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Abstract

Organic semiconductor devices are gaining importance by opening a wide
variety of applications nowadays. A key strategy for developing better
performing organic electronic devices is via molecular doping, where a
dopant molecule is introduced to increase charge carriers. Despite the
advances in the field, very few studies have focused on understanding the
structural-property relationships in molecular doping. It is well known that
the structure of OSC molecules affect the crystallinity of the films but its
implications on the doping mechanism and efficiency of doping have not been
fully explored.

In this thesis, we explore the dopant/organic semiconductor interfacial
properties in relation to the molecular structure of the employed molecules.
BTBT derivatives with different side groups in combination with two dopants,
which have similar ionization energy but with different molecular shapes have
been chosen for the investigation. By using a combination of synchrotron-
based X-ray diffraction techniques, AFM and spectroscopic methods, the
interfacial properties and evolution of electronic levels during doping have
been investigated.

First, the structure of the interface formed between CeoFsg and C8-BTBThas
been investigated. The impact of CgoF4g on C8-BTBT OFETs was demonstrated
to have a double beneficial role in improving the mobility and stability of C8-
BTBT OFETs. Further investigation of the role of organic semiconductor side
groups in the interfacial properties has been conducted by comparing the
CeoF4s/DPh-BTBT and CgoF4s/C8-BTBT interfaces. Different interfacial
morphologies are observed in both cases, which strongly affect the nanoscale
work function distribution of the interface. To investigate the influence of
dopant molecular structure, heterostructure films of FETCNNQ on C8-BTBT
were investigated. Unlike CgoFss, FETCNNQ is planar. It is observed that
F6TCNNQ-C8-BTBT charge transfer complexes were forming at the interface
during FETCNNQ deposition, which generates free mobile carriers in the film
hence enhancing the mobility and causing a shift in threshold voltage of C8-
BTBT OFETs. Finally, characterization of charge transfer complex formation at
different temperatures, inverted heterostructures and C8-BTBT-F6TCNNQ co-
evaporated films have been performed.
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1. Motivation and Objectives

Over the past few decades, a large number of studies were reported about
the design, optimization and fundamental mechanisms of organic
semiconductors (OSC). The research in the field of organic semiconductors is
growing quickly and several devices have already entered the market. Ever
since Sony launched the 11 inch OLED TV in 2008, the OLED displays have
been expanding their application in other electronic devices also. Even
though several organic electronic devices are commercialized, aspects like
mobile charge carrier formation, transport and doping mechanisms are not
fully understood. Extensive research in the design and synthesis of different
0OSCs with enhanced mobility, environmental robustness and tuneable opto-
electronic properties have been reported. However, a lack of understanding
of the basic properties is a bottleneck in the field hindering the development
of more efficient devices. This undesired outcome is often due to interfacial
mismatches in a multi-layered device structure. Therefore, understanding the
fundamental properties of interfaces and surfaces of organic semiconductors
is crucial for the development of efficient device designs. Another important
challenge in the field is to develop controllable and stable doping techniques.
Even though the doping mechanisms in organic semiconductors are not fully
understood and may depend on the particular system, it is widely accepted
that the chemical structure and relative orientation of the host and dopant
molecules play a key role.

The main objective of the thesis is to provide an accurate description of the
dopant/OSC structural properties and to understand the influence of the
molecular structure in the formation of the interface, the effectiveness of
interfacial doping in OFETs and electronic characteristics of the interface. To
address the influence of the molecular structure of OSC in the interface
formation, two symmetric derivatives of BTBT ([1] benzothieno[3,2-b]-[1]
benzothiophene) molecules, containing either phenyl or octyl side groups,
were employed for the study. Hence, the OSC film surface termination will
consist of the corresponding side groups, here long linear chains versus short
cyclic groups. As molecular dopants, spherical CeoFss and planar FETCNNQ
were employed to understand the effect of dopant structure on interfacial
properties.



The main techniques used for the investigation are atomic force microscopy
(AFM), Kelvin probe force microscopy (KPFM) and X-ray diffraction using
synchrotron light. AFM combined with crystallographic measurements of the
interface provides a full set of nanoscale structural information about the
dopant/OSC interface. KPFM was used to investigate the surface potential
distribution across the interface. In addition, photoelectron spectroscopy, as
well as UV-Visible absorption spectroscopy, were employed to investigate the
changes in the electronic levels with doping. In-situ and real-time X-ray and
XPS/UPS measurements were also performed to follow the evolution of
interface morphology and the electronic levels. The evaluation of doping in
OFETs (organic field effect transistor) has been accomplished for different
combinations of OSCs and dopants.

The thesis is organized as follows. Recent developments in the field of
research are introduced in chapter 2. The fundamentals of OSC and molecular
doping as well as the challenges in the fabrication of OFETs, which could be
overcome with molecular doping are described. Chapter 3 presents
experimental details and data analysis used in the thesis. The results obtained
during the thesis are presented throughout chapters 4 to 8. Chapter 4 focuses
on the study of the interface formed between C8-BTBT and CgoF4s. Enhanced
structural stability and OFET performance via CgoFas doping on C8-BTBT OFETS
were presented. Chapter 5 presents a detailed discussion of the influence of
side groups in the formation of the CeoFss/BTBT interface. Chapter 6 is
dedicated to the investigation of the interface formed between C8-BTBT and
FETCNNQ and the doping mechanism. This is followed in chapter 7 by a
detailed study of the effect of interfacial architecture in charge transfer
complex (CTC) formation. In chapter 8, the study of co-evaporated OFETs of
C8-BTBT and F6TCNNQ along with the detailed structural study is reported.
Chapter 9 presents the relevant conclusions gained from the thesis work.
Finally, Chapter 10 presents a complementary research work done during the
thesis.
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2. State of art
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This chapter briefs the evolution and recent developments in the field of
organic electronics and molecular doping, which are the principal areas of
interest in this thesis. The important aspects of the materials used during the
research work are also reviewed.

2.1. An overview of organic semiconductors

Semiconductors are the fundamental building blocks of modern technologies.
For flexible electronic applications or single-use devices organic
semiconductors (OSC) are considered as a suitable alternative to inorganic
semiconductors, because the OSCs can be deposited by low-cost, solution or
vacuum-based coating at low process temperature (< 100°C) (and therefore
enable the use of flexible substrates) and offer large bandgap tunability.
Along with advances in printable electronics, organic semiconductors open a
wide range of markets for low-cost electronic devices and flexible display
systems. 112131141 The electrical properties of organic semiconductors arise
from the m-orbital overlap of the molecules, which facilitate electron
delocalization and charge transport. The energy difference between the
highest occupied molecular orbitals (HOMO) and the lowest occupied
molecular orbitals (LUMO) defines the band gap of the OSC and governs its
opto-electrical properties (an example is shown in Figure 2.1). Organic
semiconductors can be classified into two, small molecules and polymers.
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Figure 2.1. lllustration displaying the conjugated system with delocalized n
electrons in an organic semiconductor molecule named, C8-BTBT. Adapted

from ref [5],[6]

Several types of devices based on OSCs have already been developed,
including solar cells, light emitting diodes (OLEDs) and field effect transistors
(OFETs). Some devices are already on the market, such as OLEDs, whereas
OFETs are still the subject of investigation and development.[”! This thesis
focus on small-molecule OSCs used for the fabrication of OFETs.

Besides their technological interest, OFETs are used to study the basic
electrical properties of organic semiconductors and to correlate them with
structural information. Despite this convenient platform to study
structure-property relations, individual material optimization is often
addressed on a case-by-case basis in a trial-and-error fashion. The overlap of
neighbouring orbitals and, herewith, the charge transport properties of OSCs
films, are determined by the packing of the molecules in the solid-state. The
fact that organic solids are held by weak intermolecular forces make them
sensitive to the processing conditions. Thus, surface-induced polymorphism,
structural variations in local molecular packing or the formation of meta-
stable phases are common phenomena in OSC thin films.l8l The use of
quantitative characterization techniques such as X-ray diffraction is the key
to obtaining a description of the microstructure of the films and guiding its
optimization.!® The charge carrier mobility of OSCs, which is one of the main
performance metrics for OFETs has improved from the very low values of 10~
5cm?/Vs of the first OFETs demonstrated in the late 1980s to values
>10cm?2/Vs.[19 This impressive progress in performance has been enabled by
a broad exploration of new molecular structures by organic chemistry, a
detailed understanding of the structure-property relationships, and the
development of diverse engineering approaches for optimising the device
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architecture.l'!l However, the contact resistance (Rc) persists as a major
impediment to the further development of circuits based on organic
transistors.[*2l Many efforts are devoted to tailoring the contact interface to
enhance charge injection/extraction in OFETs (here addressed in section
2.5.2).

Rubrene and pentacene are the most widely studied, prototypical molecular
semiconductors.lBl11 |n recent years, however, organic chemistry has
provided a wide range of new small molecule OSC materials that have allowed
a more comprehensive understanding of the key requirements for achieving
high carrier mobility. [1]benzothieno[3,2-b][1]benzothiophene (BTBT)
derivatives are among the best performing p-type OFETs and are described in
detail in the next section.

2.2. BTBT derivatives

A family of molecules with a BTBT core and with different side groups has
emerged as a promising class of OSCs for p-type OFET
fabrication.[131(141.[15),[16],[17],[18],(191,120] The reports of BTBT based OFETs with
field effect mobility higher than 1.0cm2/Vs demonstrate the superior intrinsic
charge transport properties among OSCs (Figure 2.2).[171,[18],(19],[21],[22]

HznnCn CoHzne1 CaHzne1

Cn-BTBT, n=5, 8,10,12(I) BTBT-Cn, n=10, 13 (II)
My (S) = 43 cm?/Vs (n=8) My (V) =17.2 cm?/Vs (n=13)
S O S O anan
S =
S S
Ph-BTBT (II) Cn-Ph-BTBT, n=6, 12 (IV)
My, (V)= 0.034 cm?/Vs My (V) = 8.7 cm?Vs (n=12)

S
O O
O3
CioHzs
Ph-BTBT-C10 (V) DPh-BTBT (VI)
My, (S) = 18 cm?Vs My (V) = 2.0 cm?/Vs

Figure 2.2. Chemical structure and maximum measured mobility for different
BTBT derivative molecules. The symbols (V) and (S) denote films formed and
vacuum-process and by solution-process. Adapted from ref [23]



Another attractive feature of BTBT molecules is the stable electrical
performance in ambient conditions. A deep-lying HOMO of BTBT derivative
molecules is the reason for ambient condition operation but is also
responsible for prominent contact resistance in BTBT OFETs due to the
interfacial mismatch with the contact metal.[24L(2511141[151126] | grge contact
resistance is detrimental for OFET performance. Besides, the degradation
with time due to film dewetting, a phenomenon strongly affecting the long-
term stability of BTBT OFETs, is another important challenge in the area of
interest.[27128] An extensive study of the structure of BTBT molecules and the
OFET’s efficiency have been reported by varying the side groups,[161181[291,(30]
alkyl chain length,[15.201 35 well as incorporating atoms between the side
group and the BTBT core etc.31 The BTBT derivatives, which were employed
for the investigation of this thesis are introduced in the next sections.

2.2.1. C8-BTBT

One of the molecules used in this thesis is 2,7-dioctyl [1] Benzothieno[3,2-
b][1] benzothiophene (C8-BTBT) (Figure 2.3a). Among the BTBT derivative
molecules, C8-BTBT is widely used for OFET fabrication due to its high charge
mobility and stability in the air.[19[27032] The highest mobility reported is
43cm?2/Vs.[171 The high mobility of C8-BTBT is attributed to the tight horizontal
packing of the BTBT core due to the flexible alkyl chain.[33!

The crystal structure of C8-BTBT is monoclinic with space group P2;/a and
consists of a lamellar arrangement with a herringbone packing of the BTBT
cores within the lamellae. The lattice parameters are summarized in Figure
2.3d. The packing arrangement of molecules in the thin films correspond to
the bulk crystal structure only with a slight relaxation in the b lattice
parameter.

Charge injection is largely determined by the alignment between the work
function of the contact and the HOMO level of the semiconductor. The HOMO
of C8-BTBT is 5.39eV, the LUMO is 1.55eV and the HOMO-LUMO gap is
3.84eV.5] For widely used metal contacts, the deep HOMO is a cause of
contact resistance in OFETs due to the presence of a hole injection
barrier.[251134]
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Figure 2.3. Crystalline packing structure of C8-BTBT: (a) side view and (b) top
view. (c) schematic representation of the vertical alignment of C8-BTBT
structure, (d) C8-BTBT unit cell parameters, Z is the number of molecules in
the unit cell. Adapted from ref [29]

2.2.2.  Asymmetric BTBT-C8

Synthesis of the asymmetric BTBT-C8 (octyl [1] Benzothieno[3,2-b][1]
benzothiophene) molecule was reported in 20033 and the thin film
structure was reported by Gbabode et. al.29 Thin films of asymmetric BTBT-
C8 molecules have been reported to order in the so-called form Il structure
(see Figure 2.4b). This crystal phase is quite similar to that exhibited by
C8-BTBT, with the main difference being formed by bilayers composed of
head-to-head (or tail-to-tail) stacked molecules. Asymmetric BTBT-C8 has
been less investigated than its symmetric counterpart.
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f (deg) 90.63(1)
Z 4
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space group P2,/a

Figure 2.4. (a) Molecular structure of the asymmetric BTBT-C8 molecule. (b)
unit cell parameters of the reported crystalline structure of form Ill, Z is the
number of molecules per unit cell. Adapted from ref [29]

2.2.3.  DPh-BTBT

The molecule, 2,7-diphenyl[1]Benzothieno[3,2-b][1]benzothiophene (DPh-
BTBT) was first synthesized and characterized by Takimiya et. al., in 2006.30

(a ) ’ ' ( b) DPh-BTBT

a (nm) 0.6334 (2)

b (nm) 0.7462 (5)
¢ (nm) 1.9516 (2)
£ (deg) 93.06 (3)
Z 2

density (g/cm?) 1.321 (1)
space group P2,/a

Figure 2.5. (a) Molecular structure of DPh-BTBT molecule and (b) the unit cell
parameters. Crystalline packing structure of DPh-BTBT, Z is the number of
molecules in the unit cell. (c) top view and (d) side view. Adapted from ref 136]
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This molecule has an aromatic phenyl group at both ends of the BTBT core.
Thin-film structure of DPh-BTBT is similar to that of C8-BTBT, with a lamellar
stacking and HB packing of the BTBT cores. The unit cell is monoclinic with
space group P2;/a and the lattice parameters are given in Figure 2.5b. The
higher reported mobility for DPh-BTBT OFETs is ~ 2cm?2/Vs.39 A rigid phenyl
group at both the ends hinders the tight intermolecular orbital overlap in the
solid-state as indicated by a larger value of lattice parameter b, than C8-BTBT.
The reported value of the HOMO for DPh-BTBT in solution is 5.6eVI[4.130 and
for the single crystal is 5.41eV.1371 DPh-BTBT OFETs show stable electrical
performances in ambient conditions.[141(30]

2.3. Molecular doping

Doping a semiconductor is the process by which impurities (dopants) are
intentionally introduced into the semiconductor material to modulate its
electrical properties. The Fermi level or thermodynamic equilibrium position
of the electrochemical potential will shift from the mid gap position towards
the OSC LUMO (conduction band) by n-doping and towards the HOMO
(valence band) during p-doping, which results in the modification of the opto-
electrical properties of the OSC. Similar to doping in inorganic
semiconductors, the charge carrier concentration in OSC also increases with
doping. Successful doping of OSC was reported in the late 1970s by exposing
the OSC to halides and alkali metals. But doping of OSC with atoms is not an
efficient method as the dopants exhibit a tendency to diffuse due to a lack of
bond formation with the OSC, which results in unstable device
performances.[/38] Doping with molecular species came up as a viable
solution to this problem. Molecular dopants can either donate electrons to
the LUMO of the OSC (n-type dopants) or accept electrons from its HOMO (p-
type dopants), thus leading to enhanced carrier concentration in OSC.

To enable charge transfer between dopant and the host organic
semiconductor, the LUMO of p-type dopant should be deeper than the
HOMO of host molecules. For n-type doping, the HOMO of n-type dopant
should be shallower than the LUMO of the OSC. There are several models
reported, describing the molecular doping mechanisms in
OSC,1391.1401.[411,142).143] byt none of them could describe all the doped systems.
The factors leading to different doping efficiency are still debatable. In any
case, degradation of the structural order of the OSC film as well as the
distribution and local packing of the dopant molecules within the OSC matrix
are factors that affect the effectiveness of doping.[44145L146] There are two
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models describing the molecular doping in OSC, which are described in the
next sections.

2.3.1. lon pair formation by integer charge transfer

In this model, charge carriers are generated due to the integer transfer
between the organic semiconductor and the dopant (Figure 2.6).

P-doping N-doping
LUMO
I il Loss of electrons
——————————
HOMO soooaas Dopa nt 1
[S'eS 0SS C] (donor)

Host \ wmo

Gain of electrons
HOMO

Dopant Host
(acceptor)

Figure 2.6. Scheme showing ion pair formation by integer charge transfer.
Adapted from ref 1411

For example, in p-type doping, the transfer of electrons from the HOMO of
0OSC to the LUMO of the dopant is energetically favourable and results in the
formation of an ion pair (dopant anion and OSC cation). This is regulated by
the thermodynamic Fermi level equalization at the interface between OSC
and the dopant.[39!

2.3.2.  Ground state charger transfer complex formation by
partial charge transfer

In this model, partial charge transfer occurs between the organic
semiconductor and the dopant (Figure 2.7) leading to the formation of a
ground-state charge transfer complex (CTC) due to the interaction between
the n-systems of dopant and OSC molecules. Their frontier molecular orbitals
hybridize, forming a bonding and an antibonding supramolecular orbital, thus
exhibiting a new set of energy absorption features within the optical gap of
the pristine materials.[401,[431,(47],(6],148],[49],[501.[511,[52] Depending on the energy of
the newly formed orbitals, charge transfer from OSC to CTC can take place
resulting in ionized charge-transfer complexes.41]
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Figure 2.7. Scheme showing charge transfer complex formation by partial
charge transfer. Adapted from ref 411

As it is described in section 2.6, some reported cases of CTC formed from co-
facially stacked dopant-OSC molecules forming well-ordered crystalline
structures (co-crystals).[45]

2.4. P-type dopants

Figure 2.8 shows the energy of the LUMO for some of the most commonly
used p-type dopants. Among them, FATCNQ (2,3,5,6-Tetrafluoro-7,7,8,8-
tetracyanoquinodimethane) is the most used.[531[54]

CN6-CP F6TCNNQ F4TCNQ
NC.__CN E F
| NG CN
NC.__A— CN NC -
CN CN FF
-5.87 -5.24
1 " 2 I o 2 1
L) L] ) L] L] L] ]
Dopant’s Energy (eV)
LUMO

Figure 2.8. Scheme showing the energy of the LUMO of some p-dopant
molecules.
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Figure 2.9.
Molecular structure
of CeoF4s molecule.

The small size and planar shape of this molecule enable an efficient blending
with the OSC host. This characteristic is, however, detrimental to the device
stability because the diffusion of F4ATCNQ into the host OSC matrix disturbs
the structural integrity of the film.[>5L56L571 The use of bulkier molecules can
surmount such issues.

2.4.1.  CeoFas

CeoFas is one of the dopants used in this thesis. (Figure 2.9) The bulkier shape
and size of this molecule compared to FATCNQ, are advantageous to fabricate
a well-defined dopant/OSC interface and avoid the commented inter-
diffusion problems often encountered with FATCNQ.58159 It is reported that

« CeoFss modifies the HOMO of the host OSC thin films.[59L[€0LI61] Kawasaki et.

al., demonstrated that the structural phase adopted for this fluorinated
fullerene at higher temperatures (> 353K), has the unit cell parameter of
1.716nm. While at lower temperatures, the structure is Face Centered
Tetragonal (FCT) or Body Centered Tetragonal (BCT), which is derived by
elongation of the FCC structure along the c axis. The lattice parameters for
the BCT structures are a = 1.675nm and ¢ = 1.79nm.[52 The transition between
the two phases is reversible. CeoF4s dopant is stable in air when it is dry at
RT.[631 The LUMO of CgoFas is 5.5eV.1641165] As compared to its non-fluorinated
parent (Cso), CeoFas e€xhibits a reduced m-conjugation (sp? = sp3), an increase
in band gap and a lowering of the LUMO and HOMO levels, resulting in a
strong molecular acceptor.

2.4.2.  F6TCNNQ

The other dopant used in this thesis is F6TCNNQ (1,3,4,5,7,8-
hexafluorotetracyanonaphthoquinodimethane). This molecule is also known
as F6TNAP and was synthesized for the first time in 2010.16 Unlike, the
spherical CgoFsg, FBTCNNQ is a planar molecule. LUMO levels of both
molecules has similar value, which makes the investigation of CgoFss and
FETCNNQ an interesting case to study the effect of the dopant molecular
structure. This material was developed as a potential p-type dopant for
OLEDs. There are two polymorphs reported for the FETCNNQ molecule: form
I and form Il. FEBTCNNQ is an established molecular dopant for OFETs in
combination with several widely used OSCs.[47.511133] However, recent studies
reveal the tendency of FETCNNQ molecules to form CTC co-crystals with a
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wide range of OSC small molecules.[4511521[42]167)[68][69L[70] | the case of
F6TCNNQ, the reported LUMO is ~ 5.37eV and HOMO is ~ 7.81eV.[70.169]

(a) FeTcNNQ (form ) (d) FETCNNQ (form Il)
a (nm) 17.647 (10) a (nm) 6.293 (4)
b (nm) 17.647 (10) b (nm) 8.695 (6)
¢ (nm) 11.679 (7) ¢ (nm) 12.840 (9)
S (deg) 90 B (deg) 92.708 (7)
z 18 z 4
density (g/cm®)  1.718 density (g/cm?) 1.714
space group R-3 space group P 21/(:

(b)

Figure 2.10. Crystalline packing of FETCNNQ form | structure: (a) lattice
parameters (b) side view and (c) top view. Packing of FETCNNQ form Il
structure: (d) lattice parameters (e) top view and (f) side view. Adapted from
ref 71

2.5. Doping in OFETs

Electric field-controlled charge transport in an organic material was first
identified by Koezuka et. al., in 1986 in a polythiophene film.[72! Since then,
there has been a thrive to develop a tuneable, cost-effective alternative to
silicon-based FETs and notable advancements has been made to employ
organic options in e-paper displays, chemical and biological sensors and
flexible OLEDs.[73]

The conventional OFET consists of three electrical contacts: the gate, the
source, and the drain (Figure 2.11). The conductive channel forms in the OSC
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Figure 2.11. Illlustration
of bottom-gate top-
contact OFET.

layer between source and drain. The conductivity of the channel between the
source and the drain is controlled by the voltage applied at the gate. Hence
the important interfaces of the OFETs contributing to its efficient
performance are the interface between the OSC and the dielectric and the
interface between the OSC and the contacts. Any issues in these parts result
in a non-ideal transistor behaviour. Molecular doping in OFETs can be used in
a variety of ways to solve the non-ideal behaviour of OFETs as well as to
enhance mobility by providing extra charge carriers which are discussed
below.

2.5.1. Doping as a solution for challenges at the dielectric/OSC
interface

The conducting channel is formed at the few semiconductor layers near the
dielectric/semiconductor interface. This interface is prone to have charge
traps, which could evoke a decrease in drain current as well as an increase in
threshold voltage. In the widely used SiO, dielectric, charge traps can be
generated from oxygen vacancies and adsorbed water and oxygen with SiO;
forming SiOH groups. This can shift the threshold voltage and lead to the
degradation of n-channel OFETs. After electron carriers are trapped in these
sites, they no more contribute to drain current but altogether act as a space
charge layer. These space charge layers create an electric field which bends
the electronic bands of the semiconductor. The charges trapped at the
dielectric/OSC interface might be injected into the channel while the OFET is
in operation which results in a double slope in transfer characteristics.[73]
Using materials with a lower tendency to form traps as dielectric does not
solve the problems fully because a lower dielectric constant and capacitance
results in a high operating voltage and subthreshold region. Hence molecular
doping is advocated as a solution to passivate the traps. Charges formed by
doping can fill the traps at the dielectric-OSC interface as well as hinder
minority charge carriers.

2.5.2.  Doping as a solution for challenges at the metal/OSC
interface

A Schottky electric potential barrier at the metal contact causes a contact
resistance. This resistance decreases the effective drain-source voltage.
Different scenarios can contribute to contact resistance such as an energy
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mismatch at the interface (between the work function of the metal and the
HOMO level of the OSC, for p-type transport) and unfavourable interfacial
morphology at the contacts, etc. Moreover, in bottom-gate top-contact (BG-
TC) devices, the charge carrier transport across the film also contributes to
the contact resistance (access resistance).

A key strategy for the enhancement of device properties is contact doping,
where a dopant thin layer is incorporated at the source and drain
metal/semiconductor interface, i.e., inserting a dopant layer between the
0SC and the metal in the BG-TC geometry. The dopant modifies the width of
the Schottky barrier and fills trap states that exist in the access region.
Nevertheless, the thickness of the dopant layer must be carefully optimized
and sometimes it can induce changes in the microstructure of the
semiconductor layer (by diffusion and/or intermixing), which causes

prominent issues related to the stability of the doped
interfaces. [121.1741,[751,(761,177),[78]

2.6. Doping in BTBT derivatives

As described before, the deep-lying HOMO of BTBT derivative molecules is
beneficial for ambient condition operation but is also the reason for
prominent contact resistance in BTBT OFETs.[241[251[14L[15)[26] Hence contact
doping is widely used to fabricate higher efficiency BTBT derivatives OFETs.
Organicl2711791180] and inorganicl?s] p-type molecular dopants!81L182] have been
employed but it has been reported that the diffusion of small molecular
weight dopants!®51183L157] adversely affects the microstructure of the OSC thin
film and worsened the OFET performance with time.[8%

Experimentally, bulk doping can be obtained by exposing a pristine OSC to
doping agents (in the liquid or gas phase) but also by forming a solution of a
mixture of a host-dopant that is directly deposited or by co-evaporation of
0OSC and dopant, to become a doped composite OSC layer. It is reported that
after dopant incorporation in the bulk of the BTBT layer, the OSC
microstructure is destroyed and restricts the enhanced device
performance.l6l34.1841 A wide range of studies on doping in BTBT derivative
molecules have been reported in the past years and most of them reveal the
formation of a ground-state charge-transfer complex. Mendez et. al., in 2013
provided one of the early reports of molecular doping by CTC, attributed to
the co-crystallization in solution of C10-BTBT and different TCNQ derivative
molecules. It was demonstrated that the co-crystals are doping the C10-BTBT
film, using different characterization techniques. Figure 2.12a and b show the
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evolution of (the proposed CTC structure is shown in Figure 2.12) UV-Vis
absorption and X-ray diffraction data with respect to the increase in dopant
ratio. The conductivity was observed to increase with the dopant ratio (Figure
2.12c), achieving a maximum value for a dopant concentration of 5 mol% and
decreasing beyond this value.43!
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Figure 2.12. (a) UV-Vis absorption spectra (T1 and T2 are the transitions from
the CTC), (b) specular XRD (yellow circles are C10-BTBT reflections and red
squares correspond to co-crystals) and (c) Conductivity of films of C10-BTBT
doped with FATCNQ at different ratios. (d) Scheme of CTC crystal structure
along with the corresponding orbital iso-surface plots of the hybrid orbitals

calculated by DFT. Adapted from ref 145]

Synthesis and characterization of co-crystals based on BTBT derivatives reveal
the potential applications of the co-crystals themselves as a new class of
OSC.[5311851[861[71L187] Several articles have further confirmed that the CTC
formed between the BTBT derivatives and the TCNQ derivatives in the bulk
are doping the OSC films.[881[891190] However, these results also reveal the
difficulty to control the microstructure, order and spatial distribution of the
co-crystalline regions within the OSC film.

Only a few articles mention the integer charge transfer doping mechanism in
BTBT derivative thin films. Paterson et. al., achieved hole mobility exceeding
13cm?2V-1s1in C8-BTBT: C16IDT-BT OFETSs via p-doping with 1wt% CeoFss as well

29



as revealed the presence of the ion-pair formation between CgoFss and C8-
BTBT.78l

2.7. Concerning aspects of molecular doping in
OFETs

Molecular doping is a strategic tool to develop organic electronic devices with
versatile properties but still, there is a lack of understanding of the factors
governing doping. The factors may vary depending on the system; however,
it is widely accepted that the microstructure of the host OSC, the relative
orientation of host and dopant molecules and their interface play key roles.
Another limiting factor is the increase in the off current in doped OFETs due
to the presence of a large number of charge carriers. These charge carriers
are either formed in the film or injected from the contacts due to the lower
energy barrier at the contact. In some doped devices, an opposite gate
polarity was required to turn off the conductive channel.[1192] Also, care
should be taken in bulk doping of OSC film, because it can adversely affect the
molecular packing of the film and worsen the
performance.[45)1431,[93],144,[55],[561.(57),521 Hence, in order to get doping without
deteriorating other device parameters, which is essential to obtain efficient
devices, a deeper understanding of the interfacial properties as well as the
factors affecting the interface between the dopant-OSC is required.



3.1. Molecules

C8-BTBT and asymmetric BTBT-C8 were purchased from Sigma-Aldrich and
F6TCNNQ from Novaled AG Dresden as a part of a collaboration work. All
molecules were used without further purification except in-situ
degasification. DPh-BTBT and CgoFas were provided by other research labs as
a part of collaboration work. DPh-BTBT has been synthesized according to an
established procedurel3 by the group of Dr. Yves H. Geerts, Laboratoire de
Chimie des Polymeéres, Université Libre de Bruxelles (ULB), Belgium.
Fluorinated fullerene CgoFas was provided by Nir Tessler and synthesized as
per the method developed at the Josef Stefan Institute (Slovenia). The
product was characterized by chemical analysis, electron-ionization mass
spectrometry and IR-spectroscopy. The estimated purity was 95%. All
molecules were degassed under vacuum at 120°C for 15min.

3.2. Sample preparation and film growth.

Thin films were either grown on Si wafers with native oxide or thermally
grown thick SiO; or glass as indicated in the respective sections. All these
substrates were cleaned by ultra-sonication in acetone and then in ethanol
for 10 - 15min each. Soon after ultra-sonication, the substrates were dried
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with nitrogen flux. Before thin film deposition, substrates were in-situ
annealed under vacuum at 250°C for 10min.

3.3. Organic molecular beam deposition
(OMBD)

The OMBD method is a widely used technique to fabricate organic epitaxial
thin films. The molecules are sublimated by increasing the temperature under
high vacuum (< 10°¢ mbar) conditions. Molecules in powder form are placed
inside a crucible in the Knudsen/effusion cell. The rate is tuned by adjusting
the temperature of the crucible with an electrical current controller and is
monitored with a quartz crystal microbalance (QCM). Both are in the cone
range of the cell. A shutter in the substrate holder is used to cover the samples
until the required deposition rate is achieved. The position of the shutter can
be controlled manually from outside the chamber in order to cover certain
regions of the substrate holder, which aids to grow films with different
thicknesses from a single deposition. The photos of the OMBD set-up are
shown in Figure 3.1. For in-situ electrical measurements, the electrical feed-
throughs at the bottom of the chamber are used. To desorb contaminants
and moisture, substrates are heated up to 250°C and crucibles to 120°C.
Transmission electron microscopy (TEM) grids were used as shadow masks
where indicated.

Figure 3.1. Photos of (a) evaporation chamber (b) Knudsen cells (c) top view
of the cells with the shutter open and (d) the sample holder with its shutter.
The shown sample is an OFET connected for in-situ characterization.



3.4. AFM

Atomic force microscopy (AFM) is a technique under the family of different
scanning probe microscopy (SPM) techniques, which scans the sample
surface with a probe. Atomic force microscopy was developed in 1986 by IBM
scientists as a technique that can be used to probe even non-conductive
samples in the ambient atmospherel®sl. AFM is a powerful technique which
can be used to measure the surface of almost everything. Also, different
properties of the surface like friction, adhesion, conductivity, work function,
magnetic potential, piezo electric potential etc., can be probed using different
measuring modes with AFM.

The chemical structure of pentacene was the first high resolution image
obtained using AFM and was a game-changer in the field of SPM imaging.[9¢!
Figure 3.2 shows the images of pentacene on Cu(111) measured in 2009,
resolving the atomic positions and the bonds. The frequency shift maps are
sensitive to the electron density and are giving contrast as in Figure 3.2c.

In common AFM, the probe is a very sharp tip with a tip radius in nanometers
(ideally equal to the diameter of a single atom). This tip is attached to a
flexible cantilever.

Figure 3.2. STM and AFM imaging of pentacene on Cu (111). (A) Ball-and-stick
model of the pentacene molecule. (B) Constant-current STM and (C and D)
constant-height frequency shift AFM images of pentacene acquired with a CO-
modified tip. Adapted from ref 19,

The force between the sample surface and the tip causes a deflection of the
cantilever that is detected and used as a feedback signal to keep at a constant
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value of the force between the tip and the sample. When the tip scans the
sample surface, height variation in morphology induces a deflection in the
cantilever. To keep the force constant, the distance between the sample and
the tip is adjusted according to the feedback. The vertical movement of the
sample with respect to the tip is monitored and used to obtain topographic
images. The movement of the tip is probed with a collimated laser that is
focused on top of the cantilever. The cantilever has a reflective coating of gold
or aluminium. The deflection of the laser is monitored with a four-segmented
photodiode (Figure 3.3). Before starting the measurement, the photodiode
should be positioned in a way that the four segments are equally illuminated.
During the scan, if the cantilever bends upwards following the taller regions
in the morphology (due to normal force) then the laser illuminates the two
upper segments more, which corresponds to a deflection in the z-direction,
and vice versa for the deeper regions in the morphology. When the tip
experiences friction with the sample, the cantilever twists and the laser beam
move sideways illuminating photodiode segments on one side.

Deflection signal

(A+B)-(C+D)
(A+B)+(C+D)

Detection laser

Quadrant
photodiode

Cantilever deflection '

-

A\
/,;\\ Attraction or repulsion

Sample

Figure 3.3. Scheme showing laser deflection due to the bending of the
cantilever during the measurement.
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Figure 3.4. Scheme of
the movements of
piezoelectric cylinder
on top of where the
sample is placed.

The amount of torsion of the cantilever due to friction is derived from the
comparison of two left-hand and two right-hand segments of the photodiode.
The material, coating of the tip, shape and size of the cantilever, and
movement of the tip or sample vary between AFMs and different modes of
AFM. All the measurements reported in this thesis were carried out under
ambient conditions using a commercial head and control unit from Nanotec
Electronica S.L. In our AFM setup, the tip is kept fixed in the AFM head along
with the laser, optical components and photodetector. The sample, placed on
a piezoelectric tube and secured by magnets, moves during the
measurement. The position and movement of the sample are controlled by
an electronic feedback loop via the piezo ceramic tube (Figure 3.4).

To avoid electromagnetic and mechanical noises affecting the measurement,
the whole set-up is kept inside a metallic cabin, which in turn is fixed on a
heavy plate supported by four springs. We employed two main modes of
operation of AFM in this thesis: contact mode and dynamic mode.

3.4.1. Contact mode

In contact mode AFM measurements, the tip is in direct contact with the
sample surface while the vertical deflection of the cantilever is kept constant
by a feedback loop. Microscopically, different forces are involved in the
process. Figure 3.5 shows the force experienced by the tip versus the tip-
sample distance. During the approach of the tip towards the sample, the
cantilever deflection is approximately constant until an attractive interaction
such as van der Waals forces, electrostatic or capillary forces, and the tip
bends downwards. When this attractive force becomes greater than the force
by the cantilever spring, the tip snaps into physical contact with the sample;
adhesion of the tip to the sample occurs. Once the tip is in contact with the
sample, the cantilever deflection is linear with the further approach. When
the tip is retracted from the sample after being in contact, the tip sticks to the
sample by the adhesion until the retraction pulls the tip out of contact. The
deflection of the tip is monitored with a photodiode during the approach and
retraction, which is recorded as a function of the tip-sample distance. In the
linear part of the repulsive regime, the cantilever behaves like a spring. The
bending of the cantilever can be converted to the normal force (perpendicular
to the surface) of the surface experienced by the tip, using the spring constant
of the cantilever. Figure 3.5b shows a typical normal force versus AFM tip-



sample distance (FZ curve). The arrows in the curves show the direction of the
tip motion during the approach-retraction sequence.
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Figure 3.5. (a) Scheme demonstrating the tip-sample interaction w.r.t the
distance between them. The image is taken from ref 1°7). (b) Normal force vs.
AFM tip-sample distance curve.

During AFM imaging, the tip in physical contact with the sample may alter and
can result in a damaged surface and/or the tip. Most measurements during
this thesis consist of organic surfaces, which are soft. Hence, to obtain AFM
images with maximum resolution, care has been taken to measure the
samples at minimal load. There is a hysteresis in the normal force versus tip-
sample distance curve while approaching and retracting. The minimal force
experienced on the tip is during the retraction while the adhesion force
dominates. So, the AFM images taken during this thesis are measured at a tip-
sample distance where adhesion dominates (distance corresponds to the
lowest point of the green curve).

As mentioned before, the AFM cantilever can also twist left or right along with
bending up or down, due to the frictional force between the tip and the
sample. A difference in friction between regions on a surface can arise from
their different mechanical properties, chemical compositions, density or
structures. In conventional AFM, the fast-scanning direction (tx axis) is
perpendicular to the cantilever’s long axis direction which coincides with the
slow scan direction (+y axis). The torsion of the cantilever at each point on the
surface responds to the frictional inhomogeneity of the sample surface that
results in a lateral deflection of the laser spot on the photodiode, the imaging
channels are named “lateral force,” forward (LFf) or backwards (LFy) for right
or left fast scan directions, respectively. A friction map of the surface is
obtained by subtracting the lateral force maps and dividing by two (i.e., F =
(LF¢- LFb)/2). However, because no quantitative analysis of friction is made in
this thesis, only images obtained from the forward scans are used, in which

36

Figure 3.6. Scheme
of MICLT probe from
Bruker.



lower and higher friction corresponds to a darker and lighter colour,
respectively.

During this thesis, for contact mode measurements, MLCT probes from
Bruker were used. Each probe has a rectangular and five different triangular
cantilevers, with metal-coated silicon nitride tips (Figure 3.6). The spring
constants of the cantilevers are from 0.016N/m to 0.6N/m.

3.4.2. Dynamic Mode

Unlike contact mode, in dynamic mode, the tip is not in direct contact with
the sample surface but set to mechanically oscillate in its natural frequency
(wo) at a certain distance from the surface. The interaction of the tip with the
sample is evaluated by monitoring the changes in the cantilever dynamics
(amplitude, frequency, and phase) with respect to a reference. The cantilever
is driven to mechanical oscillation by electrical excitation of a small piezo
actuator placed in the cantilever holder. The resulting force oscillator is
mathematically analogous to a point mass-spring whose motion can be
approximated by a non-linear second order differential equation (eqn 3.1).

d?z(t) + mw, dz(t)

e T + kz(t) = Fis + Fy cos wt (egn 3.1)

Where w and Fq are the frequency and the amplitude of the driving force, Q
and k are the quality factor and the force constant of the cantilever,
respectively. Fs is the force between the tip and the sample. When the tip is
far from the sample, Fis is zero and the system behaves like a forced harmonic
oscillator with damping.

The cantilever probe is electrically connected to a piezoelectric component
(actuator) which applies a sinusoidal excitation with a frequency w and
amplitude A, which maintains the mechanical oscillation of the tip in its
natural frequency against the damping. Hence the cantilever oscillates in a
steady state around its equilibrium position and egn 3.2 shows the
corresponding equation of motion of the cantilever.

z(t) = Z(w) sin(wt +o (a))) (eqn 3.2)



For the AFM used during the thesis, the recommended amplitude for the tip
oscillation is around 3.5V (obtained from the photodiode signal). This is the
case where there is no interaction with the sample. During AFM imaging,
cantilever oscillation amplitude (Z(w)), its resonance frequency (w), and the
phase shift (¢) of the oscillation vary due to the tip-sample interaction.
Generally, conservative forces due to van der Waals interaction, polarization,
electrostatics, Pauli repulsion etc., cause a shift in resonance frequency.
Dissipative interactions from plastic deformation, viscosity etc., cause a
decrease in amplitude and Q, which can be used as a feedback signal to
measure the topography. There are two basic modes of operation possible to
restore the resonance condition, which are either by modulating frequency
(frequency modulated AFM, FM-AFM) or by modulating amplitude
(amplitude modulated AFM, AM-AFM). AM-AFM was used in this thesis. In
this mode, the sample is moved away or closer to the tip to restore the
resonance amplitude. The amplitude of the tip is the input for the feedback
loop to construct the sample topography. A proportional-integral-derivative
(PID) controller is used to maintain the distance between the tip and the
sample constant.[%8] Presence of different materials on the surface results in
a phase difference between the natural frequency of the tip and the external
frequency applied by the piezoelectric component. This is given as another
channel in the dynamic mode called “phase” and is influenced by the chemical
nature of the surface. There is another optional feedback loop called PLL
(phase-locked loop), which maintains the phase constant. The additional
frequency applied to compensate for the phase shift is provided as a new
channel called “frequency shift” and gives the same information: the chemical
nature of the surface.

A lot of tips and cantilevers with different spring constants are commercially
available and must be chosen wisely depending on the sample properties and
measurement modes. The dynamic experiments for this thesis were done
with ElectriMulti75-G cantilevers from Budget Sensors (natural frequency =
75kHz, k = 3N/m) with only one tip and cantilever per probe with an
electrically conductive Cr/Pt coating.

3.5. Kelvin Probe Force Microscopy (KPFM)

KPFM is a technique which uses AFM to measure the surface potential
map/work function difference of a surface by measuring the contact potential
difference (CPD) between the AFM tip and the sample. The work function of
a material is the minimum thermodynamic work required to remove an
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electron from the surface of a given material to infinity. When two materials
are electrically connected, a potential difference develops at the contact. As
shown in Figure 3.7, when two metals of different work functions are
electrically in contact, charges flow from one to the other to align the Fermi
level. This causes opposite charges to build up in each of the materials which
results in an electrostatic potential force between them, modifying the
vacuum level (VL). This change in the VL is the CPD, in effect the same as the
work function difference of both materials. The concept was first discussed
by Lord Kelvin thus the technique got the name.[ The method used in KPFM
to measure the CPD was adapted from the work published by William
Zisman.[100] |t s impressive that the method was developed as a part of his
Master’s thesis at MIT in 1928. Two electrically connected materials with
different work functions in proximity are considered as parallel plate
capacitor.

Zisman reported that a mechanical oscillation of the capacitor generates an
alternating electrical current which can be nullified by applying a DC bias (Vpc)
equal to the CPD difference between the two materials (Figure 3.7). In KPFM,
a Vpc is applied to cancel the CPD between the tip and the sample at each
point of the surface, hence the final image of the surface is called the surface
potential (SP) map. Contrary to the Kelvin/Zisman method, in KPFM the
electrostatic force is detected and nullified. Surface regions with different
work functions result in a different CPD with the tip and show contrast in the
SP maps.
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Figure 3.7. Scheme showing the concept of CPD and the method used to
measure CPD with KPFM.



In KPFM an alternating voltage is applied between the tip and the sample with
an amplitude Vac and frequency wac. Along with the DC bias, the total
electrostatic force between the tip and the sample which has an AC voltage
component, Fg, ac

1dc .
Fprac == 355, [(Vbec = CPD) + V¢ sin(wyc t)]? (ean 3.3)

This electrostatic force can be expressed as a sum of three independent terms

FeL, ac = Fpc + Foac + Fawac (eqn 3.4)
where,
dc 1
Fpc = — [(Vpec — CPD)]* + ;VAC2 (eqn 3.5)
1dc .
Fu)AC = EE(VDC - CPD)VAC Sln((DAC t) (eqn 36)
1dc
Fawac = 7, Vic? cos(2wyct) (eqn 3.7)

There is no frequency term in Fpc and it induces a constant deflection of the
cantilever. The AFM we used, takes Fyac for the feedback loop for KPFM. Also,
frequency modulated KPFM increases the lateral resolution of the map.

dFyac
Aw & (eqn 3.8)

When Vpc = CPD, Fyac= 0 as well as Aw = 0 and the feedback loop adjust the
DC bias needed to nullify the mechanical frequency shift of the tip at wac and
gives the final SP maps. To double-check if the feedback works properly, we
check the maxima of the phase (Aw with PLL) versus the Vpc curve, which has
the same value as the CPD from KPFM (Figure 3.8). Fauac can be also extracted
and used for capacitive force microscopy. To avoid electronic interaction
between tip and sample that may modify the surface potential, we employed
the so called “retrace mode” (also named lift mode in some other AFM) when
needed. In this mode, the tip scans each line two times: first time measuring
the topography in the usual way and a second time measuring only CPD from
a larger tip-sample distance. This is also used to double-check if the measured
CPD is correct.
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In general, three feedback loops were working simultaneously during our
KPFM measurements: amplitude feedback, PLL feedback and the KPFM
feedback which is portrayed in Figure 3.9. The measurements were
conducted at an AC voltage, Vac ~ 0.5V and a frequency, wac ~ 0.7kHz. In our
setup, the voltage is applied to the tip so that, the higher the surface potential
(SP), the lower the local effective work function (¢). Freshly cleaved HOPG
(work function is 4.47eV in the air)!1%1 was used for calibrating the tips or as
a reference. Care has been taken to avoid uncertainties in measured contact
potential difference between tip and surface, by regularly checking the
surface potential of a reference sample. Data were analysed by using the
WSxM freeware.[102]
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Figure 3.9. Scheme of active feedback loops during the KPFM measurement.
Adapted from [103]

3.6. X-ray diffraction

X-rays are electromagnetic (EM) waves with a wavelength, between 0.1A to
100A (energy range from 100eV to 100keV); the length scale is similar to
atomic dimensions and intermolecular distances in the solid state. Hence,
used to probe atomic level information. Electronic atomic/molecular levels
are discrete and only EM waves with an energy similar to that of the electronic
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levels in the material can interact with the material. Elastically emitted EM
wave has a dependence in space-time (Figure 3.10a). Depending on the
distance between the adjacent atoms/molecules, the scattered light
produces diffraction patterns due to interference of light, as shown in Figure
3.10. Hence a material with a periodic lattice produces a well-defined
diffraction pattern which gives information about the structure of the lattice.
Lattice planes are denoted by miller indexes (hkl). The periodicity of the
lattice, dpx; can be estimated from the angle of diffraction, 8 and the
wavelength of the incident light, A by Bragg’s law, which states as

nA = 2dpy; sin 0 (eqn 3.9)

and n is the order of diffraction peak.

The orientation of the lattice planes can be estimated from the diffraction
features. A parameter defined as a scattering vector, gpy; is the difference

between the incident wave vector, k, (| k, | :ZT“) and the diffracted wave

vector, ks ((kr)| =27“), ie.
qhkFE—EL:zlkilsin9=22T“sin9 (eqn 3.10)

Hence, the inter-planar distance, d can be written in terms of the scattering
vector, q (Figure 3.11).

2
qnkl = = (egqn 3.11)

When the scattering vector, g is perpendicular to the substrate, the diffracted
pattern refers to the out-of-plane periodicity of the lattice. When the
scattering vector is on the sample plane, diffracting planes are perpendicular
to the sample plane. The work in this thesis is done in these two geometries
and explained in the next section.
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Figure 3.11. Scheme
of scattering vector.

3.6.1. Out-of-plane diffraction

In, out-of-plane (OOP) diffraction geometry, the incident angle is equal to the
diffracted angle and is called specular or 8 — 26 geometry. During the scan,
the incident angle and the detection angle vary simultaneously from 0 to 6.
For this thesis, we measured the samples in different synchrotrons with
different measurement setups and with different wavelengths of X-rays.
Hence, we present all the data in g-space. The OOP XRD data for q,< 0.2A is
called X-ray Reflectivity (XRR) and this region gives more information about
the thickness and roughness of the film. Figure 3.12 shows the main
information one can get from the OOP diffraction pattern.
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Figure 3.12. Computed reflectivity curves (left side) and corresponding scheme
of the situation (right side) (a) from a perfectly smooth vacuum/medium
interface, (b) from a single homogeneous layer or film on top of a substrate,
(c) from an ordered structure within the film. Adapted from ref [104],
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Figure 3.12a shows the case where you have only one interface in the
material. The roughness of the substrates can be checked by the x-ray
reflectivity of the sample. A uniform (Figure 3.12b) sample with two interfaces
produces an interference pattern of periodic fringes superposed to the
reflected intensity. These fringes are called Kiessig oscillations and their

period (Aq) is inversely proportional to the thickness of the film, i.e., t = Z—Z. If

the film is rough, their amplitude will diminish, hence can give quantitative
information about the smoothness of the film. As shown in Figure 3.12c, the
periodic structure within the film gives Bragg peaks. The width (Full width at

half maximum, FWHM) of the Bragg peaks can give information about the
2T

FWHM’
The amount of vertical periodic structures/lattice planes inside the film is

finite and can give interference patterns around the Bragg peaks, and these
oscillations are called Laue oscillations. If a film contains domains with a
different number of lattice planes, it leads to incoherent superposition and
weakens the Laue oscillations, hence can give qualitative information about

the amount of coherently ordered domains giving Bragg peaks. The width of

S . . L 21
Laue oscillations (Aqy) gives the corresponding domain size, tgomain = Yo
L

coherence length of the film as described by coherence length, L. ~

3.6.2.  Grazing Incidence X-ray diffraction (GIXD)

In GIXD also known as Grazing Incidence X-ray scattering (GIXS), the incident
angle is set below the critical angle of the sample, 6. The critical angle is the
incident angle at which total external reflection occurs and is proportional to
the refractive index of the material. Neglecting absorption, 6, for small
angles (Taylor approximation) is given by,

6, = V20 , where (egn 3.12)
Q= ;—;Azpe (eqn 3.13)

Where 1,= 2.813:10°nm, is the classical radius of the electron, p, is the
electron density and 1 is the X-ray wavelength.[195] Near the critical angle, the
incident X-ray penetrates only a few nanometers (depending on the
electronic density in the material) from the surface but illuminates a large
area on the sample surface, making the technique surface sensitive.l® In this
geometry, the scattering vector is (nearly) parallel to the sample surface (qxy)
and gives in-plane diffraction patterns. Two types of detectors are widely
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used: point detectors and 2D detectors (Figure 3.13). A point detector moves
at an angle, §, across the line of incidence. 6 scans obtained from the point
detector, for a range of vertical angles y, tailored to give 2D-GIXD maps, show
the diffraction pattern for different scattering vector directions. While a 2D
detector takes images of the diffraction pattern and later convert into 2D
maps in g space using the reference distance between the sample and the
detector. The orientation of different lattice planes in the sample can be
deduced from the 2D-GIXD maps. Depending on the range of 6 or qyy, there
are two types of GIXD measurements to probe different range of periodicities:
wide angle X-ray scattering (WAXS) and small angle X-ray scattering (SAXS).
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Figure 3.13. Scheme of a GIXD measurement setup (a)with a point detector
(b) with a 2D detector. In the right panels, three main types of diffraction
patterns and their corresponding thin-film structure: (c) highly oriented
crystallites, (d) less oriented crystallites and (e) fully randomly oriented
crystallites. Adapted from ref [9]

The former scans a larger range of qx, and gives information about smaller
periodicities in the sample while the latter probes smaller gx, and provides
data of larger periodicities up to a few hundreds of nanometers. The
geometry for the measurement is the same for both cases and the main
difference is in the sample-detector distance. As shown in Figure 3.13, a
qualitative understanding of the crystalline orientations of thin films can be
acquired from the GIXD patterns. Textured film: highly oriented and isotropic
in-plane structures give a bright spot like diffraction pattern whereas the
crystallite with vertical orientation gives an arc. And randomly oriented
crystallites give a ring-like diffraction pattern, known as Debye-Scherrer rings.
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3.6.3.  Synchrotron Measurements

When electrons accelerate at high speed, they emit X-rays and synchrotron
facilities (cyclic particle accelerators) are the sources of all types of EM waves
including high and low-energy X-rays. The radiation obtained from
synchrotrons is usually called synchrotron light (also called magneto-
bremsstrahlung radiation) which has high brilliance, stability, and flux. Also
has a broad spectrum and the users can choose the wavelength required.
Hence, different high resolution probing techniques use synchrotron light.
The work presented in this thesis has been done in three different
synchrotron facilities and four beamlines: SpLine beamline (BM25 at ESRF,
Grenoble, France), IDO3 beamline (at ESRF, Grenoble, France), SIXS (at Soleil,
Paris, France) and BL11 - NCD-SWEET beamline (at ALBA, Barcelona, Spain).

X-ray diffraction studies of asymmetric BTBT-C8 and symmetric C8-BTBT were
conducted on the six-circle diffractometer at the SpLine beamline (BM25
Beamline at ESRF, Grenoble, France) with A = 1.2A. The design and details of
the beamline measurement setup are available online.[106L1107] The XRD
measurements were performed on in-situ grown films under ultra-high
vacuum (UHV) conditions. The experiments were performed in a portable
UHV-compatible chamber mounted in a vertical geometry on the six-circle
multipurpose diffractometer.[208] | would like to thank Dr. Maria Vila for the
support during the experiments at the BM25 beamline at ESRF.

X-ray diffraction measurements of DPh-BTBT molecules were conducted at
the ID03 beamline of the European Synchrotron Radiation Facility (ESRF,
Grenoble, France). Out-of-plane and grazing incidence geometries were used
to investigate the film structure in the direction perpendicular (out-of-plane)
and parallel (in-plane) to the substrate, respectively. A 2D Maxipix 2x2
detector was used for x-ray scattering measurements. The x-ray wavwlength
was 0.99 A. For GIXD experiments an incident angle of 0.11° was set, which is
below the critical angle of Si (~0.14° at this energy). The 2D GIXD maps were
built up and analysed by BiNocular software. | would like to thank Dr. Linus
Pithan and Paul Bayer for their support during the experiments at the ID03
beamline at ESRF.

X-ray diffraction studies of C8-BTBT with F6TCNNQ molecules were
conducted at the SIXS beamline at Soleil, Paris, France, with A = 0.6727A. Both
molecules were evaporated and annealed in situ under a high vacuum. The
detector used was an XPAD S140. It is a hybrid pixel detector of 560x240 pixels
with a pixel size of 130x130um?, therefore having an active area of
75x32mm2. The typical sample-detector distance is 1.15m. 2D GIXD maps
were analysed by BiNocular software. | would like to thank Dr. Alina Vlad and
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Dr. Andrea Resta for their support during the experiments at the SIXS
beamline at Soleil.

X-ray diffraction studies of C8-BTBT co-crystals from solutions and co-
evaporation were conducted at the BL11-NCD-SWEET beamline at ALBA
synchrotron, Barcelona, Spain, with an energy of 12.4keV (Figure 3.14a).
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Figure 3.14. (a) Photo of the measurement set up in (BL11-NCD-SWEET
beamline at ALBA synchrotron (b) Image obtained from the 2D detector at
ALBA. X and Y axis are in pixels. The data are processed by including the
sample-detector distance and incident angle. (c) 2D reciprocal maps and (d)
Data remapped as a function of azimuthal angle and scattering vector.

Some measurements conducted at ALBA were in ambient conditions and are
specified in the respective chapters. The expected critical angle of the C8-
BTBT is 0.074° and FEBTCNNQ is 0.172°. Unlike the other beamlines mentioned
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before, the detector in this beamline is a Rayonix LX 255-HS 2D detector of
960x2880 pixels with an area of 88.54 x 88.54um? for the binning employed
with a beam stopper. The diffraction pattern is collected as a 2D image and
converted into reciprocal space coordinates from the exit scattering angles
calculated for each pixel (and the incident angle). A calibration sample is used
to obtain the sample-detector distance and rotation angles of the detector.
Figure 3.14 shows different 2D GIXD maps used in the analysis. g, vs. gy, map
shows the reciprocal space of the sample. The azimuthal angle x vs. g map
(Figure 3.14c) is used for quantitative analysis of the preferred crystallite
orientation and crystallite coherence length. | would like to thank Dr. Eduardo
Solano for the support during the experiments at the BL11-NCD-SWEET
beamline at the ALBA synchrotron.

3.7. Photoelectron Spectroscopy

A photon with sufficient energy can excite and extract an electron from its
atomic orbital to the vacuum level. The excess energy will be converted into
the kinetic energy (KE) of the emitted electron. In other words, the difference
in the energy of the incident photon and the KE of the emitted electrons give
the binding energy (BE) of the corresponding electronic states in a particular
chemical environment. This concept is employed in Photoelectron
Spectroscopy (Figure 3.15). Each element has different electronic
levels/orbitals with their characteristic BE, the minimum energy required to
remove an electron from the specific orbital to the vacuum level, which are
the fingerprints of the chemical bonds between atoms. As commented, the
KE of the emitted electron is the difference between the energy of the photon
(hY9) and the BE of the electron’s orbital, i.e.

KE = h9 — BE (egn 3.14)

where h is the Plank’s constant and 9 is the frequency of the EM wave. It is
clear that the BE of an orbital depends on the surrounding chemical
environment and chemical changes like charge transfer, new chemical bonds,
or dipole formation in the surroundings. To probe orbitals with large BE (core
levels), X-rays are used and are called X-ray photoelectron spectroscopy
(XPS). BE of the electrons from the core levels can be calculated from the KE
of the emitted electrons using the eqn 3.14. Casa XPS software was used to
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Figure 3.15. (a) Scheme of Photoelectron Spectroscopy (b) A representative
spectroscopic curve from UPS measurement.

Because of the small BE, the density of states at the Fermi-edge valence band
(VB) and the highest occupied molecular orbital (HOMO), UV rays are used in
the so-called ultraviolet photoelectron spectroscopy (UPS). UV excited
photoelectrons experience an inelastic scattering which generates secondary
electrons before leaving the surface. These electrons appear as a polynomial
background in the spectra. The energy at which this background ends
abruptly is called the secondary electron cut off region (Eseco). Photoelectrons
with the highest KE originate from the Fermi level for metals while, for an
organic semiconductor, they are from the HOMO. Hence the region at the
lowest BE electrons from the material appears (Enomo) gives the value of
HOMO. Both SECO and HOMO were estimated from the intersection of the
corresponding fitted linear curve with the background (Figure 3.16). The
sample is in contact with the spectrometer, and therefore the Fermi level is
equalized, hence is obtained the zero of the UPS spectra. The spectrometer is
calibrated using the Fermi energy of a gold sample for the measurements
reported in this thesis. UPS is a surface-sensitive measurement which probes
a few nanometers of the surface. As illustrated in Figure 3.15, the HOMO of
the molecules on the surface as well as the work function (¢) and ionization
potential (IP) can be estimated from the spectrum.

The work function of the surface, ¢ = h — Esgco (eqn 3.15)

The ionization potential of the surface,

IP = h9 — (Eseco — Enomo) (eqn 3.16)
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Precautions were made to reduce surface contaminants by preparing the
samples and measuring them under ultra-high vacuum (UHV).

Photoelectron spectroscopy measurements were done at the Institut Catala
de Nanociéncia i Nanotecnologia (ICN2) and at Institut fir Angewandte
Photophysik Fachrichtung Physik (IAPP). In the ICN2, a monochromatic X-ray
source with Al Ka, h9 = 1486.6eV and a monochromatic He I-a line source
with hd = 21.21eV were used for XPS and UPS, respectively. The detector
used was a Specs Phoibos 150 hemispherical energy analyser. In IAPP, soft x-
ray source XR50 by Specs, equipped with a twin anode made from aluminium
and magnesium which can be used separately for the excitation was used.
The corresponding energy for Al Kqi/2 is 1486.61eV and for Mg Kqiz is
1253.64eV. The UV source used was a helium discharge lamp (UVS10/35,
Specs) with the main He | excitation line at 21.22eV. Phoibos 100
hemispherical analyser was used as the detector system in the so-called fixed
analyzer transmission mode. To have access to the work function of the
samples from the SECO signal, the corresponding spectra were taken with the
samples biased at -10V at ICN2 and -8V at IAPP. An Au (111) single crystal
was used as the reference for the determination of the Fermi energy. Both
XPS and UPS were measured under UHV for samples fabricated in-situ using
the native SiO,/Si as substrate.

3.8. UV-vis absorption

When a material is irradiated with an electromagnetic wave of energy equal
to the energy difference between the electronic orbitals of the material,
absorption occurs. An electronic transition takes place when an electron in
the ground state orbital absorbs the incoming light and is excited to a higher
energy orbital: this is the fundamental phenomenon exploited in absorption
spectroscopy.

UV-vis absorption spectroscopy performed during this thesis was measured
by a Cary-5000 Scan (Varian) UV-Vis-NIR spectrophotometer. A baseline
spectrum is recorded with respect to air and is subtracted from the spectra
before further analysis. The substrate used for the measurement was glass.
Organic semiconductor molecules were thermally evaporated on top of the
glass substrate under a vacuum (commonly as twin samples of those grown
on SiO; employed for structural characterization by XRD or AFM).



3.9. OFET fabrication and characterization

A transistor is a three-terminal device designed to obtain a controlled current
flow between two electrodes (source and drain), regulated by the voltage
applied to a third electrode (gate). In an organic field-effect transistor (OFET),
the semiconductor will be an organic material (organic semiconductor, OSC),
either a polymer or a small molecule. An applied voltage at the gate creates
an electric field across the dielectric which causes an accumulation of charges
at the dielectric/semiconductor interface to nullify the field. These
accumulated charges function as a conductive channel between the source
and drain.

There are mainly, two distinct types of current-voltage characteristics for an
OFET: output and transfer. During an output characteristic measurement, the
drain current (lgs) is measured for a range of drain voltages (Vq4s) keeping the
gate voltage (Vg) constant. In a transfer characteristic measurement, the drain
current (lgs) is measured for a range of gate voltages (V) keeping the drain
voltage (Vg4s) constant. Depending on the value of V4, two regimes are
defined: saturation and linear.

When,
WCq 2
Vasl > |Vg = Vin| >0, lgssar = #satY(Vg —Ven) (eqn 3.17)

the device is in the saturation regime and when,

wc 1
Vo= Ven| > Wasl, laspin = tiin =" (Vg = Ven)vas —;Vas®  (ean3.18)

Then the device is in linear regime. L is the channel length; W is the channel
width and Cq is the capacitance of the dielectric (3.46-108F/cm? for 100nm
SiO2 and 4.646-108F/cm?2 for 40nm CYTOP). OFET parameters discussed in this
thesis are calculated as explained below.

lon is the maximum and Il is the lowest drain current measured during
transfer characteristics in a linear regime. Vo, is the gate voltage at which the
lgs start to show an exponential increase from Iy For each regime, the
mobility can be extracted:

Linear field ef fect mobility,

9gs)
vy

WCqlVysl

L

Hiin = (eqn 3.19)



Saturation field ef fect mobility,
9(/Tas)

2L(—avg )?

Hsat = —c — (eqn 3.20)

both measured at a constant Vs,

Another important OFET parameter we used in this thesis is,

Threshold voltage,V, = V; — %VdS (eqn 3.21)

Vin is the minimum Vg needed to create a conductive channel in the OSC layer
between the source and the drain. If the applied Vg is below the Vi, of the
OFET, then the device is turned off .

The substrates used are thermally grown SiO; on Si wafers with a thickness of
either 200nm or 100nm. The wafers were cleaned by rinsing with acetone and
next with ethanol. Then dried with a nitrogen flux avoiding solvent stains on
the substrate.

For bottom-gate bottom-contact devices (BG-BC), 50nm of gold were
evaporated through a shadow mask. Then, these substrates were dipped in
1mM perflurodecanethiol in ethanol for 30min, to optimize the OSC film
growth. First, the OSC molecules were thermally evaporated on the
substrates, then the dopant was deposited on top. For in-situ measurements,
contacts were taken out using silver paste via a feed through in the vacuum
deposition chamber and connected to the source meter.

For bottom-gate top-contact devices (BG-TC), the OSC was thermally
evaporated under a vacuum and the dopant was evaporated on top unless
specified. Later, 50nm of gold were evaporated on the films that were
exposed to ambient conditions while putting on the shadow mask. OFETs with
dopant evaporated on top after gold deposition was also used for the studies
as mentioned in the respective sections. Two diverse kinds of masks were
used: first from OSSILA with 6 different channel lengths (L = 30um, 40um,
50um, 60um, 80um and 100um) and fixed channel width (W =4mm) and an
in-house mask from IAPP with channel lengths (L = 80um, 130um, 180um,
230um and 330um) and fixed channel width (W = 2mm).

The electrical characterization of BG-TC OFETs was performed in ambient
conditions using a semiconductor characterization system (SCS): Agilent
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B1500A semiconductor device analyser connected to the samples with a Karl
Suss probe station. Sweepme program was used for the measurement. The
BG-BC in-situ OFET measurements were performed with two 2450 Keithley
source-meters with the Kickstart program. | would like to thank Dr. Ines
Temifio and Jinghai Li and Dr. Cartsen Habenischt for their support during the
OFETS measurements.

3.10. KPFM in OFETs

KPFM data can be used to obtain contact resistance and channel mobility
values in transistors.[73L[121[109}[110] The contact resistance measurements
using KPFM during the thesis were done with and AFM head from Nanotec
Electrénica S.L and the two 2450 Keithley source meters. KPFM
measurements were performed to monitor the surface potential within the
OFET channel for various applied gate and drain voltages. In Figure 3.17, aline
profile taken on the surface potential map measured by KPFM across the
channel on an OFET operated at a non-zero drain-source voltage and gate
voltage (applied by the Keithley source meter) provides the voltage drop
across the surface. The voltage drop (AV) at the source (AVs) and drain (AVg)
contacts are measured from the surface potential profile. The source-drain
current (lgs) is simultaneously measured by the Keithley. The ratio between
the AV at each electrode and Ig4s gives the respective contact resistance (R¢ =
AV/lgs). 1t is observed that there is a difference between the potential
measured with KPFM and the applied source-drain potential due to a
difference in work function between the electrode material and the tip.[111 In
addition, rescaling of SP profiles has been reported to obtain the applied
AV.1111,1112,[113] Dyring the thesis, we follow this procedure for the estimation
of contact resistance.



4. Contact doping of C8-BTBT OFETs
with C60F48

This chapter presents the structural study of the interface between C8-BTBT
and CeoFag and the electrical doping mechanism in the system. The content of
this chapter is adapted from the ACS Appl. Mater. Interfaces, 2020, 12, 25,
28416- 28425; Copyright 2020 American Chemical Society.32l Figures and
parts of the text were reprinted with permission.

The investigation was conducted by employing the C8-BTBT molecule as OSC
and CeoFag as the dopant. Section 2.2.1 explains in detail why C8-BTBT is a
suitable candidate for OFETs fabrication. The low-lying HOMO of C8-BTBT
(5.4eV) permits the OFETs to work in ambient conditions,114 but it also
causes a barrier for charge carrier injection at the Au/C8-BTBT interface (work
function of Au is 5.1eV), which contributes to an increase in contact
resistance.[25)124 Contact doping, i.e., incorporation of a thin layer of dopant
at the contact/OSC interface, is an important strategy for reducing contact
resistance.54112L741177] For the most commonly used p-type small molecular
dopant, FATCNQ, it has been reported that the deposited dopant diffuses
through the OSC layer, affecting the thin-film structure hence resulting in a
worsened device performance.[#41.15511571156] CgoF,45, was chosen here to dope
C8-BTBT films as this molecule has a deeper LUMO (5.5eV) level than the
HOMO of C8-BTBT (see section 2.2.1).% In addition, the bulkier shape of the
CeoFas molecule prevents diffusion and film disruption. This is an add-on
advantage for efficient contact doping without compromising the structural
order of the C8-BTBT film. The objective of this chapter is to provide a
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microscopic view of the interfacial properties by sequential deposition of
CeoFag on C8-BTBT films.

4.1. Structure and morphology

First, the morphology and the structure of pristine C8-BTBT films on native
oxide/Si substrates are presented. In-situ XRD measurements were
performed right after the growth in UHV at the SPLINE beamline at ESRF while
ex-situ AFM measurements were performed a few days after the growth.
Figure 4.1 shows the morphology and out-of-plane XRD pattern of a C8-BTBT
thin film, which reveals a crystalline multi-layered structure.
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Figure 4.1. (a) Topographic AFM image and (b) height profile along the
segment in (a) for a 27nm thick C8-BTBT film (nominal thickness). (c) Out-of-
plane XRD for a 48nm thick C8-BTBT film. The spike at q,= 7.8nm™ is not a
structural feature of the samples.

The height measured by AFM for each individual layer is 3nm (Figure 4.1a, b)
coinciding with the length of a C8-BTBT molecule and the reported standing-
up orientation of the molecule on SiO, substrates.[11511116] The Bragg peak
positions in the OOP XRD data (Figure 4.1c) correspond to an interlayer
spacing of 2.91nm, consistent with the AFM results. Bragg peaks up to the
sixth orders of diffraction are visible, which is the manifestation of a (001)
oriented film with a well-ordered and layered structure. The observed Kiessig
fringes (Figure 4.2) and Laue oscillations indicate the smoothness and the
coherent order of the film. To study the dopant/OSC interfacial structure,
CeoFag molecules were thermally evaporated on top of the C8-BTBT thin film.
For contact doping, lower coverages of dopants are used.[74/117] Figure 4.3a,b
shows representative topographic and lateral force images obtained for a
coverage of ~ 2nm CeoFss. Lateral force images give a contrast between
surface areas consisting of different materials,[118] here, between CgoFsg and
C8-BTBT. Thus, CeoFss can be distinguished by a lighter colour (i.e., higher
friction) from the surrounding OSC surface in Figure 4.3c. By direct
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comparison with the corresponding topography, it can be seen that the CeoFss
molecules form flat islands, most of them decorating the step edges of the
C8-BTBT film. The heights of the CeoFasg islands range between 5nm and 12nm.
A profile across one hexagonal CgoF4s crystallite is shown in Figure 4.3a. Since
the size of the CgoFas molecule is ~ 1nm, these crystallites consist of 5 -12
individual layers. The formation of flat hexagonal assemblies supports the
reported crystalline FCC structure of CeoFss.[621(119] The island growth of CeoFas
on C8-BTBT follows the so-called Volmer-Weber mode suggesting a weak
interaction of the CgoFss molecules with the alkyl-terminated OSC surface.
Statistical analysis performed on AFM images confirms that the CgoFsg islands
decorating the steps are located on the inferior terraces. This fact is probably
due to a stronger interaction between the CgoF4s molecules and the aromatic
core of the BTBT molecules (exposed at the step edges) than with the alkyl
chains (exposed at the terrace surface).
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Figure 4.3. (a)Topography of a film with 2nm of CeoF4s 0n a 9nm thick C8-BTBT
film. (b) The height profile along the black segment in (a). (c) Corresponding
lateral force image (forward). (d) 2D GIXD map of 9nm of CsoF 43 0on a 9nm thick
C8-BTBT film and (e) the out-of-plane XRD for 15nm of CeoF4s 0n a 48nm thick
C8-BTBT film.

The lower level (darker regions) in the topography corresponds to the
uncovered SiO; substrate, where CgoF4g grows in the form of small, isolated
aggregates. Figure 4.3d displays the 2D GIXD patterns of a C8-BTBT film with
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a larger coverage of CgfFss deposited on top. Diffraction intensities
corresponding to (11L), (02L), (12L) and (20L) planes of the C8-BTBT thin-film
structure are observed at gy, ~ 13.1nm, gy, ~ 15.7nm, gy, ~ 18.8nm™! and
Oxy ~ 20.94nm, respectively. These peaks have been already reported for the
C8-BTBT thin film structure and assigned to the herringbone packing of the
BTBT cores.[120.129] The obtained in-plane lattice parameters of the unit cell
are a = 5.95A and b = 8.03A. Additional diffraction features from CeoFss at gxy
~ 5.99nm?, gy, ~ 10.39nm? and g,y ~ 11.90nm! are observed. Instead of
rods, the CeoFss features are spindle-like spots indicating a certain degree of
3D crystallinity.

Figure 4.3e shows the out-of-plane XRD data of C8-BTBT films upon
deposition of 15nm CgoFss, a larger dopant coverage. The Bragg peaks from
C8-BTBT remain the same, demonstrating that CeoFsg does not alter the
structure of the underlying OSC film. The emergence of two new Bragg peaks
after CeoF4g deposition at g,;= 6.27nm and g,=12.52nm is observed. These
peaks are in agreement with the reported FCC crystal structure of CgoFsg and
correspond to the (111) and (222) Bragg peaks, indicating that the (111)
crystal plane is parallel to the substrate.l62l The inter-plane spacing
corresponding to g, = 6.27nm is 1nm (d111). The estimated mean crystalline
size of CgoFsgislands from the full width half maximum (FWHM) of the (222)
peak is 27nm. Importantly, the position and width of the BTBT peaks remain
unaltered before (Figure 4.1c) and after dopant deposition (Figure 4.3e)
establishing that the CgoFss deposition does not disrupt the structure and
packing of the underlying OSC films.

Hence, the deposition of CgoF4g molecules on C8-BTBT results in close-packed
3D crystallites decorating the C8-BTBT step edges, forming an abrupt and
well-defined dopant/OSC interface, without dopant intercalation or any
modification of the C8-BTBT packing.

4.2. Evaluation of contact doping in OFETs

In the (001) oriented C8-BTBT films, the conjugated BTBT core and the CeoFass
are separated by the alkyl chains. This implies no direct overlap between the
dopant electronic states and the t-conjugated core of the C8-BTBT. However,
charge transfer between the HOMO of C8-BTBT and the LUMO of CgoFsg may
occur across the alkyl chains by electron tunnelling. To confirm the
occurrence of doping, it is important to show that the incorporation of the
dopant improves one or more device parameters. As reported in previous

57



studies and commented in section 2.6, contact doping can reduce the contact
resistance of OFETs.[24L(251[741[44],27)[117),[121] |n  the present case, the
morphology reveals a discontinuous layer of CeoFsg on the C8-BTBT surface.
This is certainly not the optimal nanoscale morphology to improve charge
injection between the metal/OSC interface when the metal contact is
deposited on top. The effect of contact doping by CeoFas for C8-BTBT OFETs
was evaluated by employing a BG-TC device architecture, with channel
lengths between 30um and 100pum.
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Figure 4.4. (a) BG-TC schematics and AFM topography in the OFET channel (b)
transfer and (c) output curves for C8-BTBT OFETs (25nm) with CgoFss (1nm)
deposited under the contacts (Vs = =5V, V, = 0V, -10V, -20V, -30V and -40V
and L = 40um). (d) Saturation field-effect mobility, (e) lon and (f) Von for C8-
BTBT (25nm) OFETs with two different coverages of CeoFss under the contact.
Values measured for different channel lengths, L = 30um, 40um, 50um, 60um,
80um and 100um (represented by the darker colour gradient for larger
channels), are shown. Orange squares correspond to bare C8-BTBT, while light
green circles and dark green triangles to the C8-BTBT films after deposition
0.5nm and 1nm CeoFss, respectively.

Using a shadow mask, first the CgoFsg and then the gold for drain and source
contacts were deposited on top of 25nm thick C8-BTBT films grown on 200nm
SiO; substrates. Two dopant coverages of 0.5nm and 1nm were used for these
studies. Figure 4.4a shows the channel topography, consisting of flat C8-BTBT
terraces. Figure 4.4b,c shows the transfer and output curves obtained for the
undoped reference device (orange line) and device with 1nm of CeoF4s (green
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lines) deposited under the gold electrodes. Although the devices show a non-
ideal behaviour, contact doping is manifested through an increase of the
current by one order of magnitude and a shift of the turn-on voltage (Von)
towards positive values. Panels in Figure 4.4d, e and f show the increase in
the saturation mobility (p), lon, and Von, respectively, for several devices as the
amount of dopant increases. For the device corresponding to Figure 4.4a and
b (L = 40um), the field-effect mobility extracted from the transfer
characteristics in the saturation regime increased from 1.03cm?2/Vs (in the
reference device) to 3.34cm?/Vs. The best value measured for contact-doped
devices is 5.00cm?/Vs. These observations suggest a reduced contact
resistance due to doping.

To extract the contact resistance, the potential drop across the
electrode/channel interface in the OFET was measured by KPFM in operation
conditions. Figure 4.5a, b show the SP line profiles and the SP maps measured
on a bare C8-BTBT OFET operated at Vg5 = =5V for Vg = =10V to -40V.
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Figure 4.5. (a) Surface potential profiles were obtained as shown by the blue
segment in (b) which is the surface potential recorded by KPFM on an L = 40um
channel C8-BTBT OFET during the application of V4s= -5V and the different V,
indicated in the legend. The orange colour in (b) indicates that the device was
switched off (Vas = 0V) between the indicated V, (c) Surface potential profiles
obtained from the SP for the C8-BTBT OFET with 1nm thick CeoFss under the
contacts, during the operation at V4 = -5V and the Vy as indicated in the
legends. (d) Measured drain current corresponding to each line profile for
doped (green) and undoped (orange) C8-BTBT OFETs.
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Figure 4.5c shows the SP line profiles for contact doped OFETs with a CgoFas
coverage of 1nm. The voltage drop (AV) at the source (AVs) and drain (AVy)
contacts can be quantified from the SP profiles while the source-drain current
(lgs) is simultaneously measured. The ratio between the voltage drop at each
electrode(AVqs) and Iy gives the respective contact resistance (Re(d, s) = AVqs
/l4s). Here the contact resistance has been normalized to the transistor width,
W = 4mm. Even though the voltage drop in the doped and undoped devices
did not show significant differences, the measured drain current for a Vg =
-40V is more than twice for doped devices, which is an indicator of a
significant reduction of contact resistance. The calculated contact resistance
decreases with doping, from 17.68kQ-cm to 12.24kQ-cm and from 8.88kQ-cm
to 4.24kQ-cm at source and drain, respectively. This reduction in Rc induces a
lower barrier for charge injection and, therefore, an improvement at the
metal/OSC interface which enhances the transport from the contacts to the
channel.l122] As mentioned in section 2.5.2, possible mechanisms responsible
for the reduction in contact resistance include a decrease in the depletion-
layer thickness, the filling of trap states at the organic semiconductor near the
electrode interface or a change in the work function (explained in detail in
section 5.3). All these processes are related to electron charge transfer at the
dopant/OSC interface.[241(121.11231.[124] Eyen though the CeoFss layer at the
Au/C8-BTBT interface is discontinuous, it is locally modifying the work
function of the surface at the contact region and reduces the contact
resistance as well as improves the C8-BTBT OFET device performance.

4.3. Dopant-induced morphological stability of
the OSC films

The tendency of OSC molecules to dewet from SiO,, reduces the long-term
stability of organic electronic devices,!125134] especially C8-BTBT. A. Pérez-
Rodriguez, et. al., demonstrated a strong dewetting of C8-BTBT thin films with
time, resulting in the degradation of the fabricated OFETs.2”! In general,
dewetting is more pronounced for thinner films (as will be demonstrated in
section 5.1). Figure 4.6 shows the evolution of the topography of 30nm thick
C8-BTBT films over 15 weeks. A similar thickness of C8-BTBT films is used in
the fabrication of OFETs. Keeping the sample mounted on the AFM, the
topography was measured every few days in the very same surface location.
The images reveal that dewetting starts in some local spots, leaving exposed
substrate regions which would be detrimental for device applications.
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Figure 4.6. Topography of a 30nm thick C8-BTBT film, the consecutive images
were taken in the very same area over 15 weeks.

The long-term stability of similar films upon deposition of CgoFss has been
studied. Figure 4.7a and b, show the topographic images of the same sample
consisting of 2nm CgoFas deposited on 13nm C8-BTBT films measured just as
prepared (fresh) and one year later, respectively.

Figure 4.7. (a) AFM topography of a fresh 13nm thick C8-BTBT film with 4nm
of CeoF4s deposited on top, (b) topography of the same sample measured one
year later.

The quite similar morphology of the fresh and one-year-old sample confirms
that C8-BTBT film dewetting is hindered by the presence of CeoFag On the
surface, which in turn enhances the stability of the CgoFss/C8-BTBT film
morphology. The dewetting process is known to be initiated by the retraction
of molecules from step edges and their incorporation to higher levels.
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Because CgoFas is forming crystallites anchored at the terrace edges of the C8-
BTBT film, the dewetting process is inhibited and therefore, the dopant
stabilizes the film for a long time. This opens a possible application of CgoFas
deposition on the surface of OSC as a strategy to stabilize the morphology of
thin layers like a capping or protective layer.

To verify if the strategy of using CeoFss also enhances the thermal stability of
the films, XRD was measured in-situ during thermal annealing. Figure 4.8a
shows the out-of-plane diffraction of bare C8-BTBT films for different
temperatures, performed at the ALBA synchrotron by GIXD with a 2D
detector; out-of-plane profiles are obtained from the 2D images as explained
in the experimental section 3.6.3. Figure 4.8b shows, for the same
temperatures, the out-of-plane XRD data obtained for C8-BTBT films with
CeoFss On top (measured at ESRF synchrotron with a point detector). A
maximum error of ~ 10°C is possible due to a different measurement setup.
C8-BTBT films with and without CeoFss deposited on top were annealed above
100°C. The crystalline features of bare C8-BTBT film completely disappeared
indicating that the whole film desorbs. In contrast, for the C8-BTBT film with
CeoFag on top, the crystalline Bragg peaks of C8-BTBT remain unchanged even
after annealing at 110°C (Figure 4.8b). Yet, the (222) Bragg peak of CeoFas
started to decrease. The above XRD results confirm that the CeoFag acts as a
protecting layer and enhances the thermal robustness of C8-BTBT films.
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Figure 4.8. Out-of-plane XRD for (a) a bare 20nm thick C8-BTBT film and (b) a
50nm thick C8-BTBT film with CefFsg on top, annealed at different
temperatures (from RT to 110°C). Inset in b is the CeoFsg peak at g,= 12.52nm"
T which decreases with temperature while the characteristic Bragg peak of C8-
BTBT at q,= 12.95nm™* remains unaltered.

As in the case of enhanced stability with time, the thermal stability of the films
is attributed to the CeoF4s/C8-BTBT interfacial morphology, in which closed-
packed CgoFag crystallites nucleate at the C8-BTBT step edges. It is justifiable
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to infer that these crystallites behave as pinning centres, hindering the
structural changes or sublimation of the less bound C8-BTBT molecules
located at the edges.

4.4. Long-term stability of doped OFETs

To evaluate if the stabilizing effect of CsoFsg on C8-BTBT films enhances as well
the OFET stability, the dopant molecule was deposited all over the entire
surface of the C8-BTBT film, i.e., under the Au contacts (contact doping) as
well as covering the whole channel region (channel doping). The schematics
of the geometry employed and the channel morphology are shown in Figure
4.9a. The topographic image measured on the channel shows the
discontinuous CgoFas layer with the characteristic step decoration at C8-BTBT
terrace edges. Figure 4.9b shows the transfer curves for pristine C8-BTBT
OFET (undoped) and the OFET with CeoFsag deposited all over the C8-BTBT
layer.
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Figure 4.9. Topography of the channel and the transfer curve for C8-BTBT
(25nm) OFETs with 1nm CeoF4s deposited under the contacts and at the
channel region (green) with the reference device(orange). (V4s = -5V, L =
40um).

The OFET parameters obtained from the doped (all over the surface) devices
show a similar trend as in the only contact doped OFETs described in Figure
4.4, i.e., the shift of V,, towards positive gate values, accompanied by an
increase of lon. In addition, the effective field-effect mobility (obtained in the
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saturation regime) increased from 1.14cm?2/Vs (in the reference device) to
2.17cm?/Vs. In accordance with the previous results shown for doped devices,
the measured contact resistance per unit length decreases upon doping, from
33.8kQ-cm to 8.96kQ-cm and from 14.4kQ-cm to 3.44kQ-cm at source and
drain, respectively.

It is noteworthy that the presence of CeoFas over the channel does not cause
any notable change in the lon/loff current ratio (= 106), which implies that the
channel conductivity is not modified. In other words, the electronic
interaction of the dopant and the OSC at the interface does not cause an
increase in free charges in the channel contrary to other reported
systems.[7411124] The effect of CeoF4s either only under the contact or both
under the contact and on the channel is comparable. Interestingly, after one
year of device storage in the air, the same OFETs were characterized. The
obtained results are shown in Figure 4.10. The OFET with CeoFas all over the
C8-BTBT surface shows comparable mobility to the as-prepared devices. C8-
BTBT OFET with dopant only under the contact shows a shift of V,, towards
-30V after being exposed to air for one year. A shift that is opposed to the
expected, for a hole-doped channel by CgoFss.
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Figure 4.10. Scheme and transfer curves of as prepared doped OFETs (black
curve) and after one year (blue line) (V4s = -5V), with 1nm of CeoF4s deposited
(a, c) only under the contacts and (b, d) all over C8-BTBT film surface (before
depositing the contacts). The corresponding output curves between doped
devices, as prepared (e, f) and after one year (g, h), L = 80um.

There is no significant shift in Vo, observed for the OFETs with CeoFass all over
the surface (Figure 4.10d). Although the underlying reasons are not verified
experimentally, the shift in Vo, can be attributed to the combination of
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several effects due to the presence of CgoFss on the surface. First, is the stable
and continuous channel morphology without dewetting of the OSC layer.
Second, the hydrophobicity of fluorinated fullerenes (due to the high fluorine
content)[126L127] makes the crystalline CeoF4s islands at step edges of C8-BTBT
film act as a kinetic barrier that hinders the interlayer and/or inter-grain
(through structural defects or grain boundaries) water penetration.[128]
Moreover, a continuous, compact and stable OSC film (without voids due to
dewetting) protects the dielectric/OSC interface. In addition, the off current
in the transistors is not affected by ageing, indicating that the conductive
channel remains undoped. This validates the long-term stability of CeoFas
doped C8-BTBT OFETs without interdiffusion of the dopant that would
otherwise worsen the device performances.

In summary, the interfaces formed between C8-BTBT and the CegoFss
deposited on top have been studied. CgoFsg on C8-BTBT at RT results in the
formation of close-packed and oriented crystallites anchored at the low part
of the step edges of the OSC film surface. There is no incorporation by
diffusion of CgoFss molecules into the underlying C8-BTBT films, which thus
preserves the crystallinity, even after annealing. The CgoF43/C8-BTBT interface
has a beneficial effect on the temporal and thermal stability of the films.
Nucleation of CgoFsg at the C8-BTBT island edges inhibits upward mass
transport and undesired film dewetting. In addition, it also reduces the
sublimation of molecules providing the films with increased thermal
robustness, an endurance effect similar to film encapsulation. Deposition of
CeoF s at the Au/C8-BTBT interface improves the charge injection in OFETs by
reducing the contact resistance, which is reflected in an increase of the
effective field-effect mobility and a lower Vo, ( with respect to control devices
without CeoFag). It is concluded that doping the C8-BTBT surface with CeoFas
has the double beneficial effect of lowering the contact resistance and
providing long-term and enhanced thermal stability of the C8-BTBT OFETs.
The origin of these results is local work function modification along with a
peculiar nanomorphology of the CeoFss/C8-BTBT interface. The electrical
stability of the OFETs in the air was confirmed after one year.
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Semiconductor Side Groups

The focus of this chapter is the study of the electronic and structural
properties of the interface formed between BTBT molecules with different
side groups and the dopant CeoFss. This chapter is adapted from the ACS Appl.
Mater. Interfaces, 2020, 12, 25, 28416 - 28425.321 and ACS Appl. Mater.
Interfaces, 2020, 12, 51, 57578 - 57586.112%1; Copyright 2020 American
Chemical Society. Figures and parts of the text were reprinted with
permission.

In the previous chapter, we demonstrated the double beneficial effect of
CeoFas on C8-BTBT OFETs, more stability and lower contact resistance, which
is attributed to the specific dopant/OSC interface. In order to understand how
the structural and electronic characteristics of the dopant/OSC interface are
affected by the physical-chemical properties of the OSC surface, in this
chapter, we extend the investigation to other BTBT derivatives consisting of
the same aromatic core but different side groups (octyl or phenyl group):
asymmetric BTBT-C8, DPh-BTBT and C8-BTBT. The first section of this chapter
is devoted to the interface formed between CgoFss and the asymmetric BTBT-
C8(octyl [1] Benzothieno[3,2-b][1] benzothiophene), with only one octyl
termination. Then, we focus on two symmetric derivatives of BTBT,
containing either two octyl or two phenyl groups. They are 2,7-dioctyl-BTBT
(C8-BTBT) and 2,7-diphenyl-BTBT (DPh-BTBT). Films made out of one or the
other symmetric molecules necessarily expose a different termination at their
surface. However, because of the same BTBT core, both molecules are almost




similar in terms of the electronic structure, with a HOMO of ~ 5.39eV for C8-
BTBT and ~ 5.41eV for DPh-BTBT, as reported.[5!301.137]

5.1. Interface formed between asymmetric
BTBT-C8 and CeoFas

The morphology of pristine asymmetric BTBT-C8 films on Si substrates
consists of terraces separated by steps, in most cases with a height multiple
of 4nm, though 2nm high steps were seldom found (Figure 5.1).
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Figure 5.1. (a) Height profile of the line indicated in topography, (b)
topographic image and (c) corresponding lateral force map of a pristine 16nm
thick asymmetric BTBT-C8 film. All terraces, independently of the step height
(one or two-layers high) have the same frictional contrast.

The length of the asymmetric BTBT-C8 molecule is ~ 2nm which indicates
that the layered structure observed consists of a bilayer stacking (two
molecules thick) in agreement with the reported crystal structure, in which
each bilayer (lamellae) is formed by two head-to-head (or tail-to-tail)
molecules.[1151[116] Dye to the asymmetric structure of this molecule, it is
impossible to ascertain whether the orientation of the bilayer structure is
head-to-head or tail-to-tail from the topographic images. To investigate this,
lateral force images, a sensitive tool to identify materials with a different
chemical nature at the topmost surface, were employed.l?”] As shown in
Figure 5.1b and c, the topography and the lateral force image show no
significant differences between single-layer and bilayer areas. Since the
lateral force observed is similar to that of the symmetric C8-BTBT film, we
conclude the surface consists of alkyl groups in asymmetric BTBT-C8 films. For
a bilayer asymmetric BTBT-C8 stacking, an alkyl-terminated surface can only
arise from a head-to-head assembly.



Out-of-plane XRD data (black curve) depicted in Figure 5.2a, show the (00L)
Bragg peaks corresponding to the multilayer of asymmetric BTBT-C8. The
derived interlayer spacing is ~ 4.12nm indicating the upright orientation of
the molecules. However, the relative intensity of the Bragg peaks differs from
the reported asymmetric BTBT-C8 structure by Gbabode et all115] In
particular, the intensity ratio measured for (001):(002) = 20:27,(reported
value is 20:1). The anomalous high intensity of the (002) Bragg peak can be
explained by the presence of regions exhibiting the single-layer structure
along with the bilayer structure, as observed in AFM (Figure 5.1a). After the
deposition of 15nm CeoFss, (blue curve in Figure 5.2 a), the Bragg peaks of
BTBT-C8 remain unchanged, demonstrating that the dopant does not alter
the underlying film. As in the case of C8-BTBT films, (section 4.1) two new
Bragg peaks emerging at g,=6.2nm* and g, = 12.52nm-! are attributed to the
(111) crystal plane of CeoFas which agrees with the closed packed plane of the
FCC structure parallel to the substrate. A representative topography and the
corresponding lateral force image of an asymmetric BTBT-C8 film with 2nm
CeoFag on top are shown in Figure 5.2b and c. Like in the C8-BTBT case, CeoFas
form islands, most of them decorating the asymmetric BTBT-C8 step edges
and are distinguished from the surrounding asymmetric BTBT-C8 layer by
their lighter colour (i.e., higher friction) in the lateral force images.
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Figure 5.2. (a) Out-of-plane XRD for a 22nm thick asymmetric BTBT-C8 film
before (black line) and after (blue line) 15nm thick CesoF4s deposition on top.
The spike at q,- 7.8nm™1 is an artefact. (b, c) Topography and corresponding
lateral force map for 2nm of CeoFsg deposited on top of a 16nm thick
asymmetric BTBT-C8 film (d, e) Topography and corresponding surface
potential map (KPFM) of the same sample.

Like in the C8-BTBT case, CsoFss island heights range between 5nm and 12nm,
i.e., corresponding to 5 - 12 individual layers of the dopant (~ 1nm),
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supporting the FCC structure of the CgoFss crystallites derived from XRD data.
Figure 5.2d and e show the topography and the corresponding surface
potential (KPFM) map of an asymmetric BTBT-C8 film with CgoFsg0n top. The
SP map shows a lower (higher) surface potential (work function) in the regions
covered by CeoFss. A similar trend is observed in the SP maps of C8-BTBT,
which is described later in this chapter.

The long-term stability of the asymmetric BTBT-C8 film with and without
CeoFag has been investigated. Figure 5.3a and ¢ show the topography of a fresh
asymmetric BTBT-C8 film, and the same sample measured after two years,
respectively. A strong dewetting of asymmetric BTBT-C8 films from the initial
laterally continuous films to high islands with large areas of the uncovered
substrate is observed. However, the topographic images of fresh
CeoFas/asymmetric BTBT-C8 films and those measured more than one year
later (Figure 5.3b and d) illustrate the role of the dopant to provide enhanced
morphological stability to the asymmetric BTBT-C8 films. Remarkably, as in
the symmetric case, dewetting of the asymmetric BTBT-C8 film is hindered by
the CgoFas On the surface.
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Figure 5.3. AFM topography of fresh films of (a) a pristine 16nm thick
asymmetric BTBT-C8, (b) 2nm of CeoF4g 0n a 24nm thick asymmetric BTBT-C8
film. The topography of the same samples was measured after two years for
(c) asymmetric BTBT-C8, and (d) CeoF4s/asymmetric BTBT-C8. The insets show
the height profiles along the marked lines.
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As it occurs in the case of the symmetric parent, the thermal stability of the
asymmetric BTBT-C8 films is improved by CgoF4s deposition on the surface. On
one hand, the XRD data of Figure 5.4a reveal that annealing the pristine
asymmetric BTBT-C8 film at 80°C leads to film desorption, and the Bragg
peaks no longer exist. On the other hand, for the asymmetric BTBT-C8 film
with the dopant on top, the ordered lamellae structure stands even up to
100°C (Figure 5.4b).
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Figure 5.4. Out-of-plane XRD of (a) pristine 22nm thick asymmetric BTBT-C8
film and (b) with 15nm of CsoF4s 0n top. The black curves: at RT and the blue
curves: after annealing the films at 80°C in (a) and 100°C in (b).

The fact that the Bragg peaks remain unaffected implies that there is no
intermixing of CeoFss and asymmetric BTBT-C8 molecules as otherwise
expected from the bulky shape of the dopant. An interesting observation of
intensity reduction of the (002) peak, which has a contribution from single-
layer structure, with annealing at ~ 100°C reveals lower stability of the single-
layer structure as compared to the bilayer structure.

5.2. Interfacial structure of CeoFss on C8-BTBT
or DPh-BTBT

To have full insight into the role of OSC side groups in the dopant/OSC
interface the structure and morphology of films made out of two symmetric
molecules, C8-BTBT and DPh-BTBT, are compared before and after CeoFas
deposition on their top. Because a detailed discussion on C8-BTBT was
presented in chapter 4, this section focuses on DPh-BTBT and the interface
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with CgoFss. Figure 5.5 shows the AFM topography of a DPh-BTBT (7nm) thin
film. When deposited on clean native SiO, substrates, DPh-BTBT forms
layered films with a single-layer thickness of ~ 2nm, which is almost its
molecular length.BoL130] This confirms the standing-up the configuration of
the molecules within each layer. The analysis of several topographic images
of DPh-BTBT thin films reveals the same terrace height for all individual layers.

Figure 5.5. Topography and the corresponding height profile along with the
indicated black segments in the image for a 7nm thick DPh-BTBT film.

The most significant difference between DPh-BTBT films and C8-BTBT is that,
in the present case, the individual layers are laterally continuous covering the
substrate and following a layer-by-layer growth (Frank—van der Merwe
growth mode), while C8-BTBT thin films of similar thickness consist of islands
with exposed uncovered substrate. We note that, however, for the
thicknesses typically employed in OFETs (> 20nm), C8-BTBT forms closed films
(laterally continuous).32 Although, both DPh-BTBT and C8-BTBT films contain
similar aromatic core planes within the lamellar structure, these planes
(responsible for the transport characteristics of the OSC) are separated
vertically by their distinct side groups (long linear chains in C8-BTBT versus
short cyclic groups in DPh-BTBT). The different growth mode of DPh-BTBT and
C8-BTBT on SiO; is due to the different interaction between their side groups
and the substrate which determines the substrate/OSC interfacial structure
and growth mode.[1311.[132],(8]

X-ray diffraction measurements were carried out on DPh-BTBT thin films at
ID03 beamline, ESRF, France. Out-of-plane and grazing incidence (GIXD)
geometries were used to study the thin film structure, perpendicular (out-of-
plane) and parallel (in-plane) to the substrate, respectively. Figure 5.6a shows
the out-of-plane XRD of pristine DPh-BTBT films.
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Figure 5.6. (a) Out-of-plane XRD pattern and (b) 2D GIXD map of a pristine
11nm thick DPh-BTBT film on native SiO;.

The presence of Bragg peaks up to multiple orders indicates that the films are
well oriented with the (001) plane parallel to the surface. The inter-planar
spacing, doo1 calculated from the Bragg peaks is 2.01nm for DPh-BTBT and
agrees with the AFM data as well as with the reported crystalline structure.[36]
In 2D GIXD maps of DPh-BTBT films (Figure 5.6b), diffraction rods were
observed at g,y ~ 13.1nm%, gy ~ 15.7nm? and gy, ~ 18.8nm! that are
assigned to (11L), (02L) and (12L) rods which are characteristic XRD features
of the herringbone packing reported for other BTBT molecules, in the plane
parallel to the substrate.[13311120] The calculated lattice parameters for DPh-
BTBT, from the position of the peaks for a rectangular in-plane unit cell, are a
=6.03Aand b=7.97A.

The dopant/OSC interfacial structure was characterized upon depositing
CeoFss on top of the same DPh-BTBT film. Figure 5.7a displays the
corresponding 2D-GIXD pattern of the heterostructure. Crystalline features
from CeoFag at ayxy ~ 5.99nm, gy, ~ 10.39nm? and gy ~ 11.90nm™ were
observed. The scattering intensity measured along the q,-direction indicates
the crystallinity of the CgoFas structures formed on top of the DPh-BTBT films.
However, there are no CgoFss OOP Bragg peaks observed in the out-of-plane
XRD pattern (Figure 5.7c). In the previous chapter, it was already confirmed
that CeoFsg is forming an FCC structure with the (111) plane parallel to the
surface on C8-BTBT. The GIXD data of the CeoFss/DPh-BTBT heterostructure
validate that a similar structure of the dopant is forming on top of DPh-BTBT.
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Figure 5.7. 2D-GIXD map of (a) 2nm of CsoF43 on a 11nm thick DPh-BTBT film
grown on a native Si oxide substrate and (b) the corresponding in-plane GIXD
from the 2D-GIXD maps and (c) out-of-plane XRD data of a 11nm thick DPh-
BTBT film before (black) and after (blue) CsoF4s deposition.

AFM measurements were performed to investigate the morphology of the
dopant/OSC interface and compare the cases of the two symmetric BTBTs
studied, i.e., to get insight into the interaction of CgoFas with the two different
OSC film terminations. Figure 5.8a and ¢ show the morphology obtained for
the same sub-monolayer coverage of CeoFss (0.4nm) deposited on C8-BTBT
and DPh-BTBT thin films, respectively. As shown in the previous chapter,
CeoFas forms crystallites at the edges of C8-BTBT terraces. In contrast, on the
DPh-BTBT surface CgoFas forms aggregates of ~ 1nm height with a rather
uniform distribution over the DPh-BTBT surface, without having any
preference for attaching to any morphological feature (island edges, lower or
upper terraces etc). The average height of the non-compact aggregates in the
case of DPh-BTBT is comparable with the CgoFsg molecular size (1nm). Even
though XRD data suggests the same CgoFss structure, the interfacial
morphology is dissimilar, which implies that the phenyl-terminated films
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promote a layer-by-layer growth of the fluoro-fullerenes on the OSC. A
comparative study of the local work function changes caused by the
deposition of CeoFas on both BTBT derivatives is presented in the next section.
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Figure 5.8. Topographic images and the corresponding profiles of 0.4nm of
CeoFag on (a, b) a 16nm thick C8-BTBT film and (c, d) a 15nm thick DPh-BTBT
film grown on native silicon oxide substrate, respectively.

5.3. Local changes in the work function

Figure 5.9 shows the topography and the corresponding surface potential (SP)
measured by KPFM for pristine C8-BTBT and DPh-BTBT (Figure 5.9a, b and h,
i, respectively) and two coverages (1nm and 3nm) of CeoF4s deposited on their
top (Figure 5.9c-f and j-m, respectively). The nucleation and growth of the
CeoFas crystallites on C8-BTBT have been observed in the topography as well
as in the surface potential map. Upon deposition of 1nm of CgoF4s on C8-BTBT,
the dopant forms compact and flat clusters at the step edges of the
underlying C8-BTBT film leaving uncovered the rest of the terraces, as
schematically depicted in Figure 5.9g.



0.75V

DPh-BTBT

Figure 5.9. Topography and simultaneous SP maps were measured by KPFM.
Left: an 8nm thick C8-BTBT film before (a, b) and after CeoFss deposition of
Inm (c, d) and 3nm (e, f); Right: a 9nm thick DPh-BTBT film before (h, |) and
after CeoFas deposition of 1nm (j, k) and 3nm (I, m). Cartoons with the growth
models are shown for each case (g, n) respectively.

For the deposited CeoFsg coverages of 1nm and 3nm, the dopant cluster's
height ranges from 3nm - 5nm and up to 9nm - 12nm, respectively. The direct
correlation between morphology (Figure 5.9j-1) and SP maps (Figure 5.9k-m)
is obvious, showing a larger ¢ (lower SP) in the areas covered by the CgoFas
crystallites.

However, as expected from the different distribution and growth of the
dopant on each molecular film, for the same coverages of CeoFss, the
nanoscale SP distribution on DPh-BTBT is different than that on C8-BTBT
(Figure 5.9d and k). For a CgoFss coverage of 1nm, the correlation between
dopant location and lower values of surface potential is evident, with
variability due to differences in the CgoFas distribution. Upon 3nm deposition
of CeoFss, the DPh-BTBT film surface is fully covered by the dopant (as
schematically modelled in Figure 5.9n) with a nearly uniform and lower value
of surface potential. The mean value of surface potential is 0.7V lower than
that for the pristine DPh-BTBT i.e., an increase in work function (A¢) of the
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same magnitude. Even though the work function is found to increase as a
function of the CgoF4s thickness for both cases, a variety of crystallite heights
is observed in the CgoF4s/C8-BTBT heterostructure. The maximum contrast
measured in SP is 1.5V. Such large values may have originated from the charge
transfer between the dopant and the substrate.[134L[135] |t s also noted that
CeoFas in direct contact with the exposed substrate, as seen in Figure 5.9e-f,
shows an increase in work function, indicating charge transfer between Si and
the dopant through the native oxide.

To disentangle the contribution from charge exchange with the substrate, Si
wafers with either native or thick 200nm oxide were employed to measure
the SP on CeoFag crystallites versus aggregate thickness. Figure 5.10 shows the
work function difference (Ad) for CeoFas on C8-BTBT and the uncovered C8-
BTBT as a function of the height of the CgoFss islands (h) for heterostructures
grown on native SiO; (red circles) and 200nm thermal SiO; (black squares),
respectively. Error bars indicate the standard deviation of the measurements.
The work function increases with CgoFss crystallites’ height and saturates for
crystallites taller than 8nm. The saturation value of the work function
difference is A¢ ~ 1eV for heterostructures grown on native SiO; and A ~
0.5eV for heterostructures grown on 200nm thick SiO,. Charge transfer with
Si through the native SiO; can be ruled out for heterostructures on the thick
oxide (illustrated in Figure 5.10b-c), which means that the measured
difference of SP exclusively arises from the electronic changes at the
dopant/OSC interface.
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Figure 5.10. (a) Work function difference (A¢) between CsoFss and the
surrounding C8-BTBT vs. CeoFss crystallites’ height (h) on native SiO; (red) and
200nm thermal SiO; (black). Schemes of charge transfer for CeoF43/C8-BTBT on
(b) native SiO; and (c) 200nm thick SiO5.

This result confirms that after establishing electronic equilibrium in the whole
system,[1361[1371,[138] the absolute A measured for the CegoF4s/C8-BTBT on
native SiO; has two contributions: charge transfer between CgoFsg and C8-
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BTBT (interfacial doping) and from the silicon substrate to CgoFss through C8-
BTBT and native SiO,. For both substrates, the initial increase in A with CgoFas
crystallites’ thickness demonstrates that band bending takes place due to the
interfacial doping via integer charge transfer to the dopant.

To advance in comprehending the influence of side groups in the dopant/0SC
electronic interaction, a comparison of the work function change is required
without the influence of charge transfer with the substrate. This goal implies
the use of wafers with thick oxide layers. Figure 5.11 shows the comparison
of SP maps of CeoFas/C8-BTBT and CeoF4s/DPh-BTBT heterostructures grown
on a 200nm thick SiO; substrate.
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Figure 5.11. Surface potential maps and corresponding SP histograms for
patterned (a, ¢) CeoFss (1.5nm)/DPh-BTBT (6nm) and (b, d) CeoFas (1.5nm)/C8-
BTBT (5nm) on 200nm thick SiO,. The blue/yellow colour scale means
lower/higher SP. A shadow mask was used during the deposition of OSC and
dopant. The SP histograms correspond to areas with bare and covered BTBTs
in the SP maps. The vertical black dashed lines in the histograms indicate the
SP of the exposed substrate.

A shadow mask was used during the deposition of the molecules to fabricate
micrometer-sized regions of dopant/OSC heterojunction with exposed
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regions of the substrate. The CegoF4s/C8-BTBT interface in Figure 5.11a shows
the characteristic inhomogeneous SP maps with lower SP on top of CegoFss
crystallites surrounded by bare C8-BTBT regions. Because of the different
growth modes of the dopant on the phenyl terminated surface, to have
uncovered DPh-BTBT regions in a micrometer-sized single SP map, the
shadow mask was moved (under vacuum), before the CgoFss deposition.
Hence, Figure 5.11b shows the SP measured on 200nm SiO,, pristine DPh-
BTBT and CeoFsg directly on thick SiO, and an intersection zone with
CeoF4s/DPh-BTBT interface. The different regions are indicated in the images.
Two peaks in the SP histogram correspond to the mode values of measured
SP data, on regions covered by CeoFsg and the uncovered BTBT region.
Remarkably, the average difference in work function between regions of
CeoF43/DPh-BTBT and bare DPh-BTBT is Ad ~ 0.2eV and regions of CgoF4s/C8-
BTBT and bare C8-BTBT is A ~ 0.45eV, for similar CgoFag thickness. The work
function change is 0.25eV lower for the DPh-BTBT case than that for the C8-
BTBT one.

In this section, it has been demonstrated how the distinct dopant/OSC
interfacial morphology, arising from the different side-groups of the BTBT
derivatives, correlates with the surface potential distribution at the interface
in each case. These differences would have clear implications on device
performances.

5.4. Energy level alignment

Photoelectron spectroscopic studies were performed to probe the changes in
the electronic levels of OSC after interfacial doping. In order to avoid
undesired charging during the measurement, doped Si substrates (covered by
native silicon oxide) were used. To reduce the influence of the described
charge exchange between OSC and the substrate (as shown in Figure 5.10),
considerably thicker (~ 15nm) films of BTBT molecules were deposited. UPS
measurements of the secondary electrons cut-off (SECO) and the near Fermi
level valence band (VB) regions were measured to probe the changes in the
work function of the thin film and the HOMO of the BTBT molecules,
respectively, before and after CgoF4s deposition (more details of the technique
are in the experimental section 3.7). All the molecules (BTBTs and dopants)
were deposited under a vacuum and in-situ UPS measurements were
performed. Figure 5.12 displays the SECO region of the Si substrate, C8-BTBT
and DPh-BTBT films. The spectra demonstrate that while C8-BTBT does not
significantly alter the Si substrate, DPh-BTBT deposition results in a
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Figure 5.12. SECO
measured by UPS for a
16nm thick C8-BTBT
film (red solid curve)
and a 15nm thick DPh-
BTBT (red dotted curve)
on native Si oxide.

considerable shift of the SECO. We note that the measured work function of
the Si substrate (3.3eV, obtained from the SECO) and the LUMO of the BTBT
derivatives (~ 1.55eV),[114L51B30] does not favour charge transfer between
0SC and Si.[1391 On the other hand, several interfacial phenomena like
molecular disorder, adsorption induces interfacial dipoles, intramolecular
polar bonds, Fermi level pinning etc.,[1401.[1411,1142},[143] may affect the vacuum
level alignment between the OSC and the substrate. Hence the modification
of vacuum level by DPh-BTBT may arise from the interplay between
concurrent interfacial phenomena. Disentangling these effects needs a more
detailed study using several techniques. Since in this thesis we are mainly
interested in the dopant/OSC interfacial electronic level alignment, the
modification of the electronic levels of the pristine films after CgoFss
deposition was analysed.

Figure 5.13 shows the SECO and VB regions of a C8-BTBT film, which give
evidence of the changes in the energy of HOMO of the OSC and the vacuum
level of the system with subsequent depositions of two coverages of CeoFss,
2A and 4A.
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Figure 5.13. SECO and VB regions were measured by UPS for a 16nm thick C8-
BTBT film grown on Si, prior (blue) and after two coverages of CeofFss (green
and red). Bottom: Energy level diagram extracted from the UPS data with the
corresponding illustrative cartoons.



Both vacuum level and HOMO shifted to a lower BE upon dopant deposition.
A work function increase of Ad ~ 0.8eV accompanied by a A(HOMO) ~ 0.3eV
of C8-BTBT, for 4A of CeoFas is observed. An increase in work function and a
shift of the HOMO towards the Fermi level indicate that CsoFss is doping the
film. The shift in VB and SECO are not equal and this implies the presence of
a surface dipole. A shift of the energy levels to lower BE with increasing
coverage of CgoFsg Was observed in the case of DPh-BTBT films (Figure 5.14).
A shift of the SECO by Ad ~ 0.35eV and Ad ~ 0.55eV for 2A and 4A of CeoFas
respectively is observed. A lower work function change compared to C8-BTBT
is consistent with the KPFM measurement shown in Figure 5.11. The HOMO
is shifted to a lower BE by 0.2eV and 0.4eV for 2A and 4A of CeoFss,
respectively. No evidence of filled molecular orbitals of CgoFss has been
observed in the energy gap region for BTBT films after dopant deposition.
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Figure 5.14. SECO and VB regions measured by UPS for a 15nm thick DPh-BTBT
film on a Si substrate prior (blue) and after two coverages (24 and 44) of CeoFss
(green and red): Bottom: Energy level diagram extracted from the UPS data
with the corresponding illustrative cartoons.

The ionization potential (IP), calculated from the HOMO energy (before
doping) is IPcs.sret = 5.0eV for C8-BTBT and is IPpph-grer = 5.3eV for DPh-BTBT.
The reported value of the LUMO for CgoFyg is ~ 5.5eV.[64.159] This means that
charge transfer from the HOMO of both BTBT molecules to the LUMO of
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CeoFas is energetically favourable, with more charge transfer at the CgoF43/C8-
BTBT interface due to the larger energy difference between the HOMO and
the LUMO. Hence, a larger Ad of ~ 0.25eV observed for CgoF43/C8-BTBT films
in comparison to CeoF4s/DPh-BTBT has attributed to a larger surface dipole
originating from the charge transfer at the CgoF43/C8-BTBT interface due to
the lower ionization energy of C8-BTBT films.

The integer charge transfer model (ICT) predicts that charge transfer occurs
until electronic equilibrium between the Fermi level and the LUMO of CgoFas
is attained.!'3% In the case of OSC between the substrate and dopant, energy
levels are aligned by Fermi level pinning between the substrate and the
dopant through the OSC.!%4! For both BTBT systems, the substrate and the
dopant are the same, then, if the ICT model stood, the vacuum level shift
would be the same for both BTBT films for similar coverage of CeoFss.
However, for similar CgoF45 coverage, the change in vacuum level with respect
to the substrate is different for each of the BTBT films. This result reveals the
involvement of BTBT molecules in the electronic equilibrium process of the
doped films via alignment of the HOMO of BTBT molecules to the LUMO of
CeoFag through interface charge transfer.

To disentangle the effect of doping on the electronic levels of the BTBT
molecules, photoelectron spectroscopy using X-rays (XPS) was employed to
probe the core levels of the different elements present. Figure 5.15 shows the
BE of core electronic levels of carbon (C1s) atoms and the corresponding fits,
as well as the changes in the BE of sulphur (S2p) atoms of the C8-BTBT
molecules in the different heterostructures, i.e., before and after the dopant
depositions. Note that while both dopant and the OSC contain C atoms, S
atoms are specific for C8-BTBT and F atoms are specific for CeoFss. The Cls
spectra of pristine C8-BTBT (blue) show a considerable wide peak around
285eV which is well fitted with two components corresponding to the two
types of carbon atoms in the C8-BTBT molecules, namely, sp3 (C-C) and sp?
(C=C) arising from the C atoms in the aliphatic chains (BE = 285.42eV) and the
aromatic cores (BE = 284.82eV), respectively. The relative area between these
two components coincides with their stoichiometric ratio in the molecule
(16/14). After CgoFss deposition on top of the OSC film, a shift by ~ 0.13eV of
the Cls peak is accompanied by the emergence of two new peaks in the
higher BE region (287eV — 290eV), which are the signature of the C-F and C-
CF bonds in CgoF4g.591144] Figure 5.15d shows that the corresponding S2p
(2p1/2 and 2ps/2) core levels only suffer from subtle changes during dopant
deposition. In principle, the faint shifts observed in the core levels of the C8-
BTBT molecules are somehow surprising because of the shift measured in the
work function.
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Figure 5.15. (a) C1s core levels were measured by UPS for C8-BTBT (16nm) on
Si, prior (blue) and after two coverages of CeoFsg depositions (green and red).
Inset shows the zoom of the higher BE region in the red curve. The fits of C1s
core levels of (b) pristine C8-BTBT and (c) 4A CsoF45/C8-BTBT (d) XPS spectra of
S2p core levels of C8-BTBT on Si, prior (blue) and after two coverages of CeoFss
depositions (green and red).

The crucial evidence clarifying this fact comes from the shift towards lower
BE of the Cls components corresponding to CeoFss when the coverage
increases from 2A to 4A (inset of Figure 5.15a). It is worth commenting here
that XPS is a macroscopic technique that provides data averaged of a
relatively large area on the surface while does not describe local electronic
effects. In this context, the whole scenario can be explained by the presence
of a surface dipole at the CgoF43/C8-BTBT interface, otherwise confirming the
charge transfer between C8-BTBT and the dopant. The most plausible
explanation for our observations (fixed S2p peak position and faint changes
in Cls of C8-BTBT after CgoFss deposition) is that only C8-BTBT molecules
under the CeoFss islands are affected by doping and the surrounding
molecules remain unaffected. This explanation is fully compatible with the
topographic and local surface potential data described in section 5.3. Figure
5.8a displays the topography of the samples used to measure XPS/UPS. In this
particular region of the sample, only 12% of the C8-BTBT film surface is
covered by CeoFss (the percentage can be different depending on the area).
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Figure 5.16.

Interpretation of the
S2p core level spectra
of C8-BTBT.
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Because of the non-uniform distribution of the dopant on the surface, the S2p
and C1s core levels of the C8-BTBT species have a contribution of around 90%
from the dopant-free C8-BTBT. This is well supported by slight changes in the
S2p spectra of the doped C8-BTBT: a shallowing of the valley between the
S2ps/; and S2piy; doublet denoted by (*) in Figure 5.15d. An analysis of the
spectra to consider the two types of C8-BTBT molecules (in contact or not
with CeoFas) is illustrated in Figure 5.16. A linear combination (red) of two
doublets: 76% of the pristine C8-BTBT (black) plus 24% of another one shifted
by 0.3eV to lower BE (pink) shows a similar valley shallowing to the spectrum
of C8-BTBT film with 4A CgoFss (blue). The same argument, considering the
amount of C8-BTBT in contact with the dopant, can be extended to explain
the small shift of the Cls. The present analysis highlights the importance of
considering the surface morphology, which as we have already demonstrated
(section 5.3) is affected by the OSC side groups, to understand the
macroscopic effects.

Figure 5.17 shows the core levels measured for DPh-BTBT and subsequent
CeoFag deposition on the OSC film surface. Note that, due to the lack of
aliphatic chains, in this case, the C1s signal of pristine DPh-BTBT (Figure 5.17a)
is much narrower than for pristine C8-BTBT (Figure 5.15b).
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Figure 5.17. (a) The fit of the C1s core level of pristine DPh-BTBT (15nm) on Si
was measured by UPS. XPS spectra of (b) C1s and (c) S2p core levels of DPh-
BTBT on Si, prior (blue) and after two coverages of CeoFss depositions (green
and red). The inset in (b) is the magnification of the higher BE region, which
corresponds to the C-F peak in the red curve.
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The shifts in the core levels of DPh-BTBT confirm doping. Unlike C8-BTBT, the
shifts towards lower BE are consistent with the shift observed in the HOMO
of the DPh-BTBT. Yet, the magnitude of the shifts is non-identical with a
A(HOMO) ~ 0.4eV, A(S2p) ~ 0.25eV and A(Cls) ~ 0.35eV. This type of
behaviour can be attributed to an unconventional upward band bending of
DPh-BTBT energy levels at the interface.l140] The shift of the C-F peak around
~ 290eV confirms charge transfer at the CeoF4s/DPh-BTBT interface. A
noticeable shift of 0.25eV in the S2p doublet DPh-BTBT as compared with that
of C8-BTBT can be explained by the homogeneous distribution of CeoFas,
covering most of the surface and therefore affecting most of the DPh-BTBT
molecules. The above results also validate that the nanomorphology of the
interface, determined by the side groups of the OSC leads to surface potential
inhomogeneity at small lateral dimensions which are not accessible to the
photoelectron spectroscopy (area-averaged values).[145] However, despite
the heterogeneity of the CeoF1s/C8-BTBT interface, a single SECO threshold
value (0.8eV) was measured, that matches the largest work function values
measured on top of taller CeoFss crystallites by KPFM (0.9V). Even if both KPFM
and UPS give similar values of work function changes with CgoF43 coverage, for
each of the two systems, KPFM provides the local information with accuracy
on the nanoscale.

5.5. Contact doping of DPh-BTBT OFETs

It is worth mentioning here that the results from the previous chapter
demonstrate that CgoF4g doping enhances the effective field-effect mobility of
the C8-BTBT OFETs by a reduction of the contact resistance. Achieving a
doped interface is crucial for contact resistance reduction in OFETs. To
evaluate the influence of OSC side groups on device performance, DPh-BTBT
OFETs were fabricated and characterized. A similar fabrication method as for
C8-BTBT OFETs was followed to prepare BG-TC DPh-BTBT OFETs, with
different channel lengths between 30um and 100um. For simplicity, CeoFas
(1.2nm) was evaporated all over the surface of the DPh-BTBT layer grown on
200nm SiO; and gold contacts were deposited on top.

Figure 5.18 shows the device characterization of DPh-BTBT OFETs with and
without dopant for a channel length of 40um. Surprisingly, unlike C8-BTBT
OFETs, the transfer curves do not show a noticeable improvement up on
CeoFss deposition. In fact, the OFETs with/without CeoF4s fabricated, with a
40um channel (Figure 5.18a), show a small shift of the transfer curve towards
a more negative gate value.
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Figure 5.18. (a) Transfer and (b) output curves for devices consisting of DPh-
BTBT (25nm) thin films with CeoF4s (124) deposited all over DPh-BTBT surface
(V4s = =5V, L = 40um). (c) Linear field-effect mobility and (d) maximum
measured drain current, lne for 25nm DPh-BTBT OFETs and with CgoFys
contact doping. Values measured for different channel lengths, L = 30um,
40um, 50um, 60um, 80um and 100um, are shown. Orange squares and green
circles correspond to pristine DPh-BTBT, with 1nm CeoF4s, respectively.

Moreover, a small decrease in the I4s current is observed in the output curves
(Figure 5.18b). Figure 5.18c displays the field-effect mobility extracted from
the transfer characteristics for six devices of different L, giving evidence that
the addition of the CgoFss layer has not had an appreciable effect on the field-
effect mobility. CeoFag neither affects the Imax (Figure 5.18 d)

To evaluate whether CgoF4s has or not an effect on the contact resistance, the
potential drop across the electrode/channel was measured, before and after
dopant deposition, by KPFM on DPh-BTBT OFETs in operation. Figure 5.19a
shows the SP line profiles measured on the channel of the pristine OSC device,
for different Vg values (Vgs = =5V). The topography acquired in the channel
region is shown in Figure 5.19b. As explained before, the device contact
resistance is manifested as a voltage drop at the source (AVs) or/and drain
(AV4) contacts. As it can be seen in the SP, line profiles (shown in Figure 5.19),
the electrostatic potential shows a linear decay along the channel and an
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undetectable contact resistance in the device for both cases, with and
without dopant.
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Figure 5.19. Line profiles from the surface potential map measured by KPFM
on OFETs operated at Vys = =5V and different V, as indicated in the legend,
and the corresponding channel topography of (a, b) bare DPh-BTBT OFET (L =
30um) and (c, d) CeoFss (1.2nm) doped DPh-BTBT OFET (L = 40um),
respectively.

This can be attributed to the lower mobility of DPh-BTBT films (one order of
magnitude lower than C8-BTBT) since it determines that the total resistance
is dominated by the channel resistance. Several characteristics of DPh-BTBT
molecules can explain the undetectable contact resistance such as phenyl
side group at the interface, extended HOMO over the phenyl group etc,
leading to an efficient charge transport across the interface between the Au
and DPh-BTBT. A more systematic investigation extended to other CgoFas
coverages could help to understand these results and to explore if there is an
optimal coverage. Even though UPS and KPFM can be interpreted as a sign of
doping in DPh-BTBT films, OFET electrical characteristics do not manifest any
improvement.



In summary, a full set of nanoscale surface potential data and corresponding
morphology (KPFM and AFM) combined with electronic energy analysis
(UPS/XPS) and GIXD crystallographic analysis were performed. The results
demonstrate the influence of the substitutional side groups in the formation
of the dopant/OSC interface. Thin-film structural studies by XRD and AFM
revels that the OSC side group determines the dopant growth mode on the
surface of the OSC film, hence having an impact on the interfacial morphology
and work function distribution across the surface. For heterogeneous
surfaces, KPFM provides the local work function information with nanoscale
accuracy. The investigation of the energy level shifts in BTBT molecules
indicates integer charge transfer from HOMO of BTBT molecules to the LUMO
of CeoFss. Both KPFM and UPS demonstrate the formation of a larger surface
dipole for C8-BTBT, a fact that seems to be related to its lower IP. Lastly, the
OFET parameters were examined for DPh-BTBT OFETs. Contact doping with
CeoFagis more effective for C8-BTBT OFETs than DPh-BTBT OFETSs.



6. F6TCNNQ on C8-BTBT

This chapter presents the study of the evolution of the thin film structure and
electronic levels of C8-BTBT thin film during the deposition of FETCNNQ. The
results are submitted to the ACS materials and interfaces for publishing;
Copyright 2022 American Chemical Society.

To complement the study with the bulky, spherical CgoFsg molecular dopant,
discussed in the previous chapters, a new dopant molecule, FETCNNQ with
similar electron affinity but with a planar shape is chosen to study the
influence of the structure of the dopant molecule in the doping mechanism.

6.1. Co-crystal formation during FETCNNQ
deposition

To monitor if any structural change taking place at the dopant/OSC interface,
GIXD measurements were taken in real-time during the growth of FETCNNQ
on a 30nm thick C8-BTBT film previously grown on 40nm CYTOP/100nm SiO,
(typical dielectric materials used in OFETs). To minimize radiation damage
during synchrotron radiation measurements, the sample was laterally
displaced after an exposure time of around 10sec of data collection. In-situ



GIXD experiments were performed using an incident angle of 0.11° (lower
than the critical angle of the silicon substrate, 0.159°).

Figure 6.1a shows the out-of-plane diffraction spectra from the organic film,
acquired during the initial stages of the FETCNNQ,deposition, every 0.4A and
up to nominal coverage of 35A. The most striking observation is the
continuous increase in intensity around g, = 3.3nm™! from the very initial
stages of deposition, which corresponds to an inter-planar spacing of 1.9nm.
Interestingly, there are no diffraction peaks reported around this value (q, =
3.3nm1), neither for FBTCNNQ nor for C8-BTBT structures.l29Ml71L150] Ag
explained in section 2.6, BTBT derivative molecules may form co-crystals with
both, FATCNNQ and FETCNNQ molecules.!511146L1147] The formation of a co-
crystal is held by the interaction of the acceptor with the BTBT conjugated
core resulting in two-dimensional layers with an alternate mn-stacking of BTBT
and the dopant.
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Figure 6.1. Out-of-plane GIXD spectra during the deposition of FETCNNQ on
top of a 30nm thick C8-BTBT film: (a) From 0 up to 35A for an incident angle
of 0.11° (b) for selected coverages of FETCNNQ for an incident angle of 0.15°.
(c) 2D GIXD pattern of a 30nm thick C8-BTBT film on 40nm CYTOP/100nm SiO,
and selected 2D GIXD patterns for FETCNNQ coverages of (d) 64A and (e)
2454, for an incident angle of 0.11°.



The core is vertically separated by tilted alkyl chains of the C8-BTBT molecules
as shown schematically in Figure 6.2. The new peak is attributed to the
diffracted intensity between (00L) planes of the FETCNNQ-C8-BTBT co-crystal.
Figure 6.1b shows selected out-of-plane spectra obtained from the 2D maps
of GIXD for larger coverages of FETCNNQ. In this case, we have selected an
incident angle of 0.15°, larger than the critical angle of OSC films, to probe the
whole thin film thickness. The peak attributed to the FETCNNQ-C8-BTBT co-
crystal at g, = 3.3nm! further increases in intensity with FETCNNQ coverage
and, eventually, a well-developed peak is seen. Figure 6.1c, d, and e display
the 2D GIXD patterns for the pristine C8-BTBT film and the same film after
depositing 65A and 245A of FETCNNQ, respectively. The 2D GIXD pattern for
the pristine film (Figure 6.1c) exhibits the expected diffraction intensities at
Oxy ~ 13.1nm, gy, ~ 15.7nm and gy, ~ 18.8nm, assigned to (11L), (02L),
and (12L) planes of C8-BTBT and (00L) Bragg reflections along g, (g, = 2.1nm"

1). Along with the structural fingerprint of C8-BTBT, diffraction features *

corresponding to the co-crystal are clearly visible in the 2D pattern for 245A
of FBTCNNQ deposited on top of the C8-BTBT film (dotted circle in Figure
6.1e). The spot-like shape of the (00L) Bragg peaks for both, C8-BTBT and co-
crystal, indicates a pronounced (001) fibre texture, i.e., highly ordered
crystalline planes.

As observed in Figure 6.1b, a new peak starts to emerge at q,= 12.6nmand
another at g, = 8.6nm™ for large F6TCNNQ coverages (> 150A) that
corresponds to the reported crystalline structure of FETCNNQ.[Y] This result
indicates that, at higher coverages, FEBTCNNQ crystallites coexist with the
crystalline C8-BTBT and the formed co-crystals. Further insight into the spatial
distribution of each of these structures can be revealed by probing the film at
a different incident angle, i.e., at a condition with more penetration depth.
Figure 6.3a shows the out-of-plane peaks obtained at different incident
angles, from 0.10° to 0.15°, for the case of 245A of FETCNNQ on a 30nm thick
C8-BTBT film on CYTOP/SiO,. The different relative ratio of the Bragg peaks
corresponding to C8-BTBT, FGTCNNQ and co-crystal for different incident
angles indicates that each one is differently distributed along the vertical
direction, i.e., across the film thickness. For example, the FETCNNQ peak at q;,
= 12.6nm1 is more prominent at lower incident angles, which implies that
FETCNNQ crystallites are mostly located at the topmost surface of the film. At
lower incident angles, C8-BTBT and co-crystal Bragg peaks have a similar
intensity while for higher incident angles, the co-crystal Bragg peak is lower
than that of C8-BTBT. This fact indicates that the bottom part of the film (at
the interface with the dielectric substrate) consists of crystalline C8-BTBT and
the co-crystals are on top of them. Besides, Figure 6.3b and c provide the
(001)cocrystal peak and FETCNNQ peak as a function of the FETCNNQ coverage,
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respectively. The evolution of the co-crystal Bragg peak intensity points to
progressive vertical growth of a layered structure with a spacing of 1.9nm.
The co-crystal grows steadily from the early stage of the deposition. The
growth slows down for an FETCNNQ coverage larger than 150A.
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Figure 6.3. (a) Out-of-plane diffraction spectra for different incident angles
(0.10°, 0.11°, 0.12°, 0.13°, 0.14°, 0.15°) for 245A FETCNNQ deposited on top
of the C8-BTBT film. (b) Intensity of the (001)cocrystal peQK (incident angle 0.1°)
and (c) intensity of the 001rstcnng peak (incident angle 0.15°) for increasing
coverages of FGTCNNQ on C8-BTBT.

The mean value of the vertical coherence length estimated from the full width
at half maximum of the (001)cocrystal peak is Lc ~ 18nm, for the largest FETCNNQ
coverage (245A). Moreover, the Bragg peaks from C8-BTBT do not decrease
in intensity as a function of dopant deposition indicating that most of the C8-
BTBT structures that contribute to the Bragg peak are not affected by the co-
crystal formation. During the first stages of co-crystal formation part of the
C8-BTBT molecules are displaced, which would remain on the surface ready
to react with newly impinging FETCNNQ. The number of C8-BTBT molecules
available at each stage on the surface would depend on the diffusion and
mass transport properties of the system, but it surely decreases with
deposition time and eventually, the reaction will stop. From that moment on,
the excess of FEBTCNNQ will nucleate to form pure FETCNNQ crystallites.

Because the morphology of the film is relevant for understanding the
interfacial structural properties, AFM measurements were taken on C8-BTBT
films with different coverages of FGTCNNQ. Figure 6.5a and b show the
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topography and the lateral force map of the sample grown during the GIXD
experiments, i.e., with the final FETCNNQ, coverage (245A).

Figure 6.5. (a) Topography and (b) the corresponding lateral force map of
2454 FETCNNQ deposited on a 30nm thick C8-BTBT film (sample grown during
the GIXD measurements). (c) Topography of 204 FETCNNQ on a 6nm thick C8-
BTBT film and (d) line profile from the area marked as 1 in (c) and shown
magnified in the inset.

The average height of the crystallites is 20nm, in agreement with the
coherence length estimated from the co-crystal Bragg peak. This result shows
that the co-crystals are on the surface. The taller (large aspect ratio)
aggregates (height > 20nm), with irregular shapes, are attributed to
FETCNNQ. The darker region in the lateral force is attributed to the surface of
the C8-BTBT film that remains uncovered. This scenario consisting of
F6TCNNQ-C8-BTBT co-crystals on the surface is consistent with the GIXD data.
To obtain details on the interfacial morphology, the initial stages of
deposition must be analysed. Figure 6.5¢ shows the topography of 2nm
F6TCNNQ on 6nm C8-BTBT film. In this case, C8-BTBT islands leave substrate
areas uncovered (lower level in the image). While the clusters observed on
the native SiO; can be attributed to polycrystalline FETCNNQ as reported by
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Duva et. al.l671 On the C8-BTBT islands edges 3nm thick layers with rectangular
flat regions about ~ 2nm high on their top are observed. A value that agrees
with the inter-planar distance of the F6TCNNQ-C8-BTBT co-crystals as
obtained from the corresponding Bragg peaks (mentioned earlier in this
section).

In summary, the results from GIXD and the AFM morphological analysis are
fully consistent and demonstrate the spontaneous co-assembly of C8-BTBT
and F6TCNNQ into F6TCNNQ-C8-BTBT co-crystals. The nearly rectangular
shape and flat surface of the first co-crystal formation indicate the abruptness
of the interface formed.

6.2. Charge transfer complex formation

In order to know about the electronic characteristics of the co-crystal, in
particular, elucidating whether it behaves or not as a charge-transfer
complex, UV-Vis absorption spectroscopy was performed. Figure 6.6 shows
the absorption spectra of a series of 35nm C8-BTBT thin films with the
different amounts of FETCNNQ deposited on their top.
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Figure 6.6. (a) UV-Vis absorption spectra for C8-BTBT films with increasing
coverages of FGTCNNQ on top. Absorption peaks from different molecular
species (C8-BTBT, FETCNNQ and co-crystal) are labelled. (b) evolution of co-
crystal peak area vs. FETCNNQ coverage. (c) Scheme illustrating the formation
of charge-transfer complex co-crystals due to frontier orbital hybridization of
C8-BTBT and FETCNNQ.



The observed absorption peak at ~ 360nm and the double peak at ~ 500nm
is consistent with the reported absorption peaks of C8-BTBT (360nm) and
FETCNNQ (468nm, 517nm).14211148] The intensity of the absorption peak of
FETCNNQ increases with coverage. In addition, a set of new peaks around
807nm and 960nm (range of A highlighted in brown) emerged and increase as
well with FBTCNNQ coverage. The evolution of the new peaks is shown in
Figure 6.6b. Interestingly, the trend of the intensity is similar to the evolution
of the co-crystal Bragg peak (Figure 6.3) reaching saturation after 200A of
F6TCNNQ. As explained in section 2.3, there are two widely accepted doping
mechanisms; lon-pair formation by integer charge transfer (ICT) and the
formation of charge-transfer complex (CTC). The absence of the FBTCNNQ-
anion peak (expected around 1140nm)9LI149] ryles out integer charge
transfer between molecules. Absorption peaks near the IR region are
characteristics of transitions between the frontier hybrid orbitals of charge
transfer complexes, formed inside the energy gap of the OSC. Hence, the
three peaks at 646nm, 807nm, and 960nm emerging and increasing with
F6TCNNQ coverage are ascribed to the charge transfer complex in the formed
F6TCNNQ-C8-BTBT co-crystals. Indeed, CTC formed between C10-BTBT and
F6TCNNQ has been reported.!*3! As in the FETCNNQ-C10-BTBT co-crystal case,
here there are two absorption peaks corresponding to the CTC due to the
transitions from HOMOcrc to the LUMOctc and HOMO-1¢rc to the LUMOcrc.
This is illustrated in Figure 6.6c. The bandgap of FBTCNNQ-C8-BTBT CTC,
calculated from the absorption peak is 1.28eV. Surprisingly, both neutral
FETCNNQ absorption peaks and FETCNNQ-C8-BTBT co-crystal peaks were
observed, even for low coverages of FETCNNQ, which suggests the co-
existence of non-crystalline neutral FETCNNQ along with the co-crystals in the
film.

Electronic level modification of C8-BTBT films was investigated by UV
photoelectron spectroscopy (UPS). Figure 6.7 shows the evolution of frontier
orbitals of C8-BTBT thin film during the preliminary stages of F6TCNNQ
deposition on top. The work function of the system is increasing as FETCNNQ
is deposited on the surface. However, the largest shift is observed for the
smallest FETCNNQ coverage (6A) of 0.9eV, which later shifted by 0.2eV with
each deposition. The HOMO-onset of the UPS shifted to a lower BE for the
lowest dopant coverage, which later on move towards a higher BE with
further FBTCNNQ deposition. Also, an increased intensity was observed at
1.58eV with onset at 1.09eV (indicated in red in Figure 6.7c) in the energy gap
region between the HOMO and the Fermi level. It is being reported that the
gap states emerge due to charge transfer at the interface.[135111391[431[150] A
depicted in Figure 6.6c, the HOMOcrc is expected at higher binding energy
(deeper) than the HOMOcs.srsr Whereas the LUMOcrc is expected to be
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located above. The LUMOcrc is lower than the pristine HOMOcs-gTsT, hence
electron transfer from the HOMO of C8-BTBT to LUMOcrc is energetically
favourable and results in a filled LUMOcrc (Figure 6.7).
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Figure 6.7. UPS spectra of the (a) secondary electron cut-off region (SECO) of
the film and (b) HOMO of C8-BTBT for increasing coverages of FETCNNQ from
0A to 204 on top of a 12nm thick C8-BTBT film. (c) Scheme illustrating the VL
shift from the evolution of SECO and HOMO of C8-BTBT with increasing
coverage of FBTCNNQ and co-crystal development. (d) Scheme displaying
relative energy level (VL aligned) of FETCNNQ-C8-BTBT CTC formed and its
f/l/ed LUMOCT(;.

Therefore, the increased intensity at low BE is consistent with the filling of
LUMOcrc, which results in the formation of holes in the C8-BTBT (p-type
doping). The doping due to the formation of a CTC was proposed by Mendez
et. al.3! It can be observed that the LUMOcrc peak arises during the earliest
stage of FEBTCNNQ deposition but later diminishes with further deposition of
the dopant. Since UPS is a surface-sensitive technique, this observation is the
result of intensity attenuation by material accumulation on top during the
further deposition, confirming that the filled LUMOcrc is an interfacial state.
The peak located at =2.7eV is attributed to the HOMOcrc.
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The inhomogeneity of the work function along the C8-BTBT film surface has
also been explored by Kelvin probe force microscopy (KPFM). Figure 6.8
shows the topography and simultaneously measured surface potential map
of 2nm F6TCNNQ deposited on top of a 6nm thick C8-BTBT film.

15nm _

0. 04 0.6
xz(um)

Figure 6.8. (a) Topography and the (b) corresponding surface potential map
of the thin film with 2nm thick FETCNNQ on 6nm thick C8-BTBT (c) measured
SP along the green line indicated in the SP map.

The lower level in the topography is the C8-BTBT layer surface and the bright
islands are the co-crystal formed on top (as explained in section 6.1). The
corresponding surface potential map (Figure 6.8b) shows a lower (darker)
surface potential on the co-crystal islands than on the surrounding C8-BTBT
layer. Figure 6.8c shows the surface potential profile along with the co-crystal
islands and the uncovered C8-BTBT, the SP difference is around 0.9V, which
is consistent with the work function shift observed by UPS.

The next section presents the investigation of the impact of the formation of
mixed co-crystal on the electrical properties of C8-BTBT OFETs.

6.3. Surface doping of C8-BTBT OFET by CTC

Bottom-gate, top-contact OFET architecture (BG-TC), with different
coverages of FETCNNQ (nominal thickness) deposited on top of a 35nm-thick
C8-BTBT film was employed for this study. Figure 6.9a and b show the
representative transfer curves of the C8-BTBT OFETs under linear regime
operation for the different coverages of FETCNNQ. The SiO,/0SC interface is
very prone to defects that act as charge traps and result in a negative
threshold voltage. To avoid this problem, C8-BTBT films were grown on 40nm
CYTOP/100nm SiO; substrates and on top, different coverages of FETCNNQ
molecules were deposited. There is a clear shift of V,, towards positive gate
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voltage as well as an increase in lo with the increase in the amount of
F6TCNNQ (as demonstrated in Figure 6.9c). This indicates the presence of
holes in the OSC matrix, which means the film has been doped. The current
measured at Vg = 0V is proportional to the conductivity of the film, and it is
increasing. Hence, the F6TCNNQ-C8-BTBT co-crystals increase the
conductivity of the film, which is an indication of the presence of mobile
charge carriers due to doping in the organic semiconductor.
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Figure 6.9. Transfer curves at V4= -5V, in (a) linear and (b) logarithmic scales
for C8-BTBT (35nm) OFETs (L = 180um) with different coverage of FETCNNQ
deposited on top. (c) Average V,, voltage, extracted from the transfer curves
for each FETCNNQ coverage for fifteen devices, the error bar corresponds to
the standard deviation. (d) Scheme of FETCNNQ deposition on C8-BTBT films.

Figure 6.10 shows the evolution of the mobility of C8-BTBT OFETs with an
increase in the amount of FEBTCNNQ deposited on top. The decrease in the
slope of transfer curves plotted in a linear regime, conveys the effect of
decreasing mobility. The observation of mobility improvement with the
dopant deposition was verified by measuring fifteen devices for each
coverage. The average mobility (Figure 6.10a) of the doped devices increases
and acquires a maximum value for an FETCNNQ coverage of 100A. Beyond
this coverage, it is decreasing. The individual values of the mobility for
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different channel lengths are shown in Figure 6.10b-f. The occurrence of a
maximum value of mobility for C8-BTBT OFET with 100A F6TCNNQ is
observed for all channel lengths.
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Figure 6.10. (a) Evolution of average mobility, extracted from the transfer
curves of C8-BTBT OFETs with respect to FGTCNNQ coverage, for fifteen
devices and the error bar corresponds to the standard deviation. (b-f)
Measured mobility values of C8-BTBT OFETs with different channel lengths.
The channel length for each set of OFETs is indicated on the top left corner of
each graph.

Similar behaviour is observed in the drain current measured from the output
curves. Figure 6.11 shows the representative output curves, obtained from
the same samples corresponding to the transfer curves in Figure 6.9. The
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obtained drain current for any combination of Vgs and Vg is higher for a device
with 100A of FETCNNQ.
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Figure 6.11. Output curves (for V,= 0V, =10V, =20V, -30V) of C8-BTBT OFETs
of 180um channel length with different coverages (indicated in the graph) of
F6TCNNQ deposited all over on C8-BTBT layer.

The increase in mobility and drain current is consistent with the growth of the
co-crystal as demonstrated by XRD and UV-Vis absorption spectra, which also
show a saturation after deposition of 150A of FETCNNQ. Hence, the increased
improvement in OFET performance with increasing coverage of FETCNNQ up
to 100A can be attributed to the formation of the FETCNNQ-C8-BTBT CTC co-
crystals. Further deposition of F6TCNNQ results in the crystallization of
accumulated and unreacted F6TCNNQ molecules. In the BG-TC device
geometry, the FGTCNNQ molecules are deposited before i.e., they are under
the gold electrodes. Hence the decrease in the C8-BTBT OFET performance
with larger coverages of FBTCNNQ can be attributed to the energy barrier
created by crystalline F6TCNNQ at the contact, which may increase the
contact resistance of the OFETs.

To evaluate if the F6TCNNQ-C8-BTBT co-crystal influence the contact
resistance, another set of samples with FETCNNQ deposited only on the
channel region, i.e., on top of the C8-BTBT film with gold contacts, were
fabricated. Figure 6.12a shows the comparison of the linear transfer curve of
C8-BTBT OFETs with 2nm of FETCNNQ deposited only in the channel region
(green line) and all over the surface (orange line). For the first case, the Von
shifted towards a negative gate voltage and the kink in the transfer
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characteristic near Vo, disappear. However, a similar value of the slope of the
transfer curve at larger gate voltages for both devices indicates similar charge
mobility. Figure 6.12b shows the values for the average mobility extracted for
fifteen devices for each case.
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Figure 6.12. (a) Transfer curve (V45 = —5V) for C8-BTBT OFET (230um channel
length) with 2nm of FETCNNQ (avocado green) only in the channel and
(orange) all over the C8-BTBT layer both at the Au/C8-BTBT interface and in
the channel. (b) The average mobility for fifteen devices and error bars are the
standard deviations.

This result indicates that, unlike contact doping by CeoFss, the enhancement
in the mobility of C8-BTBT OFETs mainly arises from the channel doping by
FETCNNQ-C8-BTBT co-crystal formation.

To understand the effect of channel doping, BG-BC C8-BTBT (150A) OFET
were measured in situ, under vacuum, while depositing 55A of FETCNNQ on
top. 50nm Au was deposited on a 200nm thick SiO,, which is the gate
dielectric, using a shadow mask that gives a 400um channel length. To reduce
the difference in surface energy between Au and SiO,, perflurodecanthiol was
used as a self-assembled monolayer (SAM) on SiO,. Later, C8-BTBT molecules
were deposited and we measured the OFET characteristics of the pristine
film. Finally, F6TCNNQ molecules were deposited on top and we
simultaneously measure the transfer curves. Note that measuring the same
device during the deposition avoids sample-to-sample variation. Figure 6.13a
shows the real-time measurement of the transfer curves during the FETCNNQ
deposition. For pristine C8-BTBT OFET, a negative Vo, is observed, which
indicates the presence of fixed traps at the dielectric/OSC interface.
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Figure 6.13. (a) Evolution of the transfer curve (V4= -5V) for BG-BC C8-BTBT
OFET acquired in-situ in the vacuum chamber during the deposition of
F6TCNNQ and (b) the corresponding change in V,, voltage vs. amount of
F6TCNNQ deposited on the surface (nominal thickness from the quartz
monitor). The inset of (a) shows the scheme of the BG-BC device architecture
(L =400um).

We note that it has been reported that the passivation of these traps can shift
the Vo, towards a less negative value.[6l[151L[152[153] As the F6TCNNQ
deposition progresses, the co-crystal grows on the surface, resulting in a shift
of Von from -16V to 5V (Figure 6.13b) without changing the I current. This
result indicates that the CTC co-crystal on the surface acts as a dopant and
induces free carriers in the film, passivating the traps at the dielectric/OSC
interface.

The results discussed in this chapter confirm that the surface doping by CTC
allows fine tunability of the V,, for a range of 20V, via controlling the amount
of co-crystal formed on the surface, without a drastic change in mobility. It
also suggests that surface doping with CTC co-crystal can be used as a post-
fabrication treatment to achieve the desired Vi, for OFETs. In summary,
combining the results from XRD, AFM, UV-Vis absorption and UPS confirms
that the FETCNNQ-C8-BTBT co-crystal on the surface is doping the whole C8-
BTBT film. The evolution of the structure and the electronic levels are
consistent with the electrical characteristics of the OFETSs, indicating that the
growth of CTC co-crystals at the C8-BTBT surface serves as a p-type dopant
for the C8-BTBT film. As the FETCNNQ-C8-BTBT CTC co-crystals grow, the
number of mobile holes in the channel increases, causing threshold voltage
shift towards a positive gate value and an increased | current. The growth
of the co-crystals does not disturb the microstructure of the underlying C8-
BTBT film and thus can be used to reduce Vo, without trading other OFET
parameters.
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7. Effect of interfacial architecture
in the co-crystal formation

This chapter tries to elucidate the factors that affect the formation and
degree of ordering of CTC co-crystals. Firstly, a discussion of the effect of
temperature is presented. An increase in temperature increases the energy
of the molecules and affects the molecular interactions at the interface.
Secondly, we discuss the order of deposition of the C8-BTBT and FETCNNQ,
which can lead to significant changes in the interfacial morphology. Finally,
we study the effect of the OSC side group by depositing FETCNNQ on top of
DPh-BTBT.

7.1. Role of temperature

7.1.1.  Impact of thermal annealing on the structure

In this section, the effect of post-annealing treatments on the heterostructure
films fabricated by the sequential deposition of C8-BTBT and F6TCNNQ is
addressed. Out-of-plane XRD and GIXD measurements (Figure 7.1) were
performed at the Soleil synchrotron facility in France. The samples were
grown at room temperature and characterized in-situ. Since the growth
chamber did not have a quartz monitor microbalance to measure the
thickness, the thickness of the C8-BTBT film was estimated to be 37nm from
the Kiessig fringes (inset in Figure 7.1b). The observed Laue oscillations
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indicate the presence of coherent domains of C8-BTBT in the film. The thin-
film structure of C8-BTBT molecules on SiO; at RT and higher temperatures
have been already discussed in section 4.3.

(a) (b)j [ cseter
. 3 1 o0
& s
E .a" 3 002 00 03 06 09 1.2
5 ‘0] 003 q.(nm")
o S 005
€ 004
10 15 20 25 0 2 4 6 8 10 12
Qxy(nm-i) g, (nm)

Figure 7.1. (a) 2D GIXD pattern and (b) out-of-plane XRD of pristine C8-BTBT
at RT. The inset of b shows the Kiessig fringes used to estimate the film
thickness.

The structural data obtained after the deposition of FETCNNQ on the same
film is shown in Figure 7.2. Surprisingly, the presence of FETCNNQ crystallites
is visible at RT. The OOP diffraction data shows the peak at g, ~ 12.6nm™
corresponding to the structure of FGTCNNQ as observed before (section 6.1).
The 2D pattern exhibits new diffraction features, although only a few of them
can be indexed according to the reported F6TCNNQ bulk structures. The
diffraction spots at |q| = 18.7nm! and |q| = 20.2nm! coincide with the
F6TCNNQ form | structure reported by Dasari et, al.[154 |t is possible that
F6TCNNQ forms different polymorphs. There is no CTC co-crystal Bragg peak
observed in the OOP data. Even though scattering intensity at gy, = 18.66nm-
1is observed (denoted by a vertical red dash-dotted line in Figure 7.2a, b),
which corresponds to an in-plane spacing of 3.3A, attributed to the r-it orbital
mediated stacking of the mixed co-crystal. This diffraction feature was
previously observed, although with a less in-plane resolution, in Figure 6.1.
The fact that the intensity extends along the q, direction, i.e., rod-shaped
intensity, indicates that it is a 2D surface structure i.e., the co-crystal forms
on the surface.

The films were post-annealed under vacuum for 4 minutes at the given
temperature and measured after cooling down to RT. Figure 7.2b shows the
2D diffraction patterns, after annealing at 60°C. The co-crystal (001) peak at
g: ~ 3.3nm! appears in the OOP data (Figure 7.2c), indicating that the co-
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crystalline structure develops in the vertical direction. The coherence length
obtained from the FWHM of the peak is Lc=4.5nm.
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Figure 7.2. 2D GIXD pattern of the heterostructure formed by F6TCNNQ
deposited on C8-BTBT (a) at RT and (b) after annealing at 60°C. (c) Out-of-
plane, XRD was measured after annealing at 40°C and 60°C (as indicated in
the legend). (d) Cartoons illustrating the changes in the film during annealing.

In addition, the 2D diffraction pattern shows the development of intensity at
Oxy ~ 7nm-1 with a regular pattern along g, (g, ~ 5nm%, 8nm-and 10.5nm-1).
This rod is assigned to the (01L) rod of the co-crystal. Moreover, the intensity
distribution of the diffraction feature at gy, = 18.66nm has acquired a
pattern along q,, which supports the change from the 2D to the 3D structure
of the co-crystal. The signature of crystalline FETCNNQ at g, ~ 12.6nm!
remains visible. From the FWHM (Aq = 0.2nm1) of this peak, a coherence
length of Lc=31nm is estimated, suggesting the development of the FETCNNQ
island on the surface.

To understand the interfacial morphology modification after mild annealing,
AFM measurements were done on the same sample. The topography and
corresponding lateral force image of the same film after annealing at 60°C are
shown in Figure 7.3.
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Figure 7.3. (a) Topography and the (b) corresponding lateral force map of thin
film with FETCNNQ on C8-BTBT annealed after 60°C.

The taller structures have an elongated aspect-ratio morphology (needle),
with lengths of several hundred nm and heights that vary between 25nm and
40nm, consistent with the estimated coherence length for the crystalline
FETCNNQ. The region around the needles has a different contrast observed
in the lateral force map. The low-friction areas (darkest colour) consist of
molecular layers with a height difference of 3nm (or multiples of 3nm),
confirming that they are C8-BTBT. In addition, there are a few rectangular
islands, with a height of about 4nm - 9nm, which appear in the corresponding
lateral force channel with an intermediate contrast. These regions are
attributed to the 3D co-crystal formed by the effect of thermal annealing at
60°C (as illustrated in Figure 7.2d).

To study the impact of annealing at a higher temperature, a twin sample was
prepared that was annealed directly up to 120°C for four minutes. Figure 7.4a
and b show the OOP measurement and the corresponding 2D GIXD maps.
OOP XRD shows prominent co-crystal (001) and (003) Bragg peaks, at q; =
3.3nm! and 9.9nm1, respectively. The second-order co-crystal Bragg peak is
not clearly visible because it overlaps with the (003) Bragg peak of C8-BTBT.
The coherence length, calculated from the FWHM of the (001) Bragg peaks is
Lc=51nm for the co-crystal and Lc = 30nm for C8-BTBT. In the 2D diffraction
map, new structural features appear, which can be attributed to the co-
crystal formation. The rod at g,y = 18.6nm visible in the 2D diffraction map
corresponds to the m-1t co-crystal stacking. The rods observed at gy, = 9.6nm-"
1, 11.1nm, 13.8nm1and 22.5nm! appear at similar q positions reported for
the F6TCNNQ-BTBT co-crystal structure by Dasari et. al.l'’3 Hence, are
labelled here accordingly (red dash-dotted lines in Figure 7.4b). The (01L) rod
of the co-crystal appear at the same gy, position of (10L) rod of C8-BTBT but
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with the co-crystal spacing (Ag,=3.3nm) along q,. Notably, the FETCNNQ
OOP peak at g, = 12.6nm™1, disappeared after annealing at 120°C, implying
that the FBTCNNQ 3D crystallites have been consumed in the formation of
F6TCNNQ-C8-BTBT CTC co-crystals. The FBTCNNQ structural features in the
2D GIXD pattern also vanished, while the C8-BTBT Bragg peaks remain the
same and 2D GIXD maps (Figure 7.4b) still show the diffraction pattern from
the C8-BTBT structure. Hence the consumption of C8-BTBT molecules by the
formation of the co-crystal is not worsening the crystallinity or coherence
length of the C8-BTBT film underneath. This leads us to conclude that the co-
crystallites are partially embedded in the C8-BTBT film (Figure 7.4c).

The topographical inspection of the same sample by AFM confirms this. Figure
7.4d, e, and f show the topography and corresponding lateral force image and
the height profile along the marked line in the topography.
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Figure 7.4. (a) Out-of-plane XRD of F6TCNNQ/C8-BTBT heterostructure
measured as prepared at RT and after annealing at 120°C (as indicated in the
legends) (b) corresponding 2D GIXD map, after annealing at 120°C. (c) Scheme
displaying the co-crystal formed within the C8-BTBT film after annealing.
(d)Topography and the (e) corresponding lateral force map of the annealed
sample. (f) The height profile across the line is indicated in the topography (d).
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The topography shows a discontinuous film, with the substrate visible in some
regions. The average height of the film is 30nm (as shown in Figure 7.4f), in
excellent agreement with the coherence length of C8-BTBT estimated from
the OOP data. In addition, conversely to the needles observed at a lower
annealing temperature (Figure 7.3), some structures can be spotted with a
near-circular shape and a lateral size of about 200nm - 600nm. Their heights
(with respect to the substrate), in a range between 25nm and 90nm, are also
consistent with the Lc estimated for the co-crystal. Therefore, it is reasonable
to attribute the tall structures observed in the topography to co-crystals. As
illustrated in Figure 7.4c, we propose that the co-crystals are embedded
within the C8-BTBT film, without altering the C8-BTBT in-plane or out-of-
plane crystalline order.

To investigate the evolution of the optical absorption properties with
annealing, UV-Vis absorption spectroscopy was done on glass substrates for
a pristine C8-BTBT and an FGTCNNQ (12nm)/C8-BTBT (15nm) heterostructure
(Figure.7.5).
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Figure.7.5. Evolution of UV-Vis absorption spectra of C8-BTBT (20nm) thin film
with FETCNNQ (14nm) on top, with increasing temperature.

For the heterostructure at RT, the absorption bands of the individual
components are observed. The FBTCNNQ-C8-BTBT co-crystal CTC bands are
also visible, although with lower intensity than the C8-BTBT and FETCNNQ
absorption bands. With annealing, two effects are observed. The intensity of
both C8-BTBT and F6TCNNQ peaks decreases. Meanwhile, the co-crystal CTC
peaks increase in intensity when the temperature is increased up to 110°C,
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indicating the formation of more co-crystals. Surprisingly, the peak at 960nm
diminished along with the formation of a new peak near 800nm after
annealing at 130°C, implying a rearrangement of the electronic levels of the
thin film. Further studies need to be done to understand this process, which
is out of the scope of the thesis. UV-Vis absorption spectra along with XRD
and AFM data, confirm the growth of well-ordered FETCNNQ-C8-BTBT CTC
co-crystals with annealing temperature. This parameter can be used to have
control over the morphology, extent and distribution of CTC in the films.

7.1.2.  Impact of thermal annealing on the electrical properties

This section studies the changes that occurred in C8-BTBT OFETs with
annealing. As described in the previous section, annealing the C8-BTBT film
up to 120°C with FBTCNNQ on top increases the formation of oriented co-
crystal on the surface. Figure 7.6 shows the effect of temperature on CTC
doped C8-BTBT OFETs and the corresponding UV-Vis absorption spectra. The
amount of FETCNNQ deposited on the surface of the C8BTBT layer for the
samples is 6A, 2nm, 10nm, 20nm and 30nm, from top to bottom as indicated
at the left vertical axis of the corresponding panels.
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Figure 7.6. Evolution with the temperature of the transfer curves at Vys=-30V
(logarithmic scale) for C8-BTBT (35nm) OFETs with different amounts of
F6TCNNQ deposited on top (indicated on the leftmost side of each curve). In
the right panel the evolution of the corresponding UV-Vis absorption spectra.
Legends in each figure show the respective annealing temperatures.

The increase in temperature adversely affected the C8-BTBT OFETs and
worsened their performance. There is an increase in the |y current and Vo,
with temperature in the samples with an FETCNNQ coverage above 2nm. In
addition, the lo current and Vo, shifts increase with FEBTCNNQ coverage. An
increase in temperature promotes the interaction of unreacted FETCNNQ
with C8-BTBT and aids the formation of CTC co-crystal. These results indicate
that the film is being doped by the FETCNNQ-C8-BTBT CTC co-crystal and
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there is an extra generation of free charge carriers with an increase in
temperature. The maximum current measured (lon) Was not increasing with
temperature, in fact, lon and the subthreshold slope decreased with
temperature for all FEBTCNNQ coverages. UV-Vis absorption spectroscopy
shows the further formation of CTC co-crystals with increasing temperature
for which a considerable amount of FETCNNQ was deposited on the surface.
After annealing at 100°C, most of the films show a predominance of CTC
peaks, indicating the larger thermal stability of the co-crystals.

7.2. Relevance of the deposition sequence on
the co-crystal formation

In this section, we address the impact of the deposition sequence on the
structural quality of the heterostructure and on the formation of the mixed
co-crystal. Conversely to the previous heterostructures, here FETCNNQ was
firstly deposited on the Si/SiO, substrate and after being characterized by
OOP XRD and GIXD, C8-BTBT was deposited on top. The amount of deposited
materials was the same as in section 7.1.1.

"——C&BTBT on F6TCNNQ

| 80°C C8BTBT on F6TCNNQ
I——100°C C8BTBT on F6TCNNQ|
I—— 120°C C8BTBT on FETCNNQ
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Figure 7.7. (a) Out-of-plane XRD of C8-BTBT on top of FETCNNQ, measured at
RT and after annealing at 80°C, 100°C and 120°C (as indicated in the legends).
Highlighted area shows the emerged co-crystal peaks after annealing. (b)
Corresponding 2D GIXD map measured after annealing at (b) RT and after
annealing at (c) 100°C and (d) 120°C.
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Figure 7.8. Scheme
illustrating the
evolution of thin film
with FETCNNQ on top
of C8-BTBT after
annealing at 120°C.

The cyan-coloured curve in Figure 7.7a shows the out-of-plane diffraction
pattern of the C8-BTBT/F6TCNNQ heterostructure at RT and Figure 7.7b
shows the corresponding 2D GIXD map. It has been reported that FETCNNQ
is polycrystalline on native Si0,.167] This fact has been confirmed by our GXID
data for FBTCNNQ on SiO,. As shown in appendix 10.2, the 2D diffraction
pattern consists of diffraction powder rings indicating that FETCNNQ
molecules aggregate on the surface without any preferential orientation on
the surface (as illustrated in the cartoon in the Figure 7.8a). Both the
observation of C8-BTBT Bragg peaks up to the fifth order in the OOP XRD and
the 2D GIXD diffraction pattern indicate that C8-BTBT grows with the same
structure and orientation as it is on SiO,. No evidence of co-crystal formation
was observed at RT, pointing to the importance that the sequence employed
for the deposition of OSC and dopant has in the co-crystal formation.

To investigate if, in the present case, increasing temperature promotes co-
crystal growth, the sample was annealed at diverse temperatures (Figure
7.7a). The corresponding OOP data displayed for 100°C (orange curve) reveal
the co-crystal formation by the emergence of the (001) co-crystal Bragg peak
around g, = 3.3nm (enclosed by a pink vertical band). The most significant
change in the 2D GXID map (Figure 7.7c) is the emergence of diffraction
powder rings (see Table 10.1 in the Appendix). The g-position of the rings
agrees with the co-crystal structural features observed for FETCNNQ on C8-
BTBT (see Figure 7.4b), having here a large azimuthal disorder instead of (001)
texture. C8-BTBT remains unaffected as observed in the OOP and GIXD data.

Further annealing of the film at 120°C promotes larger structural changes. In
OOP spectrum (red line in the Figure 7.7a), the peak at g, = 3.3nm-1, disappear
and four new peaks emerge at g, = 3.6nm%, 5.2nm%, 7.1nm-%, and 10.7nm-L.
These new peaks correspond to two different inter-planar distances of
1.76nm and 1.2nm, which are smaller than the periodicity obtained from the
001 planes of the co-crystal formed with the previous deposition sequence
(i.e., FBTCNNQ on top of C8-BTBT). The coherence length calculated from the
FWHM of these new peaks is, on average, Lc = 80nm. Unlike the previous
heterostructure after annealing at 120°C, this case shows a dramatic decrease
in the intensity and the width of the OOP Bragg peaks of the C8-BTBT. This
could be due to the combined effect of desorption of C8-BTBT molecule from
the surface and consumption for co-crystal formation. The diffraction spots
corresponding to C8-BTBT in 2D GIXD maps became fainter. The rings also
disappeared after the annealing in the 2D GIXD map (Figure 7.7d). A complex
diffraction pattern is now visible, which seems to agree with a complex mixing
scenario.
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There are mainly two plausible scenarios that could explain the result shown
in Figure 7.8b. The first is the existence of two preferential orientations of the
co-crystal on the surface and the other is the existence of different
polymorphs. Both scenarios would adversely affect the C8BTBT thin film
structure and C8-BTBT OFETSs. The results reveal the importance of the order
of deposition of C8-BTBT and F6TCNNQ in the formation of ordered CTC co-
crystals.

7.3. Influence of the OSC side groups on the co-
crystal formation

To investigate the role played by the OSC side group in the co-crystal
formation, FETCNNQ was deposited on top of DPh-BTBT thin films. The effect
of thermal post-annealing treatment was also investigated.

The heterostructure (FETCNNQ/DPh-BTBT) was grown at the ICMAB and
measured at the NCD-SWEET beamline of the ALBA synchrotron a few days
after the growth. The experimental set-up allows annealing of the sample
under N; and performs GIXD measurements in-situ. Figure 7.9a shows the
out-of-plane XRD of pristine DPh-BTBT as well as DPh-BTBT with 70A and
140A of FETCNNQ, on top. Pristine DPh-BTBT film (20nm thick) shows the
characteristics of OOP Bragg peaks of oriented crystalline films with (001)
planes parallel to the surface.
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Figure 7.9. (a) Out-of-plane XRD obtained from GIXD performed on a pristine
20nm thick DPh-BTBT film (green) and a 20nm thick DPh-BTBT film with
different coverages of FEFTCNNQ on top (as indicated by the legends) at RT. (b)

2D GIXD map of the 20nm thick DPh-BTBT film with 140A FETCNNQ on top, at
RT.
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No prominent changes were observed in the OOP diffraction pattern even
after 140A of FETCNNQ, deposition. The appearance of peaks around q, ~
8.7nm ! and 12.6nm! for 140A of FETCNNQ coverage, on the DPh-BTBT film,
is attributed to crystalline FETCNNQ, as already seen in the case of C8-BTBT
with FBTCNNQ on top. Figure 7.9b displays the 2D GIXD diffraction pattern
obtained for 140A of FECNNQ on the DPh-the BTBT film. In addition to the
diffraction features of the DPh-BTBT structure, there are several rings with
spots along with them in the GIXD map which indicate the coexistence of
polycrystalline FBTCNNQ with vertically oriented 3D crystallites of FETCNNQ.
There is no evidence of FETCNNQ-DPh-BTBT co-crystal formation.

To evaluate if an increase in temperature could trigger the co-crystal
formation between DPh-BTBT and F6TCNNQ, the samples were annealed
stepwise and measured in-situ at different temperatures. Figure 7.10a shows
the OOP diffraction data measured at different temperatures for the
heterostructure. Surprisingly, no changes were observed in the OOP peaks of
DPh-BTBT. 2D GIXD maps (Figure 7.10b) also do not show noticeable
differences in the diffraction patterns with an increase in temperature. A
reduction in the intensity of the F6TCNNQ rings suggests either the
desorption of F6TCNNQ from the surface or the transformation to an
amorphous phase. In any case, there is no evidence of co-crystal formation.
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Figure 7.10. (a) Out-of-plane XRD obtained from 2D GIXD performed on 20nm
thick DPh-BTBT film with 1404 of FETCNNQ on top, measured at different
temperatures (as indicated by the legends). (b) Corresponding 2D GIXD map
measured at 160°C.

To investigate the morphology of the FEBTCNNQ- DPh-BTBT interface, AFM
measurements were performed. Figure 7.11a shows the topography of a bare
20nm thick DPh-BTBT film and Figure 7.11c the film after 7nm of FETCNNQ
was deposited on top and annealed at 160°C. A multi-layered structure of the
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DPh-BTBT film is observed in both cases. But in the case of DPh-BTBT with
F6TCNNQ plus annealing shows low density aggregates around the steps of
DPh-BTBT. Comparison between the corresponding lateral force images
(Figure 7.11b, d) these aggregates can be attributed to FETCNNQ, consistent
with the observation of faint FETCNNQ rings in the 2D GIXD map (Figure
7.10b). Both XRD and AFM data indicate that the phenyl-termination of the
BTBT films does not allow intermixing even at elevated temperatures.
Therefore, these results point to the relevance of the flexible alkyl chains of
the BTBT in the formation of FETCNNQ-C8-BTBT CTC co-crystals.

® 160nm ®

.

Figure 7.11. (a) Topography and (b)lateral force map of a pristine 20nm thick
DPh-BTBT film. (c) Topography and (d) lateral force map of a 20nm thick DPh-
BTBT film with 704 of FETCNNQ on top plus annealing at 160°C.

In summary, a detailed study of the influence of the structure of the interface
in the formation of co-crystals has been done. The results from XRD, AFM and
UV-Vis absorption confirm the further growth of FBTCNNQ-C8-BTBT CTC co-
crystal at higher temperatures. The influence of the deposition sequence of
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C8-BTBT and F6TCNNQ has been demonstrated. Whereas co-crystal
formation also occurs when C8-BTBT is deposited on top of FBTCNNQ, the
data suggest the formation of different polymorphs. Even though the DPh-
BTBT molecule has a similar HB packing of the BTBT cores, there is no
evidence of the formation of FETCNNQ-DPh-BTBT co-crystals even after
thermal annealing, which reveals the significance of the type of side groups
of OSC in the co-crystal formation. It is proposed that the packing of the
phenyl group of DPh-BTBT hinders the intercalation of FETCNNQ molecules
between its BTBT core.
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8. Co-evaporation of FEBTCNNQ and
C8-BTBT

e

Generation of mobile holes by the CTC crystallites formed from co-deposition
of dopant and OSC, in the circumjacent OSC film has been reported but is
effective for only small dopant concentrations.[451143] This chapter presents
the study of the C8-BTBT OFET co-evaporated with FETCNNQ, since mixing
dopant in the organic semiconductor (OSC) matrix (bulk doping) is a widely
used strategy to dope, which often results in the formation of dopant-OSC
charge transfer complex and co-crystals.[431.1481,[401,[155]
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Figure 8.1. Linear transfer curves at V4= -5V for OFETs with L = 230um in BG-
TC geometry for C8-BTBT and F6TCNNQ co-evaporated films with the
indicated concentrations. (b) Evolution of mobility calculated for C8-BTBT
OFETs with different channel lengths with respect to the amount of FETCNNQ.

e
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Figure 8.1a shows the transfer characteristic of BG-TC C8-BTBT OFETs with
different concentrations of FETCNNQ co-evaporated with C8-BTBT (~ 35nm).
Four sets of devices were investigated, starting with the pristine device
without dopant and then increasing the dopant concentration up to 55mol%
by adapting the relative evaporation rate of FGTCNNQ. A shift of V,, towards
a more positive gate value as well as an increase in the off current with an
increment in FBTCNNQ concentration was observed. This indicates that the
C8-BTBT film is being doped. The evolution of the mobility for different
channel lengths with respect to FETCNNQ concentration is shown in Figure
8.1b. Even though the V,, voltage of the transistor shifts with the increasing
concentration of FEBTCNNQ, the incorporation of the dopant worsened the
mobility of the transistor. For dopant concentration of 55mol%, the transistor
behaviour has fully deteriorated, and the film became conductive.
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Figure 8.2. Representative output curves ( for V,= 0V, =10V, =20V, -30V) of
C8-BTBT OFETs of 230um channel length co-evaporated with increasing
molecular percentage of FETCNNQ from 0mol% to 55mol% as indicated for
each graph.

A similar trend, i.e., lower mobility with increasing dopant concentration has
been reported for Pentacene OFETs.520471 The output curves of
representative bulk doped OFETs of 230um channel length are given in Figure
8.2, which also display deterioration of C8-BTBT OFET performance with
increasing FBTCNNQ concentration.
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UV-Vis absorption spectroscopy and 2D grazing incidence X-ray diffraction
(GIXD) were performed. The samples were grown on glass substrates during
the fabrication of the OFETs. In the UV-Vis absorption spectra shown
Figure.8.3, a set of new peaks (brown band) started to emerge at large
F6TCNNQ concentrations along with the peaks from C8-BTBT, FETCNNQ
(green and blue bands, respectively). The new set of peaks reveals the
presence of FETCNNQ-C8-BTBT CTC. Hence, the changes observed in C8-BTBT
OFETs prepared by co-deposition can be explained by doping due to the CTC
formed within the OSC layer.
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Figure.8.3. UV-Vis absorption spectra for co-evaporated C8-BTBT films with
F6TCNNQ concentration. Absorption peaks from C8-BTBT, FeTCNNQ and CTC
are labelled.

To understand the thin film structure of the C8-BTBT film co-evaporated with
FETCNNQ, 2D GIXD measurements were performed on the same samples.
The out-of-plane x-ray diffraction measurements of the co-evaporated films
of C8-BTBT with different mol% of FETCNNQ are shown in Figure 8.4a. The
(001) and (002) Bragg peaks from C8-BTBT have been observed for all
FETCNNQ concentrations. The new peak at g, = 3.3nm., observed at a high
dopant concentration of 55mol%, corresponds to the C8-BTBT-F6TCNNQ co-
crystal. The 2D GIXD maps of co-evaporated film of C8-BTBT and 55mol%
F6TCNNQ shown in Figure 8.4b shows no visible changes for C8-BTBT
diffraction features. The co-crystal features appear as spots in the out-of-
plane direction.
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Figure 8.4. (a) Out-of-plane, XRD features for C8-BTBT-F6TCNNQ co-
evaporated thin films with increasing FETCNNQ concentration, from the 2D
GIXD map obtained at 0.15° incident angle. (b) 2D GIXD map measured at
0.11° incident angle, for 55mol% of F6GTCNNQ. Indicated 001 peak is from
ordered C8-BTBT and 001c is from the FETCNNQ-C8-BTBT CTC co-crystal.

The emergence of Bragg peaks indicated that the co-crystal has a 3D
crystalline structure, within the OSC matrix. A fair amount of C8-BTBT remains
unaffected. However, these results cannot explain the decrease of field effect
mobility observed in the C8-BTBT OFETs with increasing dopant
concentration.

Figure 8.5 shows the AFM images of the OFET channel topography with an
F6TCNNQ concentration of 1.1mol%, 11mol% and 55mol% respectively. The
1.1mol% of FETCNNQ doped C8-BTBT OFET shows similar morphology to that
of C8-BTBT OFETs.3Z For increasing dopant concentration, the channel
morphology of the OFETs changed drastically.

25 nm _ 15 nm 90 nm

== 11 mol% | (c) Lo SSmol
LR AR e

(‘aﬁ‘;‘ 1.1 mol% |
oy 8 Y‘&

0 | ‘ ! Ge |,
1.0pm \ z F i.l.()m'; 3
N e | ko v NS
- onm nm 0nm

Figure 8.5. Channel morphology of the co-evaporated C8-BTBT FETs with
F6TCNNQ concentration of (a)1.1mol%, (b) 11mol% and (c) 55mol%.

For a concentration of 55mol% FETCNNQ, the topmost surface is featureless
except for a few cracks. The observed differences in morphology point to an
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explicit decrease in the lateral size of the C8-BTBT domains as the most
plausible origin of the reduction in field-effect mobility of the OFETs as the
dopant-0OSC ratio is increased.

In summary, the combined analysis by AFM, GIXD and UV-Vis absorption
reveals the formation of a C8-BTBT-F6TCNNQ CTC co-crystal structure in the
co-evaporated film. The shift in Vo, and the increase in lo current indicates
the increased density of free carriers in the organic semiconductor film. Even
though CTC formation and the presence of mobile charges are demonstrated
to occur, the spatial distribution of the co-crystals in the bulk disrupts the
structural order of the OSC thin film. Hence, a decrease in the field-effect
mobility even for a dopant ratio of about 1mol% is observed due to a
reduction of the lateral size of the grain morphology.
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9. Conclusion

The work presented in this thesis aims to understand the role of both, the
particular structure of the molecules and the packing adopted during thin film
growth, in the doping phenomena of organic semiconductors. OSC with
aromatic and aliphatic side chains along with flat and spherical dopant
molecules have been employed for the investigation. The diverse dopant-OSC
interfaces have been examined by using AFM, KPFM, Synchrotron X-ray
diffraction techniques, XPS/UPS, and UV-Vis absorption spectroscopy. The
evolution of the interfacial morphology and the electronic levels during the
doping process were investigated in correspondence to the molecular
structure of the OSC and the dopant.

First, the interface formed between the C8-BTBT molecule with octyl chain
side group and spherical CgoF4s was studied. It is demonstrated that the
dopant molecule forms crystallites at the step edges of C8-BTBT, hindering
dewetting of the C8-BTBT film and increasing the stability of the films and the
OFETSs. There is no intercalation observed between C8-BTBT and CgoFas. Then
we have explored the effect of the OSC molecular side groups in the interface
formation. The interface formed in CgoF4s/DPh-BTBT and CgoF4s/C8-BTBT
heterostructures has been compared. CgoFss distribute homogeneously on
top of the DPh-BTBT film, revealing the importance of the OSC side group in
the formation of the interfacial morphology. The evolution of energy levels
during doping reveals the presence of surface dipoles arising from integer
charge transfer from C8-BTBT and DPh-BTBT to CeoFss. The difference in
interfacial morphology due to the different side groups determines the
nanoscale surface potential distribution at the interface.

Furthermore, the impact of the dopant molecular structure was investigated
by probing the interface of the F6TCNNQ/C8-BTBT heterostructure. It is
demonstrated that FETCNNQ intercalates with underlying C8-BTBT molecules
to form co-crystallites. Further analysis of factors affecting the formation of
C8-BTBT-F6TCNNQ CTC on the surface is also presented. It is shown that in
F6TCNNQ/C8-BTBT heterostructures, the temperature promotes the growth
of CTC on the surface while in the inverted heterostructure (C8-BTBT on
F6TCNNQ), exclusive structural features have been observed with an increase
in temperature and are attributed to different polymorphs of the co-crystals.
On the other hand, no evidence for the formation of DPh-BTBT-F6TCNNQ co-
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crystals has been found, even at a higher temperature. These results clearly
indicate the influence of the OSC side groups in CTC formation.

Finally, to investigate the effect of the dopant molecular structure on the
doping mechanism, OFETs of C8-BTBT were fabricated and characterized
before and after doping with CeoF43 and FETCNNQ. The spherical CgoF4s dopant
undergoes ion pair formation by integer charge transfer across the interface
and results in surface dipoles that reduce the contact resistance. In turn, the
planar FEBTCNNQ dopant molecule undergoes ground state charge transfer
complex formation by intermixing of OSC and dopant molecules at the
interface, which dopes the C8-BTBT film and generates mobile charge
carriers. Depending on the amount of deposited FETCNNQ, doping can
contribute to passivate charge traps or to increase the conductivity of the
film. It is also demonstrated CTC formation in the C8-BTBT: FETCNNQ co-
evaporated films, which disturbs the structural order of the C8-BTBT film and
results in deterioration of the device performance.

This thesis work demonstrates the importance of molecular structure in thin-
film growth, dopant/OSC interface formation and doping mechanism. The
structure of molecules determines the extent and mechanism of surface
doping. This fact also opens the possibility of selecting a dopant or choosing
a particular doping mechanism to get a specific outcome or for tuning device
parameters, selectively. In fact, controlled doping is a challenge in the field of
organic electronics, and we believe that the conclusions of this work can be
of general applicability during the fabrication of stable and efficient doped
organic electronic devices.
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10. Appendix

10.1. FETCNNQ-C8-BTBT co-crystal formation
from solution processing

The objective was to investigate the interface of FETCNNQ and C8-BTBT films
developed from solution processing.
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Figure 10.1. (a) Scheme for sequential deposition of C8-BTBT and FETCNNQ
from solution and (b) the corresponding GIXD map at RT. (c) Out-of-plane
peaks of sequentially drop-casted heterostructure film at different annealing
temperatures as indicated in the legend. (d) GIXD of the thin film from
sequential deposition after annealing at 120°C.

2D GIXD maps of thin-film fabricated from sequential deposition of FETCNNQ
and C8-BTBT solutions in chloroform are shown in (Figure 10.1 b). 1ImM C8-
BTBT solution was drop cast on Si substrate, then 1mM solution of FETCNNQ
was drop cast on top of it. After each deposition, the sample was heated to
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70°C to remove excess solvent. The GIXD map shows rings at q positions
corresponding to the crystalline structures of C8-BTBT and F6TCNNQ
films.[32L[156] Qut-of-plane diffraction patterns obtained from the cut along the
g direction are shown in Figure 10.1c, which show diffraction peaks at q, ~
2.2nmt, g, ~ 4.4nmTand g, ~ 6.6nm corresponding to the characteristic
(OOL) Bragg peaks of C8-BTBT. Two diffraction peaks at g, ~ 3.3nm and g, ~
3.8nmare observed in the q, direction. Both are attributed to different co-
crystals formed between the FETCNNQ and C8-BTBT molecules, possibly due
to differences in the mixing stoichiometry. Yet, the intensity of these peaks is
small indicating a smaller amount of co-crystals were formed in the film.
Figure 10.1c compares the diffraction peaks in the OOP direction at different
annealing temperatures and Figure 10.1d shows the GIXD map of the film
after annealing at 120°C. The variation in Bragg peak intensity observed after
annealing at 100°C shows the rearrangement of the structure is happening in
the film and all of which later disappear after annealing at 120°C.

10.2. XRD features of FETCNNQ

(a) 8

q, (nm*)

- 0
10 15 20 25 10 15 20 25
Oy (nmhl) qu (nm-l)

Figure 10.2. 2D GIXD maps of F6GTCNNQ on SiO; at (a) RT and (b) after
annealing at 120°C

Faint rings like features are observed on the 2D GIXD maps of the sample with
FETCNNQ deposited on top of native SiO; at RT and after annealing at 120°C
for 4min (Figure 10.2). This implies the polycrystalline growth of FETCNNQ on
Si substrate. The table below shows the g-values corresponding to the
F6TCNNQ XRD features, obtained from the 2D GIXD maps.
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F6TCNNQ on SiO, F6TCNNQ on C8-BTBT

8.13 8.67 8.23 7.83
8.70 9.78 9.28 8.13
9.63 13.05 9.57 8.85
12.51 18.09 9.65 9.69
13.50 19.89 10.20 12.57
14.52 12.54 13.83
17.10 12.64 14.61
18.51 13.60 18.75
20.00 14.59
22.26 18.72

20.26

20.32

20.30

22.33

Table 10.1. Values of q corresponding to the powder diffractions rings
observed for FETCNNQ on SiO; (from the data in Figure 10.2) and FETCNNQ
on C8-BTBT (Figure 7.7).
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