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Abstract

Molecular template growth (MTG) has recently shown to be a promising method for the
fabrication of highly crystalline semiconductor films by enabling precise control over film
properties such as the growth morphologies, molecular orientation, surface properties
and crystallinity. The use of para-sexiphenly (p-6P) has already been shown in literature
as a promising template for the fabrication of high-quality disk-like metal phthalocyanines
(MPcs) while showing improved device performance when incorporated into the organic
thin film transistor (OTFTs). Silicon phthalocyanines (R2-SiPc) are a class of MPc that has
axial groups which make it deviate from the traditional disk like morphology, and therefore
new template molecules may be required for MTG. In this thesis we explore the use of
novel molecules as template layers in the development of R>-SiPc based OTFTs. We
begin by implementing a fully fluorinated p-6P (p-6PF) as a template layer for the
fabrication of bis (pentafluoro phenoxy) silicon phthalocyanine (F10-SiPc) OTFTs. This
template layer was selected to target the fluorine-fluorine interaction between the
semiconductor and the dielectric interface. First, we optimized device performance by
varying the deposition conditions of the template. After which we further characterized
F10-SiPc on p-6P and p-6PF where we show that p-6PF is a superior template material
for the fabrication of Ro>-SiPc. Next, we incorporated F1o-SiPc on a range of surface
including bare SiO», p-6PF, p-6P and 4 novel template layers that were synthesized to
deviate from the traditional p-6P by providing a varying degree of fluorination and
structural shapes. This was done to investigate the influence of the structural properties
of the template layer on resulting OTFTs performance. We perform characterization of the
films using grazing incident wide angle x-ray scattering and polarized Raman microscopy
to quantify the molecular orientation of the F1o-SiPc relative to substrate as a function of
template layer. Overall, this thesis shows the need for carefully material selection, paring
and optimization of template deposition condition in other to yield high performance in
OTFTs.
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Abstrait

La croissance de modéles moléculaires (MTG) s'est récemment révélée étre une
méthode prometteuse pour la fabrication de films semi-conducteurs hautement cristallins
en permettant un contrdle précis des propriétés des films telles que les morphologies de
croissance, l'orientation moléculaire, les propriétés de surface et la cristallinité.
L'utilisation du para-sexiphenly (p-6P) a déja été démontrée dans la littérature comme un
modéle prometteur pour la fabrication de phtalocyanines métalliques en forme de disque
(MPcs) de haute qualité, tout en montrant des performances améliorées du dispositif
lorsqu'elles sont incorporées dans le transistor a couches minces organiques (OTFT).
Les phtalocyanines de silicium (R2-SiPc) sont une classe de MPc qui posséde des
groupes axiaux qui la font diverger de la morphologie traditionnelle en forme de disque,
et par conséquent de nouvelles molécules modéles peuvent étre nécessaires pour le
MTG. Dans cette thése, nous explorons ['utilisation de nouvelles molécules comme
couches modéles dans le développement d'OTFT basés sur R>-SiPc. Nous commencons
par mettre en ceuvre un p-6P entiérement fluoré (p-6PF) comme couche modéle pour la
fabrication d'OTFT de bis (pentafluorophénoxy) silicium phtalocyanine (F10-SiPc). Cette
couche modeéle a été sélectionnée pour cibler l'interaction fluor-fluor entre le semi-
conducteur et l'interface diélectrique. Tout d’abord, nous avons optimisé les performances
du transistor en faisant varier les conditions de dépdét de les molécules. Aprés quoi, nous
avons caractérisé le F10-SiPc sur p-6P et p-6PF, ou nous montrons que le p-6PF est un
matériau modele supérieur pour la fabrication de R>-SiPc. Ensuite, nous avons incorporé
du F10-SiPc sur une gamme de surfaces comprenant du SiO2 base, p-6PF, du p-6P et 4
nouvelles couches modéles qui ont été synthétisées pour s'écarter du p-6P traditionnel
en fournissant un degré variable de fluoration et de formes structurelles. Cela a été fait
pour étudier l'influence des propriétés structurelles de la couche modéle sur les
performances des OTFT résultants. Nous effectuons la caractérisation des films en
utilisant la diffusion rasante des rayons X a grand angle et la microscopie Raman
polarisée pour quantifier I'orientation moléculaire du F10-SiPc par rapport au substrat en
fonction de la couche modeéle. Dans I'ensemble, cette thése montre la nécessité d’'une
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sélection minutieuse des matériaux et d’'une optimisation des conditions de dépdt des
modéles pour obtenir des performances élevées dans les OTFT.
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Chapter 1. Introduction

1.1 Overview

Organic electronics are devices which are fabricated using carbon-based
semiconductor.”? Organic electronics have gained significant interest both industrially
and academically with the development of organic light emitting diodes (OLEDs) by Van
Skyle and Ching Tan Wang in 1987 who effectively demonstrated the emission of light
from a thin film using low voltage.® Several other organic electronic applications have also
received increasing attention such as organic photovoltaics (OPV)*® and organic thin film
transistors (OTFTs)® as they present a potential for low energy manufacturing, light weight
and flexible electronic devices, which is challenging with conventional silicon based
electronics.”® OTFTs are very similar to traditional metal-insulated-semiconductor field-
effect transistors (MISFETs) where they act as logic gate operators or electrical binary
switch. OTFTs are basic electrical elements which are used from simple to complex
circuits and some recent examples are their use in electronic paper'?, sensors'"-'2, radio
frequency identification cards' (RFIDs). As sensors, OTFTs have been used for the
detection of chemical and biological analytes such as humidity'4, tetrahydrocannabinol?'®
(THC), cannabidiol'® (CBD), carbon dioxide'” (CO2), ammonia'® (NH3), deoxyribonucleic
acid'® (DNA) and more.

Although OTFTs are a very promising technology they are far from replacing
conventional MISFETs in modern day electronic device such as laptops and computers.
One of the major reasons is that state of the art OTFTs can not be operated at high enough
switching speeds and do not possess enough charge carriers as inorganic
semiconductors.?>2" In addition to increased absolute performance there is also a need
to increased device consistency; the consistent manufacturing of OTFTs is challenging
as even the smallest changes in molecular structure lead to significant fluctuation in
electrical characteristics. Interface engineering between various functional layers has
proven to be a reproducible way to control and improve the performance and reliability of
OTFTs based electronic devices.???-2°

This is because the interface of the layers in these organic electronic devices play
a crucial role in the transfer/transport of charges within the homogenous layers or
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adjoining interfaces. The goal of this thesis is therefore to develop high performance
OTFTs through the design of novel interfacial materials and films.

1.2 Organic Thin Film Transistors

An OTFT is a three terminal device that has four functional materials which can be
arranged into different geometries and architectures as required by the manufacturing
challenges or the final application.?® Figure 1.1 shows the device architecture of a bottom-
gate top contact (BGTC) OTFT which is the primary structure used in this thesis and the
operational input and output signals used in an OTFT. When a bias is applied across the
source and drain electrode we observe an injection, transport, and extraction of charges
between the source and the drain electrode through the organic semiconductor. The
charge transport does not take place (negligible amount of current is flowing) when the
device is “off”. As a gate-source voltage bias (Ves) is applied an electric field polarizes the
dielectric/gate insulator layer which leads to the accumulation of charge carriers at the
interface. At a critical Vgs, known as the threshold voltage (V7), there is enough carriers
at the interface leading to a flow of current (/sp) between the source and the drain. This
allows the Vs to be used as a tool in controlling the accumulation of charge carries that
can be used in the OTFT. The dielectric layer is also responsible for the insulation of the
semiconductor from the gate electrode to avoid current leakage from the gate to the
Osc_27,28

The operation of OTFTs can be split into two modes of operation which are
commonly named as the enhancement mode (device is considered “off” at Vs = 0) and
depletion mode (device is considered “on” at Vss = 0). The use of enhancement mode
TFTs is more predominant over the depletion mode because in depletion mode the device
is always switched on leading to more power consumption and would typically require a
higher Ves to turn off the device.?® The Vs can be used to control the charge transfer
type of the OTFT, the use of a positive (+) bias for the Vssand Vsp will lead to a n-type
transistor (electron transfer) and the use of a negative (-) voltage bias will leading to a p-
type transistor (electron transfer). However, the semiconductor materials ability to transfer
either holes or electron depends on its molecular structure. Most organic semiconductors

are better when used in p-type operation, others when used in n-type operation, and less
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commonly observed, some materials can perform ambipolar charge transfer (holes and
electrons) working in both p and n-type operation.?%3" Most reported organic
semiconductors demonstrate predominantly p-type operation, this is due to the inherent
instability of n-type performance which involves a material with available delocalized
electrons which are susceptible to reactions with oxygen and moisture in the air.32:33
Hence significant research efforts are focused on the development and synthesis of new
molecules for stable n-type performance in air.33% While p-type operation is less
susceptible to air and moisture, it does not mean its impervious, this is why OTFTs
characterized in air versus oxygen free environment such as a nitrogen or argon filled

glovebox will influence the performance.3¢

A)

source

source

channel length L

Figure 1.1. Schematic diagram of the cross-sectional view of a A) bottom-gate top-
contact (BGTC) organic thin film transistor (OTFTs). B) Diagram of the operation of an
OTFT, where the source drain voltage (Vsp) and gate source voltage (Vgs) is used to
transfer the output signal current (Isp) — the output signal is controlled with the input signal
the gate source voltage that creates an electric field in the dielectric layer. C) Top view of
an OTFT showing the definition of channel length (L) and width (W).
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1.2.1 Electrical Characterization of OTFTs

The development of OTFTs has brought a need for researchers to characterize and
compare the effectiveness of devices fabricated around the world.>” As TFTs are an
integral part of the circuit that are currently used in modern day electronics such as
computer, laptops and phones it is important to measure the advantage of using specific
semiconductors or device structures over another. OTFT are commonly characterized
electrically using the compact direct current (DC) MOSFET model.*® This is a model that
is used for the characterization of MOSFETs however due to the similar operational
behaviour this model has been adopted in the for the characterization of OTFTs. Although
it is important to note that the performance of an OTFT is also affected by factors such as
field effect dependent mobility (u), current leakage®®, contact resistance®?, charge traps*,
OSCldielectric interface chemistry*'42, and device architecture*3#4, which make the use
of the MOSFET model a good initial characterization but not ideal.
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Figure 1.2. Sample output curve of A) BGTC F10-SiPc OTFT obtained by sweeping Vsp
from (0 to 50 V) and holding a constant Vs at intervals of 10 V from (-10 to 50 V). B)
Sample transfer curve BGTC F10-SiPc OTFT obtained by sweeping Vss from (-10 to 50
V) and holding a constant Vs at 50 V. The black line shows the transfer curve on a
logarithmic scale and the red line shows the linearize transfer curve line and used to
estimate Vr and p.

Other models have been proposed to account for the non-ideal behaviour of
OTFTs such as the change drift model that accounts for the fact that the field-effect
mobility is overestimated due to the override gate voltage bias (Vss) hence the terms
“field effect”.3945 In a recent study, Dallaire et al. introduced a novel Organic Virtual-

4
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Source Emission Diffusion (OVSED) model for predicting the behavior of n-type
semiconductors, specifically poly{[N,N'-bis(2-octyldodecyl)-naphthalene-1,4,5,8-
bis(dicarboximide)-2,6-diyl]-alt-5,5"-(2,2"-bithiophene)} (P(NDI20OD-T2)). To address this,
various metallic interlayers, such as chromium and manganese with different thickness,
were incorporated between the semiconductor and gold contacts during fabrication.
Among these interlayers, a 10 nm thick manganese interlayer demonstrated optimal
device performance, exhibiting the lowest contact resistance. The study shows superiority
of OVSED model over the MOSFETs model, in using Vs and gate-dependent contact
resistance (Rc), to accurately characterize and estimate device transfer characteristics.
The use of these models allows for the estimation of electrical performance
parameters that are typically used to compare and characterize the OTFTs such as the
M, Vr and on/off current ratio (lonorf). The p is defined as the charge carrier velocity per
unit of electric field (cm?/Vs). This can be further be interpreted as how fast the charge
carrier (either hole or electron) can be transported through the semiconductor from the
source to the drain electrode. High Vs is typically required for TFTs that are being used
for electronics because this allows them to process information and data at a faster speed
hence the term “processing speed”.2° The Vris minimum voltage required to switch on a
transistor for an enhancement mode operating an OTFT and for a depletion mode
operation this would be the maximum voltage required to switch off the transistor. In the
enhancement mode operation, the Vris the voltage at which the electric field applied in
the dielectric as accumulated enough chargers at the interface of the
semiconductor/dielectric to allow charge to flow through the organic semiconductor. This
parameter can be seen as the switch for the device hence the ability to control the
operation of the device is highly dependent on this parameter. This parameter is also
highly affected by factors such as the dielectric material being used (inorganic or organic),
dielectric surface treatment, channel length (L), the capacitance and thickness of the
dielectric layer.#6-*8 The lonorris described as the ratio of current in the on state to the off
state and is typically reported in an order of magnitude (10%). These common electrical
parameters are commonly used to described an OTFT superior, if this has a higher p,

lower Vror higher lon/ofr.
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The estimation of these electrical parameters is typically determined with the use
of the characterization curves such as output and transfer curves. Figure 1.2 shows a
typical output curve and transfer curve of an n-type OTFT. The output curve is obtained
by sweeping the Vsp and holding a constant Vs at different values. The output curve of
an OTFT can be separated in two regions which are the linear and saturation region. In
the linear regime the OTFTs is acting like a variable resistor where and increase in Vsp
results in a proportional increase in the potential/current (/sp) in the device. In the
saturation region of the OTFT operation, further increase in the Vsp does not lead to an
increase in the Isp in the device. The pinching-off state is the transition between the
saturation region and the linear region and its where Vsp = Vs - V7..4° (Figure 1.1. Figure
1.2 (A) also shows the non-ideal behaviour of an OTFTs due to gate current leakage
leading the output curve to have non-zero output current although the output Vsp is
current at zero.

The use of compact DC MOSFET model helps in estimating the u, V1, and lonoff
from the transfer curve. The MOSFET model expresses the linear and saturation regime

in the transfer curve using Equation 1.1 and 1.2 respectively.

2

Isp == 1 C ((VGS — V) Vep — VSTD> ; Linear region (Vsp < Vgs — Vi) Equation 1.1

Isp = % u C; (Vgs — Vp)?; Saturation region (Vs = Vs — Vi) Equation 1.2

Where W and L are the channel width and length (Figure 1.1) and C,represent
the capacitance density of the dielectric layer per unit area. The V1 can be estimated
using the x-intercept of the linearized transfer curve for the linear and saturation region
using Equation 1.3 and 1.4 respectively. y can be estimated from both the linear and
saturation region which can be estimated using the slope of the linearized transfer curve.
However, depending on the region, u can be estimated using Equation 1.5 and 1.6 for
the linear and saturation region, respectively.

Vs

Vi = Vgp (x intercept) — TD; Linear region Equation 1.3

Vi = Vgp (x intercept); Saturation region Equation 1.4
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L d|1 . . .
U= =3P Linear region Equation 1.5
WC;iVps dVgs
2L dyl . . .
=== . 2P Saturation region Equation 1.6
WcC; dVgs

1.2.2 Charge Transport in Organic Semiconductor

The ability of carbon-based semiconductor to transfer a charge through molecules
is inherently different from traditional semiconductors. The ability for conjugated polymer
and small molecules to act as a semiconductor is due to the presence of the sp?-
hybridised linear carbon chains with a sp?-2p, configuration for double bonds. Figure 1.3
(A) shows the sp? hybridization of two carbon atoms and the bonding of p. orbitals. The
overlapping of the p; orbital form a 1 bond and the alignment of 1 bond within molecules
of the same compounds is known as -1 bond alignment of the molecules. The
delocalized electron density surrounding the molecular planes are primarily responsible
for the transport of charger with the molecules. This is why the better alignment of the 11-
1 bonds in the organic semiconductors in a vertical or horizontal orientation leads to better
charge transfer properties in OLEDs and OTFTs, respectively. Figure 1.3 (B) shows how
by increasing the amount of p; orbital leads to increased amount of energy states which
has the consequence of reducing the energy gap between the occupied and unoccupied
energy levels. Electrons with the highest energy in the ground state occupied the highest
occupied molecular orbital (HOMO) and excited electrons with the lowest energy occupy
the lowest unoccupied molecular orbital (LUMO). The difference in the energy level
between the HOMO and LUMO is referred to the energy gap (Eg). The HOMO and LUMO
are analogous to the conduction and valance band as commonly referred to in inorganic

semiconductors.
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Figure 1.3. Diagram of the A) sp? hybridization of two carbon atoms and B) Bonding of
pz orbitals. Figures adapted from Reference 37 Copyright The institution of Engineering
and Technology 2017.

The movement of charge through molecules occurs through the transfer of energy
and spatial shifts among various molecular states, as charges move from one molecule
to another. Energy levels are spatially distributed within the molecules of an organic
semiconductor, creating a transport resistance or barrier that charge carriers must
overcome through tunneling in order for transport to take place. Charge carriers within
the semiconductor exhibit strong interactions with the molecule itself and any defects
present in the semiconductor film, such as surface roughness, doping density, dipole
formation, growth morphological disorders, and chemical impurities. These interactions
significantly impact charge transport within the organic semiconductor and are typically
managed through modifications to the dielectric/semiconductor interface.

The influence of an insulator extends beyond merely affecting the morphology of
an active layer due to the polarization effect. It profoundly influences the distribution of
charge carriers, surface potential, and the motion of carriers within the conducting
channel. Researchers have established various relationships between modifying the
characteristic features of the dielectric/semiconductor interface and the resulting device
performance. The engineering of the dielectric/semiconductor interface will be further

discussed in Section 1.4.

1.3 Metal Phthalocyanine as OSCs

Metal phthalocyanines (MPc) are organic dye molecules discovered in 1907 by
accident at South Metropolitan Gas Company in London. The first patent for the
compound was issued to Dandridge Drescher and Thomas of Scottish Dyes Ltd in 1929.
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The vibrant blue to green colour of the compounds has allowed them to be historically
used as the pigments, inks, and dyes for the colouring of clothes, paints, and plastics.5%-".
MPcs also exhibit excellent chemical, mechanical and thermal stability which has
facilitated their commercial production over the years and expanded their applications.%?
The chemical structure of a metal phthalocyanines (MPcs) consist of a metal/metalloid
central atom chelated by four isoindole groups connected with nitrogen atoms. Figure 1.4
shows the chemical structure of an MPc highlighting the central atom (M) and the reactive
sites (peripheral position (R+), bay position (R2) and axial position (Rs)). The oxidation
state of the central atom defines whether there are 0,1 or 2 axial bonds. The combination
of over 70 central metal/metaloid atoms and the 16 reactive sites allows for a variety of
MPc complexes with different physical and chemical properties. MPcs also have the
ability to form highly ordered thin films which has allowed them to be incorporated as
semiconductors for the fabrication of organic electronic device such as OPVs, OLEDs
and OTFTs.%3-% Generally, the fabrication of OTFTs with MPcs as the OSC has yielded
p-type transistors such as copper phthalocyanine (CuPc), Titanium (V) oxide
phthalocyanine (TiOPc), Magnesium phthalocyanine (MgPc), Lead(ll) phthalocyanine
(PbPc), Vanadium(lV) oxide phthalocyanine (VOPc), and Tin(ll) phthalocyanine
(SnPc).36.56-58

Ry Ry B Ry Ry

M: Cu, Zn, Ni, Co M: Al, Vn M: Si, Sn

Figure 1.4. General chemical structures for A) Divalent metal phthalocyanines B)
Trivalent metal phthalocyanines and (C) Tetravalent metal phthalocyanines.
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The solubility of MPcs in organic solvents has allowed them to be fabricated
through solution processing techniques such as spin coating and blading coating.%® The
reactive site and central atom also play a role in the solubility of the MPc. For instance,
bulky peripheral groups or polar substituents can disrupt -1 stacking and enhance
solubility by promoting favorable interactions with the solvent molecules.?%8" Solution
processing of small molecules into large area films with uniform thickness and roughness
is however very challenging. The thermal stability of MPcs enables the formation of thin
films through physical vapour deposition (PVD). PVD is a process where the material is
heated under high vacuum (<107® torr) where it sublimes, and the plume of vapour
condenses on the substrate creating a film. The rate of deposition is controlled by
controlling the heating power being applied to the source and the thickness of the film is
typically measured by a quartz crystal microbalance (QCM). PVD enables the controlled
deposition of uniform large area films with predictable roughness and thickness.

1.3.1 Silicon Phthalocyanine

Silicon phthalocyanines (R2>-SiPcs) are MPcs that possess two axial substituents
due to the tetravalent nature of the central Si atom. The axial reactive site (Rs3) provides
advantageous tuning of the molecules leading to functionalization with chemical groups
such as silanes, phenols and carboxylic acids leading to changes in the optical and
electrochemical properties of the molecule. Additionally, when integrated into OTFTs most
R2-SiPcs preferentially transfer electrons (n-type) which is also unique for an MPc. Ro-
SiPc were first incorporated into the fabrication of organic electronics for photovoltaic
measurements and after three decades were incorporated as a ternary additive for the
fabrication a  poly(3-hexylthiophene):phenyl-C61-butyric  acid methyl ester
(P3HT:PC61BM) bulk heterojunction (BHJ) OPV device where it provided additional
absorption at 685 nm and effectively increased the power conversion efficiency (PCE) of
the device by 25%.%? R,-SiPcs have been used to fabricate of n-type and ambipolar
OTFTs and have also been incorporated into the fabrication of gas-sensor based
OTFTs.'®2% Melville et al first report of R2-SiPc as semiconductor in OTFTs where they
report the use of a benzoate, 1-napthoate and 9-anthronate axially substituted R>-SiPcs

where they further optimized the dielectric/semiconductor interface and deposition

10



MASc Thesis — Ewenike Raluchukwu

temperature to yield a maximum of ye of 1.2 x10-2cm?/Vs with an octadecyl trichlorosilane
(ODTS) treated surface where the substrate was heated to 200 °C during the deposition.®3

Melville et al also reported the ambipolarity and air stability of using bis
(pentafluoro phenoxy) silicon phthalocyanine (F10-SiPc) in the fabrication of OTFTs
leading to excellent device e of up to 0.54 cm?/Vs which was an order of magnitude
greater than the F16-CuPc which is one of the most commonly used n-type MPc in
OTFTs.%* F10-SiPc has yielded one of the best n-type performing R2-SiPc based OTFTs

with average electron mobilities (ue) of 0.14 cm?/Vs and threshold voltages (V7) of 10.4
V_25,41

1.4 Dielectric Semiconductor Interface Engineering

The interface between the dielectric and semiconductor plays an important role in
the function and operation of OTFTs. This is primarily because the first 2-6 monolayers of
the semiconductor deposited onto the dielectric surface are responsible for facilitating
charge transport within the organic semiconductor channel.®5-¢ How the semiconductor
sticks or starts to grow on the surface will dictate the device parameters such as y and
V7. Typically, four main methods are used to enhance device performance through
modifications to this interface: 1) reduction in charge carrier trap by smoothing dielectric
layer; which minimizes conductive paths to the gate electrode,?® 2) tuning of molecular
orientation and packing structure of the semiconductor; by changing of dielectric layer
surface energy characteristics,*""? 3) use of a low dielectric constant dielectric layer; to
minimize dipolar disorder at the interface,®¢’" and 4) use of high carrier concentration
through the use of an interfacial monolayer or polymer electrolyte dielectric; to increase
the density of charge carriers at the interface.?’? Among these approaches, the first two
are the most commonly and routinely reported in the literature.

To achieve desired modifications in surface properties of the dielectric layer prior
to the deposition of organic semiconductor, self-assembled monolayers (SAMs) serve as
an effective tool. It is important to note that SAMs have also found functionality for
modification of the electrodes in bottom contact configuration. This is because the
semiconductor is also deposited on the source and drain electrodes, so SAM can be used

to stop absorption of the organic material into the metal electrodes and to tune the work

11
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function of the metal. A study conducted by Boudient et al.”® demonstrated the
characterization of 10 different SAM-modified source-drain electrodes with n-type
semiconductor and N,N-dialkylsubstituted-(1,7&1,6)-dicyanoperylene-3,4:9,10-
bis(dicarboximide) derivative (N1400), and two p-type semiconductors, poly[9,9-dioctyl-
fluorene co-N-(4-butylphenyl)-diphenylamine] (TFB) and 6,13-bis(triisopropylsilylethynyl)
pentacene, where they observed changes in the contact angle and the work function of
the metal. They did not find any correlation between the SAM-modified electrode work
functions and mobility and attributed the changes in the mobility to be dependent on the
semiconductor. However, they were able to find a correlation between the contact
resistance and the work function of the electrode for all semiconductors used in the
study.”®> SAMs are primarily classified into silane and phosphonic acid (PA)-based
molecules. Figure 1.5 shows the chemical structure of commonly used organosilanes,
and PA based SAMs used on SiO». Silane-based compounds show a preference for
binding with hydroxyl groups on silicon-based dielectric layers, forming Si-O-Si covalent
bonds. Conversely, PA-based molecules are better suited for modifying other inorganic
dielectric layers, forming P-O-M covalent bonds (where 'M' denotes the metal on the
inorganic dielectric).%®

The processing of SAMs can be achieved through both vapour and solution-based
reactions, with reaction conditions playing a pivotal role in determining SAM quality.
Various factors such as carbon chain length, as well as functionalization with aromatic
rings and fluorenes, contribute to the structure of SAMs, ultimately impacting surface
properties, device performance and molecular orientation packing. For example, Walter
and co-worker. illustrated the influence of relative humidity on the growth of
octadecyltrichlorosilane (OTS) SAMs and its subsequent effect on the surface wettability
of the dielectric layer. This resulted in enhanced u of p-type semiconductor P-BTDT
(phenylbenzo[d,d]thieno[3,2-b;4,5-b]dithiophene) within an optimal relative humidity
range of 55-60%.%? In another case, King et al. observed changes in the total surface
energy of modified dielectric layers using various SAMs such as OTS,
octadecyl(trichlorosilane) (ODTS), trichloro(3,3,3-trifluoropropyl)silane (FPTS), and
phenyltrichlorosilane (PhTS). They noted that a closer match in total surface energy

between the dielectric layer and the semiconductor resulted in enhanced electron u for

12



MASc Thesis — Ewenike Raluchukwu

F10-SiPc based OTFTs. Additionally, the use of OTS resulted in the most improved
molecular orientation of F10-SiPc, thereby yielding the best device y and Vr.#!

SAM surface modification of dielectrics has proven to be beneficial; however, this
method still shows limitations that draws back certain advantages typically associated
with organic electronic devices over inorganic counterparts. For instance, the fabrication
of highly flexible and stretchable devices necessitates an ultrahigh density of SAMs,
which is unattainable through thermodynamic self-assembly processes.?® To overcome
these challenges, polymer dielectrics have been used by researchers to retain these
advantages.” Polymer dielectrics offer several benefits, including solution processability;
facilitating incorporation into roll-to-roll industrial fabrication 75, flexibility, stretchability,
biodegradable and biocompatible electronic devices.”®’” Nevertheless, the use of
polymer dielectrics introduces additional complexity into the fabrication of OTFTs.
Polymer dielectrics are also influenced by various chemical properties such as glass
transition temperature 78, solvent concentration 7°, molecular weight &, and molecular
packing.8! Polymer dielectrics also suffer from the formation of rough film surfaces
compared to inorganic dielectrics fabricated using e-beam and sputtering techniques.
These factors collectively contribute to the surface properties of the polymer and
consequently impacting device performance. In this thesis, surface dielectric modification
was performed using a relatively recent technique known as molecular template growth
(MTG), employing novel templating molecules, which will be further discussed in Section
1.4.2.

13
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Figure 1.5. Chemical structure of SAMs used on SiO2. Most common organosilanes (71-
102) and phosphonic acid (PA)-based molecules (103-106). Figures adapted from
Reference 56. Copyright American Chemical Society 2020.68
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1.4.2 Molecular Template Growth (MTG)

MTG is a significant advancement in thin film fabrication, offering precise control
over molecular properties such as orientation, morphologies, crystallinity, electronic
structures, and surface characteristics of thin films. This technique typically involves the
PVD of a monolayer or bilayer of organic molecules or inorganic materials onto an
amorphous substrate prior to depositing the semiconductor film (overlayer). The four main
categories of MTG are used in organic electronics and optoelectronics are
graphene/graphene oxide-based, acene-based, perylene-based, and multiphenyl- or
multithiophene-based.?? MTG enables favourable growth of semiconductor films because
there is a stronger molecule-molecular 1-11 interaction compared to interlayer molecule
or molecule-substrate interactions. Consequently, these methods offer the flexibility to
adjust the primary orientation (11-11 stacking) of the semiconductor, either face-on or edge-
on, significantly influencing charge transport.23 Figure 1.6 shows typical diagrams of an
OTFT and vertical organic field effect transistors (VOFETs) with their preferred Tr-11
stacking alignment.

In OTFTs, the preferred orientation for the 11-1r bonds of the OSC is parallel (edge-
on) to the substrate, aligning with the direction of charge transport from the source to the
drain electrode. Conversely, for VOFETs, where charge transport occurs perpendicular to
the source-to-drain electrode, a face-on orientation of the semiconductor is advantageous

for device performance.

7-7 stacking direction

Figure 1.6. Schematic diagram of an a) OTFT and b) VOFETs with the direction of charge
transport and preferred molecular orientation and -1 stacking direction. Figure adapted
from Reference 82. Copyright American Chemical Society 2015.
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The use of MTG as a dielectric surface modification tool offers an interplay of
various interaction such as molecule—substrate, intermolecular, intramolecular -1
interaction, dipole-dipole interactions. It is crucial to recognize that the growth of the OSC
on the template layer can manifest as both in commensurate and incommensurate
epitaxial processes.?? In certain instances, the interaction between the template layer and
the overlayer predominantly exhibits a commensurate epitaxial relationship, while in
others, an incommensurate epitaxial relationship prevails. This balance of interactions
characterizes what is known as weak epitaxial growth (WEG), describing the relationship

between both commensurate and incommensurate growth phenomena.

1.4.1 Multiphenyl and Multithiophene Based MTG in OTFTs

WEG typically uses multiphenyl and multithiophene where an ultrathin film of the
rod-like molecules is deposited as a template layer for the deposition of rod-like or disklike
organic semiconductors.®* Notably, in literature, sexithiophene (a-6P) and para-
sexiphenyl (p-6P) are frequently utilized as template molecules for WEG of organic
semiconductors and metal phthalocyanines (MPcs) (Figure 1.7). The incorporation of
these templates has demonstrated significant enhancements in device performance
compared to MPcs fabricated directly on bare SiO2 substrates without any template layer.
Table 1 highlights the improvements observed in the y and Vr of MPc-based OTFTs
fabricated using p-6P as a template layer compared to those on bare SiO2 substrates.
Reports have shown that MPc-based OTFTs fabricated with a template layer exhibit
superior y and Vr compared to OTFTs fabricated on surfaces treated with OTS, a well-
established surface treatment for OTFT fabrication. For instance, in the study by Song et
al.*' SnOPc/p-6P OTFTs demonstrated y and Vr values of 0.44 cm?/Vs and 37 V,
respectively, outperforming SnOPc OTFTs fabricated on both bare SiO2 and OTS-treated
substrates, which exhibited y and V+ values of 0.001 cm?/Vs and 80 V, and 0.07 cm?/Vs
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respectively.®
MXWWDQOOOOO
a-6P p-6P

Figure 1.7. Chemical Structure of rod-like template layer sexithiophene (a-6P) and
para-sexiphenyl (p-6P)

Table 1.1. Electrical parameters of MPc OTFTs fabricated using WEG and on bare SiO;

u (cm?/Vs) V1 (V)

template .

ayer MPcs WEG method bare SiO2 WEG method  bare SiO2 ref
p-6P CuPc 0.1 0.02 -16.0 -17.0 86
p-6P F1-CuPc 0.27 0.042 16.4 7.3 87,88
p-6P ZnPc 0.32 0.022 ~-1.0 ~-1.0 89
p-6P VOPc 1.0 0.006 ~9.0 -14.7 57,90
p-6P SnOPc 0.4 0.001 37.0 80.0 85

Optimizing the deposition conditions of the template layer is crucial for fabricating
highly crystalline semiconductor films, with substrate temperature during deposition and
deposition time being the two key factors typically optimized. Altering the substrate
temperature during deposition induces significant changes in the growth morphologies of
the template layer. The growth process of organic molecules typically involves several
steps: (1) nuclei formation, (2) adsorption of new molecules onto nuclei, (3) diffusion and
aggregation of adsorbed molecules, and (4) merging of islands.®? During the diffusion and
aggregation step, new molecules tend to locate energetic sites for growth, and changes
in substrate temperature alter the available diffusion energy for molecules during this
process. Consequently, the domain sizes of the template layer exhibit a direct correlation
with temperature.®” The growth morphology of p-6P has been extensively studied in
literature. At a substrate deposition temperature of 25 °C, p-6P forms compact-
quadrangle islands. As the temperature increases, p-6P transitions to compact-polygon
islands, followed by the formation of islands with dendritic structures, and ultimately fractal
islands.®?> The mechanisms governing the growth morphology of p-6P vary at different
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temperature ranges. At higher temperatures (> 60°C), growth is primarily controlled by
diffusion and aggregation, whereas at lower temperatures (< 60°C) this changed. The
optimal substrate deposition temperature was found to be 180°C. At this temperature, p-
6P forms larger domains with lower island densities, facilitating the fabrication of high-
quality OSC films.®2

Changes in the deposition time directly influences the thickness and surface
coverage of the template layer. Typically, maximizing the surface coverage of the template
on the substrate is preferred to enhance the templating effect on the semiconductor film.
However, it's important to note that the growth of the second monolayer commences
before the full coverage of the first monolayer, potentially resulting in a less smooth
surface, which can adversely affect charge transport in OTFTs.%

For example, a study done by Gu et al. investigated CuPc/p-6P OTFTs fabricated
with varying thicknesses of p-6P (0, 0.8, 1.6, 2.4, and 3 monolayers, ML). They observed
an increase in y with increasing thicknesses of p-6P; however, a decrease in y was
observed when going from 2.4 ML (u = 0.184 cm?/Vs) to 3 ML (u = 0.063 cm?/Vs). The
study attributed this decrease in y to the limiting charge transfer properties of p-6P, which,
at greater thicknesses will behave like a semiconductor.2® Although it is possible for the
template layer to also be a semiconductor that could potentially play a role in charge
transport typical the energy level of these material (HUMO and LUMO) are not close to
work function of metals and only an ultra-thin layer is required so they have a very
negligible role in charge transport in OTFTs.

1.5 Thin Film Characterization

Organic electronics undergoes continuous advancement through the synthesis of
novel materials, the design of innovative device structures, the use of various fabrication
and processing techniques. This combination techniques and strategies makes it
challenging to definitively assert the superiority of one technique or material over another
solely based on electrical characterization. Consequently, researchers employ a
combination of diverse thin-film characterization techniques to comprehensively
understand the properties thin films. These techniques help with the determination of

molecular orientation, analysis of film topology and surface roughness, as well as
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exploration of micro and nano-scale properties, all of which significantly influence and
correlate with the electrical performance of organic electronic devices.

1.5.1 Atomic Force Microscopy (AFM)

AFM is a valuable technique for characterizing thin films, offering insights into surface
texture, shapes, and roughness across various materials. AFM operates primarily in two
contact modes: contact and tapping. In this thesis, tapping mode AFM was utilized due to
its gentler imaging approach, which minimizes potential damage to soft and
heterogeneous surfaces like those found in organic semiconductors, self-assembled
layers, and polymers.®* Tapping mode AFM uses a cantilever with a small sharp tip,
controlled by a piezoelectric actuator to maintain a constant separation between probes
and the sample. By using a consistent resonant frequency, tapping mode AFM
intermittently interacts with the sample during imaging, offering significant advantages for
imaging organic thin films. Understanding the growth and nucleation of organic films is
crucial, typically starting with the first and second monolayers.®® Investigating various
growth morphologies of semiconductors on different dielectric surfaces helps understand
the impact of grain boundaries and sizes within OSCs and also help to draw conclusions
on the impact of different fabrication conditions, such as temperature, deposition rate, and

spin-coating speed, for both thermally evaporated and solution-processed films.6°

1.5.2 X-ray Scattering

The use of X-ray techniques, such as Powder X-ray Diffraction (PXRD) and Grazing
Incidence Wide-Angle X-ray Scattering (GIWAXS), has significantly contributed to
advancing our understanding of the crystallographic and chemical properties of thin films.
Variations in film fabrication conditions, such as dielectric surface modifications and other
fabrication parameters, play a crucial role in influencing thin film crystallinity and,
consequently, device performance.®® These X-ray methods provide non-destructive
analysis by irradiating the thin film with an incident X-ray beam and measuring reflection
and scattering angles using detectors. PXRD is commonly employed in characterizing
OTFTs, offering insights into polycrystalline film structures and crystal sizes.? Conversely,
synchrotron based GIWAXS has emerged as a valuable tool for probing the nano-scale
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film properties, such as crystal orientation, lattice parameters, and relative crystallinity,
although requiring significantly higher energy for operation compared to PXRD.%"% |n
summary, these techniques help to analyse variations in crystallinity and structural

characteristics, which help in the optimization of thin film-based devices.

1.5.4 Raman Microscopy

Raman microscopy stands as a powerful spectroscopy tool used to analyse the chemical
structure, polymorphism, crystallinity, and molecular interactions within thin films. By
probing vibrational and rotational frequency modes using lasers within the visible, near-
infrared, or near-ultraviolet range, coupled with microscope lenses, this technique offers
non-destructive analysis. It uses distinct vibrational modes and assesses their relative
intensities, enabling precise characterization.®®% Unlike PXRD, Raman microscopy
provides insights into local changes within a film, rather than just a local average, offering
information on both amorphous and crystalline films. In contrast, XRD primarily offers data
on polycrystalline or crystalline films. Polarized Raman microscopy has helped
researchers in the analysis of molecular orientation in thin films, particularly for metal
phthalocyanines (MPcs) like CoPc, CuPc, ZnPc, and MgPc."%" Recent advancements, by
Cranston et al.'%?, showed the first use of polarized Raman microscopy on determining
the molecular angle R2-SiPc films. This study showed the impact of deposition methods
and post-deposition thermal annealing on the properties bis(tri-n-propylsilyl oxide) SiPc
((3PS)2-SiPc).1%?

1.6 Scope of Thesis

This thesis will focus on the fabrication and characterization of thermally
evaporated BGTC F10-SiPc OTFTs using a range of templating materials with similar
structures to that of (p-6P) featuring different functional groups and structure shapes.
From the beginning to conclusion, the thesis shows the need to carefully select the
deposition time, substrate temperature during deposition and the pair of template layer
and semiconductor. Additionally, the use of various thin film characterization techniques
enables conclusions to be drawn from thin film microstructures to help understand the

differing templating effects and electrical performances in OTFTs.
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In Chapter 2, | examined the use of fluorinated para-sexiphenyl (p-6PF) as a
template layer for fabricating F10-SiPc OTFTs. This chapter shows primarily the impact of
varying deposition condition of p-6PF on growth morphology, surface coverage and
device performance. Upon optimization F10-SiPc/p-6PF OTFTs resulted in similar y in
comparison to the use of an OTS treated surface and superior performance compared to
devices fabricated on bare SiO. and p-6P. The use of AFM, XRD and GIWAXs was used
to determine film properties such as the crystallinity, surface roughness and molecular
orientation of F10-SIPc film of p-6PF. Also, showing the superiority of p-6PF as a template
layer for Ro>-SiPc OTFTs in comparison to p-6P. In conclusion this chapter highlights the
need to optimize fabrication conditions for any pair of semiconductor and dielectric
surface treatment techniques.

In Chapter 3, To further show the influence of the choice of template layer and
template deposition condition, F10-SiPc OTFTs were fabricated and characterized using
six different layers under identical template deposition conditions. The template layer
were chosen to possess similar properties to p-6P with varying structure shapes that
deviate from a linear rod-like molecule and the addition of various functional groups such
as different number of fluorine atoms. These template layers help to better understand
the relationship between the structure properties of the template layer and device
performance. Raman microscopy was used to develop molecular orientation surface
maps. Additionally, GIWAXS was also used to validate and characterize the molecular
orientation of F1o-SiPc films on the different template layers. The results shows that the
fluorine-fluorine interactions between the semiconductor and template layer improve the
device y and the use of box structure template layer lead to and significant reduction in
device y and molecular angle of F10-SiPc in respect to the substrate.

In Chapter 4, | summarize the main findings and offer suggestions on how WEG
could further enhance the development of TFTs. | also discuss ongoing efforts related to
organic thin film inverters and the use of WEG for the fabrication of VOFETSs.
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Chapter 2. Toward Weak Epitaxial Growth of Silicon
Phthalocyanines: How the Choice of the Optimal Templating

Layer Differs from Traditional Phthalocyanines

This chapter was published in the journal “ACS Applied Electronic Materials™: Ewenike,
R. B.; King, B.; Battaglia, A. M.; Quezada Borja, J. D.; Lin, Z. S.; Manion, J. G.; Brusso,
J. L.; Kelly, T. L.; Seferos, D. S.; Lessard, B. H. Toward Weak Epitaxial Growth of Silicon
Phthalocyanines: How the Choice of the Optimal Templating Layer Differs from Traditional
Phthalocyanines. ACS Appl. Electron. Mater. 2023, 5, 12, 7023-7033.

Context

Our group has experience developing OTFTs based on F10-SiPc which is fluorinated
semiconductor. Templating layers such as p-6P were found to work well with
phthalocyanines but we hypothesized that using a fluorinated template for WEG would
lead to favourable F-F interactions with the semiconductor leading to better OTFTs. Our
collaborators synthesized para-sexiphenly (p-6PF), as a template layer molecule that was
fully fluorinated. This template layer was selected because previously in our group we
have reported improved OTFT y through fluorine-fluorine interactions between the SAM
and solution processed SiPc. To begin, the optimization of p-6PF deposition we decided
to use similar deposition rate, thicknesses and substrate temperature that has been
reported for the deposition of p-6P. We then fabricated F10-SiPc OTFTs with a range of

template thicknesses and substrate temperature during deposition.

Contributions

In this work, | synthesised F1o-SiPc, fabricated all OTFTs and characterized all devices. |
performed the contact angle and PXRD measurements. Benjamin King (now Dr.) trained
and mentored me in OTFT fabrication and characterization. Dr. Sonia Lin synthesised p-
6PF and final purification through train sublimation was performed by Dr. Benjamin King
and me. Alicia Battaglia and Dr. Joseph Manion performed AFM measurements and |
interpreted the images. David Borja performed and interpreted all GIWAXS data. | wrote
the manuscript and with major inputs and suggestion from Dr. Joseph Manion and Dr.
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Abstract

Weak epitaxial growth typically utilizes oligomeric or polymeric phenyls or thiophenes as
a templating layer to improve the deposition of metal phthalocyanines (MPc) and other
disk-like molecules. In this study, we report the use of per-fluorinated para-sexiphenyl(p-
6PF) as a templating layer, for the fabrication of bis (pentafluorophenoxy) silicon
phthalocyanine (F10-SiPc)-, copper phthalocyanine (CuPc)-, and per fluorinated copper
phthalocyanine (F1s-CuPc) — based organic thin-film transistors (OTFTs). By optimizing
the deposition time and substrate temperature during deposition, we were able to control
the surface coverage, roughness, and growth morphology of p-6PF leading to F1o-SiPc
OTFTs with n-type mobilities (1) of 0.14 cm?V~'s™". In comparison, using CuPc and F16-
CuPc with p-6PF led to mobilities of 0.009 (holes) and 0.012 cm?V~'s™" (electrons),
respectively. In contrast, an unfluorinated para-sexiphenyl (p-6P) templating layer
demonstrates inferior performance as a template for F10-SiPc while proving to be more
effective for CuPc and F16-CuPc. Atomic force microscopy and powder X-ray diffraction
suggest that higher surface coverage of the p-6PF layer increased the grain sizes and
crystallinity of F10-SiPc. Grazing-incidence wide-angle X-ray scattering shows improved
crystallinity of F10-SiPc on p-6PF over p-6P and vice versa for F1¢-CuPc. Overall, these
results demonstrate that p-6PF is a promising templating candidate for F4o-SiPc-based
OTFTs and that the choice of the templating layer needs to be optimized for the

semiconductor.

2.1 Introduction

Organic thin film transistors (OTFTs) have emerged as a promising alternative to
conventional metal-oxide-semiconductor field-effect transistors (MOSFETs) for
developing next generation electronics due to their relatively low-cost and low-energy
manufacturing requirements.’> OTFTs are ideal candidates for applications including
electronic paper, gas sensors, wearable/stretchable technology, and smart packaging. ¢~
" Though already promising further improvements to efficiency, stability and cost are
needed to realize the full potential of this technology. High performance OTFTs require
optimization of their individual layer (semiconductor and dielectric morphology),
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dielectric/semiconductor, and metal/semiconductor interfaces which all play crucial roles
in charge generation and transport.'?-18

Metal phthalocyanines (MPc) are a class of organic molecules that typically contain
a central transition metal atom in a four membered isoindole macro-cycle.'® Their
chemical and thermal stability, combined with their ability to absorb both infrared and
visible light, has made them a preferred material for use in dyes, pigments, and
photovoltaic applications.?°-?2 Most common MPcs are divalent disk-like molecules which
yield air-stable p-type OTFTs.?® Silicon phthalocyanines are a unique class of
phthalocyanines that have shown excellent n-type performance in OTFT.242% The
presence of the tetravalent silicon atom enables axial substitution of the central atom,
which provides an additional handle for molecule tunability and solid state
engineering.'>?® Beyond the functionality and properties of these molecules the
deposition conditions, and resulting thin film characteristics are critical to the final device
performance and must be carefully selected.?’

Molecular template growth (MTG) has emerged as a viable method for improving
the quality of semiconductor films in OTFTs, offering controllable surface and interlayer
properties that enhance film morphology, molecular electronic behaviour , and tune
molecular orientations of the semiconductor.?®2° Weak epitaxial growth (WEG), a
subclass of MTG, typically uses a para-sexiphenyl (p-6P) or para-sexithiophene (a-6T)
dielectric template layers for the deposition of organic semiconductors.?830:31 At an atomic
scale these rod-like molecules possess a significantly smoother surface relative to
amorphous silicon dioxide (SiO2) substrates.3? The crystal formation of template layers is
influenced by both chemical structure and deposition conditions, particularly through
variations in deposition rate and substrate temperature during deposition.33-3¢ Previous
studies have demonstrated that increasing the deposition temperature of p-6P induces a
change in its growth morphology, subsequently affecting the quality and size of the
template domains.?” The chemical structure of the template layer can also influence film
formation. In a previous study partial terminal fluorination of p-6P to form a derivative
called 6P-F4 (CssH22F4), significantly enhanced layer-to-layer growth and thin film

formation.®® To increase the effectiveness of template layers for the WEG of MPcs it is
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crucial to optimize both the template chemical structure and the deposition conditions of
template layers.

In organic electronics the ability to control molecule structural properties such as
the molecular orientation at layer interfaces is crucial for device performance and
application.?*4° In OTFTs an edge-on molecular orientation of the semiconductors parallel
to the substrate improves n-n stacking alignment, and ultimately charge transport. The
use of p-6P for the WEG growth of some disk-like MPcs such as Tin (V) phthalocyanine
oxide (SnOPc), vanadyl-phthalocyanine (VOPCc), zinc phthalocyanine (ZnPc), CuPc and
Fie-CuPc has been shown to improve edge-on molecular orientation of these
semiconductors and subsequently device mobility.3%4'-#* The use of p-6P as a template
for the deposition of CuPc and F16-CuPc has significantly improved charge mobilities
compared to CuPc and F16-CuPc deposited on a self-assembled monolayer (SAM) of
octyl trichlorosilane (OTS) or bare silicon dioxide (SiO2).454¢ However, when employing
p-6P as a template layer for F10-SiPc-based OTFTs, it has been observed that edge-on
n- stacking is less pronounced compared to F1o-SiPc deposited on OTS.#’ It has been
shown that use of a low surface energy dielectric modifier, such as OTS, typically yields
greater charge mobility in OTFTs.*8-%" The hydrophobic surface promotes the diffusion of
the organic semiconducting layer during film growth, resulting in the formation of larger
grains which ultimately improves device performance.®? It has also been reported that
matching the total surface energy (ys') of the modified dielectric layer while maximizing
the dispersive surface energy (ys?) and minimizing the polar surface energy (ys°) can also
increase device performance in molecular single-crystal OTFTs.47:%3

In this study, we show the impact of deposition conditions on a template layer (p-
6PF) on the resulting electrical performance of F1o-SiPc OTFTs. To optimize surface
coverage of p-6PF varying target thicknesses and substrate temperature during
deposition were explored and the resulting template films were used for fabrication and
characterization of three metal phthalocyanines bottom-gate top-contact (BGTC) OTFTs,
(Figure 2.1). The p-6PF deposition conditions that yielded the highest measured
mobilities for F1o-SiPc OTFTs were then used to prepare CuPc and F1s-CuPc OTFTs.
Atomic force microscopy (AFM) and powder X-ray diffraction (PXRD) were performed on
F10-SiPc/p-6PF bilayers with different combinations of p-6PF thicknesses and deposition
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temperatures. The AFM and PXRD analysis allowed for differentiation of distinct growth
morphologies and surface coverages of p-6PF at different temperatures while providing
insights into the film morphology, crystallinity, grain sizes, and boundaries of F10-SiPc
films on p-6PF. Contact angle measurements were done on dielectric modifiers (OTS, p-
6P, and p-6PF) and the MPcs (F10-SiPc, CuPc, and F16-CuPc) used in this study to show
the impact of surface energy on device performance. The use of grazing incidence wide-
angle X-ray scattering (GIWAXS) measurements were performed on F.-CuPc and F,-
SiPc films with p-6P and p-6PF as template layers to investigate film structure and
correlate to device mobility. GIWAXs provides insight to why p-6P significantly enhances
the OTFT mobility of F+-CuPc, but not F1o-SiPc, while p-6PF improves OTFT mobility of
F10-SiPc but not Fi-CuPc. Overall, these results show that the p-6P templating layer is
favourable for planar MPcs but that F1o-SiPc OTFTs are improved with a fluorinated
templating layer.

p-6P p-6PF
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Figure 2.1. Schematic diagram and chemical structures for the BGTC OTFT device,
including the template layer (p-6PF or p-6P) and the organic semiconductor layers (CuPc,
F16-CuPc, or F10-SiPc).

2.2 Results and Discussion

The templating effect of p-6PF for WEG of F10-SiPc is studied using a
heterojunction bilayer (F10-SiPc/ p-6PF) into OTFTs. (as outlined in the Experimental
Section). Silver electrodes with a manganese interlayer were chosen for F10-SiPc devices,
to reduce the contact resistance.>* Table 2.1 summarizes the electrical performance of
the devices, including the average field-effect mobility (u), threshold voltage (V:), on-off
current ratio, substrate temperature during deposition, and target thickness of p-6PF. We
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deposited p-6PF on SiO2 coated silicon wafers at varying substrate temperatures (25,
100, 150, or 180°C) and to three target thicknesses (2, 4, or 8 nm) as determined by a
quartz crystal microbalance (QCM) followed by deposition of F1o-SiPc films at ambient
temperature. All devices were compared to a control with no p-6PF layer. The maximum
average mobility measured with a p-6PF template layer was 0.14 cm? V-' s~ for the
devices with 8 nm of p-6PF deposited at a substrate temperature of a 100°C. This
measured mobility is in the same order of magnitude as previously reported when using
OTS, which is known to be a SAM to achieve high performance F10-SiPc based
OTFTs.47:%5

Table 2.1. Electrical characteristics of metal phthalocyanine OTFTs with a p-6PF layer
deposited at different thicknesses and temperatures.

p-6PF
metal tseurgf)t(;?;iure template u a b .
phthalocyanine  during Ezlrc]:ql;ness [10 2 cm?V-"s"]2 VilV] lonvot :

deposition

(°C)
F10-SiPc —d 0 1.69+0.8 13.2+£1.9 104 39
F10-SiPc 25 2 140+ 0.6 186 +14 104 37
F10-SiPc 25 4 220+9.6 13.3+£2.0 104 32
F10-SiPc 25 8 124 £1.7 146 +1.3 103 36
F10-SiPc 100 2 0.34 £ 0.1 11.3+5.1 10° 33
F10-SiPc 100 4 215+ 1.1 109128 10° 39
F10-SiPc 100 8 14.10 £ 3.1 104 +24 103 38
F10-SiPc 150 2 2.30+£0.7 123124 10° 37
F10-SiPc 150 4 6.50+1.7 14.0+2.1 10° 33
F10-SiPc 150 8 0.88+0.6 14.4£5.8 10° 70
F10-SiPc 180 2 0.44+£0.2 18.5+4.1 10° 36
F10-SiPc 180 4 0.87+£0.6 7.10x74 104 37
CuPc’ 25 8 0.90+£0.2 -7.50+2.5 103 35
F16-CuPc 25 8 1.20£0.9 3.10+2.6 103 40
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u? and V¢ were calculated average values n-type devices except for CuPc” which reports
a p-type semiconductor. lon/oi® values were calculated based on the median. n° represents
the number of OTFTs used for average and median calculation. ? represents the F1o-SiPc

device fabricated on bare SiO..

From the mobility measured for OTFTs with different p-6PF deposition thicknesses
it is clear that the performance of F1o-SiPc devices is related to the target thickness of p-
6PF. However, the results (Table 2.1) also demonstrate that substrate temperature has a
significant impact on the efficacy of the template layer. To increase the effectiveness of
the template layer good surface coverage is required to reduce effect of the amorphous
substrate during deposition of the semiconductor by providing a smoother surface and a
stronger interaction to organic molecules.?®°¢ It is worth noting that these materials do not
form a perfect monolayer. In certain instances, a 2"® monolayer may commence its growth
before the 15t monolayer reaches completion, and occasionally, the formation of a 3™
monolayer may initiate when the second layer is only halfway formed.3”-5” The significant
increase in mobilities of F1,-SiPc OTFTs with varying p-6PF thicknesses, deposited at 25
and 100°C, show a clear trend of increased mobility with increasing thickness of p-6PF,
particularly highlighted by the substantial improvements observed at a target thickness of
8 nm (Figure 2.2 and 2.3D). In contrast, when p-6PF was deposited at 150°C F1o-SiPc
OTFT mobility increased with template thickness from 2 to 4 nm, followed by a significant
decrease in mobility to below the control devices at 8 nm (Figure 2.4D). Furthermore,
films deposited at 25 and 100°C, showed decreased V; at thicknesses of 2 nm to 4 nm,
with 2 nm resulting in the highest V, at both temperatures (Figure 2.2 and 2.3E). The V.
of devices prepared on p-6PF deposited at 150°C. did not show any significant change
with changes to the thickness of p-6PF (Figure 2.4E).
Atomic force microscopy (AFM) was used to analyse the effect of substrate deposition
temperature on the growth morphology of p-6PF and the resulting film morphologies of
the F.-SiPc/p-6PF bilayer. Furthermore, AFM and powdered X-ray diffraction (PXRD)
were used to characterize the effect of target thickness on the surface coverage of p-6PF,
the resulting F1-SiPc/p-6PF films textures and the crystallinity of F1o-SiPc deposited on
p-6PF. The growth pattern of p-6PF was found to be influenced by the substrate
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temperature during deposition, similar to observations reported in literature for para-
sexiphenyl (p-6P).3” The p-6PF template layer is clearly visible underneath the F1o-SiPc
film when a 2 nm layer of p-6PF was deposited on the substrate at 25 °C it exhibited a
rod-like island morphology (Figure 2.2A). By increasing thickness to 4 nm and 8 nm
(Figure 2.2B and C), the rod-like islands widened, and the domain boundaries
decreased. Furthermore, at elevated temperatures of 100 and 150 °C during deposition
rounder and more compact island were observed, indicating that increasing the substrate
temperature during deposition alters the growth morphology of p-6PF. However, there is
a slight difference in the growth morphology of p-6PF at substrate temperature of 100 and
150 °C during deposition. Specifically, at 100 °C p-6PF formed dendritic islands (Figure
2.9) which continued to grow and coalesce with neighboring islands, as seen for 2, 4 and
8 nm in Figure 2.3 A-C respectively. At a deposition temperature of 150°C p-6PF formed
island similar to those observed at 100°C but without the dendrites as seen in Figure 2.4
A-C. Deposition performed at 180 °C showed no visible features of p-6PF underneath the
F10-SiPc film (Figure 2.10). This observation leads us to conclude that at this temperature
p-6PF was not able to condense on the substrate and no p-6PF film was formed. This
behaviour is not surprising, as it is typical for the physical vapour deposition (PVD)
processes to cause molecules to re-evaporate from the surface due to the significantly
lower heat of vaporization per atom compared to the bulk molecules.®® The results
emphasize that altering the deposition temperature of the template layer can induce
favorable changes in the growth morphology, leading to larger grain sizes of the template
film. However, it is crucial to carefully select deposition temperatures that are conducive
not only to the formation of the template film but also for the WEG of the MPc.
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Figure 2.2. Atomic force microscopy images of (A) 2, (B) 4 and (C) 8 nm of p-6PF
deposited at 25 °C. Average saturation region (D) mobility (cm?/Vs), (E) threshold voltage
g \g)ognd (F) PXRD of F10-SiPc OTFTs with different thicknesses of the p-6PF deposited at

The AFM observations at 180°C led to further study on the effect of surface
coverage on not only device performance but also the crystallinity of our semiconductor
with increasing target thickness of p-6PF. The underperformance of OTFTs prepared with
a p-6PF deposition temperature of 180°C can be attributed to non-existent surface
coverage of p-6PF, resulting in mobilities worse than those of the control (Table 2.1).
PXRD measurements illustrate that as the target thickness of p-6PF increased at
deposition temperatures of 25, 100, and 150°C, the crystallinity of the F10-SiPc film also
increased as shown in Figure 2.2F, 2.3F, and 2.4F respectively. The increased peak
intensities indicate the formation of more ordered and crystalline F1o-SiPc films, which
correlates with the observed increase in mobility. However, despite the increase in PXRD
peak intensity from a target thickness of 4 to 8 nm at a deposition temperature of 150 °C,
the device mobility did not show a corresponding improvement. AFM images of the 8 nm

p-6PF deposited at 150°C (Figure 2.4C) reveal very high peaks with height variations
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exceeding 100 nm after the deposition of F1o-SiPc. This rough surface is unsuitable for
forming effective charge carrier paths, thereby negatively impacting device performance.
Height profiles and 3D AFM images of 8 nm F+0-SiPc deposited at 25, 100, and 150°C
(Figure 2.11) revealed significantly smoother surfaces for deposition temperatures of 25
and 100°C. This shows although surface coverage is crucial for the templating effect of
the semiconductor other factors such as surface roughness also play a prominent role in

determining device performance.
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Figure 2.3. Atomic force microscopy images of (A) 2, (B) 4 and (C) 8 nm of p-6PF
deposited at 100 °C. Average saturation region (D) mobility (cm?/Vs), (E) threshold
voltage (V) and (F) PXRD of F10-SiPc OTFTs with different thicknesses of the p-6PF
deposited at 100°C.
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Figure 2.4. Atomic force microscopy images of (A) 2, (B) 4 and (C) 8 nm of p-6PF
deposited at 150 °C. Average saturation region (D) mobility (cm?/Vs), (E) threshold
voltage (V) and (F) PXRD of F10-SiPc OTFTs with different thicknesses of the p-6PF
deposited at 150°C.

Based on these results, we used the optimized p-6PF deposition conditions to
fabricate CuPc and F1s-CuPc based OTFTs, which yielded carrier charge mobilities of
0.009 (hole) and 0.012 (electron) cm? V=" s~ respectively (Table 2.1). OTFTs made using
un-fluorinated p-6P as the templating layer have been reported to have significantly
greater charge mobilities closer to 0.18 and 0.27 cm? V™' s7' for CuPc and F1s-CuPc
respectively.434459.60 Using p-6PF as the template layer for F1¢-CuPc resulted in OTFTs
with mobilities on the same order of magnitude as those reported in literature for F1e-
CuPc made with OTS. CuPc-based OTFT devices fabricated using p-6PF also yield
charge mobility on the same order of magnitude of CuPc fabricated with OTS and bare
Si0,.4%81 These results suggest that p-6PF is an effective templating layer for F1o-SiPc,
but it is not as suitable for CuPc and F16-CuPc. In comparison, p-6P serves as a better

template for CuPc and F1e-CuPc, but it exhibits lower effectiveness as a template for F1o-
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SiPc. Additionally results evidently show the significance of adjusting the deposition

conditions of the chosen template layer in order optimize device performance.

Table 2.2. Surface energy of films deposited on an SiO: dielectric layer.

contact angle (deg °)

deionized

material water diiodomethane  ys® (mJ-m?) Ys? (MmJ-m?) Y (mJ-m?) n?
p-6PF 101.6£0.9 74827 19.0+1.7 1.5+£0.5 206 +1.2 4
p-6P° 79.3+£5.2 449 + 2.1 33.7+£25 51+33 38.7+0.8 -
OTS 103.7+1.3 67.0+2.0 241+14 05+0.3 246+1.2 4
F10-SiPc 1051 +£1.6 39.0+4.0 40.7 £ 2.2 0.03£0.1 40.8+2.2 4
CuPc 68.6+1.7 39.2+43 348+23 96+14 445 +1.5 4
Fie-CuPc  96.9+1.7 63.5+2.0 253+14 1.5+0.6 26.7+1.0 4

n? represents the number of contact angle measurements used for calculating surface

energies. p-6P contact angle data and surface energy values gotten from literature.*’

We, and others have shown a correlation between the surface energy of a modified
dielectric layer and the device electrical performance.4”4%5! This is because the interface
between the semiconductor and the dielectric layer plays a crucial role in the generation
and transport of charge carries.®? A low surface energy typically increases the charge
mobility in OTFTs.*8-%0 However, it is also reported that matching the ys'°! of the template
layer and the semiconductor while maximizing the dispersive surface energy (ys%) and
minimizing the polar surface energy (ys?) can also increase OTFT mobility.4”-53 To
determine the total surface energy (ys'®) of the films presented in Table 2.2, we calculated
the polar (ys?) and dispersive (ys?) surface energy component using contact angle
measurement of deionized water and diiodomethane (Figure 2.19) for the application of
the Fowkes model.?® Figure 2.5 shows the ys°t as a component of the ys? and ys¢ of the

dielectric modifiers and MPcs studied.
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The results show that p-6PF had the lowest ys° (20.6 + 1.2 mJ-m?) which was similar to
the ys©t OTS (24.6 £ 1.2 mJ-m?). These data explain why the charge mobility of F1o-SiPc
on p-6PF (~0.13 cm? V' s7") are similar to that reported for OTS. In comparison, p-6P
had a relatively higher ys*°t (38.7 + 0.8 mJ-m?) which yields a lower charge mobility for
F10-SiPc OTFTs compared to mobilities reported for devices made using OTS and p-
6PF.4” However, for OTFTs fabricated using CuPc and F1s-CuPc on p-6P the devices
yielded higher mobilities than when using OTS or p-6PF as template layer. For CuPc it
can be argued that the better performance on p-6P is likely a result of matching of ys
while maximizing ys® and minimizing ysP. This is because p-6P has also been shown to
the reduce diffusion energy and improve the film morphology of CuPc OTFTs. The same
effect is not seen when p-6P is used as a template layer on F10-SiPc devices. However,
F16-CuPc does not follow either a low surface energy or a match in surface energy
correlation because the use p-6P led to higher mobilities in F1s-CuPc OTFTs compared
to using OTS or p-6PF. This suggests that surface energy is not the only factor influencing
mobility.4” For instance, the chemical structure of the template layer and its relationship
with the semiconductor, as well as the surface coverage of the template layer, can also
significantly impact device performance.*’-%2 We surmise that additional factors are at play
and that some sort of fluorine-fluorine interaction between p-6PF and F1s-CuPc are
leading to poor film structure which is not observed with F10-SiPc. For example, we
recently demonstrated that device performance can be increased through fluorine-

fluorine interactions between the fluorinated semiconductor and a fluorinated surface.%
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Figure 2.5. Surface energy components (polar (»°) and dispersive (ys%)) of the film
surfaces measured on SiOz. p-6P values gotten from literature values (Table 2.2).

To gain insight into the molecular structure versus performance of the MPc on p-
6P versus p-6PF we employed grazing incidence wide angle X-ray scattering (GIWAXS)
on the thin film bilayers. Typically, improved device mobility is directly related to the tr-11
orbital overlap, which is improved when parallel to the substrate which can be achieved
in an edge-on orientation of the semiconductor molecules.?85% Figure 2.6 represents the
2D GIWAXS scattering maps of F1,-SiPc and F.--CuPc deposited on p-6P and p-6PF as
template layers. To ensure proper comparison GIWAXS experiments were performed on
films which were obtained with the same deposition conditions as those used in the OTFT
fabrication. However, for the GIWAXS experiments, depositions were performed on
plasma-treated Si substrates to minimize the background scattering caused by thick and
amorphous SiO.. To quantify the orientation distribution of the MPcs, we plotted the
scattering intensity as a function of azimuthal angle, x. Where, ¥ is the angle with respect
to the g; axis. When x = 0° this lies directly along the out-of-plane (qg-) axis, while x = 90°
lies directly along the in-plane (gr) axis.®® The azimuthal integration of the GIWAXS results
for F10-SiPc films deposited on p-6P and p-6PF demonstrated excellent agreement with
the powder diffraction pattern for F1o-SiPc based on single crystal X-ray diffraction data
(Figure 2.21). The same is true for F16-CuPc (Figure 2.22), and this agreement provides

strong confidence in the scattering data used for analyzing the film structure.
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A qualitative analysis of the GIWAXS patterns (Figure 2.6) shows that the angular
intensity distribution is similar for both phthalocyanines when deposited on either p-6PF
or p-6P, indicating similar molecular orientations on either substrate. To determine the
angle between the MPs and the substrate, we found a plane that was aligned parallel with
the plane of the substrate primarily one with a reflection oriented along gz, x = 0°. The
calculated angle between MPc and the substrate an aligned plane parallel to the plane of
substrate was used to show the primary molecular orientation of the MPc on the substrate
(Figure 6C and F). The relative degree of crystallinity (rDoC) of the MPcs on different
template layer was calculated by normalizing the integrated intensity over a given range
of g, as outlined in the Experimental Section. The choice of the substrates did have a
significant impact on the overall scattering intensity, with significant differences in the
rDoC. A more quantitative analysis can be obtained by integrating the most-intense
feature at 0.6 A~ (Figure 2.23); this is a combination of the (001), (011) and (010)
reflections, which were too closely spaced to be separated. This shows a rDoC of only
0.28 when p-6P was used as the template layer for F10-SiPc, as compared to 1 when p-
6PF was used. Results obtained using the lower-intensity (102) feature (which could be
individually resolved) were similar (Figure 2.24). This finding strongly supports the
improved device mobility of F-SiPc using a p-6PF template (Table 2.1) over our recent
reports using p-6P.4" In contrast, F.-CuPc exhibited an opposing trend, where the use of
p-6P resulted in higher crystallinity (rDoC = 1) compared to p-6PF (rDoC = 0.31) (Figure
2.25). These results are also consistent with reported OTFT reported results where
mobility of F-CuPc using p-6P was greater than OTFTs fabricated using p-6PF (Table
2.1).* These results suggest that p-6P, a classic templating layer for typical divalent MPcs
(such as CuPc and ZnPc), is less effective than p-6PF for the crystallization of Fi.-SiPc.
These results further suggest that templating layers should be developed in tandem with
high performance semiconductors to high-performance OTFTs.
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Figure 2.6. 2D GIWAXS patterns of F10-SiPc films on Si substrate (A) with a p-6P (B)
and p-6PF template layer, (C) with determined angle between family of planes of F1o-
SiPc and the substrate (which is parallel to (001) plane) for both templates. (D) F1e-
CuPc films on Si surface with p-6P (E) and p-6PF template layer (F) with determined
angle between family of planes of F16-CuPc and the substrate (which is parallel to (002)
plane) for both templates.

2.3 Conclusion

In this study, we reported the use of a template layer (p-6PF) for the WEG of F1o-
SiPc-, CuPc-, and F1s-CuPc-based OTFTs. The results establish the impact of varying
deposition thicknesses (2, 4, and 8 nm) and substrate temperatures during deposition
(25, 100, 150, and180°C) on the growth morphology and surface coverages of p-6PF. We
validated the resulting templating layers through incorporation into F10-SiPc OTFTs, which
yielded the highest average mobility (0.14cm?V~'s™") at a p-6PF thickness of 8 nm and
substrate temperature of 100 °C during deposition. Device mobility and F1o-SiPc film
crystallinity increased with increasing thicknesses of p-6PF at substrate temperatures of
25 and 100 °C during deposition. We found that p-6PF had low total surface energy (ys™!)
similar to that of the OTS, which may be the reason for improved F10-SiPc films compared
to p-6P- GIWAXS results show that the molecular orientation of both F10-SiPc and F1e-
CuPc remained unchanged when a p-6PF or p-6P template was used. However, the
crystallinity of F10-SiPc was significantly increased when p-6PF was used as the template
layer as opposed to p-6P, while F1s-CuPc exhibited an opposite trend. We demonstrate
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the importance of optimizing the deposition conditions of a template layer when applied
to the WEG of a semiconductor in OTFTs. Additionally, our results highlight how high-
performance OTFTs depend on the simultaneous choice and design of the template layer

and the semiconductor.

2.4 Experimental Section

Materials

Copper phthalocyanine (CuPc, 90%, TCI P100525G), copper(ii)
1,2,3,4,8,9,10,11,15,16,17,18,22,23,24,25-hexadecafluoro-29H,31H-phthalocyanine
(F16-CuPc, >98%, TCl H1194) and para-sexiphenyl (p-6P) were obtained from TCI
Chemicals. CuPc was further purified using train sublimation prior to device fabrication.
Bis(pentafluorophenoxy) Silicon Phthalocyanine (F10-SiPc) was synthesised using
previous demonstrated method reported by our group. Per-fluorinated para-sexiphenyl
(p-6PF) was synthesized according to a previously reported literature procedure.®”

Device Fabrication and Characterization

N-doped Ossila Si substrates with a 230 nm thermally grown SiO: dielectric layer was
rinsed with acetone and isopropanol sequentially. The substrates were dried with a
nitrogen stream and were cleaned by sonicating using a VWR ultrasonic cleaner (Model
No: 97043-964) in acetone and methanol sequentially for 5 mins. After sonication, the
substrates were dried with a nitrogen stream and cleaned in a Harrick plasma cleaner
(PDC32G1 060198) under vacuum for 15 mins. The cleaned substrates were then
transported into a nitrogen glove box for the deposition of p-6PF. The substrates were
placed in a square shadow mask and different thicknesses of p-6PF were deposited by
physical vapour deposition (PVD) using an Angstrom Engineering Evaporator with a stage
height of 50 cm between the source and substrate at a rate of 0.05 A-s™ under vacuum
(P < 2x1078 Torr). The substrate holder was rotated during all depositions using an
Oriental Motor (5IK60RGU-CU) at 25 RPM. For depositions above room temperature
(100, 150 and 180 °C), the substrates were heated to the desired temperature and soaked
for 1 h to reach thermal equilibrium. After p-6PF deposition, the substrates were left to
cool to room temperature overnight. F1o-SiPc devices were then fabricated by thermally
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depositing a 50 nm-thick layer of F10-SiPc at ambient temperature acting as the organic
semiconductor. The deposition of F1o-SiPc was carried out at a rate of 0.2 A-s™ under
vacuum (P < 2x1078 Torr). After p-6PF deposition CuPc and F16-CuPc devices were also
fabricated by thermally depositing a 15 nm-thick layer of the semiconductor at a rate of
0.3 A-s”" under vacuum (P < 2x1078 Torr) on a heated substrate at 140 °C and soaked at
for 1 h before deposition. After semiconductor depositions diamond tipped pen was used
to scratch the corner of the substrates along the long edge to expose the Si base for
deposition of the gate electrodes. The substrates were then placed in a source-drain
shadow mask (L = 30 ym, W = 1000 pm) purchased from Ossila. Electrodes were
fabricated by deposition of 10 nm of a manganese as contact interlayer at 0.5 A-s" and
50 nm-thick layer of silver at a rate of 2 A-s™! at a base pressure of P < 2x1078 Torr for F1o-
SiPc devices. CuPc and F1e-CuPc based devices were fabricated with 50 nm-thick layer
of gold as the electrodes which was deposited at a rate of 1 A-s™! at a base pressure of P
< 2x1078 Torr. All final films were patterned to have 20 transistors per substrate.

For electrical characterization OTFTs were transferred between glove boxes in a
nitrogen filled airtight container. The oxygen and moisture concentration of both glove
boxes are kept below 1 ppm. The testing glove box was equipped with a custom-built
auto tester and Keithley 2614B source meter. The tips of the auto tester contact the
source, drain, and gate electrodes of the bottom gate top contact (BGTC) OTFT. The auto
tester was operated by a Keithley 2614B source meter with a custom LabVIEW program
which allowed to set gate—source voltage (Vss) and source—drain voltage (Vsp) while
measuring the source—drain current (Isp) in the devices. For each substrate (n < 20
devices) output curves were collected by sweeping the Vsp while maintaining a constant
Ves. Transfer curves were collected by sweeping the Vgs and holding the Vsp. This was
repeated four times to achieve stable performance. For all measurements the fourth run
was used to evaluate device performance. The device performance characteristics were
collected in the saturation regime using Eq 1.

uc;w
2L

Ips = Ves — VT)Z 1
Where p is the field mobility of the semiconductor, and L and W represent the

length and width of the channel respectively. C;is the capacitance of the dielectric layer
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and Vris the threshold voltage. yand Vrare calculated by measuring the slope and x-

intercept respectively of the linearized transfer curve (/Ips vs Vi) using Eq 2

eCiW
JIps = [FE= (Vgs — Vi) 2

2L

Finally, the on/off ratio of the devices is calculated as the ratio of measured maximum (lon)

and minimum (loff) current achieved in the operational voltage range of the transfer curves.

Contact Angle Measurement

Contact angle measurement was performed by making use of a VCA Optima goniometer
from AST Product Inc. The syringe was programmed to dispense 1 uL of deionized water
or diliodomethane. The image of the droplet was captured as soon as it contacted the
surface of the substrate. The surface energy was calculated by solving the system of
equations for deionized water and diiodomethane with Fowkes model equation presented

below in Eq 3.53

1 1
2(yH2(yf)1/? + 20D2(v))1/2 3
Y Y

1+ cosfO =

where cos 0 is the measured contact angle of the respective liquids on the surface of the
substrate, yi¢ and y,P are the liquid dispersive and polar surface energy of the respective
liquid, yw is the total liquid surface energy of the reference liquid and is a combination of
yvdand yiP, vs® and ysP are the dispersive and polar solid surface energy of the substrates
and Yt is the total solid surface energy and is also a combination of ys% and ys. The
reference liquid surface energy parameters used were y¢ = 21.8 mJ.m™2, y,» = 51.0
mJ.m~2, and yi, = 72.8 mJ.™2 for deionized water and yy? =49.5 mJ.m™2, yi,? = 1.3 mJd.m2,

and yi = 50.8 mJ.m2 for diiodomethane.58:6

Atomic Force Microscopy (AFM)
Atomic force microscopy was carried out using a Bruker Dimension Icon microscope in
tapping mode using NCHV-A tips (320 kHz, 40 N/m, 8 nm radius).

Film X-ray Diffraction
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Film X-ray diffraction data was collected using a Rigaku Ultima IV powder diffractometer

with an X-ray source of Cu at a scan rate of 0.5 6 min-' and scan range of 3° < 20 < 20°

Grazing-Incidence Wide-Angle X-ray Scattering (GIWAXS)

GIWAXS experiments were performed at the Brockhouse X-ray Diffraction and Scattering
Beamlines—Low Energy Wiggler (BXDS-WLE) beamline at the Canadian Light Source
(CLS) with a photon energy of 15.1 keV (A = 0.8202 A) and in a grazing incidence
(reflection) geometry. All samples were collected using a Rayonix MX300 CCD detector
(73.242 pm x 73.242 um pixel size), with an angle of incidence of 8=0.01-0.05°. Silver
behenate (AgBeh) standards were used to calibrate all data using the GIXSGUI software
package in MATLAB.

Relative Degree of Crystallinity Calculation (rDoC).
The relative degree of crystallinity was calculated by integrating the scattering
intensity across x as in Equation 4:

rDoC « fon/z sin(y) I(x)dy

(4)
To determine rDoC, /(x) x Sin(x) was plotted against x for a single Bragg peak by

integrating over a given range of q. This was done for both samples. The results were
normalized, assigning rDoC = 1 to the most crystalline sample. All samples were

measured with the same detector integration time, and with the same scattering volume.
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Nuclear Magnetic Resonance Spectroscopy
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Atomic forced microscopy (AFM)
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Figure 2.9. AFM images (5 um x &5 um) of (A) 2 nm of p-6PF, (B) 4 nm, and (C) 8 nm
deposited at a substrate temperature of 100 °C.

3.0nm 3.0 nm

4.0 um 4.0 ym

Figure 2.10. AFM images (6 um x 5 um) of (A) 2 nm of p-6PF, (B) 4 nm, and (C) 8 nm
deposited at a substrate temperature of 100 °C.

Figure 2.11. AFM images (5 um x 5 um) of 50 nm F10-SiPc deposited on 2 nm (A) and 4
nm (B) p-6PF thin films prepared at 180 °C.
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for each device are shown in (D), (E), and (F).
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Figure 2.14. Output curves of F10-SiPc OTFTs on p-6PF substrates prepared at 100 °C
with thicknesses of (A) 2, (B) 4, and (C) 8 nm, respectively. Corresponding transfer curves
for each device are shown in (D), (E), and (F).
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Figure 2.15. Output curves of F10-SiPc OTFTs on p-6PF substrates prepared at 150 °C
with thicknesses of (A) 2, (B) 4, and (C) 8 nm, respectively. Corresponding transfer curves
for each device are shown in (D), (E), and (F).
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Figure 2.16. Output of F10-SiPc OTFTs on p-6PF substrates prepared at 180 °C with
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device are shown in (C), and (D).
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Figure 2.18. Output of OTFTs on p-6PF substrates prepared at 100 °C with a thickness
of 8 nm, using (A) CuPc and (B) F1s-CuPc as active layers. Corresponding transfer
curves for each device are shown in (C) and (D), respectively.
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Contact Angle

1A) '

Figure 2.19. Contact angle measurements of deionized water (A) and diiodomethane
(B) on materials (1) OTS, (2) p-6PF, (3) F10-SiPc, (4) CuPc, and (5) F16-CuPc,
evaporated on a 230 nm SiO; substrate.
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Figure 2.20. 2D GIWAXS patterns of (A) p-6P and (B) p-6PF films on Si substrate. 2D
GIWAXS patterns of (C) p-6P and (D) p-6PF film represented with the azimuthal angle on

Si substrate.

58



MASc Thesis — Ewenike Raluchukwu

12500
1 —— F10-SiPc-pXRD
| F10-SiPc/6P
__ 10000 — F10-SiPc/6P-F
=: 4
8 7500
>
= ]
2 5000 N
S ]
9 ]
£ ]
0 _'f\:/J N UM%WMUM

02 04 06 08 1.0 1.2 14 1.6 1.8 2.0
-1
q (A™)

Figure 2.21. Azimuthally integrated GIWAXS pattern of F10-SiPc on p-6PF and p-6P
with pXRD of F1o-SiPc.
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Figure 2.22. Azimuthally integrated GIWAXS pattern of F16-CuPc on p-6PF and p-6P
with PXRD of F1s-CuPc.
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Figure 2.23. Linecut of F10-SiPc evaporated on p-6PF and p-6P, corresponding to the
(001) plane.
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Figure 2.24. Linecut of F10-SiPc evaporated on p-6PF and p-6P, corresponding to the
(102) plane.
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Figure 2.25. Linecut of F16-CuPc evaporated on p-6PF and p-6P, corresponding to the

(002) plane.
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A) B)

Figure 2.26. Determined angle between family of planes of (A) F10-SiPc and the substrate
(which is parallel to (001) plane) and (B) F1e-CuPc and the substrate (which is parallel to
(002) plane) on p-6P and p-6PF as template layer.
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Chapter 3. Engineering the Templating Layer for Silicon

Phthalocyanine Based Organic Thin Film Transistors

This chapter was accepted for publication in the journal “Advanced Functional Materials™:
Ewenike, R. B.; Lin, Z. S.; Cranston, R.; Lamontagne, H. R.; Shuhendler, A. J.; Kim, C.-
H.; Brusso, J.; Lessard, B. H.* Engineering the Template Layer for Silicon Phthalocyanine
Based Organic Thin Film Transistors.

Context

Building off the success of my first chapter, we designed other templating layers to build
structure property relationships and see if we can improve the F10-SiPc OTFTs
performance. These template layer derivatives were used to examine the impact of
varying quantity of fluorine atoms on the template layer, as well as the alteration in the
structure transitioning from the usual rod-like structure to a box-like structure and a S-
shaped template layer. | fabricated and characterized WEG based F1o-SiPc OTFTs using
the same conditions for all template layers for comparison.

Contributions

| synthesised and purified F10-SiPc, fabricated and characterized all OTFT devices and
performed the PXRD, Raman microscopy and TGA analysis. Dr. Sonia Lin synthesised
the template layers (p-6PF4, p-6PF, BBTBP, QBBP, and DFBP) with final purification
through train sublimation which was performed by me. Rosemary Cranston, Halynne
Lamontagne, Bahar Ronnasi, Dr. Benoit Lessard and me carried out GIWAXS experiment
at the Canadian Light Source (CLS, Saskatoon). All GIWAXS data characterization and
processing was performed by me with training provided by Rosemary Cranston and
Halynne Lamontagne. | wrote the manuscript and with edits and revisions from Dr. Benoit
Lessard. The manuscript is being reviewed by all co-authors before submission.
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Abstract

Multi-phenyl and multi-thiophene rod-like molecules are typically used for the weak
epitaxial growth (WEG) of highly ordered organic semiconductor films enabling
controllable microstructure properties and improved device performance. However, very
few templating molecules are found in literature making it challenging to establish
structure property relationships. As emerging semiconductors are integrated into organic
thin film transistors (OTFTs), it is necessary to establish the impact of templating layers
on semiconductor microstructure and resulting device performance. Herein, four aromatic
molecules with similar structure to para-sexiphenyl (p-6P) were synthesized and
incorporated as the template layer in bottom-gate top-contact bis (pentafluoro phenoxy)
silicon phthalocyanine (F1o-SiPc) OTFTs. The use of fluorinated p-6P (p-6PF) yielded
devices with the highest electron field-effect mobility (ue) of 0.14 cm?/Vs while using a
partially fluorinated p-6P derivative (p-6PF4) resulted in improved threshold voltage (V7).
X-ray diffraction (XRD) demonstrated varying F10-SiPc crystallinity as a function of
templating layer with the most crystalline films resulting from the use of p-6PF. By
GIWAXS and polarized Raman microscopy all templating layers yielded films with F1o-
SiPc molecules predominantly aligned face-on to the substrate. However, rod-like p-6P
derivatives led to F10-SiPc molecules with increased face-on orientation to the substrate.
This study highlights the importance of template layer selection and deposition
optimization in the fabrication of WEG based OTFTs.

3.1 Introduction

Organic thin film transistors (OTFTs) have gained significant interest in recent
years due to the potential for integration in applications, ranging from smart packaging to
sensors."? This growth is facilitated by the synthesis of novel organic compounds that
can be seamlessly incorporated into the fabrication of electronic devices on a laboratory
scale without the need to redesign equipment and procedures to accommodate these
new materials.34 OTFTs enable the use of a wide range of newly synthesized or existing
organic compounds to serve as the dielectric layer, semiconducting layer, interlayers, or

as a functional layer within the device.5®
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Metal phthalocyanines (MPcs) are conjugated macrocycle molecules which
chelate a central metallic or metalloid atom. MPcs are commercially available, with
relative ease of synthesis and are typically used as industrial dyes and pigments.® The
exceptional thermal, mechanical, and chemical stability of MPcs has extended their
application to the fabrication of highly ordered thin films for use in organic photovoltaics
(OPVs), organic photoreceptors, and OTFTs.'%-'2 MPcs have been extensively utilized as
the semiconducting layer in OTFTs, generally resulting in p-type transistors (hole
transport) like copper (CuPc) and zinc phthalocyanines (ZnPc). While less common,
through substitution to the peripheral and central atom position, some MPcs can be
derived to function as both n-type transistors (electron transport) and ambipolar
transistors.'® In particular, silicon phthalocyanines (R2-SiPcs) have shown great potential
as n-type organic semiconductors for OTFTs.'* The tetravalent central silicon atom
enables dual axial substitutions to the MPc, a feature that cannot be attained with a
divalent or trivalent central atom. This substitution has resulted in a wide variety of Ro-
SiPcs that can undergo thermal processing, solution processing, or both.'> These Ro-
SiPcs have demonstrated the capability to produce both n-type and ambipolar devices.'®
Notably, the physical vapour deposition (PVD) of bis (pentafluoro phenoxy) SiPc (F1o-
SiPc) on an octyl-(trichloro) silane (OTS) treated silicon dioxide dielectric surface has
achieved high electron field-effect mobility (ue) ranging from 0.1-0.5 cm?/Vs.317

Engineering the semiconductor/dielectric interface using self-assembled
monolayers (SAMs) is a common strategy used to enhance the performance of OTFTs. '8~
22 Modifying the dielectric surface can be used to control the crystallinity, molecular
orientation, packing motif, and growth of the semiconductor resulting in a highly ordered
thin film with improved charge carrier mobility (u).23-2° Although research has primarily
focused on increasing u, dielectric surface modification can also be used to reduce the
threshold voltage (V) of OTFTs.26-2” Beyond impacting the electrical characteristics of the
device, modifying the dielectric surface can reduce surface defects lowering the
roughness of the dielectric layer prior to semiconductor deposition.

Similar to the use of SAMs, templating layers comprised of an ultra-thin layer of a
rod-like molecule can be used to modify the dielectric surface and promote weak epitaxial
growth (WEG) of disk-like semiconductor molecules. WEG typically involves the thermal

72



MASc Thesis — Ewenike Raluchukwu

deposition of a monolayer or bilayer of these rod-like molecules on the dielectric layer
prior to the deposition of the organic semiconductor.?8?° These rod-like molecules are
able to provide a favourable surface for semiconductor deposition as they provide
stronger 1-1T interactions between organic molecules compared to their interaction with
the inorganic substrate.3® WEG can influence the molecular orientation of the
semiconductor during deposition, leading to a more “edge-on” orientation versus “face-
on” orientation, which typically leads to improved charge transport in OTFTs. WEG has
already shown to be effective in producing high-performance OTFTs, particularly with
MPcs such ZnPc, CuPc, perfluorinated copper phthalocyanine (F1e-CuPc), tin
phthalocyanine (SnOPc), and vanadyl phthalocyanine (VOPc).2%3" Changes in the
deposition conditions of the template layer, in particular the substrate temperature and
deposition time, have been shown to induce distinct growth morphologies and surface
coverages, leading to changes in OTFT performance.3? Similar to WEG, the use of
molecular step template (MST) has been shown to effectively smooth the dielectric
surface, reduce the nucleation barrier, and decrease nucleation event density. This results
in an improvement to the grain size leading to highly ordered organic thin films.33
Furthermore, MST and WEG could potentially serve as ideal platforms for enhancing
organic semiconductor single crystal films, which have already exhibited high-
performance OTFTs with mobilities reaching >10 cm?Vs without the need for a template
layer.®* Using para-sexiphenyl (p-6P) and per-fluorinated p-6P (p-6PF) as template layers
for fabricating F10-SiPc OTFTs, our group has demonstrated the importance of not only
optimizing the template layer deposition, but also the selection of template layer molecule.
It was found that a substrate deposition temperature of 100°C and a template layer
thickness of 8 nm yielded F10-SiPc OTFTs with e on the same order of magnitude as F1o-
SiPc OTFTs fabricated using OTS surface modification. Additionally, grazing incidence
wide-angle X-ray scattering (GIWAXS) showed that the molecular orientation of F1o-SiPc
remains unchanged when p-6P and p-6PF are used as the template layer. However, the
relative degree of crystallinity of F10-SiPc is significantly enhanced when using p-6PF as
opposed to the use of p-6P.3°

In this study, we report the synthesis of four novel template compounds
2'.2"™ 2™ 3,3,3"3" 4,4™ 55" 5" 5" 6',6"-hexadecafluoro
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1,1:4',1":4",1":4" 1"":4"" 1""-sexiphenyl (p-6PF4), 4,4'-bis(benzo[d]thiazol-2-yl)-1,1'-
biphenyl - bisbenzothiazolylbiphenyl (BBTBP), (1,1:3',1":3",1"-quaterphenyl, 5'5"-
diphenyl-) (QPBP), and 4,4'-di(9H-fluoren-3-yl)-1,1'-biphenyl — difluorenylbiphenyl
(DFBP). These molecules, along with bare SiO2, p-6PF, and p-6P, were employed as the
templating layer in bottom-gate top-contact F1o-SiPc OTFTs, as shown in Figure 3.1.
These template layers resulted in differing OTFT electrical performance that was
characterized by measuring the e, V7, and current on/off ratio (lonor). XRD was used to
analyze the crystallinity of F1o-SiPc thin films deposited on the template layers, while
polarized Raman microscopy and GIWAXS techniques were used to draw a correlation
between device performance and structural properties. Herein, we demonstrate the need
to optimize the selection of template layer and semiconductor pair along with the
deposition conditions of the template layer for WEG based OTFTs.
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Figure 3.1. Schematic diagram of a bottom-gated top-contact OTFT and structure of F1o-
SiPc. Molecular structure of p-6P, p-6PF4, p-6PF, BBTBP, QPBP, and DFBP template
layers.

3.2 Results and Discussion

A series of aromatic molecules with similar structures to p-6P were synthesized
and used as templating layers to study the WEG growth of F40-SiPc for integration into
OTFTs. The structure and purity of each derivative after train sublimation were confirmed
by nuclear magnetic resonance (NMR) and mass spectrometry (Figure 3.5-3.11). Further
material analysis was performed by thermogravimetric analysis (TGA) of F1o-SiPc and the
template layers presented (Figure 3.12). OTFTs were fabricated using six different

templating layers (Figure 3.1) which were deposited by PVD. Electrical performance of
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F10-SiPc OTFTs fabricated on p-6PF and bare SiO2 has been reported in literature and
was included as controls for comparison.® The four novel materials (p-6PF4, BBTBP,
QPBP, and DFBP) were therefore integrated into F1o-SiPc based OTFTs as the templating
layer. To compare the electrical properties of OTFTs using these new template materials
to the previously reported p-6PF, the optimized deposition procedure outlined in our
previous work was used.®®> Template layers were deposited by PVD onto heated
substrates at 100°C until a final thickness of 8 nm was reached as determined by a quartz
crystal microbalance (QCM). Subsequently, a 50 nm thick layer of F10-SiPc was deposited
by PVD on all templating layers at the same time ensuring the deposition conditions used
for the F10-SiPc layers were identical for all devices.

The first three template layers (p-6P, p-6PF4, p-6PF) were chosen to provide
increasing fluorination to the linear p-6P derivatives in order to investigate the influence
of fluorine interactions between F1o-SiPc and the template layer. QPBP was chosen to
provide a box-like structure, serving as an isomer of p-6P, to investigate the influence of
its structure on the electrical performance and molecular orientation of F10-SiPc. These
structures have been shown to improve perpendicular molecular orientation of planar
semiconductors to the substrate when incorporated in OLEDs.3® However, F1o-SiPc
differs from traditional planar semiconductors due to its axial substitution, leading to more
complex molecular packing.'#2® Similar to the QPBP, DFBP was selected to introduce a
slight deviation from the linear p-6PF, as the "S" conformation of this material provides a
non-linear template structure which was hypothesized to induce different stacking of non-
planar semiconductor molecules. Furthermore, BBTBP was employed to preserve the
rod-like configuration while changing the aromatic ring structure and including atoms such
as nitrogen and sulphur while maintaining a similar length to p-6P. These template layers
were selected to investigate the impact of the structure of template on F10-SiPc, whose
molecular stacking differs from the typically disk-like MPcs. Table 3.1 summarizes the
electrical characterization of F1o-SiPc OTFTs fabricated using the different templating
layers, with characteristic transfer and output curves found in Figure 3.13-3.17. OTFTs
fabricated using p-6PF had the highest measured pe of 0.14 cm?/Vs followed by devices
fabricated with DFBP which gave a pe of 0.032 cm?/Vs. Conversely, OTFTs fabricated
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with the template materials p-6P and QPBP exhibited the lowest measured pe of 0.0012
and 0.0013 cm?/Vs, respectively.

Table 3.1. Electrical characteristics summary of F10-SiPc OTFTs measured in the
saturation region with 8 nm thick template layers deposited on substrates heated to
100°C.

a b a
IZ;"epr'ate (Cm2 §) x 102 (cm2I o) x 107 \(/\;) fonvort © - N# - ref
Si0; 170+0.8 2.26 132+19 10 39
p-6P 0.12 £ 0.01 0.04 125+£34 104 24 -
p-6PF 4 0.70 £ 0.1 1.10 552+24 10 37 -
p-6PF 141 +3.1 17.7 104+24 10° 38
BBTBP 170£05 2,50 74007 108 38 -
QPBP 0.13+0.1 0.03 176+60 10° 22 -
DFBP 3.20 2.0 5.60 920£29 108 36 -

a) Ue and VT were calculated using an average value. b) maximum ue of measured from
N# of functional devices out of 40 used for averages and medians c) ratio of the on and
off current, lonwof were calculated using a median value.

These results highlight that increasing the number of fluorine atoms in linear rod-
like template layers (p-6P, p-6PF4, and p-6PF) leads to an increase in the pe of F10-SiPc
OTFTs. The semiconductor/dielectric interface plays a crucial role in charge transfer
within an OTFT, particularly within the first few monolayers of the semiconductor where
charge transport occurs. Therefore, hydrophobic surfaces are typically used to inhibit the
diffusion of environmental dopants such as water and oxygen, improve charge injection,
reduce the polarity in the dielectric layer, and to minimize charge traps at the interface.?’
Studies have also shown that fluorine-fluorine interactions significantly improve the
formation of highly ordered crystalline films.38:3% Cranston et al. showed that the use of
trichloro(3,3,3-trifluoropropyl) silane (PTFS), a fluorine-rich SAM, for the fabrication of
solution-processed (tri-n-hexylsilyl oxide) fluorosilicon phthalocyanine (F-3HS-SiPc)
based OTFTs yielded high ue of 0.13 cm?/Vs.?* The use of PTFS significantly improved pe
and film crystallinity in comparison to other OTFTs fabricated on bare SiO2 and SAMs with
different chain lengths, fluorinated chains, and functional groups such as
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trimethoxy(phenyl) silane (MPTS) and trichloro(phenyl) silane (PTS).2* Our results clearly
demonstrate that the use of p-6PF provided the most fluorine-fluorine interactions with
the F10-SiPc leading to enhanced device performance and crystallinity when compared to
the other template mentioned in this study. Another study by Ward highlights the use of
fluorine-fluorine interactions between the semiconductor and SAM treated electrode as a
means to induce more edge-on orientation of the semiconductor leading to an increase
in device p.*% Therefore, exploiting fluorine-fluorine interactions between the
semiconductor and template layer can significantly improve device performance and film
crystallinity.

The transition in template structure from a rod-like p-6P to a box-structure p-6P
(QPBP) did not significantly influence the pe. However, employing p-6P resulted in
devices with lower Vr and higher lono. DFBP yielded the second highest pe, despite
lacking the fluorine atoms that enhance intermolecular F-F interactions observed in p-
6PF suggesting that the “S”-shape structure may be promising as a template layer.
Notably, p-6PF4 resulted in OTFTs with the lowest V1 of 5.52 V across all surfaces and
the lowest subthreshold swing (SS) of 2.80 mV/decade, with the lowest number of
interfacial traps (Di™®) of 2.76 x 10*3 cm? eV-' (Table 3.2) compared to the devices
fabricated using p-6P and p-6PF. Devices fabricated using BBTBP had the lowest
characterized SS of 1.37 mV/decade and Di™# of 1.36 x 10*3cm™ eV-" across all surfaces
despite not having the lowest Vr. In OTFTs V7 shifts are influenced by several factors,
including environmental factors such as ambient oxygen and moisture, as well as
limitations in charge injection at the contact electrodes.?’ However for this work, shifts in
V1 due to environmental effects or source-drain contacts are unlikely as all devices were
characterized under identical inert conditions and fabricated using electrodes of the same
dimensions and material. Aghamohammadi et al. demonstrated that using fluoroalkyl and
alkyl SAMs for the fabrication of dinaphtho[2,3-b:2',3'-f]thieno[3,2-b]thiophene (DNTT)
OTFTs resulted in varying effects on V7 shift. Specifically, the use of fluoroalkyl SAMs,
featuring electron-withdrawing groups, led to a linear relationship between gate dielectric
capacitance, and V7, whereas with alkyl SAMs, the Vrwas independent of gate-dielectric
capacitance, primarily determined by the dipolar character of the SAM.?® This suggests
that factors beyond the electron-withdrawing properties of the template may be at play.
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Dipole-dipole interactions between the template molecules could also induce an
electrostatic potential across the dielectric surface, resulting in an additional gate voltage
potential that could favourably affect the Vr of p-6PF4 compared to p-6PF and p-6P.4!

Overall, the increase in u seen for p-6PF can be attributed to the higher surface
contacts resulting from fluorine-fluorine interactions, whereas the improved V; observed
with p-6PF4 is likely the result of an induced electrostatic potential across the dielectric
interface due to its dipolar character. This highlights the balancing of interactions and
surface properties that must be considered when selecting an appropriate templating
layer. To investigate surface morphology and its effect on the observed performance, XRD
was performed on F+0-SiPc films deposited on bare SiO. and the six different templating
layers. The XRD measurements show that all films share the same characteristic peak at
20 = 8.5-8.9° with varying peak intensity (Figure 3.2). The thickness of the semiconductor
was identical in all films enabling the XRD peak intensity to be used to estimate the
relative crystallinity between films. Additional peak analysis was used to determine
crystallite size and is presented in Table 3.3 along with peak intensities and areas. The
use of rod-like template layers enhances the crystallinity of the F1o-SiPc films compared
to F10-SiPc deposited on bare SiO2 substrates, except for the box structure template layer
QPBP. Typically, newly synthesized template layers for OTFTs possess rod-like structures
resembling p-6P. Rod-like structures are preferred as their 2D lattice parameters and
geometric channels typically result in an edge-on orientation when deposited, which is
crucial for promoting formation of highly ordered edge-on organic semiconductor thin
films.30

The box-structured template layer QPBP, which lacks a rod-like structure, yielded
the least crystalline films. QPBP yielded more amorphous and less crystalline F1o-SiPc
films while exhibiting similar pe to F10-SiPc OTFTs fabricated on p-6P. F1o-SiPc films
deposited on p-6PF showed the highest XRD peak intensity, indicative of the most
crystalline thin films and correlating with OTFTs which had the highest measured pe.
These findings are consistent with our previous report, indicating that F1o-SiPc films
deposited on p-6PF yielded a higher relative degree of crystallinity compared to those
deposited on p-6P. Typically an increase in film crystallinity yields an increase in . Similar
trends have been reported by De et al. and Wang et al. who found that OTFT u improved
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as the crystallinity of tin (IV) dichloride phthalocyanine (SnCl2Pc) and ZnPc increased
respectively after dielectric surface modification.®'4? However, it is important to note that
improved crystallinity does not always correlate with improved device performance. An
example reported by Feng et al reported that F1s-CuPc OTFTs fabricated with p-6P
exhibited a lower crystallinity compared to those on bare SiO., despite F1s-CuPc/p-6P
OTFTs yielding a higher ue than F1s-CuPc/SiO2 OTFTs.43

Additionally, our group has shown for different R>-SiPcs when the substrate
temperature during deposition increased the crystallinity of the film and OTFT pincrease,
however when using a temperature above 200°C the crystallinity increases further but the
Ue decreases due to large grain boundary formation.'®44 Other factors, such as surface
roughness, can also influence charge carrier pathways as previously reported using p-
6PF deposited on substrates at 150°C to a thickness of 8 nm led to significantly rougher
dielectric surface and ultimately a reduction in device ye.3® As shown in Table 3.1, OTFTs
made with p-6P yielded lower pe (0.0012 cm?/Vs) than OTFTs fabricated on bare SiO2
(0.017 cm?/Vs), despite films made with p-6P showing significantly higher crystallinity
compared to films made on bare SiO2. The second most crystalline film of F1o-SiPc was
obtained when using DFBP as the template layer which also resulted in the second
highest pe. These findings further suggest that rod-like structured templates may not be
optimal for non-planar semiconductors like Ro>-SiPcs in the absence of additional
intermolecular interactions to enhance semiconductor performance. Overall, both the
template structure and intermolecular forces contribute significantly to the electrical
performance of F10-SiPc on these template layers.
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Figure 3.2. XRD pattern of F10-SiPc films deposited on bare SiO, and template layers
used herein.

GIWAXS was conducted on F40-SiPc films deposited on SiO2, p-6P, p-6PF4,
BBTBP, QPBP and DFBP to characterize the relative crystallinity and molecular
orientation of F10-SiPc molecules. Synchrotron radiation experiments provide higher
energy and resolution for the characterization of thin films in comparison to other
techniques such as XRD.* Figure 3.3 shows the 2D scattering patterns of F1o-SiPc films
deposited on bare SiO2, p-6P, p-6PF4, BBTBP, QPBP and DFBP templates. Azimuth
linecuts of F+0-SiPc evaporated on these surfaces are in good agreement with the
predicated diffraction pattern by single crystal (Figure 3.18A). Through GIWAXS, the
molecular orientations of F1o-SiPc in films were determined by x linecuts at g = 1.90 A"
to characterize the 11—1 stacking direction parallel to the macrocycle rings of the MPc.
(Figure 3.18B). The described linecuts show two distinct orientations at approximately
30° and 60° to the substrate (Table 3.4). Typically, a more edge-on orientation of the

semiconductor on the substrate provides greater potential for -1 overlap and
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consequently greater charge transport parallel to the substrate surface which is required
for OTFT performance. Both orientations exhibit broad distributions, due to the deposition
of F10-SiPc on a combination surface such as the second monolayer, first monolayer of
template, or bare SiO2 due to poor template layer coverage. The orientation of F1o-SiPc
molecules in films does not show any distinct differences with the use of template
materials and shows no correlation to device performance. This suggests that regardless
of the structure of the template layer it does not contribute meaningfully to changes in
polymorph formation or molecular orientation relative to the substrate, but rather
influences the degree of crystallinity as shown by XRD (Figure 3.2).

Ideal transfer characteristics are an important requirement for producing reliable
and reproducible OTFTs.46-48 The presence of significant contact and/or trap effects is
usually captured as visual non-idealities such as bends or kinks in a linear-regime Ips—
Vs curve or in a saturation-regime Ips'?~Vgs curve. All our F1o-SiPc transistors showed
nearly ideal field-effect switching evidenced by their highly linear Ips">~Vgs curves. This
argument was also confirmed by the slopes approaching 2 on log-log plots between Ips
and (Ves—V7) (Figure 3.19). This ideality assessment reflects high-quality electron
transport in all templated F1o-SiPc films, consistent with the relative crystallinity shown in
Figures 3.2 and 3.3

9, (A"
a, A"

2 -15 -1 0.5 0 0.5
q, (A7) q (A"

Template Primary Orientation (30°) ~ Secondary Orientation (60°)
Layer proportion (%) proportion 2 (%)

SiO2 64.91 35.09

_ _ p-6P 65.52 34.48
< < p-6PFs 66.81 33.19
BBTBP 65.87 34.13

QPBP 65.90 34.10

DFBP 65.84 3416

2 -1.5 -1 0.5 0 05 1. - -1
9, A" a, (") a, (")

Figure 3.3. 2D scattering patterns of F1o-SiPc deposited on (A) bare SiOa, (B) p-6P, (C)
p-6PF4, (D) BBTBP, (E) QPBP, and (F) DFBP. Top-right showing the primary orientations
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of F10-SiPc on corresponding surfaces determined by GIWAXS. Bottom-right shows the
proportion of orientations respective to each other.

Raman microscopy is a non-destructive technique that measures the distinctive
relative intensity and vibrational modes of a sample using lasers with different
wavelengths. Raman microscopy has shown to be a powerful tool in investigating organic
semiconductors due to the inherent delocalization of the Tr-electron system within
conjugated molecules. This feature helps in identifying distinctive chemical bonds and
molecular structures, which are dependent on the characteristics of the Tr-electron
system.*%%0 Polarized Raman microscopy can be used to determine the local molecular
orientation of organic molecules in polycrystalline films.5'-52 Polarized Raman microscopy
was used to further investigate how the choice of template material influences the
molecular angle of the F10-SiPc with respect to the substrate. The most intense non-
degenerate mode was Big pyrrole (~1535 cm™) for F1o-SiPc and this was used to
determine the polarized integral ratios of the Z (X, X) Z"and Z (X, Y) Z' directions (Figure
3.20).

Polarized Raman microscopy was used to create surface maps to visualize the
change in F10-SiPc molecular orientation relative to the substrate using the same
procedure outlined in our previous work (Figure 3.4).53 Table 3.5 summarizes the change
in F10-SiPc orientation when deposited on the different template layers, with all materials
resulting in F10-SiPc molecules aligned on average 35-38° to the substrate, similar to our
GIWAXS results and previous reports using scanning transmission X-ray microscopy
(STXM).5" Unlike GIWAXS which only characterizes the orientation average in the
crystalline domains, polarized Raman microscopy provides molecular orientation
information for molecules in both the amorphous and crystalline domains of the films while
providing information on the domain sizes. The use of rod-like template layers such as
(p-6P, p-6PF4, p-6PF, BBTBP, and DFBP) resulted in similar average orientations with p-
6PF and p-6P resulting F10-SiPc molecules aligned at the highest angle to the substrate.
These findings are consistent with literature reports showing that the molecular orientation
of F10-SiPc remains unchanged, regardless of whether p-6PF or p-6P is used as a
template layer.3® The results also show that p-6P and p-6PF yielded boarder distributions
in orientation with full width at half-maximum (FWHM) values of 2.83° and 2.68°
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respectively (Figure 3.21). More interesting the use of the QPBP yielded a significantly
lower F1o-SiPc angle to the substrate from the other template layers and the control SiO>.
These results show a more face-on orientation and suggest the box-structured template
layer cannot induce an edge-on orientation hence the reduced device p. For instance, the
use of perylenetetracarboxylic dianhydride (PTCDA), which shares a similar box structure
with QPBP, exhibits a favoured face-on orientation on inorganic substrates.5%5¢ This face-
on orientation is commonly used in the WEG of semiconductors, particularly in
applications such as OPVs or vertical organic field-effect transistors (VOFETs), where a
face-on orientation is advantageous to device performance.%” Using BBTBP and DFBP
resulted in F10-SiPc molecules aligned almost identically to the control SiO2. These three
surfaces all showed similar device y. The primary difference among these surfaces lies
in the spread of FWHM (Figure 3.21), with DFBP resulting in the widest FWHM of 1.89°.
This distribution is also reflected in device u, where the use of DFBP led to a larger
standard deviation compared to BBTBP and control SiO2, which exhibited similar
standard deviations and orientation distribution. However, it is crucial to recognize that
these template layers are thermally evaporated under conditions that may not always
facilitate complete monolayer formation. Consequently, the resulting film of F1o-SiPc will
yield a varied molecular orientation due to the uneven surface coverage. These results
suggest that the use of rod-like templates for OTFT fabrication yielded better edge-on
orientation which improved charge transport in comparison to a box-structured template

layer.
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Figure 3.4. Diagram of the polarized Raman microscope configuration and the orientation
of polarization axes with respect to the sample with the corresponding Porto notation.
Molecular angle maps (20 x 20 um) between the substrate and F10-SiPc deposited on (A)
bare SiO,, (B) p-6P, (C) p-6PF4, (D) p-6PF, (E) BBTBP, (F) QPBP, and (G) DFBP.

Y (um)
Y (um)

8 8 8 8 8 8
Y (um)

5

3.3 Conclusion

Herein, we present the synthesis of four novel small molecules (p-6PF4, BBTBP,
QPBP, and DFBP) which were compared to existing p-6P and p-6PF as templating layers
for the formation of ordered R>-SiPc semiconducting films in OTFTs. These molecules
enabled the comparison of 1) the effect of the degree of fluorination on their ability to
template the growth of the semiconductor as well as 2) their shape from linear, to “S” and
to “box” or “H” shape on their ability to template the growth of the semiconductor.
Increasing fluorination of the template layer resulted in higher u devices, with the highest
measured pe of 0.14 cm?/Vs obtained using p-6PF as the template layer. The use of a

partially fluorinated template layer (p-6PF4) yielded OTFTs with the lowest Vr of 5.52 V.
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By XRD, changes in the crystalline fraction of F1o-SiPc films were observed with different
template layers and correlated to device performance. Through GIWAXS and polarized
Raman microscopy it was determined that with all template layers, F10-SiPc molecules
were aligned predominantly face-on to the substrate with a wide distribution in films.
PXRD and GIWAXS predominantly characterizes the crystalline domains of the films
while Polarized Raman microscopy provides insight into the orientation of the molecules
in both the crystalline and amorphous domains, providing complimentary insight into the
different films. Molecular angle maps of F10-SiPc films deposited on the different template
layers revealed that the use of rod-like and the “S” structured template layers resulted in
F10-SiPc molecules aligned slightly more edge-on to the substrate compared to the use
of a box-structured template layer. Therefore, these templating molecules are needed to
yield parallel 1-11 bonds to the substrate, improve semiconductor growth and molecular
packing to obtain high performing devices. Overall, this work shows the impact of
interlayer interactions, such as halogen bonding, between the dielectric surface and the
semiconductor, highlighting the importance of semiconductor/dielectric pair selection and

dielectric surface treatment optimization in device performance.

3.4 Experimental Section

Materials

Para sexiphenyl (p-6PF, 97%) was obtained from Finetech. Bis (pentafluoro phenoxy)
silicon phthalocyanine (F10-SiPc) and per-fluorinated para-sexiphenyl (p-6PF) was
synthesized according to a previously reported literature procedure.'”*> Manganese and

silver metal pellets were purchased from Angstrom Engineering.

Synthesis

All reactions were performed under a nitrogen atmosphere unless otherwise indicated
and glassware was flame- or oven-dried before use. All chemicals were purchased from
Millipore-Sigma or Oakwood unless otherwise indicated. The reaction pathways for all the
synthetic work are shown below. Mass spectra of samples were collected at the Advanced
Instrumentation for Molecular Structure (AIMS) Mass Spectrometry Laboratory at the
University of Toronto. Direct Analysis in Real Time (DART) ionization was carried out on
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a JEOL AccuTOF Plus 4 G JMS-T100LP-4G model time-of-flight mass spectrometer. El
analysis was performed using a JEOL AccuTOF GCx plus time-of-flight mass
spectrometer. NMR experiments were performed on a Bruker Avance Il 300 or 400
spectrometers (300MHz or 400 MHz for "H; 283 MHz for '°F). All spectra were recorded
at room temperature using deuterated chloroform as the NMR solvent. '°F chemical shifts
were referenced using = 0.9409401 relative to the 'H resonance of trimethylsilane
following the IUPAC recommendations.®® Chemical shifts were measured in parts per
million (& scale). The coupling constants are reported in hertz. Multiplicities are reported
as follows: singlet (s); doublet(d); triplet (t). All compounds were purified by train
sublimination at 130-140 mTorr with CO:2 as the carrier gas.

K,COj3 (4.0 equiv.),
Pd(PPh3), (10%)
DMF, reflux

R F R F R F R F [ F R F
overnight
i UaWaii o = (XS
F F F F F F F F F F F F
(2.5 equiv.) 3

2'2"" 2" 3,3,3"",3"" 4,4"" 5,5 5" 5" 66" "-hexadecafluoro-
1,1:4'1":4",1":4" 1"":4"" 1"""-sexiphenyl (p-6PF4)%°
4-Bromo-2,2',3,3',4',5,5',6,6'-nonafluoro-1,1'-biphenyl was prepared according to
literature procedure.'4-Bromo-2,2',3,3',4',5,5',6,6'-nonafluoro-1,1'-biphenyl (988 mg, 2.50
mmol), [1,1'-biphenyl]-4,4'-diyldiboronic acid (240 mg, 0.99 mmol), K2CO3 (553 mg, 4.00
mmol) and Pd(PPh3z)s (116 mg, 0.10 mmol) was charged into a 100 mL two-neck round
bottom flask topped with a reflux condenser. The flask was evacuated and flashed with
nitrogen three times before 30 mL of dried DMF was added. The mixture was degassed
for 20 minutes. The reaction mixture was then stirred and heated at 120°C overnight. After
the reaction was finished, the product was filtered and washed with H2O (30 mL), EtOH
(30 mL), MeOH (30 mL), DMF (30 mL), THF (30 mL) and CH2Cl. (30 mL). This precipitate
was then dried under and sublimed to give 30.5 mg of insoluble white powder. This
compound is not soluble in any solvents, so no NMR data were collected. EI MS: m/z
782.03.
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CLo= CO—O-O~<1D
S S S

sat'd Na,COj3, toluene, EtOH
reflux overnight

4,4'-bis(benzo[d]thiazol-2-yl)-1,1'-biphenyl - bisbenzothiazolylbiphenyl (BBTBP)
2-bromobenzothiazole (642.24 mg, 3.0 mmol), 4,4'-biphenyldiboronic acid (362.7 mg, 1.5
mmol), and Pd (PPhs)4 (347 mg, 0.3 mmol) were charged into a 500 mL two-necked flask.
120 mL of toluene, 30 mL of ethanol, and 30 mL of saturated Na.CO3 was added to the
reaction flask. The reaction mixture was degassed for 20 mins and then refluxed
overnight. The reaction was cooled down to room temperature, and the precipitate was
filtered and washed with H.O (50 mL), EtOH (50 mL), MeOH (50 mL), DMF (50 mL), THF
(50 mL), and CH2Cl> (50 mL). The grey precipitate was then dried under and sublimed to
give 285.8 mg of insoluble white powder. The compound was not soluble in any solvents;
hence no NMR data was collected. DART [M+1]": 421.1.

B(OH),
ow T L
O (4.8 eq.)

K,CO3, Pd(PPh3),
1,4-dioxane
Br Br reflux 24 hr O O

(1,1":3',1":3",1""-quaterphenyl, 5’,5"-diphenyl-) (QPBP)

Phenylboronic acid (1.463 g, 12.0 mmol), 3,3',5,5-tetrabromobiphenyl (1.16 g, 2.5 mmol),
and Pd (PPh3)s (50 mg, 0.043 mmol) were charged into a 250 mL two-necked flask.
K2oCOs (3.0g, 21.7 mmol) in 8.7 mL of water and 40 mL of 1,4-dioxane were added to the

reaction flask. The reaction mixture was degassed for 20 mins and then refluxed for 24

hrs. The reaction was cooled down to room temperature. 80 mL of water was added to
the reaction mixture, and the resulting solution was extracted 3 times with 120 mL of
CHCI3z. The combined organic layers were washed with water and dried over NaxSOa.

The organic solvent was removed by rotary evaporation and dried under high vacuum
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overnight to afford a light brown solid (2.0 g). The light brown solid was sublimed to give
198.0 mg of insoluble white powder. '"H NMR was obtained for the crude material; the
sublimed product was not soluble in any solvents, so no NMR data were collected.

"H NMR of as-synthesized material (400 MHz, CDCI3): & 7.87 (d, J = 1.4 Hz, 4H), 7.81
(t, J=1.4 Hz, 2H), 7.69-7.72 (d, J=7.7 Hz, 8H), 7.46-7.49 (t, J= 7.7 Hz, 8H), 7.37-7.40(t,
J=7.3 Hz, 4H), DART [M+1]*: 459.2.

(HO)ZBB(OH)Z

sat'd Na,COg;, toluene/EtOH
reflux, 18 hr

4,4'-di(9H-fluoren-3-yl)-1,1'-biphenyl — difluorenylbiphenyl (DFBP)
3-Bromo-9H-fluorene (245.1 mg, 1.0 mmol), 4,4"-Biphenyldiboronic acid (120.9 mg, 0.5
mmol), and Pd (PPhs)4 (116 mg, 0.1 mmol) were charged into a 250 mL two-necked flask.
40 mL of toluene, 10 mL of ethanol, and 10 mL of saturated Na.CO3; was added to the
reaction flask. The reaction mixture was degassed for 20 mins and then refluxed for 18
hrs. The reaction was cooled down to room temperature, and the precipitate was filtered
and washed with H20O (20 mL), EtOH (20 mL), MeOH (20 mL), DMF (20 mL), THF (20
mL) and CH2Cl2 (20 mL). The grey precipitate was dried under high vacuum and sublimed
to give 83.9 mg of insoluble yellow powder. The compound was not soluble in any
solvents; hence no NMR data was collected. El MS: m/z 482.2.

Synthesis of perfluorinated para-sexiphenyl (p-6PF)

The compound was prepared according to the published procedure.?® '°F NMR spectrum
of the sublimed sample was obtained by dissolving part of the sample in refluxing CDCls.
SF NMR (283 MHz, CDCls): -135.99 to -136.87 (m), -149.00 to -149.16 (t), -159.84 to -
160.04 (m).

Device Fabrication
A 230 nm SiO: layer, which was thermally grown on N-doped silicon substrates obtained
from Ossila, were cleaned by sequential rinsing with acetone and isopropanol, followed
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by immediate drying using nitrogen. The dried substrates were sequentially sonicated in
acetone and methanol for 5 minutes using a VWR ultrasonic cleaner (Model No: 97043-
964), then dried using nitrogen before being placed in a Harrick oxygen plasma cleaner
(PDC32G1 060198). The substrates were then plasma cleaned for 15 minutes under
vacuum before being transferred to a dry nitrogen glove box with oxygen and moisture
levels below 10 ppm. A square shadow mask with a cut designed for the silicon substrate
was used for the physical vapor deposition of template layers (p-6PF, p-6P, p-6PF4,
BBTBP, QPBP, and DFBP), along with F10-SiPc films. Template layer films were deposited
using an Angstrom Engineering EvoVac evaporator. The substrate holder stage was set
at a height of 50 cm, with the substrate holder heated to 100°C and soaked at this
temperature for 1 hour to ensure thermal equilibrium before deposition. Each template
layer was deposited at a rate of 0.05 A/s under a base pressure (P < 2x107® Torr). The
substrate holder was rotated at 10 RPM using an Oriental Motor (5IK60RGU-CU) during
the deposition process. The thickness of each template layer reached 8 nm, as measured
by a QCM. After the heated deposition process, the substrates were allowed to cool to
room temperature overnight and were collected the following day. Each template layer
underwent deposition in separate evaporations. After the template layer deposition, a 50
nm-thick layer of F1o-SiPc was thermally deposited at room temperature to serve as the
organic semiconducting layer. This deposition occurred at a rate of 0.2 A/s under a base
pressure (P < 2x1078 Torr), with the substrate holder set to rotate at 25 RPM. Before the
deposition of the electrodes, a diamond-tipped pen was used to scratch the two corners
along the width of the substrate to expose the Si base, allowing for the gate electrode
deposition. The substrates were then placed in a source-drain mask (L = 30 ym, W =
1000 um) obtained from Ossila. The electrodes were then thermally evaporated at a base
pressure (P < 2x107® Torr) with a substrate holder rotation speed of 25 RPM. First a 10
nm-thick layer of manganese was deposited at a rate of 0.5 A/s™" to serve as a contact
layer for the semiconductor. Following the manganese deposition, a 50 nm-thick layer of
silver was thermally deposited at a rate of 2 A/s™'. The shadow mask was patterned to
have 20 transistors per substrate.
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Device Characterization

OTFTs were transferred to and tested in a separate nitrogen filled glovebox with oxygen
and moisture levels below 3 ppm. Electrical characterization was carried out using a
custom-built auto tester and Keithley 2614B source meter controlled with a custom
LabVIEW software for setting and sweeping voltages. Output curves were plotted by
measuring the current (Isp) while sweeping the source-drain voltage (Vsp) from 0 to 50 V
and maintaining the gate voltage (Ves) at a certain voltage between -10 and 50 V,
stepping in intervals of 15 V. Transfer curves were generated by measuring the Isp while
maintaining a constant Vsp and sweeping the Vgs both forward and backward from 0O to
50 V. The sweeping of transfer curves was conducted four times to ensure device stability,
using the fourth run to determine device performance parameters in the saturation regime

using Equation 3.1 shown below.

_ HeCGiW

Ips = 2% (V55 — V)2 (3.1)

Where e is the electron field effect mobility of the semiconductor, and L and W represent

the length and width of the channel, respectively. C;is the capacitance of the dielectric
layer (SiO2), and Vtis the threshold voltage. y and Vr are calculated by measuring the

slope and x-intercept respectively of the linearized transfer curve (\/Ips vs V;g) using

Equation 3.2.
Vs = [*< (Ves = Vi) (3.2)

The on/off ratio of the OTFTs are calculated as the ratio of measured maximum and
minimum current achieved in the operational voltage range of the transfer curves. The
subthreshold swing of the OTFTs was calculated using the characteristic transfer curves
of the respective template layer and the interfacial trap density was estimated by
determining the maximum contribution of interfacial traps (Di™#*) using Equation 3.3 as
reported in literature.°

— 95 ___ 9y (3.3)

i
pmax — i
it (kBTln(IO)

q2
Where Ciis the capacitance of the dielectric layer (SiO2), q is the electronic charge, SS is
the subthreshold swing, kg is Boltzmann’s constant, and T is the temperature in Kelvin.

Thermogravimetric analysis (TGA)
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TGA was performed on a Discovery TGA5500 thermal analysis system in a platinum pan
with N2 as the carrier gas at a flow rate of 25 mL min™".

X-Ray Diffraction

XRD measurements were performed on 50 nm thick F1o-SiPc films on an 8 nm thick
template layer deposited on SiO2 substrates. The analysis was performed using a Bruker
D8 Endeavor Polycrystalline X-Ray Diffractometer equipped with a Cu Ka sealed-tube (A
= 1.5418A) X-ray source and a LynxEye XE-T 1-D silicon strip detector. The crystallite
size (Dnu) estimated using the Scherrer equation shown in Equation 3.4.

KA
B Ccos 9hlk

(3.4)

Dpiy =

Where K is the Scherrer constant, A is the wavelength of incoming x-ray, B is the full-width

half-maximum of the diffraction peak and 8 is the diffraction angle of incoming x-ray.

Grazing-Incidence Wide-Angle X-ray Scattering (GIWAXS)

GIWAXS experiments were performed at the Brockhouse X-ray Diffraction and Scattering
Beamlines—Low Energy Wiggler (BXDS-WLE) beamline at the Canadian Light Source
(CLS) with a photon energy of 9.8 keV (A = 1.2592 A) and in grazing-incidence (reflection)
geometry. All samples were collected using a Rayonix MX300 CCD detector (73.242 uym
x 73.242 ym pixel size), with an angle of incidence of 8 = 0.05° and a 5 second exposure
time. All samples were collected in a helium filled chamber to reduce air scattering. Silver
behenate (AgBeh) and poly(3-hexylthiophene-2,5-diyl) (P3HT) standards were used to
calibrate all data using the GIXSGUI software package in MATLAB.®'

Raman Microscopy Mapping

Both non-polarized and polarized Raman spectra measurements (Z (X, X) Z'and Z (X, Y)
Z’) reported in this study, were acquired using a Renishaw in Via InSpec confocal Raman
microscope. The microscope used was a DM2700 light source Leica Microsystems bright
field microscope. A 500 mW 532 nm wavelength laser equipped with a 2400 | mm™' grating
was used to measure across the spectral range of 570-1700 cm™'. The laser was focused
on the sample through a Leica Microsystems bright field microscope with a DM2700 light
source with a X50L objective with an aperture of 0.5. Using the combined objective and
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laser setup described here, the Raman microscope achieves a spectral resolution of 0.3
cm™ (FWHM), an estimated spatial resolution of 640 nm, and an estimated theoretical
depth of focus of 3.0 um. Prior to each measurement, calibration was done against the
520 cm™ silicon reference peaks within 0.5 cm™. Unpolarized measurements were
acquired using 10 % laser power (50 mW), and a 1-second exposure time (Figure 3.22).
Each polarized Raman spectrum was collected at the same location on each film. Raman
maps (20 x 20 ym) were constructed from 400 individual spectra using a 1.0 ym step
size, 5 % laser power (25 mW), and a 2-second exposure time. Subsequently, each
spectrum was fitted to the theoretical Lorentz curve using Wire 5.6 inVia software to obtain
a map of the integral intensity (Ixx and Ixy) of the B14 pyrrole stretch Raman mode.
Equation 3.5 was employed to calculate the angle (8) of the F10-SiPc molecule deposited
on various template layer molecules with respect to the substrate. All collected data were
processed to eliminate cosmic ray disturbances.

A degradation test was performed on the film to ensure that films did not suffer from any
damage due to the extended exposure to the laser during mapping because of the
repeated Raman acquisitions carried out with each change in step size. As a mapping
measurement for a film will require a total of 800 scans it important to show the data
collected and used to solve for the molecular angle of the F10-SiPc on the substrate is not
affected by any film damages. Figure 3.23 shows no notable change in the Raman
spectra of a film ran twice on the same location with the same laser conditions (5 % power
with 1 second exposure time) used for mapping acquisition with an addition two runs with
a laser power of 10 % and 1 second exposure time resulting in a total of 1600 scans.

X — 2 cot? B (3.5)

XY

Where Ixx is the peak intensity in the XX direction, Ixy is the peak intensity in the XY
direction and g is the molecular angle relative to the substrate.
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Figure 3.5. "H NMR of QPBP in CDCls.
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Figure 3.6. "H NMR and "°F NMR of p-6PF4 in CDCls3,
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Figure 3.8. Mass Spectrum of p-6PF4.
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Figure 3.10. Mass Spectrum of QPBP.
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Figure 3.11. Mass Spectrum of DFBP.
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Thermogravimetric Analysis (TGA)
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Figure 3.12. TGA of (A) F10-SiPc, (B) p-6P, (C) p-6PF, (D) BBTBP, (E) QPBP, and (F)
DFBP. *TGA for p-6PF4 was not collected due to sensitive light weight powder form of
compound.

Output and Transfer Curve Data
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Figure 3.13. (A) Output curve and (B) transfer curve of F10-SiPc OTFTs fabricated on p-
6P template layer.
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Figure 3.14. (A) Output curve and (B) transfer curve of F10-SiPc OTFTs fabricated on p-

6P+ template layer.
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Figure 3.15. (A) Output curve and (B) transfer curve of F10-SiPc OTFTs fabricated on

BBTBP template layer.
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Figure 3.16. (A) Output curve and (B) transfer curve of F10-SiPc OTFTs fabricated on
QPBP template layer.
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Figure 3.17. (A) Output curve and (B) transfer curve of F10-SiPc OTFTs fabricated on
DFBP template layer
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Table 3.2. Subthreshold swing and maximum contribution of interfacial traps of F10-SiPc
OTFTs measured using characteristics transfer curves of OTFTs.

Template Layer SS (mV/decade) Di™a (cm2 eV-1)
SiO2 248 2.45 x 1043
p-6P 3.02 3.02 x 1043

p-6PF4 2.80 2.76 x 104
p-6PF 3.30 3.26 x 1043
BBTBP 1.37 1.36 x 1043
QPBP 2.16 2.14 x 1043
DFBP 3.21 3.18 x 1043

Table 3.3. Summary of peak analysis from XRD shown in Figure 3.2

Template Layer Peak Height Peak Area FWHM? (°) Doo1? (nm)
SiO2 1604 444 .81 0.27 29.53
p-6P 2286 574.34 0.23 34.67

p-6PF4 2537 561.39 0.20 39.87
p-6PF 15537 3252.79 0.18 44.30
BBTBP 2048 562.10 0.24 33.23
QPBP 1297 391.27 0.28 28.48
DFBP 5017 1237.51 0.21 37.97

a) Full-width half-maximum (FWHM). b) Crystallite size (Doo1) estimated using the

Scherrer equation and a Scherrer constant of 0.9 .
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GIWAXS Data
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Figure 3.18. Azimuth linecuts of (A) F10-SiPc evaporated on SiO; and template layers p-
6P, p-6PF4, BBTBP, QPBP, and DFBP against the single crystal X-ray diffraction pattern
of F10-SiPc (CCDC #1034275). (B) Corresponding linecuts in the x-direction linecuts of at
q = 1.90 A" corresponding to the (132) plane.

Table 3.4. Peak centres and integrated area of x linecuts at q = 1.9 A~' encompassing
the (132) plane of F10-SiPc evaporated on SiO2 and template layers p-6P, p-6PF4+, BBTBP,
QPBP, and DFBP in Figure 3.18B.

Primary Secondary

Template Layer Orientation (°) Area 1 Orientation (°) Area 2

SiO2 29.75 45878.16 59.09 24801.95
p-6P 28.20 52672.45 53.68 27724.52
p-6PF4 32.06 60634.63 59.09 30118.16
BBTBP 29.74 103134.83 59.09 53449.62
QPBP 28.20 64699.11 59.08 33481.78
DFBP 37.36 43947.67 62.17 22800.24
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Figure 3.19. Linearity of saturation-regime lps”>~Ves curves (left) and slopes
approaching 2 on saturation-regime log-log lps vs. (Ves—Vt) curves (right) indicating
nearly ideal field-effect switching in all templated F1o-SiPc OTFTs.

Raman Spectra Data
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Figure 3.20. Polarized Raman spectra of F10-SiPc thin-films thermally evaporated on (A)
SiO», (B) p-6P, (C) p-6PF4, (D) p-6PF, (E) BBTBP, (F) QPBP and (G) DFBP.

106



MASc Thesis — Ewenike Raluchukwu

—Sio,
— p-6P
— p-6PF,
—— p-6PF
——BBTBP
—— QPBP
200 DFBP

300 ~

Count

100 ~

30 35 40
Molecular Angle (deg)

Figure 3.21. The distribution of angles from deposition on template compounds control,
p-6P, p-6PF4, and p-6PF, BBTBP, QPBP, and DFBP

Table 3.5. Molecular angle summary of F1o-SiPc deposited on different templates layers
calculated using polarized Raman microscopy.

Template Layer  Average (deg®) Maximum (deg®) Minimum (deg®) FWHM?

SiO2 35.8+0.3 36.8 34.9 0.83
p-6P 38.3+1.2 41.2 34.1 2.83
p-6PF4 352+0.3 36.1 34.3 0.70
p-6PF 38.8+1.1 41.3 35.5 2.68
BBTBP 35.7+0.3 36.6 35.0 0.70
QPBP 28.8+0.5 30.6 27.4 1.16
DFBP 35.5+0.8 37.6 32.9 1.89

a) The FWHM was determined using the same number of counts for histograms for all
surface
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Figure 3.22. Non-polarized Raman spectra of F10-SiPc thin-films thermally evaporated
on SiOz, p-6P, p-6PF4, p-6PF, BBTBP, QPBP, and DFBP.
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Figure 3.23. Polarized Raman spectra (Z (X, X) Z) of F10-SiPc thin-films collected
sequential with different measuring conditions.
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Chapter 4. Conclusion and Future Work

4.1 Thesis Conclusion

The use of MTG for the fabrication of highly ordered semiconductor films with
controllable microstructure properties is a promising technique for the fabrication of high
performance OTFTs. The synthesis of new molecular templates aids in understanding
how structural properties of template layers influence resulting semiconductor films and
device performance. This thesis shows the need for the careful selection of materials or
pairs of materials used for the fabrication organic electronics. Beyond material selection
it is important to optimize the fabrication condition for newly synthesised molecules to
yield high performing organic electronics devices.

In Chapter 2, the WEG fabrication of R>-SiPc-OTFTs is first reported using a per-
fluorinated p-6P (p-6PF), moving from the standard literature template layer p-6P. The
combination of different substrate temperatures during deposition and deposition times of
the p-6PF enabled the optimization of F10-SiPc OTFT with a maximum p of 0.14cm?/Vs
with 8 nm p-6PF at 100°C. AFM was used to determine the surface coverage and growth
morphologies of resulting films. PXRD was used to correlate crystallinity of F10-SiPc film
to p-6PF thickness. GIWAXS was used to determine the molecular orientation of F1o-SiPc
and F16-CuPc using p-6P and p-6PF. This study shows the superiority of p-6PF over p-
6P as a template WEG of R2-SiPc in OTFTs.

Chapter 3 builds on the results of Chapter 2, focusing on the novel synthesis of
template layers (p-6PF4, BBTBP, QPBP, and DFBP) in addition to bare SiO-, p-6P, and p-
6PF, for the fabrication of F1o-SiPc-OTFTs. Maintaining identical deposition conditions for
all template layers highlights the impact of the choice of template layer. These findings
show the varied electrical performance and crystallinity of F10-SiPc, as determined
through PXRD and GIWAXS. Notably, the incorporation of partially fluorinated p-6P (p-
6PF4) achieved a low V7 of 5.52 V, and p-6PF exhibiting the highest pe. The results show
that increasing fluorine atoms on the template layer enhances the fluorine-fluorine
interactions, consequently increasing device p. Furthermore, polarized Raman
spectroscopy is employed to determine the molecular orientation of F10-SiPc films,
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revealing that rod-like template layers are more effective in inducing edge-on orientation
for WEG-based OTFTs, whereas box structures are better suited for face-on orientations.

Overall, this thesis shows the significance of interface engineering in the
development of WEG-based R2-SiPc OTFTs, particularly in the synthesis and application
of novel template layers for understanding the relationships between the semiconductor
and dielectric interface. These results have demonstrated the need for deposition
optimization of the template layer particularly using substrate temperature during
deposition and deposition time to maximize surface coverage and growth morphologies
to increase the templating effect on the semiconductor. Beyond, design optimization my
results show the differing electrical performances and film properties can arise from the
choice of different template layers using identical deposition conditions. This study shows
how template layers can be used to induce and control microstructure properties such as
crystallinity, molecular orientation, and interface properties for the semiconductor for
WEG-based OTFTs.

4.2 Ongoing and Future Work Recommendation

Interface engineering serves as a versatile tool, capable of extending its application
beyond BGTC-OTFTs, potentially benefiting various organic electronic devices or OTFTs
with different design structures. Apart from the research conducted during my studies, |
have identified two areas where the use of WEG-based OTFTs remains relatively
unexplored in existing literature. The first relates to the production of organic inverters
using WEG-functionalized semiconductors, while the second involves their application in
fabricating vertical organic field-effect transistors (VOFETs) which will be further explained
in the Section 4.2.1 and 4.2.2 respectively.

4.2.1 Molecular Templating Growth for Organic Inverters

An organic inverter functions through a tandem connection of two OTFTs. Like its
counterpart, the OTFT organic inverter manages input and output voltage signals. Each
transistor links to a supply voltage (Vbp), while they collectively contribute to an input (V))
and output voltage (Vo). By arranging the OTFTs in series, various architectures can

emerge, including combinations like n-type/p-type OTFTs, dual ambipolar transistors, or
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unipolar transistors (either two p-type or two n-type)." In most cases, the Vpp is supplied
through the p-type OTFT, while the n-type OTFT typically grounds its supply source. The
transfer characteristics of both OTFTs, in particular their threshold voltage (V7),
determines the output signal of the inverter. The inverter operates in pull-up and pull-down
configuration. The n-type OTFT acts as the pull-down because its Vo bias is closer to
ground than that of the p-type OTFT, which acts as the pull-up due to its Vpp bias bringing
the output voltage (Vo) closer to the supply.? However, in organic inverters, symmetry in
response to input signals affects performance factors like speed, power consumption, and
noise margin necessitating similar transfer characteristics for both p-type and n-type
OTFTs. Astudy conducted by Yadav demonstrates the use of CuPc and F16-CuPc OTFTs,
manufactured on bare SiO>, for the production of a complementary inverter. The study
reports the mobility values of 0.00127 and 0.00033 cm?/vs for CuPc and F+s-CuPc,
respectively. Using this method, they successfully produced an organic inverter that
achieved a maximum gain of approximately 20.3 | propose the use WEG-based OTFTs to
enhance this work by incorporating p-6P, resulting in improved performance of CuPc and
F16-CuPc OTFTs, as well as overall higher performance in inverters. In Figure 4.1, |
demonstrate the use of varying thicknesses of p-6P on both CuPc and Fie-CuPc to
achieve identical transfer qualities in OTFTs, while simultaneously enhancing OTFT
performance. Additionally, WEG could be employed to align various semiconductors that
typically do not possess similar transfer characteristics. One can potentially accomplish
this by employing various template layers and modifying deposition conditions to properly
match these transfer properties.
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Figure 4.1. Matching of A) u and B) V1 of F16-CuPc and CuPc OTFTs using p-6P
template layer with different thicknesses at a substrate temperature of 180°C during
deposition. * The Vt for CuPc OTFTs are reported in positive values.

4.2.2 Molecular Templating Growth for Vertical Organic Field-Effect

Transistors (VOFETS)
Based on the results presented in Chapter 3, which demonstrates the effectiveness of
using a box-structured template to align semiconductors in a face-on orientation, it can
be beneficial to consider a change in device architecture towards VOFETs. VOFETSs,
which operate similarly to OTFTs, with a significant difference in the layout where the
semiconductor is placed vertically in between the source and drain electrodes (Figure
1.6). This design causes the charge transport to mainly occur perpendicular to the
substrate. This unique architectural design enables the reduction the length of the
channel to match the thickness of the film.# For example, compared to the reported 30
um channel length of OTFTs in this thesis, a shift to the VOFET architecture shows
potential for decreasing the channel thickness to 500 A, which matches the thickness of
the film. This structural arrangement promotes charge transport and is not limited to
interactions only at the interface between the semiconductor and dielectric materials.
However, it involves a combined interplay of both horizontal and vertical orientations with
respect to the said interface.® The use of existing box-structured template layers or the
creation of new ones could potentially result in a face-on orientation of the semiconductor

in VOFETs. This could lead to significantly improved device performance.
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