations. This was further extended to construct and
demonstrate successfully a 15-bit code generator in which hundreds of self-assembled PoM-
FETS are addressed simultaneously. This demonstration of logic functionality provides a
state-of-the-art example of fabricating integrated circuits based on conjugated polymer
monolayer demonstrating promising prospects for largescale application of bottom-up

electronics.
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7.2 Sample fabrication and characterization

The substrates used for the PoOM-FETs were purchased from BASF and Philips Research
Laboratories Eindhoven. The substrates were heavily n-doped silicon wafers as bottom gate
electrode, with a 250 nm thick thermally grown silicon oxide layer as bottom insulator with a

capacitance of 17 nF cm?.

The purchased substrate had gold (Au) source and drain electrodes which were patterned on
top of the oxide layer using conventional lithography. There was also a 10 nm layer of
titanium below the Au, which was used as adhesion layer between Au and SiO2. Ring and
interpenetrating finger FET structures with channel lengths (L) varying from 0.5 to 40 um
and a constant channel width, W= 20000 pm are patterned on the substrate. The two FET

configurations are shown in Figure 7-6.

The pre-patterned substrates were first cleaned by 10 min ultrasonication in acetone and then
followed with a further 10 min ultrasonication in isopropyl alcohol before being dried with
nitrogen’. For the dip coating process, the substrate is first activated using argon plasma for 1
min and the Au electrodes are functionalized with self-assembled monolayers (SAMs) by
immersing the cleaned substrates into a 10 mM 2,3.4,5,6-pentafluorothiophenol (PFBT,
Aldrich) solution in ethanol for 6 hours. The substrates were then rinsed with ethanol and
dried under nitrogen flow. The substrates were then dip coated to deposit polymer mono- and
multilayers from a 0.5 mg mL™! chloroform solution with the speeds ranging from 1000 to 50

um s !

in a chloroform evaporated environment. For this purpose, a chloroform solution of 8
mL at 0.5 mg mL™! was prepared in a 10 mL vial. After the deposition, the polymer mono-
and multilayers were annealed at 100 °C for 0.5 h in a glovebox under a nitrogen atmosphere
to remove the residual chloroform. The electrical characterization was performed in an inert
atmosphere by using a Keithley 4200-Semiconductor Characterization System at room

temperature.

° The samples measured in this chapter were fabricated and processed by M. Li, Max Planck Institute for
Polymer Research, Mainz
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In Figure 7-2 a schematic representation of the layout of a FET is shown along with a typical

measured transfer curve (see Section 2.4 for a detailed discussion on OFETsS).
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Figure 7-2: (a) Schematic of a field-effect transistor (side view) (b) Transfer curve of a
unipolar OFET comprising a p-type semiconductor. At negative gate bias current flows and

the current is depleted at positive gate bias.

The equations derived previously (see Section 2.4) are used to calculate the key device
parameters such as the threshold voltage and the carrier mobility to compare the different

devices. Figure 7-6 shows a micrograph of the device structure

7.3 Results and Discussion

In Figure 7-3 a)-b) the PoOM-FET transfer and output characteristics of PffBT4T-2DT are
displayed, which exhibits a typical linear/saturation behavior. At drain voltages (Vps) of =2 V
and —30 V of the transfer plots linear and saturation regimes are observed, respectively. From
the POM-FET transfer curves hole mobilities of win = 1.02 cm? V! s7! and psae = 2.08 cm?
V! s7! are extracted. The devices demonstrate thermal activation of the mobillty, and the
activation energy is found to be 90 meV (Figure 7-4). To demonstrate that the mobility is

independent of device geometry we fabricate and characterize transistors (greater than 80
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discrete PoM-FETs) with different Source/Drain electrode geometries such as co-centric

rings, interdigitated and linear devices of PffBT4T-2DT PoM-FETs.
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Figure 7-3: a)-b) Transfer and output characteristics of a PffBT4T-2DT monolayer ring
transistor. The channel length and width are 10 pm and 2500 pm, respectively. The drain
voltages used in a) are -2 V and -30 V for the measurement in the linear and saturation
regimes, respectively. c-d) The distribution of saturation and linear mobility (pgae and i) of
the polymer monolayer transistors. S/D electrodes are functionalized by 2,3,4,5,6-

pentafluorothiophenol (PFBT) SAMs. Over 80 transistors were measured.

This reinforces the robustness and high reproducibility of the devices. Table 7-1 and Figure
7-3 ¢)-d). show the measurement results. We see that irrespective of the electrode geometries
the threshold voltages (V1) and on/off ratios (lon/loff) are similar. It is observed that nearly
identical values of linear (y;;,,) and saturation mobility (jsq¢) 0of 0.90 + 0.28 cm? V-1 stand
1.31 + 0.41 cm? V' s respectively are obtained for all devices. This shows that the device
geometry does not influence the charge carrier mobility. For the best device we measure a

Heqe OF 3.02 cm? V1 571, which is a record for polymeric monolayers based FETS.
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Figure 7-4: The saturation mobility of PffBT4T-2DT monolayer as a function of temperature.
M is the saturation mobility measured at different temperatures, and prrt is the value

measured at room temperature. The activation energy is around 90 meV

S/ID psat (€M2 Vs min (cm?2 Vst V1 (V) Lon/loft
patterns
ring 1.39+0.48 0.99+0.32 8.7x2.5 107-108
interdigitate 1.17+0.32 0.88+0.20 8.6£2.3  107-10°
linear 1.29+0.36 0.57+0.03 3.313.4 107-108
average? 1.31+0.41 0.90+0.28 6.5+3.8 107-108

a)Over 80 devices were measured.

Table 7-1: Device performances of PffBT4T-2DT PoM-FETs with three different geometries

of source/drain (S/D) patterns

In FETs, the accumulated charge carriers are confined near the semiconductor/dielectric
interface and the charge accumulation layer thickness amounts to 2-3 nm [18]. This thickness

is comparable to the thickness of the polymer monolayer and due to this the charge carriers
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are confined to the existing physical monolayer. This results in two-dimensional electrical
transport in the POM-FETs. In Figure 7-5 we observe a higher on/off ratio, which can be

interpreted to be a result of elimination of the bulk current.
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Figure 7-5: The saturation mobility and on/off ratio as a function of layer number
forPffBT4T-2DT PoM-FET. It is evident that the charge carrier transport remains
independent of layer number. The identical transistor performance of monolayer and
multilayers provides further evidence that the first monolayer close to the dielectric is mainly

responsible for the charge carrier transport.

In Figure 7-6 we show the channel length scaling for POM-FETs. It is observed that, for long
channels (1040 um), the mobility is independent of the channel length . In case of short
channels (0.5-10.0 um) it is observed that both linear and saturation mobilities are reduced

with decreasing channel length.
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Figure 7-6: The influence of channel length on the saturation (a,c) and linear mobilities (b,d)
of PffBT4T-2DT monolayer. Both ring (a,b) and interdigitate transistors (c,d) are analyzed.
The channel width is 1000 um and 10000 pm for ring and interdigitate transistor.

We evaluate the contact and channel resistance using the channel length scaling and this
allows the estimation of effective field-effect mobility (perr) by application of the gated
circular transfer line method (CTLM) [19]. This is shown in Figure 7-7. We obtain effective

mobilities of pefr= 1.3 cm? V''s™

from transfer characteristics (Figure 7-3 and Table 7-1).
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Figure 7-7: a) Total device resistance (Riowi) as a function of the channel length (L) with
various Vgs for PffBT4T-2DT monolayer transistor. The channel width is 1000 pum. B)
Contact resistance times channel width (W) as a function of Vgs. C) The slopes of red lines in
a), (ARww/AL)"!, as a function of Vgs. According to the inset equation, the mobility
calculated by transfer-length-method is 1.3 cm? V! s in an excellent agreement with the

value extracted from the transfer characteristics.

In Table 7-1 we see that there is a very narrow spread visible in the mobility measured over
80 devices. This has allowed the realization of an integrated circuit based on a collection of
individual PoM FETs. The integrated circuits and logic gates were adopted based on an
earlier process for 150-mm development technology. The device was made by depositing
PffBT4T-2DT monolayers on un-patterened substrates. The state of the discrete POM-FETs

are ‘normally ON’ i.e. they start conducting at 0-bias. This can be seen in Figure 7-3 a).

106



a b € Code:11001001100011 1

—20 -15V, 6.16 kHz
15} - =
3_ =)
S 8 s
5 —10 = 5
& o
= = =
5| (@] (@]
0
. 1 . 1 " L L L il 1 L i
—-20 -10 0 10 0 200 400 600 800 1000 0 20 40 60
Vi, (V) Time (us) Time (ms)

Figure 7-8: Integrated circuits based on PffBT4T-2DT PoM-FETs. A) Static input—output
characteristics of a unipolar inverter based on PffBT4T-2DT monolayer with Vgs =0 V. The
supplied voltage, Vg, is =5V, =10 V, and —20 V, respectively. The inverter layout is shown
as an inset. B) A POM-FET 7-stage ring oscillator operating at a frequency of 6.16 kHz with a
supply voltage of =15 V. ¢ A PoM-FET 15-bit code generator with a bit rate of about 330 bit
s'atVa=-20V

Ring Oscillator

supply

Figure 7-9: Schematic illustration of the measurement set-up for the ring oscillator.

Unipolar Vgs=0 logic inverters are used to create the digital circuit and logic gates in which

the source electrode of the load transistor is connected to the gate. Figure 7-8 a). shows the
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picture of the inverter in the inset. To control the output voltage Vou, the input voltage is
adjusted through the resistance of the driver transistor [20]. Figure 7-8 a) shows the input-
output characteristics of the inverter. There is a clear voltage amplification visible at the
output of the inverter. The gain is dependent on the supply voltage Vaq and is found to 17.3 V
when Vyq= 20V as shown in Figure 7-10. The reported record values for gain in polymer thin
film transistors is found to be much higher than the gain reported here, however it is

noteworthy that this was an initial report value for gain in POM-FET based inverter devices.

In addition to an inverter logic, a seven-stage ring oscillator was also demonstrated.

ad 20V
15 A

10 +
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<
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Figure 7-10: Plots of corresponding gain of polymer monolayer inverter (Figure 7-8 a)). Vin,

input voltage; Vou, output voltage. The inset shows a diagram of the logic gate.

Figure 7-9 shows a schematic illustration of the measurement set-up for a ring oscillator. It
was observed that at -5 V bias voltage, the output starts spontaneously oscillating. A
maximum switching frequency of 6.16 kHz is observed at the supplied voltage of -15 V as

shown in Figure 7-8 b) and Figure 7-11.

The delay time t = 2Nf where N is the number of stages and f is the switching frequency.

The value of t obtained is 11.6us and is found to be better than the reported value of carbon
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nanotube based oscillator and the lowest reported value for PoM FET based ring oscillator

[21-22].

We also demonstrated a 15-bit code generator consisting of over 300 PffBT4T-2DT PoM-
FETs, an onboard clock generator, a hard-wired memory, a 4-bit counter, a decoder logic,
and a load modulator (Figure 7-12). A bit rate of 330 bit s™! is obtained at a supply voltage of
-20 V. This is seen in Figure 7-8 c¢). The performance is comparable to reported integrated
circuits [12, 22-24] which are based on bulk organic thin-films leading to a great potential for
the application of PffBT4T-2DT based PoM-FETs in radio-frequency identification

transponders.
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Figure 7-11: The frequency of polymer monolayer ring oscillator as a function of bias

voltage.

7.4 Conclusion

In this chapter, we have shown applications of PffBT4T-2DT polymeric monolayer
transistors. A strong edge-on orientation in the monolayers was obtained by tuning polymer
pre-aggregation in solution. This molecular order and the contact engineering process was
used to achieve high performance PoM-FETs resulting in a record mobility of 3.02 cm?> V' s°
! with reasonable operating conditions (V1 = 6.5 V and Ion/Ior = 107) which is one order of
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magnitude (on average) higher than the state-of-the-art in literature. The device
characteristics of the PoM FETs based on the monolayer were found to be comparable to that
of the bulk devices. The integration of the PoM FETS into inverters and oscillators was also

demonstrated and found to be dependent on the performance uniformity, large current

ring - 4 bit binary
oscillator counter
A 4
Y
4 to 16 lines
decoder

//15 enable lines
Y

15 bit hardwired
memory

/1/15 memory outputs

Figure 7-12: Block diagram of the 15-bit code generator.

modulation, and high reproducibility of the PffBT4T-2DT monolayer PoOM-FETs. This work
also shows the unipolar logic gate device and the ring oscillator function built from individual
PoM-FET based inverters. The most important device demonstrated was the 15-bit code
generator as this helps complete the device scale up to integrate circuits based on polymeric
monolayer transistors and is a big leap in the application areas of bottom-up fabrication of

polymeric devices.
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Chapter 8

Conclusion and Outlook

8.1 Summary

The work presented in this thesis aimed to contribute to a deeper understanding of the
mechanisms and processes involved in the charge transport of various organic small molecules.
For this different fabrication techniques such as thermal evaporation, wire-bar coating, dip
coating and spin coating were employed to create thin films. To elucidate the structure of the thin
films, AFM investigation was performed. Optical absorption and spectroscopy measurements
were conducted with equal importance to identify the neutral and ionized species in mixed
solutions as well as in doped films.(see A.2, A.3) The work horse measurements employed were
the current-voltage (IV) measurements were conducted to track changes in conductivity upon
doping. In addition, impedance spectroscopy was used to corroborate the dopant concentrations
obtained after fitting the current-voltage characteristics. Using these experimental techniques, a
wide variety of device structures were studied such as hole only devices, OLED, P-i-P devices
and OFETs to investigate the following i) the question of which fabrication technique results in
optimization of transport and extending it to understand a variety of hole transport materials ii)
the p-doping using FATCNQ and FOTCNNQ of a-NPD, Spiro-TAD and Spiro-OMETAD and
finally, ii1) the application of highly efficient monolayer based polymer OFET in logic gates, ring

oscillators and integrated circuits.

In the first part, hole transport was studied in films of the small molecules of Spiro-TAD and
a-NPD. The films were deposited using different techniques: solution processing and thermal

evaporation. Although the molecules were originally designed to be used in vacuum
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deposition and provide the optimized mobilities under this condition, it was demonstrated
that by proper selection of the solvents and controlling the solvent removal itself, the
obtained hole mobility can reach the same values when these materials are deposited from
solution. In addition, the charge transport showed a similar temperature dependence for
solution-processed devices. Numerical simulations of temperature-dependent hole transport
of both the materials using the Extended Gaussian Disorder model were performed, which
resulted in similar charge-transport parameters for both solution-processed and evaporated
films. A width of the Gaussian density-of-states distribution of 0.09 eV for both materials
irrespective of the deposition process used was extracted. Using AFM analysis, the films
deposited from solution were uniform and smooth. Based on these results, we show that the
solution processing technique can be tailored to be a viable alternative to obtain efficient

charge-transport in HTL in optoelectronic devices.

In the second part, charge transport was investigated in evaporated films of a-NPD (host)
doped with the high electron affinity dopant FOTCNNQ. The work shows that although
charge transfer occurs from dopant to host, the achieved concentration of mobile charge
carriers is only a fraction of the doping concentration, resulting in very low doping
efficiencies in the order of 0.1-0.01%. With increasing bias voltage, i.e., increasing electric
field, there are more mobile charges created and can be interpreted as the dissociation of
Coulombically bound charge transfer states. Hence in comparison to the existing theoretical
work which points that FETCNNQ might be an ideal candidate for p-type doping of a-NPD,
due to the efficient charge transfer, the generation of free charge carriers is not
experimentally observed to be efficient and is severely limited by the Coulombic attraction of

the counter charge on the dopant.

To further understand how this affects other HTLs that are solution processed, in the third
part Spiro-OMeTAD was investigated. Firstly, the hole transport was studied in films of the
of Spiro-OMeTAD, a molecule designed for solution processing. The hole mobility is
comparable to the other HTL molecules Spiro-TAD and o-NPD. The energy values of
HOMO and LUMO are also comparable which made it an ideal candidate to compare the

transport properties in doped films and compare to the standard thermally co-evaporated
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doped films obtained in the previous work. The charge transport in Spiro-OMeTAD doped
with the high electron affinity dopants F4-TCNQ or F6-TCNNQ was studied, and it was
found to be a better host matrix than Spiro-TAD. For a doping concentration of
3.20x10"molecules/cm® charge concentration of 4.30E+17 cm™ was achieved. We also
showed that a solution processed doped hole transport layer (Spiro-OMeTAD) can achieve
higher doping efficiency than thermally co-evaporated doped hole transport layers of Spiro-
TAD and o-NPD doped with the same dopant.

In the final part of this thesis, PffBT4T-2DT polymeric monolayer based logic devices were
demonstrated. By tuning the molecular order and the contact engineering process a high-
performance PoM-FET was created which resulted in a record mobility of 3.02 cm? V! s,
To demonstrate further applications of solution processed high performance devices, PoM
FETs integrated into inverters and oscillators were also demonstrated. The performance
uniformity, large current modulation, and high reproducibility of the PffBT4T-2DT
monolayer POM-FETs allowed their use in unipolar logic gate devices and ring oscillators
built from individual POM-FET based inverters. The most significant device demonstrated
was the 15-bit code generator which indicated that the devices can be scaled up and it is

indeed possible to achieve integrated circuits based on polymeric monolayer transistors.

Overall, this thesis examined topics which are of fundamental and applicational importance
to the areas of charge transport in small molecular and polymeric monolayered based organic
semiconductors. By using basic material parameters, the mobility and disorder was tuned to
achieve high performance not only in pristine devices but also in doped devices. In addition,
it was demonstrated that p-doping can be successfully demonstrated to achieve a solution
processed doped HTL. And, finally, it was shown how organic FETs can be used in
integrated circuit applications by achieving high performance in solution processed films.
The results from this thesis may contribute to further understanding of transport and

fabrication of organic molecular based devices.
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8.2 Outlook

Optoelectronic devices using organic electronics are attractive because of the characteristics
of the materials such as being light weight, lower in cost than inorganic semiconductors and
capability of scaling up large areas of production and flexible device fabrication [1-2].
Devices such as OLEDs, OPVs and OFETs are based on efficient charge transport being the
key for the operation process, which necessitates research focused on understanding charge
transport in organic semiconductors. Although this work investigated some of the key
materials, there are a range of other hole transport materials especially for use with perovskite
solar cells that are critical for efficient device performance. The relationship between material
morphologies and properties and device performance is still a subject of interest for further
studies. Significant progress has been made on charge transport in amorphous molecular
materials, however. the correlation between molecular structures and charge carrier drift

mobilities still require further investigation.

There are still a large number of materials which are not commercially utilized, in which
cases not only the device performance but also other factors such as synthesis, purifications,
low cost, stability, toxicity, lifetimes and so forth have to be solved. A deeper understanding
of materials chemistry, device physics, development of new devices and sensors, integration

of multiple functions in a single device are still areas that need to be developed.

While electrical doping can improve charge transport and charge injection, resulting in the
use of doped transport layer in commercial OLEDs, it is still not fully understood which
dopant and host properties result in high doping efficiencies in organic semiconductors. This
complicates the search for efficient host-dopant combinations to optimize the performance of
organic-semiconductor devices in real-world applications. Therefore, further research is

required in this area.

Flexible OLEDs also hold great promise for the optoelectronics industry and while flexible
electronics products have already sprung up their progress is inseparable from the further

development necessary for the technology such as flexible electrode fabrication, device
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fabrication, light manipulation, and device architecture. The primary difficulties lie in making
the materials highly flexible yet thermally stable and economically viable. Furthermore, there
needs to be further investigation into the light extraction technologies, device degradation
mechanisms and encapsulation techniques for OLEDs to derive efficient and stable
performance. Therefore, the results of this work on investigation of device physics and
optimization of charge transport by different deposition techniques in organic semiconductors

is one of the many important steps in achieving efficient commercial devices.
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Appendix A

A.1 Calculation of depletion width:

The depletion width wy is given by!?,

&-&A

Wq =

Ca

(A.1)

Where g€, is the permittivity, A is the geometric area, C, is the depletion capacitance. Below

are the indicative depletion widths extracted as function of dopant concentration for a- NPD.

Dopant wy (nm)
conc. (Wt%)
0.5 16
1 15
1.5 14
2 14
4 12

A 1 Depletion width calculated for a- NPD for various dopant concentrations

10M. L. Tietze, J. Benduhn, P. Pahner, B. Nell, M. Schwarze, H. Kleemann, M. Krammer, K. Zojer, K.

Vandewal, and K. Leo, “Elementary steps in electrical doping of organic semiconductors”, Nat. Commun. 9,

1182 (2018).
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We notice that the depletion width decreases with increasing dopant concentration. This
agrees with previous reports'!. It should be noted that these measurements give a qualitative
indication of the depletion width. A more accurate measurement taking into consideration the
effects of the stray capacitance and interfaces can be done by using UPS techniques, where

the temperature dependent depletion width is given by'!,

2&,60Vi(T)

wy(T) = (A.2)

eNer

where V,,; (T) is the built-in potential and N is the free carrier density.

1 A) M. L. Tietze, J. Benduhn, P. Pahner, B. Nell, M. Schwarze, H. Kleemann, M. Krammer, K. Zojer,
K. Vandewal, and K. Leo, “Elementary steps in electrical doping of organic semiconductors”, Nat. Commun. 9,
1182 (2018).
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A.2 UV-Vis Spectroscopy

Intensity (a.u)

= Spiro-TAD films (chloroform)
0ok ——— Spiro-TAD films (chlorobenzene)

| M 1 M 1 M 1 M 1 M 1
300 320 340 360 380 400
Wavelength (nm)

A 2 UV-Vis spectra of undoped solution processed Spiro-TAD films in chloroform (black)

and chlorobenzene (red)
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A 3 UV-Vis spectra of FATCNQ doped solutions of Spiro-TAD in chlorobenzene for varying
dopant concentrations (wt%, 0% (black), 1%(red), 2%(blue))
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A 4 UV-Vis spectra of glass (black), FATCNQ(red), Spiro-OMeTAD pristine (blue) and
F4TCNQ doped solutions of Spiro-OMeTAD without (pink) and with nitrogen gas (green).
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A.3 FTIR spectra
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A 5 Complete FTIR spectra of Spiro-OMeTAD without (green) and with doping
(black:FATCNQ, red: FEFTCNNQ)
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A 6 FTIR (zoomed in) spectra of Spiro-OMeTAD without (green) and with doping

(black:FATCNQ, red: FETCNNQ)

125



I v I ' | ' I v I v I v I v I v I v I v |
— Spiro-OMeTAD:F4TCNQ
— Spiro-OMeTAD:F6TCNNQ
Undoped Spiro-OMe TAD
—_ 1 B
3
s
2
‘»
C
Q
£ | -
£
o
z
0 -
| N | L | X | N | N | N | N | N | N | N |

2080 2100 2120 2140 2160 2180 2200 2220 2240 2260 2280

Wavenumber (cm™)

A 7 Normalized FTIR (zoomed in) spectra of Spiro-OMeTAD without (green) and with
doping (black:FATCNQ, red: FeTCNNQ)

The doped Spiro-OMeTAD shows no fingerprint of F6-TCNNQ and F4-TCNNQ, even for a
1:1 host:dopant mixture. It shows no evidence for intermolecular charge transfer in the FTIR
spectra. The electronic structure of the Spiro-OMeTAD:F6-TCNNQ and Spiro-OMeTAD:
F4-TCNNQ system could possibly be described in terms of the formation of hybrid orbitals
in the charge transfer states. This however needs to be verified by further experimental

investigation.
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A.4 Effect of barrier on numerical simulation of J-V
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A 8 Temperature dependence of a 2% doped F6TCNNQ: a-NPD device. Dotted lines refer to
experimental measurements. Solid lines refer to numerical simulations. A barrier of 0.1eV is

additionally included in the numerical simulation.

We observe that inclusion of a barrier of 0.1 eV shows negligible change compared the

numerical simulations without barrier (Figure 5-4 c))
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