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Abstract 

Despite significant advances in the field of organic electronic devices, there remains a 

critical need for soluble, stable, and high performing n-type organic semiconductors. 

Understanding how molecular design and thin-film fabrication conditions impact the formation, 

microstructure, morphology, and electronic properties of thin-films is crucial to expanding the 

application of organic thin-film transistors (OTFTs) in commercial electronics. Axially substituted 

silicon phthalocyanines (SiPcs) are promising organic electronic materials as a result of their 

favourable intermolecular stacking, crystallinity, chemical versatility, and compatibility with 

solution fabrication techniques. Here, SiPc derivatives with axial substituted alkyl chains of 

varying length, symmetry, and branching position were studied in OTFTs, establishing 

relationships between molecular structure, film morphology and device performance. Through low 

surface energy dielectric modifications, and the exploitation of fluorine-fluorine interactions at the 

dielectric-semiconductor interface, SiPc films with large area crystalline domains were achieved, 

yielding improved OTFT performance. Differences between sublimation and solution deposition 

methods were further investigated to understand the nucleation, crystallization, and film formation 

processes of SiPcs. Using a scalable high throughput printing platform for thin-film deposition 

highlighted the challenges of transitioning from lab scale fabrication to techniques compatible with 

commercial manufacturing. Finally, fabrication parameters play an important role in thin-film 

formation and resultant OTFT performance, with key parameters such as deposition rate, time, 

solvent, temperature, and post fabrication processing identified, examined, and controlled to obtain 

high performing devices. The works presented herein demonstrate the effectiveness of molecular 

substitutions and fabrication tuning as strategies to control crystal packing and the charge transport 

properties of semiconducting molecules, furthering our understanding of solution processable n-

type semiconductors.  
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Résumé 

Malgré l’advient d’avancées significatives dans le domaine de l’électronique organique, il 

y a un besoin persistent pour le développement de semiconducteurs organiques de type N ayant 

une meilleure solubilité, stabilité et performance. Une meilleure compréhension des impacts de la 

conception moléculaire sur la formation, la microstructure, la morphologie et les propriétés 

électroniques des couches-minces est cruciale pour promouvoir l’utilisation des transistors à 

couche-mine organique (organic thin-film transistor, OTFT) dans les dispositifs électroniques 

commerciaux. Les phthalocyanines de silicium (SiPc) à substitution axiales sont des matériaux 

prometteurs pour le développement de dispositifs électroniques organiques en raison de leur 

empilement moléculaire favorable, leur cristallinité, leur versatilité chimique et leur compatibilité 

avec des techniques de fabrication à base de solutions. Cette thèse porte sur l’utilisation de dérivées 

de SiPc ayant différentes longueurs de chaînes alkyles, symétries et positions de ramifications dans 

le but de fabriquer des OTFTs, puis d’établir des relations entre leur structure moléculaire, la 

morphologie des couches minces et la performance des dispositifs. La réduction l’énergie de 

surface du diélectrique et l’exploitation des interactions fluor-fluor à l’interface entre le 

diélectrique et le semiconducteur ont permis d’obtenir des couches de SiPc ayant de grands 

domaines cristallins, permettant ainsi d’améliorer la performance des OTFTs. Les différences entre 

les méthodes de dépôt en phase vapeur et en solution ont été étudiées afin de mieux comprendre 

les procédés de nucléation, de cristallisation et de formation de couches minces des SiPc. 

L’utilisation d’une plateforme d’impression à débit variable pour le dépôt de couches minces a 

permis de mettre en valeur les défis qui surviennent lors de la transition d’un procédé de fabrication 

à échelle de laboratoire à une échelle industrielle. Les paramètres de fabrication, tels que la vitesse 

de dépôt, la durée, le solvant utilisé, la température et le traitement suivant le dépôt, ont également 

joué un rôle important dans la formation des couches minces et dans la performance des OTFTs 

correspondants. Les travaux présentés dans cette thèse démontrent que les substitutions 

moléculaires et le réglage des paramètres de fabrication sont des stratégies efficaces pour le 

contrôle de l’empilement cristallin et des propriétés de transport de charges des molécules 

semiconductrices, contribuant ainsi aux connaissances des semiconducteurs de type N qui se 

prêtent à des techniques de fabrication à base de solutions.  
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Chapter 1: Introduction 
 

A portion of this chapter is adapted from: Cranston, R. R. & Lessard, B. H. Metal 

phthalocyanines: thin-film formation, microstructure, and physical properties. RSC Adv. 11, 

21716-21737 (2021). 

Organic Semiconductors 

 Organic semiconductors are carbon based materials with the ability to conduct charge due 

to their highly conjugated molecular structures. The alternating single and double bonds between 

covalently bound carbon atoms causes the delocalization of valence electrons in the conjugated 

system and enables the transport of charge along a molecule.1–3 Each carbon atom in the conjugated 

system is sp2 hybridized, with three sp2 orbitals created per atom and one un-hybridized pz 

orbital.2,4 The sp2 orbitals result in strong σ-bonds within the system while the pz orbitals form 

weaker C-C π-bonds. The overlapping pz orbitals of adjacent carbon atoms result in the 

delocalization of the π-electron density and result in π-bonding and π* anti-bonding orbitals.2,4 The 

π* anti-bonding orbital is called the lowest unoccupied molecular orbital or LUMO energy level 

while the π-bonding orbital is known as the highest occupied molecular orbital or HOMO energy 

level. This HOMO-LUMO energy level gap decreases with increasing molecular conjugation and 

is analogous to the valence and conduction bands of inorganic semiconductors.2,4 Due to the weak 

intermolecular bonds in organic solids, charge transport is localized to a finite number of molecules 

within the film and thus charge mobility is determined by the ease in which charge is transported 

from one molecule to another.1–3 Charge transport in organic semiconductors is therefore described 

by hopping, band bending, or trap and release models which all depend on the degree of orbital 

overlap.2,5 Thus the degree of order within organic solids, such as thin-films, often dictates the 

efficiency of charge transport with amorphous films yielding lower mobilities compared to poly- 

or semi-crystalline films. 

Organic Electronics 

Organic electronic devices using carbon based semiconducting materials have gained 

significant industrial and scientific interest as a complementary technology to traditional silicon 

based electronics. Due to moderate processing conditions and the ability to exploit solution 

fabrication techniques, organic materials facilitate the realization of low cost, high throughput 
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manufacturing of large area electronics with minimal material consumption and waste production. 

Additionally, solution based manufacturing is compatible with non-traditional materials, such as 

polymers and textiles, providing a route towards the development of light weight, flexible, and 

wearable electronics for innovative applications in medicine, artificial skin, bendable displays, and 

highly sensitive point-of-need sensors.6–8 The versatility of organic semiconducting materials have 

enabled their use in a myriad of device applications including organic light emitting diodes 

(OLEDs), organic photovoltaics (OPVs), and organic thin-film transistors (OTFTs). In particular, 

OLEDs have found significant commercial success as reduced power consumption, ease of 

manufacturing, and improved colour quality have resulted in their adoption for many displays.9,10 

Similarly, OPVs have recently achieved power conversion efficiencies similar to that of inorganic 

photovoltaics, paving the way for their commercial use.11,12 OTFTs offer the largest array of 

possible applications, however their commercialization has been hindered by low performance, 

instability, manufacturing inconsistencies, and the synthetic complexity of many organic 

semiconducting materials. Through fundamental research, the relationships between molecular 

design, OTFT fabrication, and electrical performance can be better understood in order to improve 

OTFT use and enable the advancement of state of the art technologies.  

Organic Thin-Film Transistors  

Operation and Charge Transport 

OTFTs are a type of three terminal device consisting of a gate electrode, insulating 

dielectric layer, organic semiconducting layer, and source-drain electrodes (Figure 1.1a). During 

operation, voltage is applied to the gate and drain electrodes, while the source electrode is 

grounded. The potential difference between the source-drain electrodes (ISD) is therefore a function 

of the applied gate voltage (VGS) across the dielectric layer. With a small applied bias, there is 

negligible current flow across the semiconductor channel and the device is in the off state. With a 

bias greater than a threshold voltage (VT), charge is induced at the dielectric-semiconductor 

interface, creating a conducting channel which increases the current flow between the source-drain 

electrodes, at which point the transistor is considered to be in the on state. 
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Figure 1.1. (a) Cross section diagram of a bottom-gate top-contact OTFT. (b) Energy level 

diagram of p- and n-type charge injection.  

 

OTFTs can operate as either p-type, n-type or ambipolar devices depending on the 

semiconductor and electrode material used. For p-type operation, an applied negative bias injects 

holes, or positive charges, from the source to the semiconductor creating a conducting channel 

where charge is driven from the source to the drain. Conversely, n-type operation uses a positive 

bias to transport electrons, or negative charges, between the source and drain electrodes. The work 

function of the source-drain electrode material should be well aligned with the highest occupied 

molecular orbital (HOMO, p-type) or lowest unoccupied molecular orbital (LUMO, n-type) of the 

organic semiconductor to promote efficient charge injection (Figure 1.1b). Ambipolar devices 

display both p- and n-type charge transfer characteristics, though one mode of transport is typically 

favoured and results in better performing transistors. P-type organic semiconductors typically 

demonstrate higher mobilities and better chemical and environmental stability compared to n-type 

materials which are often air sensitive and insoluble. The fabrication of n-type OTFTs poses 

unique challenges due to the presence of radical anions that occur when a positive voltage is 

applied.13,14 These anions can react with water and oxygen, inhibiting charge transfer, and forcing 

fabrication and operation within an inert environment, rendering them impractical for many 

applications.15,16 The development of high performing n-type materials is critical for the 

advancement of organic electronic devices that use complementary p- and n-type circuits.15,16 

Thus, the need for high performing n-type materials has caused increased interest in the synthesis 

and characterization of novel n-type semiconductors which can achieve comparable electrical 

performance to leading p-type OTFTs.  
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Electrical Characterization 

Electrical characterization is performed by varying source-drain biases (VSD) or VGS to 

obtain ISD measurements resulting in an output curve (Figure 1.2a) or a transfer curve (Figure 

1.2b) respectively. Output curves display the change in ISD with VSD taken at discreet VGS intervals 

while transfer curves display the change in ISD with VGS taken at a constant VSD in either the linear 

or saturation operating regimes, and are typically performed as a forward and reverse sweep in 

order to determine device hysteresis. At low VSD, the charge carrier concentration in the transistor 

channel is uniform and the current increases linearly following Ohm’s law. This is the linear 

operating regime in which the current flowing through the channel is directly proportional to VSD. 

As VSD is further increased the saturation operating regime is reached where the current becomes 

independent of VSD.  

 

Figure 1.2. (a) Output curve, (b) forward and reverse transfer curves, and (c) plot of √𝐼𝑆𝐷 versus 

VGS with dashed line representing the tangent used to calculate µ and VT for an n-type OTFT. 

 

OTFT performance can be characterized by a number of metrics with the most common 

being field-effect mobility (μ), VT, and on/off current ratio (Ion/off). The μ of a device is a function 

of the rate of charge transfer through the semiconducting channel, and in the current literature 

calculated using a metal-oxide semiconductor field-effect transistor (MOSFET) model despite the 

physics of charge transport being different between these two device types.1–3 Traditional 

MOSFETs use doped silicon to invert the conductivity at the dielectric-semiconductor interface to 

generate charge carriers.1–3 However, OTFTs use intrinsic semiconducting materials that make 

direct contact with the electrodes where charge carriers accumulate at the interface.1–3 OTFT μ can 

be calculated in either the saturation or linear operating regimes using the ISD measurements from 

the transfer curve and Equation 1.1 and Equation 1.2 respectively.1–3 Here, W is the channel 

width, L is the channel length, and Ci is the capacitance density calculated using the thickness of 
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the dielectric layer and relative dielectric constant. For the saturation operating regime, µ is thus 

calculated by taking the square root of Equation 1.1 to obtain a linear relationship between √𝐼𝑆𝐷 

and VGS. By plotting √𝐼𝑆𝐷 against VGS, µ and VT are calculated by the slope and x-intercept of the 

tangent line taken in the characterized VGS range, represented in Figure 1.2c. 

𝐼𝑆𝐷,𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛 =
𝜇𝐶𝑖𝑊

2𝐿
(𝑉𝐺𝑆 − 𝑉𝑇)2 (1.1) 

𝐼𝑆𝐷,𝑙𝑖𝑛𝑒𝑎𝑟 =
𝜇𝐶𝑖𝑊

𝐿
[(𝑉𝐺𝑆 − 𝑉𝑇)𝑉𝑆𝐷 −

𝑉𝑆𝐷
2

2
] (1.2) 

The aforementioned VT of an OTFT is the VG at which current starts to flow between the 

source-drain electrodes and the transistor is considered to be in the on state. OTFT VT depends 

strongly on the semiconductor and dielectric materials used, with higher capacitance dielectrics 

enabling the use of lower operating VG thus reducing VT. Additionally, the VT of organic devices 

is often not constant over time, and this bias stress behaviour is observed by a positive shift in VT, 

resulting in hysteresis between the forward and reserve transfer curves (Figure 1.2b).1–3 Bias stress 

can result from charge traps at the dielectric-semiconductor interface which themselves originate 

from impurities, defects, and grain boundaries in the semiconducting layer and greatly influence 

VT.17–19 Finally, Ion/off is defined as the ratio of measured current in the on and off states at a 

particular VG, and should be as large as possible to ensure efficient switching behaviour.1–3 High 

performing OTFT operation is characterized by a high μ and a VT close to 0 V, typically observed 

in highly-ordered low-defect crystalline films which promote efficient charge transport pathways 

between source-drain electrodes.2 As such, μ, VT, and Ion/off are not only dependent on the materials 

and OTFT architecture used, but also the formation of the thin-film semiconducting layer and the 

molecular arrangement of molecules in the film. 

Metal Phthalocyanine Semiconductors  

In the simplest form, metal phthalocyanines (MPcs, C32H18N8M) consist of four isoindole 

groups connected by nitrogen atoms forming an 18 π-electron ring structure, with two covalent 

bonds and two coordination bonds chelating a metal or metalloid center (Figure 1.3). With the 

possibility of over 70 central metal ions and 16 reactive sites in the peripheral and bay positions, 

an astonishing number of MPc complexes are possible.20,21 Additionally, trivalent and tetravalent 
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metal cations allow for the introduction of axial substituents providing an additional handle for 

tuning material properties. The choice of metal and the inclusion of peripheral, bay, or axial 

functionalization groups can strongly influence the physical and chemical properties of MPcs 

facilitating specific material tailoring. The extensive delocalization of the π-electron system and 

the exceptional stability of MPcs has resulted in their use for a myriad of applications since their 

discovery in 1907 and the first patent in 1929.20,21 Historically, due to their vibrant blue, purple, 

or green colour, MPcs have been, and are still, used as commercial colourants in paints, plastics, 

textiles, printing inks, dyes, and even some food colouring.22 Non-colourant applications have 

included catalysts, lubricants, indicators, and semiconductors, with recent interest focusing on 

more advanced applications.22 The ability of MPcs to form highly ordered thin-films coupled with 

their chemical and mechanical stability has led to their use as the active layer in a number of 

electrochemical and photo-electrochemical sensors for drug analysis and the detection of 

pharmaceutical products,23 gas sensing including the detection of alcohol vapours,24–27 

cannabinoid sensing,28 and gamma radiation sensing29. MPc thin-films are a vastly growing area 

of research for emerging organic electronic devices having found promising success in OPVs,30,31 

OTFTs,32,33 and OLEDs34.  

 

Figure 1.3. Schematic diagram of MPc structure with elements that form phthalocyanine 

complexes.  



Rosemary R. Cranston  University of Ottawa | Chapter 1 

 
7 

Silicon phthalocyanines (SiPcs) are a promising subset of the MPc family as their 

tetravalent metal center allows for additional chemical tunability of their axial positions. These 

chemical handles facilitate the use of axial groups such as phenoxy and benzoate substituents 

which have been shown to alter the processability, solid state properties, and performance of 

electronic devices.35,36 Additionally, the ability to incorporate solubilizing alkyl chains to the axial 

positions makes SiPcs ideal for engineering solution processable semiconductors that are 

compatible with the large scale, low cost, and high throughput manufacturing that is required for 

commercial applications.37 SiPc derivatives can often be prepared from straightforward synthetic 

routes which minimizes the overall complexity of the active layer material, and enables facile low-

cost synthesis.38 Since SiPcs predominantly demonstrate n-type charge transport characteristics 

whereas most MPcs act as p-type materials, the need for high performing stable n-type organic 

semiconducting materials makes SiPcs of particular interest for use in solution processable organic 

electronic devices and their components.  

Thin-Film Growth by Solution Deposition 

Deposition Techniques 

Solution deposition of organic small molecules involves the dissolution of the deposit 

material into an organic solvent where it can then be deposited onto a substrate by one of four main 

methods: drop casting, spin coating, printing, and meniscus guided coating (Figure 1.4). As the 

solvent evaporates, the solution becomes supersaturated, driving nucleation and crystal growth, to 

form a thin-film. The nucleation and growth of solution deposited materials is complicated by 

solvent-vapour, solvent-substrate, solute-solvent, and solute-substrate interactions.39 Additionally, 

controlling the formation of thin-films by solution processes is limited due to the rapid progression 

of nucleation, crystallization, and growth stages that can occur in a matter of seconds.40  
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Figure 1.4. Diagram of various solution deposition methods.  

 

Drop casting and spin coating are common lab scale techniques used to deposit material on 

small area substrates. Drop casting involves depositing solution droplets onto a stationary substrate 

with controlled droplet size and momentum, where the solvent is left to slowly evaporate, leading 

to the formation of a thin-film.39 As no outside forces are applied, nucleation begins along the edge 

of the droplet with crystal growth occurring in the direction of the contact line recession. Drop 

casting can often lead to non-uniform deposition since the recession of the contact line is typically 

irregular. Spin coating is a more consistent fabrication method used to create uniform thin-films 

by dropping solution onto a rotating substrate which simultaneously spreads the solution by 

rotational forces while quickly evaporating the solvent.39 

Printing is a broad definition of different deposition techniques, however it typically refers 

to large area solution processing methods that do not primarily rely on directional shear-induced 

alignment such as meniscus guided coating.39 Inkjet printing is one of the most common and 

popular printing methods where a jet of solution is ejected from a chamber by a piezoelectric or 

thermal actuator and is deposited onto a substrate.39 Similar to inkjet printing, spray coating ejects 

solution from a nozzle where small droplets are formed by aerosolization with an inert gas and are 

deposited onto the substrate.39 Inkjet printing and spray coating are particularly useful as their 

compatibility with roll-to-roll manufacturing facilitates effective high throughput fabrication.  
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Meniscus guided coating methods are scalable large area techniques that use the linear 

movement of either the substrate, or coating tool, to fabricate thin-films with uniformly aligned 

crystal growth.39,41 Dip coating, involving the vertical withdrawal of a substrate from a solution 

bath, blade coating, involving the use of a flat rectangular edge to spread solution across a 

substrate, and slot die coating, involving the flow of solution through an orifice and shaping device 

onto a horizontally moving substrate are common examples of meniscus-guided coating 

methods.39,41 The alignment and size of the growing crystallites relies on the shear force directing 

solution flow and is largely influenced by the speed at which movement occurs.  

Thermodynamics and Kinetics  

When a solution is introduced onto a substrate surface, solvent evaporates, increasing the 

concentration of the solution until it becomes supersaturated and the dissolved molecules begin to 

precipitates to form a thin-film. The formation of precisely controlled thin-films with specific grain 

structures and morphologies remains a challenge for solution processing due to the rapid 

nucleation and growth steps. The thermodynamic driving force for nucleation is the difference 

between the chemical potential of organic molecules in the liquid phase (μl) and crystalline phase 

(μc).
42 In the case of solution deposition, Δμ corresponds to the difference between the 

concentration of the solution at equilibrium (C∞) and the concentration during growth (C), which 

can be expressed as a function of the substrate temperature (Ts) in Equation 1.3.42 

∆𝜇 = 𝜇𝑐 − 𝜇𝑙 = 𝑘𝑇𝑠 ln (
𝐶∞

𝐶
) (1.3) 

Thermodynamically, C and Ts are the two parameters that determine the nucleation and 

growth of crystallites during solution deposition, however, solution deposition methods are largely 

governed by kinetic processes and rates of crystallization.43 In the case of solution deposition, the 

kinetic driving force for nucleation is the rate of solvent evaporation which directly determines the 

rate of crystallization, and is thus key to the fabrication of consistent small molecule thin-films.39,44 

Due to variations in the respective solution processing methods the governing principals for the 

rate of solvent evaporation will be method specific. 

Drop casting and printing techniques use the release, impact, and spreading of one or more 

solution droplets that may form a continuous thin-film before drying or may dry individually to 

create a thin-film composed of many islands. Controlling the rate of solvent evaporation, and thus 
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the nucleation and growth stages, depends solely on the solvent and substrate properties as no 

external rotational or shear forces are applied.45–47 The solution and substrate surface properties 

can influence the deposition by causing splashing, spreading, receding, and/or rebounding.48–50 

Additionally, temperature and concentration gradients within solution droplets can lead to coffee 

ring and Marangoni effects, leading to poorly controlled film formation.46,47 

Thin-film formation by spin coating can be accurately represented when the evaporation 

rate of the solvent, the viscosity increase resulting from the increase in solute concentration, the 

surrounding vapour phase above the substrate, and the solvent's properties are taken into 

account.51,52 The simplest and earliest models describing liquid flow on a rotating surface are 

formulated with three main assumptions: (i) the gas and liquid phases are Newtonian fluids; (ii) 

the fluid flow is axially symmetric and laminar; and (iii) the rotating surface is flat and extends 

infinitely.51,52 It is widely accepted that the early stages of spin coating are flow dominated while 

late stages are dominated by the rate of solvent evaporation. At the transition point, when 

evaporation and flow become equal, the evaporation rate (νe) depends on the rotational speed (ω), 

yielding Equation 1.4.51–55 

𝜈𝑒 = 𝜔1/2 (1.4) 

This simple relationship has been observed experimentally using polymer thin-films with 

only small reported variations in the exponent value.51,52,55–59 However, as solvent evaporates the 

physical properties of the solution change, inducing non-Newtonian behavior. More rigorous 

models describing the spin coating process take into account heat and momentum transfer by 

including the effects of solution viscosity and solvent volatility.52,57,58 The two stage flow 

dominated and evaporation dominated process of spin coating has been corroborated with in situ 

experimental data from spin coated small molecule thin-films.60,61 These experiments show how 

the rapid flow dominated crystallization stage, which occurs over a sub-second time scale, is 

independent of the rotational speed, and the slower more gradual evaporation dominated stage is 

rotation speed dependant.60,61 Therefore, the rate of solvent evaporation during spin coating can be 

described by Equation 1.4.  

Meniscus guided coating methods depend mainly on solvent properties and coating speed. 

Solvent evaporation is dominant in the meniscus region leading to supersaturation, precipitation, 

and ultimately to nucleation. However, most meniscus-guided methods use an external shear force 
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to enhance thin-film uniformity and crystallite alignment. The intensity of this force, determined 

by the coating speed (νc), can be divided into two categories: fast coating speeds (νc ≈ 1 mm s-1) 

and slow coating speeds (νc ≈ 1-100 μm s-1). Fast coating speeds where solution is spread out by 

shear forces and solvent evaporation is separated from the meniscus region is known as the 

Landau-Levich-Derjaguin deposition regime where solvent evaporation is a function of νc.
62–64 At 

slow coating speeds deposition corresponds to the evaporation regime where νc is approximately 

equal to νe of a pinned drop of solution that is receding primarily due to evaporative mass loss.62 

Thus, in contrast to the Landau-Levich-Derjaguin regime where solvent evaporation is separate 

from thin-film deposition, the evaporation regime is complicated by the interactions between 

solvent evaporation, fluid flow, and film formation.62–64 A number of models have been proposed 

to describe νe most of which take on the general form of Equation 1.5.41,62,65  

𝜈𝑒 = 𝐴𝑉𝑚𝑇𝑠
0.7 exp (−

∆𝑆𝑣𝑎𝑝𝑇𝑏

𝑅𝑇𝑠
) (1.5) 

Here Vm is the molar volume of the liquid solvent, ΔSvap is the entropy of vapourization of the 

solvent, Tb is the boiling point of the solvent at atmospheric pressure, and A is a single fitting 

parameter combining all temperature independent varaibles.62,65  

Effect of Deposition Parameters 

Solution deposition processes can produce wide variations in thin-film microstructure 

depending on solution concentration, solvent type, substrate temperature, and substrate surface 

chemistry. Solution concentration influences thin-film coverage, such that at low concentrations 

low coverage sub-monolayer formation is observed, whereas at increasing concentrations the 

coverage and interconnectivity increase with the formation of mesh layers and multilayers. This 

phenomena has been documented in spin coated copper phthalocyanine (CuPc) thin-films where, 

at low solution concentration, CuPc molecules form a sub-monolayer of interconnected ribbons 

(Figure 1.5).66–68 As the concentration of CuPc in the deposited solution increases, multilayer 

formation is observed, however complete coverage for a single layer is never achieved due to the 

anisotropic nature of CuPc which effects surface diffusion and subsequent nucleation.66–68 

Solvent choice plays an important role in the formation of thin-films by solution deposition. 

The rate of solvent evaporation directly determines the crystallization rate, dictating the final thin-

film morphology and microstructure. Solvents with a faster rate of evaporation generally lead to 
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films with a greater surface roughness due to the occurrence of well separated clusters. Solvents 

with high evaporation rates, such as chloroform, can lead to the formation of these clusters since 

the rapidly evaporating solvent leaves little time for surface mobility or diffusion of the molecules 

on the substrate. This often results in lower aggregation and films with a non-coalesced 

morphology. Solvents with low evaporation rates, such as dimethylformamide, facilitate greater 

molecular mobility on the surface due to the longer evaporation time and often results in a more 

highly packed and ordered film. This has been demonstrated with tetrakis-(isopropoxy-carbonyl)-

CuPc (TIP-CuPc) and a number of other semiconducting small molecules.45,69–71  

The choice of solution processing method will have significant influence on thin-film 

microstructure. A study by Gojzewski et al., exhibited the differences in CuPc film formation by 

drop casting, spin coating, dip coating, and spray coating (Figure 1.5).66 The authors used CuPc 

dissolved in trifluoroacetic acid that immediately spreads to cover the hydrophilic substrate surface 

to form a liquid film. Upon drop casting, outward capillary flow from the center of the drop brings 

dissolved CuPc molecules to the edge, creating the morphology shown in Figure 1.5. Spin coating 

using the same solution produced a multi-layer formation of nanoribbons similar to that of drop 

casting, however the added rotational force increases the rate of solvent evaporation creating a 

rougher film surface.66 Dip coating yielded similar film characteristics (roughness, coverage and 

film volume) to drop casted films, however exhibited a unique morphology consisting of a sub-

monolayer mesh-like film made of long, asymmetrically curved and interconnected nanoribbons 

where the CuPc molecules were orientated in-plane to the substrate.66 Spray coated films displayed 

a similar morphology and comparable surface roughness, coverage, and film volume to spin coated 

films with large rod-like CuPc aggregates.66 Due to the added rotational force during spin coating, 

noticeable differences in film morphology between the two fabrication methods are expected. 

However, as discussed, morphology is dependent on the rate of solvent evaporation. The specific 

fabrication parameters used for spray coating and spin coating in this case allows for sufficient 

solvent evaporation to create films of large rod-like CuPc aggregates.66 This further corroborates 

the relationship between thin-film microstructure and solvent evaporation as the driving force for 

the nucleation and growth of solution deposited thin-films.  
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Figure 1.5. AFM images (5 μm x 5 μm) of CuPc thin-films fabricated by drop casting, spin 

coating, dip coating, and spray coating. Adapted with permission from ref 66. Copyright © 2020 

the Authors under the Creative Commons Attribution Non-Commercial No Derivatives 4.0 

License. 

 

Thin-Film Microstructure of Metal Phthalocyanines 

Packing Motifs 

The growth mode and packing structure of inorganic thin-films is well understood by 

reason of the strong covalent bonds, and the inherent isotropic shape of inorganic atoms. In 

contrast, due to the anisotropic geometry and weak van der Waals forces of organic molecules 

more variable crystallite growth, molecular packing structures, thin-film textures, and 

morphologies are observed.72,73 Molecular packing can not only impact the solid state properties 

of organic molecules but it can also effect the thermodynamic, kinetic, mechanical, electrical, and 

optical properties of the final thin-film.74 The identification and classification of different packing 

structures is therefore crucial for applications in various industries including pharmaceuticals,75 

organic semiconductors,76 pigments,77 and explosives78. Conjugated aromatic small molecules 

have been known to form two main crystal packing structures: herringbone and π-stacked (Figure 

1.6).79 The herringbone structure exhibits altering face-to-edge and face-to-face molecular 

packing, and mainly occurs in planar MPcs, whereas the π-stacked configuration exhibits face-to-

face packing and is adopted by non-planar MPcs.79 

Polymorphism refers to the ability of molecules to form multiple distinct crystal structures. 

Controlling polymorphism in organic thin-films is challenging since π-conjugated molecules 

typically have similar cohesive energies and a low kinetic barrier to solid-solid transformations, 

making polymorphs difficult to isolate and stabilize.74 Common methods of obtaining different 

polymorphs in thin-films is through varying film thickness, temperature, surface chemistry and 

post-deposition processes such as thermal and solvent annealing.74 The identification of 

polymorphs and the differences in morphological, structural, and spectroscopic properties have 

been documented through electrical conductivity measurements80,81, optical absorption spectra82–
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84, electron paramagnetic resonance spectroscopy (EPR)80, nuclear magnetic resonance (NMR)77, 

Raman spectroscopy77,83,85, and surface imaging82–84.  

The polymorphic character of MPcs was first reported by Hamm and Norman in 1948 for 

CuPc86 and has since been extensively studied in a number of MPcs.85,87–94 MPcs are known to 

exists in various polymorphic forms identified as α, β, γ, δ, ε, and x-phases with the metastable α-

phase and stable β-phase being the most common and commercially significant.80,85,95 The phase 

transition from α to β occurs in most MPc thin-films through exposure to temperature (200-

300°C)83,84,89,95 or organic solvents96,97, and is characterized by a change in tilt angle between 

planes and the degree of π-electron overlap.82,98 The stable β-phase is monoclinic in structure and 

forms long crystallite needles99, whereas the metastable α-phase has been reported to be 

tetragonal100, orthorhombic101, or monoclinic80 in structure, and generally forms into spherical 

crystallites. As an example, Figure 1.6 highlights some of the differences between α- and β-phase 

CuPc polymorphs. For both polymorphs the CuPc molecules align in the herringbone packing 

structure with a 65° angle between molecules and the b axis for α-phase CuPc and a 45° angle for 

β-phase CuPc.82 The larger angle of α-phase CuPc results in increased π-electron overlap and is 

likely the reason for the higher conductivity displayed by this polymorph.80,81 Differences in CuPc 

packing structure determine solid state properties such as conductivity, optical absorbance, and 

even colour which are critical for determining appropriate use in some applications. α- and β-phase 

CuPc are often used as organic semiconductors in electronic devices with particular interest in α-

phase CuPc due to the high carrier mobility and high-frequency capacitance and conductance 

demonstrated by α-phase CuPc OTFTs102, and α-phase CuPc-Si hetero-structures103. Additionally, 

in the ink industry the most widely used blue pigments are CuPc based, with α- (purple), β- (green-

blue), and ε-phase (red) CuPc being the most popular in printing inks, paints, plastics, and 

textiles.77,104  



Rosemary R. Cranston  University of Ottawa | Chapter 1 

 
15 

 

Figure 1.6. (a) Schematic diagram of herringbone and π-stacked crystal packing. (b) Crystal 

packing structure of α-phase and β-phase CuPc. Reproduced with permission from ref 98. 

Copyright © 2017 Elsevier B.V. (c) α-phase and β-phase superposition of phthalocyanine 

molecules along the b axis. Reproduced with permission from ref 95. Copyright © 1988 American 

Chemical Society.  

 

Thin-Film Morphologies 

MPcs can form a myriad of film morphologies depending on the molecular structure, 

packing motif, and fabrication conditions (Figure 1.7). Planar divalent MPcs, such as zinc, copper, 

cobalt, iron, and magnesium phthalocyanine (ZnPc, CuPc, CoPc, FePc, MgPc) exhibit 

morphologies with ribbon-like grains of similar structure and shape with only small variations in 

grain size.105 Typically, ribbon-like grain morphologies are observed for films deposited on heated 

substrates whereas smaller more cylindrical shapes are observed at lower substrate surface 

temperatures.87,106–108 Non-planar trivalent and tetravalent MPcs, such as aluminum chloride, 

titanium oxide, lead, and vanadyl phthalocyanine (AlClPc, TiOPc, PbPc, VOPc) have much larger 

rectangular plate-like features owing to their different π-stacked packing structure.105 Additionally, 

these four MPc thin-films have a greater surface roughness and lower surface area to volume ratio 

compared to the planar divalent MPc thin-films.105,109–112  
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Figure 1.7. AFM images (2.5 μm x 2.5 μm) of CoPc, AlClPc, FePc, MgPc, TiOPc, ZnPc, CuPc. 

Adapted with permission from ref 105. Copyright © 2019 The Royal Society of Chemistry. AFM 

images (1 μm x 1 μm) of VOPc. Adapted with permission from ref 109. Copyright © 2008 

American Chemical Society. AFM image (2 μm x 2 μm) of PbPc. Adapted with permission from 

ref 110. Copyright © 2011 American Chemical Society. 

 

The thin-film morphology of MPcs can also be altered through the inclusion of axial 

substituents as demonstrated by SiPc films (Figure 1.8). SiPc thin-films with phenoxy and 

fluorophenoxy groups show two distinct morphologies either consisting of small regular circular 

grains or more elongated rectangular grains depending on the structure of the phenoxy 

substituent.35,113 In electronic devices, morphology has been shown to impact the charge carrier 

mobility of transistors114–116, the power conversion efficiency of solar cells117–119, and the 

performance of light emitting diodes120. Additionally, the mechanical stability of thin-films, 

including the flexibility and sensitivity to stress and strain, will affect the degree of reorganization 

in film morphology with mechanical deformation.121–123 In particular, films with large grains and 
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broad boundaries are more susceptible to mechanical deformation as the formation of wide 

interconnected cracks are more prevalent compared to films with smaller grains and a smoother 

surface morphology.121,123,124 

 

Figure 1.8. (a) Structure of axially substituted SiPc. (b) AFM images (2.5 μm x 2.5 μm) of SiPcs 

with phenoxy axial substituents. Adapted with permission from ref 35. Copyright © 2020 

American Chemical Society. 

 

Thin-Film Characterization 

High performing organic thin-film devices rely on the specific interfacial orientation and 

alignment of molecules to achieve optimum opto-electric properties and thus the characterization 

of these molecular interfaces is critical to the development of advanced devices. Minor fabrication 

variations in organic thin-films can lead to an imbalance in property optimization where the ability 

to fine tune molecular structure to optimize nano-scale properties, such as intermolecular charge 

transfer, negatively impacts large-scale thin-film formation. From molecular packing to crystallite 

formation and surface morphology, analysis must be performed at various size scales in order to 

fully characterize the films. Figure 1.9 illustrates the relevant size scales and corresponding 

structural characteristics important to organic thin-films and the characterization techniques which 

can be used to provide information at each scale. Surface morphology characterization is 

frequently used to access how material structure and fabrication parameters affect grain formation, 

and surface homogeneity, which are often correlated to electrical characterization. Unlike surface 

characterization, characterizing packing structure and crystallite formation requires X-ray based 

techniques which provide additional information not possible with other methods like optical 

microscopy, and scanning probe techniques. X-ray methods allow for the determination of packing 

motifs, molecular orientation and orientation mapping, and degree of crystallinity. These methods 

also provide a more complete quantitative picture of the film in comparison to surface imaging.  
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Figure 1.9. Size scales, structural features, and relevant characterization techniques for organic 

thin-films. 

 

Microscopy Techniques 

Atomic force microscopy (AFM) is a type of scanning probe microscopy with the ability 

to obtain high resolution topography images of a sample surface in the nanometer range. AFM 

uses a cantilever mounted with a sharp probe tip to create a raster scan of a sample. During 

operation the x, y, and z coordinates of the probe tip are recorded to create a 3D pseudo-colour 

plot of the surface.125,126 AFM operation is typically described by one of three modes: (i) contact 

mode, (ii) tapping mode, and (iii) non-contact mode. Non-contact mode does not require the probe 

to contact the surface and therefore does not suffer from probe or sample degradation making it 

preferable for soft samples such as organic thin-films. In non-contact mode the probe tip is brought 

close to the sample surface resulting in strong intermolecular forces between the sample and the 

probe tip. These intermolecular forces cause the cantilever to deflect by repulsive or attractive 

forces from the sample, allowing for precise height measurements by reflecting a laser off the 

cantilever to a detector.125,126 AFM images of organic thin-films can be used to obtain information 

about grain size and shape, grain boundaries, surface roughness, and surface homogeneity to relate 

surface morphology to device performance.  

Raman microscopy uses the vibrational properties of MPcs to elucidate changes in the 

configuration of the macrocycle as a result of substituent groups, central metal, and orientation 
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and packing structure of molecules relative to the substrate.85,127–131 MPc thin-films exhibit a 

distinctive band pattern with vibrations under 600 cm-1 attributed to the deformation of the 

macrocycle ring, N-M stretching, and the deformation of isoindoles.132–134 The 600-900 cm-1 

vibrations are generally due to the deformation of the benzene and isoindole rings, with 1330-1445 

cm-1 assigned to isoindole stretching and vibrations of the N-M and C-H bonds.132–134 The most 

intense vibrational band observed in MPcs is around 1500 cm-1 which exhibits a clear sensitivity 

to changes in the central metal with a definite trend correlating metal size to shifts in vibration.127–

129,131,132 Through polarized Raman microscopy the intensity of this band can be used to determine 

the orientation MPc molecules to the substrate in order to ascertain the effects of fabrication 

parameters and to identify polymorphic phases and film order.85,130,135 Additionally, the spectra 

region from 1350-1500 cm-1, known as the finger print region, changes depending on the 

individual MPc and can display up to six unique bands.127,128 This region has been known to change 

depending on the metal center, degree of fluorination, and the inclusion of substituent 

groups.127,128,132 Through Raman microscopy the vibrational properties of MPc thin-films can be 

used to determine fundamental thin-film characteristics such as molecular alignment and film 

homogeneity, and identify MPc films by their metal ion and polymorphic forms. 

X-Ray Techniques 

X-ray scattering techniques employ the use of incident X-rays at a sample where a fraction 

of the waves are diffracted and collected creating distinct diffraction patterns with high intensity 

peaks characteristic to the specific film properties. The angle of the diffracted peaks provides 

information on the spacing between molecular planes in the film, whereas the direction of the 

peaks correspond to the orientation of the planes. X-ray diffraction (XRD) is a rapid non-

destructive characterization technique primarily used to ascertain the crystal structure and atomic 

spacing of crystalline and semi-crystalline materials. XRD is based on the constructive interference 

of monochromic X-rays with a crystalline sample that satisfies Bragg’s Law to produce a plot of 

all possible diffraction directions and their intensity (Figure 1.10a).136–138 Monochromic X-rays 

are generated by a cathode ray tube and filtered to produce monochromatic radiation which are 

then concentrated and directed at a sample surface.136–138 The interaction between the incident X-

rays and sample produces constructive interference and diffracted X-rays which are then recorded. 

Bragg’s Law is used to relate the wavelength and diffracted angle to the lattice d-spacing of 

molecules in the sample. In terms of organic thin-film characterization, analyzing an XRD 
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patterned in terms of peak location, width, and intensity can be used to determine the crystalline 

structure of a film, average crystallite size, degree of crystallinity, and identify polymorph 

formation.136–138 

 

Figure 1.10. Schematic diagram of (a) the principals of XRD and (b) GIWAXS experimentation.  

 

Grazing-incidence X-ray scattering (GIXS) is a common synchrotron based X-ray 

scattering technique where the scattering vector is directed along the sample plane and the 

diffracting planes are perpendicular to the sample plane.139 GIXS can be used to analyze the bulk 

or surface film properties depending on the chosen incident angle and detection method, for 

example signal can be collected by a point detector for high accuracy or more commonly using a 

2D detector for rapid data collection over a large area with minimal sample damage (Figure 

1.10b).139 Grazing-incidence wide-angle X-ray scattering (GIWAXS) is one of the most 

commonly used synchrotron techniques to investigate organic thin-films with the ability to resolve 

features in the range of approximately 1 Å-100 nm.139 2D GIWAXS patterns can be used to 

determine crystal packing through the size and symmetry of the unit cell by analysing peak position 

and intensity, crystallite size and disorder by analysing peak width, and the degree of crystallinity 

by analysing the integrated diffraction intensity.139 Additionally, the molecular orientation and 

alignment can be determined by performing an azimuthal scan where a diffraction peak is selected 

and the intensity recorded while the sample is rotated about the substrate normal to determine the 

orientation distribution.139  

Scope of Thesis 

This thesis focuses on the development and advancement of solution fabrication 

methodologies to produce n-type OTFTs, with the aim to better understand the complex 
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relationships of crystallite nucleation, thin-film formation, and small molecule deposition on the 

electrical performance of transistors. In Chapter 2, eight axially substituted SiPc derivatives with 

different alkyl chain lengths, symmetries, and branching points were used as the semiconductor 

layer in OTFTs fabricated by spin coating. The development of structure-property relationships 

between axial substituent, thin-film surface morphology, and device performance helped realize 

molecule design rules for solubilizing SiPcs. Additionally, the effects of thermal annealing and 

spin coating time on film formation, two key processing steps in OTFT fabrication, were 

investigated by X-ray techniques to elucidate the relationship between thin-film microstructure 

and device performance.  

Using a unique SiPc derivative, compatible with both sublimation and solution processes, 

Chapter 3 compares OTFTs fabricated by spin coating and physical vapour deposition, 

characterizing microstructure, morphology and device performance to assess how deposition 

processes effect film formation and device functionality. Building off the work presented in 

Chapter 3, Chapter 4 documents the use of polarized Raman microscopy as a quick and robust 

technique to determine the influence of deposition method and post deposition thermal annealing 

on the thin-film properties of the same SiPc derivative. Comparing physical vapour deposition and 

spin coating, the orientation of molecules in films were determined and further characterized by 

XRD to assess variations in microstructure and polymorph formation due to annealing 

temperature.  

Chapter 5 investigates the use of asymmetric axial fluorination to achieve high 

performance n-type OTFTs through controlled self-assembly by fluorine-fluorine interactions. 

Two novel asymmetric SiPc derivatives consisting of one axially substituted fluorine and one tri-

alkyl silane group were synthesized and characterized in OTFTs. The effect of surface energy and 

fluorination were investigated at the dielectric-semiconductor interface by XRD, AFM, 

microscopy, and GIWAXS to assess alterations in film conformation, microstructure, and 

morphology.  

Chapter 6 illustrates the use of high throughput meniscus guided printing for larger scale 

fabrication to further understand property-performance relationships in organic semiconductors. 

High throughput thin-film deposition by printing reduces the required time and material costs, 

enabling rapid analysis of materials, fabrication parameters, and device components compared to 
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lab scale spin coating. OTFTs were fabricated using three SiPc derivatives with different alkyl 

chain length solubilizing groups and the deposition parameters were investigated in a 

multidimensional variable space to determine optimal processing conditions.  

Chapter 7 presents the main conclusions realized from each work and highlights 

recommendations for future research concerning the fabrication of solution processable high 

performing n-type OTFTs. Finally, Chapter 8 provides a summary of the additional publications 

that I have contributed to throughout my doctoral work, focusing on my expertise in thin-film 

characterization by AFM, XRD, GIWAXS, and Raman microscopy, and my work on the 

fabrication of other MPc based OTFTs. 
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Chapter 2. Thin-Film Engineering of Solution Processable N-

Type Silicon Phthalocyanines for OTFTs 
 

This chapter is adapted from: Cranston, R. R., Vebber, M. C., Berbigier, J. F., Rice, N. A., 

Tonnelé, C., Comeau, Z. J., Boileau, N. T., Brusso, J. L., Shuhendler, A. J., Castet, F., Muccioli, 

L., Kelly, T. L., Lessard, B. H. Thin-Film Engineering of Solution-Processable n-Type Silicon 

Phthalocyanines for Organic Thin-Film Transistors. ACS Appl. Mater. Interfaces 13, 1008-1020 

(2021). 

Context 

During the first phase of my graduate studies, I expanded the protocols and procedures for 

the fabrication of small molecule MPc based OTFTs by solution processes. Previously in our 

research group, MPc OTFTs were fabricated primarily by physical vapour deposition. I 

implemented a range of newly synthesized soluble SiPc derivatives as the active layer in bottom-

gate top-contact OTFTs and characterized the electrical performance in relation to molecular 

design and fabrication parameters. As discussed in Chapter 1, the inclusion of alkyl chains to the 

axial position of the SiPc molecule can be used to increase the solubility of a material to enhance 

compatibility with solution deposition techniques. Using eight SiPc derivatives, the influence of 

alkyl chain length, symmetry, and branching position was studied, establishing a structure-

property-performance relationship. Additionally, key fabrication parameters including deposition 

time and post deposition thermal annealing were analyzed and optimized for device performance. 

This work demonstrated that SiPc OTFTs fabricated from solution processes can achieve 

promising device performance and served as the foundation for my future projects.  

Contributions of Authors 

This work was completed through contributions of all authors. For this work, I fabricated 

and characterized all OTFTs, conducted XRD experiments, preformed all data analysis and wrote 

the manuscript. M.C.V. synthesized all (OR)2-SiPc materials, and obtained thermal characteristics, 

DSC data, and TGA data. J.F.B conducted GIWAXS experiments with analysis. C.T and L.M. 

conducted DFT calculations with analysis. N.A.R conducted AFM imaging. Z.J.C assisted with 

XRD experiments. N.T.B assisted with OTFT characterization. A.J.S., F.C., T.K., J.B., and B.H.L., 

provided supervision for the project. 
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Abstract 

Metal and metalloid phthalocyanines are an abundant and established class of materials 

widely used in the dye and pigment industry as well as in commercial photoreceptors. Silicon 

phthalocyanines (SiPcs) are among the highest performing n-type semiconductor materials in this 

family when used in organic thin-film transistors (OTFTs) as their performance and solid-state 

arrangement is often increased through axial substitution. Herein, we study eight axially 

substituted SiPcs and their integration into solution processed n-type OTFTs. Electrical 

characterization of the OTFTs, combined with atomic force microscopy (AFM), determined that 

the length of the alkyl chain affects device performance and thin-film morphology. The effects of 

high temperature annealing and spin coating time on film formation, two key processing steps for 

fabrication of OTFTs, were investigated by grazing-incidence wide-angle X-ray scattering 

(GIWAXS) and X-ray diffraction (XRD) to elucidate the relationship between thin-film 

microstructure and device performance. Thermal annealing was shown to change both film 

crystallinity and SiPc molecular orientation relative to the substrate surface. Spin time affected 

film crystallinity, morphology, and interplanar d-spacing, and thus ultimately modifying device 

performance. Of the eight materials studied, bis(tri-n-butylsilyl oxide) SiPc exhibited the greatest 

electron field-effect mobility (0.028 cm2 V-1 s-1, threshold voltage of 17.6 V) of all reported 

solution processed SiPc derivatives.  

Introduction 

Organic thin-film transistors (OTFTs) have been used in applications such as chemical and 

biological sensors,1,2 wearable electronics,3 and flexible displays.4,5 A primary advantage of 

organic semiconductors is that inexpensive solution based processing techniques such as inkjet 

printing and spin coating can be used for low-cost, large area manufacturing.6–9 High performing 

solution processable p-type polymeric and small molecule semiconductors have been studied in 

OTFTs, with reported hole mobilities (µh) in excess of 5 cm2 V-1 s-1.10–12 Conversely, n-type 

semiconductors are often air sensitive and insoluble, rendering them incompatible with high 

throughput and low-cost solution processing techniques.13 To achieve high mobility solution 

processable transistors, non-conjugated side chains must be engineered to simultaneously increase 

solubility while providing close intermolecular packing, facilitating the formation of highly 

crystalline thin-films.14–16 Substituted alkyl chains have previously been reported to increase the 



Rosemary R. Cranston  University of Ottawa | Chapter 2 

 
33 

solution processability of both p-type conjugated polymer14,17,18 and small molecule6,19,20 

semiconductors. Changes in thin-film morphology, which often result in related electrical 

performance changes in OTFTs, have been attributed to alkyl chain length, branching point, chain 

flexibility, and chain position.16 

Metal and metalloid containing phthalocyanines (MPcs) are a versatile family of small 

molecule semiconductors with favourable chemical, thermal, and opto-electronic properties.21 

Silicon phthalocyanines (SiPcs) have recently attracted significant interest due to their ease of 

synthesis and chemical tunability, leading to their integration into optoelectronic devices,22–24 but 

also in more exotic applications such as photodynamic therapy,25,26 or near infrared photo 

polymerization.27,28 By exploiting axial substituents which can change solid state organization, 

SiPcs have recently demonstrated µe of 0.54 cm2 V-1 s-1 in OTFTs, which is among the best reported 

performance for all MPc semiconductors.29–31 Axial substituents can be used to change the 

solubility, crystal structure, and the energy of crystallization of a material, thus affecting thin-film 

formation and morphology. Recently, by taking advantage of these axial substituents, we 

developed solution processable bis(tri-n-hexylsilyl oxide) SiPc and bis(tri-n-butylsilyl oxide) SiPc 

based n-type transistors.32  

Among processing methods, spin coating is a widely used lab scale technique for the 

deposition of thin organic semiconductor films on flat substrates. Thin-film formation via spin 

coating occurs as the residual solvent evaporates, in the optimal case driving and leading to crystal 

nucleation and formation.33 The effectiveness of spin coating is largely dependent on the 

crystallization kinetics of the semiconductor and the employed fabrication conditions.33,34 

Compared to lengthy evaporative methods, such as physical vapour deposition, this process occurs 

in seconds as the solvent is ejected from the film at high rotational speeds and can be applied to a 

wider range of materials, including polymers.33 However, due to the rapid rate of film 

crystallization, consistent film morphology, uniform grain sizes, and edge-on molecular 

orientation can be difficult to achieve.7 Fabrication parameters such as solvent viscosity, spin 

speed, and annealing time and temperature also affect the morphology, packing, and crystallinity 

of spin coated thin-films.6,33 Chou et al., found that when processing 6,13-

bis(triisopropylsilylethynyl)-pentacene semiconductor solutions, slower spin speeds increase 

solvent evaporation time, which led to increased film crystallinity and improved µh.
33 Additionally, 

Zhang et al., reported how thermal annealing can tune the grain size of branched alkyl chain 
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naphthalene diimides fused with 2-(1,3-dithiol-2-ylidene)malononitrile groups to achieve a higher 

µh.
6 It is therefore critical to study the effect of processing on film formation and to be cognizant 

that even small changes in molecular structure can have significant effects on final device 

performance.  

Herein, the characterization of six axially-substituted bis(tri-alkylsilyl oxide) SiPcs are 

reported in bottom-gate top-contact solution processed OTFTs; previously studied bis(tri-n-

hexylsilyl oxide) SiPc and bis(tri-n-butylsilyl oxide) SiPc are also included for comparison 

(Figure 2.1). The semiconducting properties of each material were evaluated by the crystal 

structures through density functional theory (DFT) calculations and in thin films by experimental 

electrical characterization of transistors. The effects of processing and molecular structure were 

elucidated through post-deposition characterization by atomic force microscopy (AFM), grazing-

incidence wide-angle X-ray scattering (GIWAXS) and X-ray diffraction (XRD). The findings of 

this study will be critical in the development of MPc-based solution-processable OTFTs. 

 

Figure 2.1. (a) Energy level diagram of (OR)2-SiPc, manganese (Mn), and silver (Ag). (b) 

Structure of (OR)2-SiPc with axial groups used in this study. Energy levels of Mn and Ag reported 

in reference 35.  

 

Results and Discussion 

Quantum Chemical Calculations 

DFT calculations were performed at the B3LYP/6-31G(d) level to determine energy levels 

and charge transport parameters of each material. Table 2.1 collects the HOMO, LUMO, and 

LUMO+1 energies, along with the electron affinities (EAs), TD-DFT transition energies and 

oscillator strengths towards the two nearly-degenerate singlet excited states S1 and S2, and charge 
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transfer internal reorganization energies (λ) calculated for the eight phthalocyanine molecules. The 

EAs calculated in the gas phase lie in the range of 1.93-2.07 eV, with a weak dependence on the 

chemical nature of the axial substituents. Note that theoretical values systematically underestimate 

compared to experimental ones obtained from measurements on thin films, in which local charges 

are stabilized by the polarizable environment.36 LUMO and LUMO+1 energies, as well as the S1 

and S2 excited states are expected to be degenerate for unsubstituted MPcs37 or substituted (OR)2-

MPcs with a centrosymmetric structure. In crystalline environments, geometrical distortions due 

to intermolecular interactions and positioning of the axial substituents reduce the symmetry of the 

wave function and partially lift the degeneracy of the two LUMOs. However, the two levels remain 

very close and can both contribute to electron transport, in practice doubling the number of 

available pathways. Moreover, internal reorganization energy values for the bimolecular electron 

transfer process MPc- + MPc → MPc + MPc- are rather favorable (the lower the better, see rate 

Equation 2.6), with values particularly low for small-sized molecules, and only 50-100 meV 

higher than those of typical fullerene and non-fullerene acceptors with much larger aromatic 

cores.38 

Table 2.1. DFT energy values of the HOMO, LUMO, LUMO+1, electron affinity (EA, obtained 

from differences in the total energies of the charged and neutral molecules in their optimized 

geometries), internal reorganization energies (λ) and TD-DFT vertical transition energies (ΔE01 

and ΔE02), and oscillator strengths (f01 and f02) from the ground state S0 towards the nearly-

degenerate singlet states S1 and S2, calculated at the B3LYP/6-31G(d) level. All energy values are 

in eV. 

Material EHOMO ELUMO ELUMO+1 EA ΔE01 (f01) ΔE02 (f02) λ 

1 -5.08 -2.88 -2.88 1.94 2.07 (0.35) 2.07 (0.35) 0.215 

2 -5.06 -2.87 -2.86 1.94 2.07 (0.36) 2.07 (0.35) 0.251 

3 -5.06 -2.87 -2.86 1.94 2.07 (0.36) 2.07 (0.35) 0.254 

4 -5.07 -2.87 -2.87 1.93 2.06 (0.35) 2.07 (0.35) 0.213 

5 -5.12 -2.94 -2.93 2.02 2.05 (0.33) 2.06 (0.32) 0.221 

6 -5.12 -2.93 -2.92 2.03 2.05 (0.35) 2.06 (0.34) 0.241 

7 -5.14 -2.95 -2.94 2.07 2.05 (0.36) 2.06 (0.34) 0.266 

8 -5.09 -2.90 -2.90 1.98 2.06 (0.33) 2.06 (0.33) 0.213 

 

Figure 2.2 depicts the top views of the molecular dimers giving rise to the largest electronic 

couplings (Jk), again calculated with DFT utilizing the experimental crystal structures. Single 

crystals of 1-5 and 8 were obtained as outlined in the Experimental section and their structures 
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successfully determined through single crystal XRD as shown in Figure S2.1. Numerical values 

of the main transfer integrals are collected in Table S2.1 for all crystals. The electron mobilities, 

which depend on the square of the couplings (Equation 2.6), were estimated for each material in 

the hopping transport regime and the ideal case of zero energetic disorder along each 

crystallographic axis, and reported in Table 2.2 together with the qualitative estimate of the 

dimensionality of transport. These values correspond to the maximum mobility achievable for a 

defect-free single crystal, and thus an upper limit to experimentally measured mobilities. All 

compounds show as expected39 mainly 1D or partial 2D transport and in principle could exhibit 

decent mobilities in crystal phase, with 2, 3, and 6 showing the most encouraging results, because 

of the larger electronic coupling (Figure 2.2). Conversely, 7, 4, and 8 show less promise than the 

others. 

 

Figure 2.2. Top views of the molecular dimers giving rise to the largest electronic couplings for 

materials 1-8 (a-h), as extracted from periodic replicas of experimental crystal structures. In all 

structures, axial groups have been truncated to trimethyl silyl oxide for clarity. 
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Table 2.2. Computed electron mobilities along the crystal axes (µi with i = a, b, c; see Equation 

2.6) in the eight phthalocyanine crystals, average mobility (µe,avg = (µa + µb + µc) / 3), and 

dimensionality (D) of the electron transport (ref 38).  

Material 
 µa 

(cm2 V-1 s-1) 

 µb 

(cm2 V-1 s-1) 

µc 

(cm2 V-1 s-1) 

µe, avg 

(cm2 V-1 s-1) 
D 

1 0.300 0.112 0.034 0.149 2D 

2 1.049 0.101 0.070 0.407 1D 

3 0.914 0.115 0.009 0.346 1D 

4 0.022 0.059 0.127 0.069 2D 

5 0.532 0.030 0.029 0.197 1D 

6 0.051 0.811 0.100 0.321 1D 

7 0.012 0.092 0.054 0.053 2D 

8 0.188 0.070 0.008 0.088 2D 

 

Organic Thin-Film Transistor Performance 

The eight axially substituted (OR)2-SiPcs described in Figure 2.1 were used as the 

semiconductor in bottom-gate top-contact OTFTs. N-doped silicon wafers with a thermally grown 

silicon oxide dielectric layer were treated with trichloro(octyl)silane (OTS) to form an ordered 

monolayer surface to improve thin-film formation.29 The semiconducting layer was deposited by 

spin coating SiPc chloroform solutions on OTS treated wafers, followed by annealing at room 

temperature in air or at 100°C under vacuum for 1 hr. Characterization was performed in nitrogen 

at atmospheric pressure, to determine the saturation regime electron field-effect mobility (µe) by 

Equation 2.2, threshold voltage (VT), and on/off current ratio (Ion/off). Figure 2.3 shows a 

characteristic transfer curve for each material that exhibits semiconducting characteristics in 

devices, alongside a diagram of the bottom-gate top-contact OTFT architecture used in this work. 

Characteristic output curves, and the forward and reverse transfer curves of all functional materials 

are displayed in Figures S2.2 and Figure S2.3, respectively.  
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Figure 2.3. (a) Characteristic transfer curves of (OR)2-SiPc transistors characterized at room 

temperature in nitrogen. (OR)2-SiPc films were spun from chloroform at 1500 RPM for 90 sec and 

annealed at 100°C under vacuum for 1 hr. (b) Schematic diagram of bottom-gate top-contact OTFT 

architecture used in this study. 4 and 7 were found to be non-functional and are therefore excluded.  

 

Electrical characteristics of each material for both annealing conditions are summarized in 

Table 2.3. 6 was found to have the highest µe, avg for both annealing at 25°C and under vacuum at 

100°C of 7.3 x 10-3 cm2 V-1 s-1 and 2.8 x 10-2 cm2 V-1 s-1, respectively. 6 also displayed the third 

lowest VT of 32.6 V before annealing and the second lowest (17.6 V) after annealing at 100°C. 4 

and 7 were found to be non-functional as semiconductors in OTFTs with the fabrication conditions 

utilized in this study, as they did not exhibit semiconducting characteristics and therefore resulted 

in non-functional devices. This result is not completely unexpected given the low transfer integral 

values and correspondingly low calculated mobilities for these compounds (see Table 2.2 and 

Figure 2.2). In literature, 7 was shown to be functional in bottom-gate bottom-contact OTFTs 

fabricated by drop-casting and characterized using the same conditions, with an average µe of 7.3 

x 10-6 cm2 V-1 s-1.32 In the same work, OTFTs made with 6 resulted in an average µe of 5.6 x 10-5 

cm2 V-1 s-1, three orders of magnitude lower than the value obtained in the present study (2.8 x 10-

2 cm2 V-1 s-1). These variations in electrical performance are unsurprising due to the differences in 

transistor architecture and semiconductor deposition, emphasizing the importance of optimization 

of fabrication conditions on the electrical performance of solution processable small molecule 

OTFTs. 
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Table 2.3. Summary of (OR)2-SiPc transistor characteristics, measured at room temperature in 

nitrogen atmosphere. Averages were calculated from forty unique transistors. 

Material 
Annealing 

Temp (°C) 
µe, max 

(x 10-2 cm2 V-1s-1) 

µe, avg 

(x 10-2 cm2 V-1 s-1) 

VT 

(V) 
Ion/off 

1 
25 0.208 0.137 ± 0.044 27.3 ± 1.6 104 

100 0.247 0.175 ± 0.025 24.9 ± 2.0 103 

2 
25 0.0322 0.0171 ± 0.0079 43.1 ± 1.2 102 

100 0.0321 0.0151 ± 0.014 42.4 ± 9.4 103 

3 
25 0.0300 0.0256 ± 0.0049 38.8 ± 0.3 102 

100 0.00320 0.00210 ± 0.00038 35.7 ± 10.4 102 

4 
25 -a -a -a -a 

100 -a -a -a -a 

5 
25 0.141 0.0820 ± 0.021 22.8 ± 2.4 104 

100 0.202 0.163 ± 0.023 16.8 ± 2.4 104 

6 
25 0.888 0.734 ± 0.094 32.6 ± 3.5 105 

100 4.34 2.80 ± 0.53 17.6 ± 2.3 105 

7 
25 -a -a -a -a 

100 -a -a -a -a 

8 
25 0.0405 0.0284 ± 0.0091 39.1 ± 0.8 103 

100 0.0356 0.0111 ± 0.0023 30.6 ± 8.2 103 

a. non-functional device 

 

As shown in Table 2.3, annealing at 100°C had little effect on the electrical characteristics 

of most of the SiPc transistors. For 1, 2, 5, and 8, the changes in µe and VT are within the standard 

deviation and therefore no significant change in performance is correlated to annealing. However, 

for 6 the VT decreased significantly by 15 V, with a µe increase of 2.1 x 10-2 cm2 V-1 s-1 after 

annealing. Interestingly, annealing at 100˚C resulted in an order of magnitude decrease (4.6 x 10-

5 cm2 V-1 s-1) in µe for 3. AFM images of 3 and 6 before and after annealing are shown in Figure 

S2.4. Annealing 6 resulted in a more homogenous thin-film morphology compared to the non-

annealed films, which could account for the observed increase in device performance. The effect 

of thermal annealing on 6 is further discussed in an upcoming section. After annealing, 3 exhibited 

a drastic morphology change with much larger plate-like features, potentially due to the 

exceptionally low crystallization temperature (89°C reported in Table S2.2). These large features 

are typically ideal for charge transport;6,7 however, the formation of large grain boundaries could 

in turn increase charge trapping, resulting in a lower µe.
40–42 Thermogravimetric analysis (TGA) 
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and differential scanning calorimetry (DSC) was run on all (OR)2-SiPc derivatives (Figure S2.5 

and Figure S2.6). Melting and crystallization temperatures are reported in Table S2.2, and range 

from 61-231°C and 60-219°C, respectively. Due to the low melting temperature of the (OR)2-SiPc 

derivatives, these materials are incompatible with physical vapour deposition (PVD) fabrication. 

Additionally, ultraviolet-visible spectroscopy (UV-vis) was performed on (OR)2-SiPc thin-films 

and compared to the solution spectra43 with results shown in Figure S2.7 and Table S2.3. All 

(OR)2-SiPcs, with the exception of 7, exhibited significant red shifts of 16.9-30.5 nm, indicating a 

shift via J-type aggregation in thin-films.  

Thin-film Morphology 

AFM was performed to correlate the effects of SiPc molecular structure, and corresponding 

thin-film morphology, to OTFT performance, with results displayed in Figure 2.4 and Figure 

S2.8. Of the best performing semiconductors (1, 5, and 6), 1 and 6 show well-ordered homogenous 

film morphology with small cylindrical features. 5 exhibits larger interconnected features with 

more distinct grain boundaries compared to 6. The elongated features and more densely packed 

films of these materials likely contribute to the high µe exhibited in OTFTs. Of the worse 

performing materials (2, 3, and 8), 2 and 8 have a similar film morphology with small point-like 

features. Although these materials make homogenous films, they exhibit a much lower µe of 1.5 x 

10-4 cm2 V-1 s-1 and 1.1 x 10-4 cm2 V-1 s-1, and the two highest VT of 42.4 V and 30.6 V, respectively. 

The spotted point-like features may represent more grain boundaries and increase charge trapping. 

As already mentioned, 3 has a unique morphology with very large plate-like features and large 

grain boundaries. These large grain boundaries have been shown to reduce charge carrier µe and 

result in worse electrical performance in OTFTs.40–42,44 Accordingly, 3 shows the lowest µe of 2.1 

x 10-5 cm2 V-1 s-1 and on/off current ratio of 102 as seen by the transfer curve in Figure 2.3. 4 and 

7 resulted in films with the largest height differences (Figure 2.4) and poor grain interconnectivity, 

which corresponds to non-functional OTFTs.  

As shown by Figure 2.4, the nature of the axial substituents greatly affects thin-film 

morphology, directly impacting transistor performance. The worst performing semiconductors (2, 

3, and 8) have a longer alkyl chain, resulting in highly asymmetric axial substituents. These long 

chains may hinder molecular packing and subsequently charge transfer yielding poor 

semiconducting performance characteristics (Table 2.3). The importance of molecular packing 
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and thin-film formation on device performance is highlighted through material 2. From DFT 

calculations (Table 2.2), 2 exhibited the highest calculated µe, avg, however displayed low µe and 

high threshold voltage in OTFTs, likely due to thin-film characteristics and morphology. Of the 

best performing semiconductors (1, 5, and 6), 1 and 5 have axial substituents with asymmetric 

short branched chains, whereas 6 has symmetric trialkyl linear chains six carbons in length. Since 

6 exhibited the highest µe in OTFTs, this may suggest an optimum median chain length for linear 

trialkyl substituents which promotes molecular packing. The other symmetric trialkyl materials (4 

and 7) were non-functional as semiconductors. Materials 4 and 7 may have been non-functional 

due to the length of their alkyl chains, resulting in poor crystal growth and non-uniform 

morphologies.  

 

Figure 2.4. AFM images (10 µm x 10 µm) of materials 1-8 (a-h) with a scale bar of 2.0 µm. All 

films were spun from chloroform at 1500 RPM for 90 sec and annealed at 100°C for 1 hr.  

 

Effect of Annealing Temperature 

Using 6 as the semiconductor, the effect of annealing on OTFT performance was further 

investigated by characterizing transistors annealed at different temperatures. The devices were 

annealed for 1 hr under vacuum at 100°C or 185°C, and compared to un-annealed devices which 

were left at room temperature in nitrogen. Figure 2.5a shows the change in µe and VT with 

increasing annealing temperature. Annealing at 100°C results in a µe increase of 2.1 x 10-2 cm2 V-

1 s-1 from an initial value of 7.3 x 10-3 cm2 V-1 s-1, with a VT decrease of 15.0 V from an initial 

value of 32.6 V. However, upon annealing at 185˚C the µe decreases by 2.6 x 10-2 cm2 V-1 s-1 with 

a very large VT increase of 39.8 V. As explained in the next section, the observed reduction in 
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OTFT performance can be explained by changes in thin-film crystallinity and molecular 

orientation which do not favour charge transport.33,40,44,45  

 

Figure 2.5. Change in (a) µe and VT for 6 OTFTs annealed at 25°C, 100°C, and 185°C. (d) X-ray 

diffraction pattern of films. 2D scattering patterns for films annealed at (b) 25°C α = 0.02° and (e) 

185°C α = 0.03° determined by GIWAXS. Diagram of (c) a combination of pseudo-face on and 

pseudo-edge on orientations, and (f) pseudo-face on orientation to the substrate determined by 

GIWAXS. All films were spun from chloroform at 1500 RPM for 90 sec and annealed at the 

indicated temperature for 1 hr. 

 

Through grazing-incidence wide-angle X-ray scattering (GIWAXS) the crystallinity and 

orientation of the molecules in relation to the substrate was analyzed before and after thermal 

annealing. Figure 2.5b shows the 2D scattering pattern of 6 when annealed at room temperature. 

The film is highly crystalline, with a structure strongly correlated to the single crystal as shown by 

the similarities in the diffraction patterns in Figure S2.9. The partial arcs observed throughout the 

pattern also indicate a high degree of preferential orientation with respect to the substrate.44 The 

alignment of the (100) peak, q = 0.65 Å-1, along the qz axis indicates that one major molecular 

orientation is with the (100) plane preferentially aligned parallel to the substrate surface (pseudo-

face on). The (010) peak at q = 0.60 Å-1 reveals additional information; there are two distinct partial 

arcs at χ = 0 and 74° (where χ is the angle between q and the qz axis), indicating two distinct 

orientations relative to the substrate. In addition to the pseudo-face on orientation described 

previously, there is a secondary population in a pseudo-edge on orientation with the (010) plane 
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oriented parallel to the substrate. The pseudo-face on and pseudo-edge on orientations are depicted 

in Figure 2.5c, and all other features in the scattering pattern are consistent with these two 

orientations. 

After annealing at 185°C for 1 hr the scattering pattern shows a change in the degree of 

preferential orientation (Figure 2.5e), indicated by a narrowing of the partial arcs and a 

disappearance of the second (010) reflection along qz. The narrower arcs show an overall stronger 

degree of preferential orientation, while the presence of only a single (010) reflection at χ = 74° 

shows that all crystallites are now in a pseudo-face on orientation (Figure 2.5c). Figure 2.5d 

shows the XRD pattern of 6 annealed at each temperature. As the annealing temperature increases 

the intensity of the peaks increase with a slight decrease in peak width. The sharper more intense 

peaks indicate a larger crystalline coherence length and a more crystalline film.6,44,46 The increase 

in peak intensity from 25°C to 100°C indicates a more ordered crystalline film, which may 

correspond to the increase in µe and decrease in VT observed in OTFT performance. In literature, 

annealing has been shown in the most favorable cases to improve film crystallinity, reduce 

intermolecular spacing, and decrease the number of film defects, thus increasing the µ.6,47 For 6, 

annealing had no effect on the intermolecular spacing between crystal planes as observed by the 

consistent peak location at 2θ = 9°. AFM images of the films show that the film morphology 

becomes more uniform with smaller vertical ridges after annealing at 100°C (Figure S2.4), which 

supports the increase in device performance. However, after annealing at 185°C OTFT 

performance decreases despite the further improvement in film crystallinity. Annealing at a high 

temperature may facilitate large crystallite formation that results in worse charge transfer, and 

therefore decreased electrical performance, due to grain-boundary effects.47,48 

In addition to grain size dependency, the decrease in OTFT performance after annealing at 

185°C may be due to the molecular orientation relative to the substrate.44 The disappearance of the 

(010) peak along the qz axis at 185°C indicates that, after annealing, there is a stronger preference 

for the SiPc molecules to align in the pseudo-face on orientation shown in Figure 2.5f. As 

indicated by the calculation results in Table 2.1 and Figure 2.2, having all crystallites with the 

(100) planes parallel to the substrate is undesirable for high µe OTFTs due to the lack of π-π 

stacking along this direction, resulting in ineffective charge transport from the source to the 

drain.33,40,45 Therefore, the lower µe and higher VT observed at a high annealing temperature is due 

to changes in film morphology and crystallite orientation. This result highlights a feature of 
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materials with high mobility anisotropy (1D or 2D): since only specific crystal directions allow for 

efficient charge transport, increasing the crystallinity of the semiconducting film improves the 

transistor characteristics only if those directions lay parallel to the source-drain channel. 

Otherwise, more amorphous films can give rise to better performance. 

Effect of Spin Time 

In addition to annealing temperature, the effect of spin time on OTFT performance was 

investigated using un-annealed OTFTs fabricated with deposition times of 30 sec, 60 sec, and 90 

sec, again using 6 as the semiconductor. Figure 2.6a demonstrates the change in µe and VT with 

increasing deposition spin time. OTFTs fabricated at a longer spin time exhibited a small µe 

increase, of 2.9 x 10-3 cm2 V-1 s-1 from an initial µe of 4.4 x 10-3 cm2 V-1 s-1, while experiencing a 

significant VT reduction of 18.7 V from an initial value of 30.0 V, suggesting increased 

homogeneity of the semiconducting film and a decrease of surface traps at the interface with the 

dielectric.49 This trend was also observed for annealed OTFTs with results shown in Figure S2.10.  
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Figure 2.6. Change in (a) µe and VT for 6 OTFTs spun at 30 sec, 60 sec, and 90 sec. (b) X-ray 

diffraction pattern of films. (c) Partial pole figures constructed from the (211) scattering feature, 

determined from GIWAXS data. AFM images (10 µm x 10 µm) of (d) 30 sec, (e) 60 sec, and (f) 

90 sec spin times with a scale bar of 2.0 µm. 2D scattering patterns for films spun at (g) 30 sec α 

= 0.02°, (h) 60 sec α = 0.03°, and (i) 90 sec α = 0.03° determined by GIWAXS.  

 

AFM images (Figure 2.6d-f) show that as the spin time increases from 30 sec to 90 sec, 

the crystallites appear to reduce in size and become more homogenous, which corresponds to the 

observed improvement in OTFT performance. Figures 2.6g-i show the 2D scattering pattern of 

the films fabricated at each spin time determined by GIWAXS. Unlike annealing temperature, spin 

time has no effect on the preferred molecular orientation of the (OR)2-SiPc molecule relative to 

the substrate surface. The (100) and (010) peaks along the qz axis are present at all spin times, 

indicating the presence of both pseudo-face on and pseudo-edge on orientations. Additionally, 

using the (211) peak as a reference (q = 1.8 Å-1), there is little change in the distribution of 

crystallite orientations (Figure 2.6c).44 The XRD patterns in Figure 2.6b show that a longer spin 
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time results in a greater (100) (2θ = 9°) peak intensity, therefore indicating a more crystalline thin 

film. However, the increase in peak intensity observed at a longer spin time may also be attributed 

to differences in film thickness. It can be concluded that increasing spin time up to 90 sec results 

in a more homogenous film morphology while maintaining the same crystal orientation to the 

surface. 

To further elucidate the effects of spin time on OTFT performance, additional 

characterization was performed with transistors fabricated using 3 as the semiconductor. 3 has very 

large axial substituents and a unique thin-film morphology, making it an interesting candidate for 

characterization. Figure 2.7a and 3.7b show how µe and VT change with increasing spin time. 

From 30 sec to 60 sec the µe trends upward with a small VT increase of 3.2 V. However, in 

opposition to the trend observed for 6, at 90 sec µe decreases significantly by 5.3 x 10-4 cm2 V-1 s-

1 from 7.8 x 10-4 cm2 V-1 s-1 with an increase in VT of 8.7 V, from 24.5 V to 33.2 V.  

 

Figure 2.7. Change in (a) µe and (b) VT for 3 OTFTs spun at 30 sec, 60 sec, and 90 sec. (c) X-ray 

diffraction pattern of films. AFM images (10 µm x 10 µm) of (d) 30 sec, (e) 60 sec, and (f) 90 sec 

spin times with a scale bar of 2.0 µm. All films were spun from chloroform at 1500 RPM for the 

indicated time and annealed at 25°C. 

 

Figure 2.7c shows that the sudden variation in the device characteristics is associated with 

an abrupt change in the diffraction pattern of 3 spun at 30 sec or 60 sec to 90 sec. The 30 sec and 

60 sec trials exhibit peaks of similar intensity at 2θ = 8.2°, whereas for the 90 sec trial this peak 
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disappears and a new one with much higher intensity is present at 2θ = 6.1°. The distance between 

crystal planes was determined by Equation 2.3 to be 10.8 Å for the 30 sec and 60 sec trials, and 

14.4 Å for 90 sec. The shift in peak location and interplanar spacing is likely a preference towards 

a different crystal polymorph, changing the molecular packing and the ability of the molecules to 

transfer charge, resulting in worse electrical performance in OTFTs spun for 90 sec. This is further 

corroborated by the AFM images in Figures 2.7d-f, demonstrating that film morphology greatly 

changes at a spin time of 90 sec. The 30 sec and 60 sec trials have similar sized and shaped features, 

which corroborates the similar electrical characteristics exhibited in OTFTs, while the 90 sec trial 

has smaller features of a different shape compared to the 30 sec and 60 sec trials. Thus, it is likely 

that the larger grains and smaller interplanar spacing obtained at 30 sec and 60 sec improve charge 

transport through the film due to a decrease in charge trapping defects and enhanced π overlap 

between molecules.6,7,50,51 

Furthermore, GIWAXS analysis of 3 spun at 90 sec determined that the observed scattering 

pattern does not match the pattern predicted by the single crystal data (Figure S2.11), implying 

the formation of a different polymorph.52 Consistent with the XRD data shown in Figure 2.7c, the 

2D scattering pattern also shows a highly crystalline film; additionally, there is a high degree of 

preferential orientation, as exhibited by the strong speckle pattern in Figure S2.8a. The structural 

differences between single crystals and thin-films highlights once again the importance of 

fabrication methods and processing conditions on OTFT performance. 

In the literature it has been demonstrated that crystal formation during spin coating occurs 

in two stages. First a short period of fast crystallization takes place, followed by a slower 

crystallization that depends on the spin speed.33 Chou et al. demonstrated how spin speed 

influences the crystallization stages of bottom-gate top-contact 6,13-bis(triisopropylsilylethynyl) 

(TIPS)-pentacene OTFTs, and concluded that to achieve high µh transistors a long period of slow 

crystallization is needed. It was hypothesized that longer spin time allows for an increased period 

of slow crystallization associated to residual solvent evaporation, which in turn promotes grain 

growth and defect healing, and increases device performance. For the (OR)2-SiPcs studied in this 

work, the length of the alkyl chain affects the crystallization kinetics due to differences in material 

properties (e.g. solubility, diffusivity and viscosity), and thus affects the duration of each 

crystallization stage. This is supported by the different results obtained for 3 and 6. 6 exhibited 

reduced VT and increased film crystallinity with increasing spin time, whereas 3 showed little 
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change in OTFT performance and film morphology with the exception of the 90 sec trial. At 90 

sec there is potentially more time to reach equilibrium and therefore a more stable polymorph can 

crystallize, which may result in the differences in device performance. Further investigation into 

the kinetics and stages of crystallization will help to understand how the processing conditions can 

be used to control thin-film formation of organic semiconductors for solution processable 

techniques.  

Conclusions 

In this work eight axially-substituted silicon phthalocyanines were compared as n-type 

semiconductors in bottom-gate top-contact OTFTs fabricated by spin coating. Six of these 

materials are reported in OTFTs for the first time. Bis(tri-n-ethyl oxide) and and bis(tri-n-

hexylsilyl oxide) silicon phthalocyanines (4 and 7, respectively) were found to be non-functional 

as semiconductors in OTFTs, in line with DFT calculations on crystal structures indicating that 

the packing of these materials determines small electron transfer integrals. The transistors 

fabricated with all the other compounds showed promising performances, with electron mobilities 

in the 10-4-10-2 cm2 V-1 s-1 range, and threshold voltages of a few tens of volts. After thermal 

annealing, bis(tri-n-butylsilyl oxide) SiPc (6) was found to have the highest µe of 0.028 cm2 V-1 s-

1, and the highest on/off current ratio of 105, making it the best performing semiconductor out of 

all reported solution processable SiPc materials. 

For the best performing material (6), and for bis(n-dodecyldimethylsilyl oxide) SiPc (3) 

which showed a peculiar thin-film structure with large plate-like features, the correlation between 

morphology and transistor transfer properties was thoroughly investigated by means of AFM and 

X-ray scattering, as a function of two key preparation parameters, spin coating time and annealing 

temperature. It was demonstrated that for SiPcs thermal annealing can be used to control both film 

crystallinity and the orientation of the molecules relative to the substrate surface to possibly 

achieve higher µe OTFTs with reduced VT. Additionally, spin time was shown to have the potential 

of being complimentary to annealing, since it can be used to tune thin-film crystallinity without 

affecting the orientation of the molecules. These encouraging results show the effectiveness of 

axial substitution as a strategy to control crystal packing and charge transport properties of SiPcs, 

and the potential of these materials as n-type semiconductors in OTFTs, whose performance can 

be optimized by exploiting the effects of fabrication conditions on thin-film structures. 
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Experimental  

Materials 

Bis(thexyldimethylsilyl oxide) silicon phthalocyanine (1), bis(n-octyldimethylsilyl oxide) 

silicon phthalocyanine (2), bis(n-dodecyldimethylsilyl oxide) silicon phthalocyanine (3), bis(tri-n-

ethyl oxide) silicon phthalocyanine (4), bis(triisobutylsilyl oxide) silicon phthalocyanine (5), 

bis(tri-n-butylsilyl oxide) silicon phthalocyanine (6), bis(tri-n-hexylsilyl oxide) silicon 

phthalocyanine (7), and bis(diisopropyloctylsilyl oxide) silicon phthalocyanine (8) were 

synthesized as described in literature.43 

OTFT Fabrication 

OTFTs were fabricated on n-doped silicon substrates (15 mm x 20 mm) with a 300 nm 

thermally grown silicon oxide dielectric from Ossila. Substrates were first cleaned by sonication 

in sequential baths (5 min each) of soapy water, distilled water, acetone and methanol, then dried 

with nitrogen gas. Cleaned substrates were treated with air plasma for 15 min. After which, 

substrates were rinsed with distilled water and isopropanol, then dried with nitrogen, before 

submersion in 1% v/v trichloro(octyl)silane (OTS) in toluene for 24 hrs at 70°C. Upon removal 

from the silane surface treatment bath, substrates were rinsed with toluene and isopropanol and 

dried under vacuum at 70°C for 1 hr. (OR)2-SiPc solutions were prepared in a nitrogen 

environment at a concentration of 10 mg ml-1 in chloroform (see Table S2.4 for solubility of 6 in 

common organic solvents). Solutions were heated at 50°C for 1 hr, filtered through 0.2 μm pore 

size PTFE membranes, and deposited onto the substrates by spin coating 60 μl of solution at 1500 

RPM for 90 sec in nitrogen. The substrates were then annealed at room temperature in nitrogen or 

under vacuum at 100°C for 1 hr. Top contact electrodes were formed using shadow masks with a 

channel width W = 1000 µm and length L = 30 µm, creating 20 individual transistors per substrate. 

10 nm of manganese and 50 nm of silver were deposited through the masks by physical vapour 

deposition using an Angstrom EvoVac thermal evaporator with target rates of 0.5 Å s-1 and 1.0 Å 

s-1 respectively. Manganese was used as an electrode interlayer to reduce the contact barrier 

between the electrodes and semiconducting layer, resulting in lower threshold voltage and 

improved field-effect mobility.53 
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OTFT Characterization 

OTFT electrical characterization was performed using a custom built automatic multi-

tester. The tester is composed of 48 gold plated (20 nm) nickel probe tips which simultaneously 

make contact with the source-drain electrodes of the individual transistors, along with the gate 

electrode. Results were obtained from 40 individual transistors across two substrates fabricated by 

the method outlined above. The multi-tester introduces an approximate resistance of 750 mOhm 

to the testing apparatus. A Keithley 2614B and a MCC USB DAQ were used to control the source-

drain voltage (VSD) and gate voltage (VGS) to obtain source-drain current (ISD) measurements. The 

tester was kept in a controlled nitrogen environment at atmospheric pressure for the duration of 

characterization as these materials are not air stable. By setting the VSD constant at 50 V and 

varying the VGS, ISD measurements were obtained to determine the saturation regime field-effect 

mobility, threshold voltage, and on/off current ratio. The following equation was used to relate the 

saturation regime field-effect mobility and threshold voltage to VGS and ISD measurements. 

𝐼𝑆𝐷 =
𝜇𝑒𝐶𝑖𝑊

2𝐿
(𝑉𝐺𝑆 − 𝑉𝑇)2 (2.1) 

 

Where µe is the field-effect mobility, VT is the threshold voltage, W is the channel width, L is the 

channel length, and Ci is the capacitance density. The capacitance density was calculated by Ci = 

(ε0εr)/t, where t is the thickness of the dielectric (300 nm), and εr is the relative dielectric constant 

of SiO2 equal to 3.9. The µe and VT were determined by taking the square root of Equation 2.1 to 

obtain a linear relationship between √𝐼𝑆𝐷 and VGS as shown by the following equation.  

√𝐼𝑆𝐷 = √
𝜇𝑒𝐶𝑖𝑊

2𝐿
(𝑉𝐺𝑆 − 𝑉𝑇) (2.2) 

 

By plotting the square root of ISD against VGS the µe and VT are determined by the slope and 

x-intercept, respectively (Figure S2.12). Lastly, the on/off current ratio is defined as the ratio of 

the highest and lowest currents measured in the characterized VGS range. 

Determination of Thermal Characteristics 

TGA of (OR)2-SiPc samples were performed in nitrogen, at a 5°C min-1 heating rate, with 

a Discovery 5500 equipment from TA instruments. DSC spectra were obtained with a Discovery 
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2500 equipment from TA instruments, where each sample was cycled between 0-250˚C three times 

with a heating/cooling rate of 5°C min-1.   

Thin-Film UV-vis 

Square glass microscope slides (25.4 mm, VWR) were cleaned in a sonication bath, 

following the same procedure described for silicon substrates. The clean slides were treated with 

air plasma (15 min) and then submerged in a 1% v/v OTS solution in toluene for 4 hrs. After 

rinsing the substrates with isopropanol, the (OR)2-SiPc thin-films were deposited by spin coating 

300 μl from 10 mg ml-1 chloroform solutions, at 500 RPM for 30 sec. Thin-film UV-vis spectra 

were then recorded in an Ocean Optics Flame spectrophotometer.  

Single Crystal Preparation 

Single-crystals for XRD analysis were grown from solution, by dissolving each (OR)2-SiPc 

in a minimal amount of dichloromethane (DCM). The solutions were filtered through 0.2 μm pore 

size PTFE membranes into glass vials capped with aluminum foil. A needle was used to create a 

small hole in the foil cap, and the solvent was allowed to slowly evaporate, away from vibrations, 

over the course of 24 hrs.  

XRD 

XRD measurements of thin-films were obtained using a Rigaku Ultima IV powder 

diffractometer with a Cu Kα (λ = 1.5418 Å) source. Measurements were taken directly from thin-

films deposited on silicon substrates with a scan range of 3° < 2θ < 15°, and a rate of 0.5° min-1 

with no spin, with results shown in Figure S2.13. The interplanar spacing (d-spacing) between 

lattice plans was calculated using Bragg’s Law shown by the following equation. 

𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃 (2.3) 

 

Where λ is the wavelength of the incident wave equal to 1.54056 Å, d is the spacing between 

planes, θ is the angle of incidence in degrees, and n is a positive integer equal to 1 for this study.  

Computational 

All molecular geometries were optimized using density functional theory (DFT) with the 

B3LYP functional and the 6-31G(d) basis set. Each structure was verified to be a minimum of the 

potential energy surface on the basis of its all real harmonic vibrational frequencies. Internal 
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reorganization energies (λi) were calculated at the same level, using the expression derived from 

the four-point adiabatic potential approach. 

𝜆𝑖
 = 𝐸 

(−)(𝑀) − 𝐸 
(0)(𝑀) + 𝐸 

(0)(𝑀−) − 𝐸 
(−)(𝑀−) (2.4) 

 

Where 𝐸 
(0)(𝑀) and 𝐸 

(−)(𝑀−) denote the ground-state energy of the neutral state and of the 

negatively charged state, respectively; 𝐸 
(−)(𝑀)  is the energy of the neutral molecule in the 

optimized geometry of the anion and 𝐸 
(0)(𝑀−), the energy of the anion in the optimized geometry 

of the neutral molecule. Transition energies towards the few first optically allowed excited states 

were also computed by means of time-dependent DFT at the B3LYP/6-31G(d) level. 

Transfer integrals (Jk) characterizing the electron coupling between molecular pairs (k) 

were obtained by employing the projection method involving the LUMOs of monomers.54 Since 

all molecules possess nearly degenerate LUMO (L) and LUMO+1 (L+1) levels which both 

contribute to the transport, the effective transfer integrals for electron transport were computed as 

geometric averages in line with previous works.39 

 

 The relative electron mobilities along the crystal axes i = a, b, c were evaluated at zero field 

neglecting energetic disorder in the transport level energies, using the expression: 

𝜇𝑖 =
𝑞

ℎ
(

𝜋

𝑘𝐵𝑇
)

3/2 1

√𝜆
exp (−

𝜆

4𝑘𝐵𝑇
) ∑ 𝐽𝑘

2

𝑘

(𝑟𝑘 ∙ 𝑒𝑖)
2 (2.6) 

 

where the sum runs over all pairs of molecular neighbours separated by the distance vector 𝑟𝑘, 𝑒𝑖 

is a cell axis unit vector. Variables q, h and kB are respectively the elementary charge, the Planck, 

and Boltzmann constants, and T = 300 K. Equation 2.6 combines Marcus formula for the hopping 

rate (νk) between two neighbouring sites with the equation for the diffusion coefficient in one 

dimension, 𝐷 =
1

2
∑ 𝜈𝑘𝑘 (𝑟𝑘 ∙ 𝑒𝑖)

2, and Einstein’s equation relating mobility with diffusion, 𝜇 =

𝑞𝐷

𝑘𝐵𝑇
.55 Quantum chemical calculations were performed with the ORCA56 and Gaussian57 programs.  

𝐽𝑘 =
1

√2
{𝐽𝐿,𝐿

2 + 𝐽𝐿+1,𝐿
2 + 𝐽𝐿,𝐿+1

2 + 𝐽𝐿+1,𝐿+1
2 }2 (2.5) 
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GIWAXS  

GIWAXS experiments were performed at the Canadian Light Source (CLS) using the Hard 

X-ray MicroAnalysis (HXMA) beamline. A photon energy of 12.69 keV was selected using a 

Si(111) monochromator. The beam size was defined by slits having a 0.2 mm vertical gap and a 

0.3 mm horizontal gap, and the angle of incidence was set in the range of 0.02 – 0.07°, as indicated. 

The sample was deposited on a ⟨100⟩ silicon wafer by spin coating from chloroform at 1500 RPM. 

GIWAXS patterns were collected with a Rayonix SX165 CCD detector (80 μm pixel size; 16.3 

cm diameter), which was placed 214 mm from the sample center. The GIWAXS data were 

calibrated against a silver behenate standard and analyzed using the GIXSGUI software package.58 

Both polarization and solid-angle corrections were applied. 

AFM 

AFM images were taken using a Bruker Dimension Icon AFM with ScanAsyst-Air tips. 

Tapping mode was used to collect all images with a scan rate of 1 Hz. Image processing and editing 

was performed with NanoScope Analysis v.1.8 software.  
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Supporting Information 

 

 

Figure S2.1. Crystal structures of materials 1-8 determined by single crystal X-ray diffraction. 

CCDC numbers for all materials are (a) 1987218, (b) 1987214, (c) 1987215, (d) 1987219, (e) 

1987217, (f) 1522758, (g) 988974, and (h) 1987216. Data for 6 and 7 reproduced with permission 

from reference 32. Copyright 2019 ACS Applied Electronic Materials. 
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Table S2.1. Non-negligible electron transfer integrals (Jk ≥ 1, in units of meV), calculated between 

a reference molecule and its first neighbours, using the experimental crystal structure. The 

crystallographic directions corresponding to intermolecular vectors joining the reference molecule 

with its neighbours are given in the basis of direct lattice vectors. 

Crystal Direction Jk 

1  

± (1, 0, 0) 12 

(± 1/2, ± 1/2, 0) 5 

(0, 1/4, 1/2) 5 

(± 1/2, -1/4, 1/2) 1 

2  

± (1, 0, 0) 30 

± (0, 1, 0) 1 

± (-1, 1, 0) 9 

± (-1, 0, 1) 1 

3  

± (1, 0, 0) 28 

± (0, 1, 0) 1 

± (1, 1, 0) 11 

4  

± (1, 0, 0) 2 

± (0, 0, 1) 7 

± (0, 1/2, 1/2) 4 

± (0, -1/2, 1/2) 4 

± (1, 1, 0) 4 

5  
± (1, 0, 0) 16 

(0, ± 1/2, ± 1/2) 2 

6  

± (1, 0, 0) 1 

± (0, 1, 0) 23 

± (0, 0, 1) 7 

7  

± (1, 0, 0) 3 

± (0, 1, 0) 8 

± (0, 0, 1) 5 

8  
(± 1/2, ± 1/2, 0) 8 

± (0, 1, 0) 1 
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Figure S2.2. Characteristic output curves of materials (a) 1, (b) 2, (c) 3, (d) 5, (e) 6, and (f) 8 

characterized at room temperature in nitrogen. (OR)2-SiPc films were spun from chloroform at 

1500 RPM for 90 sec and annealed at 100°C under vacuum for 1 hr. 
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Figure S2.3. Characteristic forward and reverse transfer curves for materials (a) 1, (b) 2, (c) 3, (d) 

5, (e) 6, and (f) 8, characterized at room temperature in nitrogen. (OR)2-SiPc films were spun from 

chloroform at 1500 RPM for 90 sec and annealed at 100°C under vacuum for 1 hr. 
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Figure S2.4. AFM images (10 µm x 10 µm) of material 3 annealed at (a) 25°C and (b) 100°C, and 

material 6 annealed at (d) 25°C, and (e) 100°C with a scale bar of 2.0 µm. XRD pattern of (c) 

material 3 and (f) material 6 annealed at each temperature. All films were spun from chloroform 

at 1500 RPM for 90 sec and annealed at the indicated temperature for 1 hr.  

 

Table S2.2. Thermal characteristics of materials 1-8.  

Material Tm
a (°C) Tc

b
 (°C) Hm

c (J/g) Hc
d (J/g) 

1 -e -e -e -e 

2 178 153 38.2 46.7 

3 87/127 89/60 44.4 48.7/31.2 

4 -e -e -e -e 

5 -e -e -e -e 

6 231/6131 21931 36.131 30.731 

7 17331 11031 26.931 23.531 

8 148 88 28.8 20 

a. melting temperature, taken from the peak of DSC heating cycle 

b. crystallization temperature, taken from the peak of DSC cooling cycle 

c. melting enthalpy, calculated by the integration of the DSC peak referent to melting processes 

d. crystallization enthalpy, calculated by the integration of the DSC peak  

e. no observed thermal events in the assessed range 



Rosemary R. Cranston  University of Ottawa | Chapter 2 

 
59 

 

Figure S2.5. Thermogravimetric analysis (TGA) trace of (OR)2-SiPcs.  

 

 

 

 

Figure S2.6. Differential scanning calorimetry (DSC) curves of (a) heating and (b) cooling of 

(OR)2-SiPcs.  
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Figure S2.7. UV-vis absorption spectra of (OR)2-SiPcs films, materials 1-8 (a-h), spin coated onto 

OTS treated glass slides, and (OR)2-SiPcs in toluene solution. Reproduced with permission from 

reference 32 and reference 43. Copyright 2019 ACS Applied Electronic Materials. Copyright 2020 

Langmuir.  
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Table S2.3. Max peak location, full-width at half-max (FWHM), and peak shift between (OR)2-

SiPc films spin coated onto OTS treated glass slides, and (OR)2-SiPcs in toluene solution 

determined by UV-vis absorption. 

Material State Max (nm) FWHM (nm) Peak Shift (nm) 

1 
Liquid 671.53 17.7 

19.0 
Thin-film 690.56 33.5 

2 
Liquid 671.53 19.6 

22.5 
Thin-film 694.06 26.4 

3 
Liquid 669.88 17.2 

30.5 
Thin-film 700.37 23.1 

4 
Liquid 671.77 17.4 

19.5 
Thin-film 691.26 50.3 

5 
Liquid 672.71 19.5 

17.4 
Thin-film 690.09 31.0 

6 
Liquid 670.83 12.3 

23.2 
Thin-film 694.06 36.4 

7 
Liquid 671.06 11.8 

1.6 
Thin-film 672.71 48.7 

8 
Liquid 671.77 18.8 

16.9 
Thin-film 688.68 39.7 

 

 

Figure S2.8. Inphase AFM images (10 µm x 10 µm) of materials 1-8 (a-h) with a scale bar of 2.0 

µm. All films were spun from chloroform at 1500 RPM for 90 sec and annealed at 100°C for 1 hr.  
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Figure S2.9. (a) 2D scattering pattern α = 0.03°, and (b) diffraction pattern predicted from single 

crystal and GIWAXS for material 6 films spun from chloroform at 1500 RPM for 90 sec and 

annealed at 25°C. 

 

 

 

 

Figure S2.10. Change in (a) electron field-effect mobility (µe), (b) threshold voltage (VT) for 6 

OTFTs spun at 30 sec, 60 sec, and 90 sec, and (c) X-ray diffraction pattern of thin-films. All films 

were spun from chloroform at 1500 RPM for the indicated time and annealed at 100°C for 1 hr. 
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Figure S2.11. (a) 2D scattering pattern α = 0.07°, and (b) diffraction pattern predicted from single 

crystal and GIWAXS for material 3 films spun from chloroform at 1500 RPM for 90 sec and 

annealed at 25°C. 

 

 

Table S2.4. Solubility of 6 in common organic solvents.  

Solvent Solubility (mg ml-1) 

Acetone 1 

Heptanes 1.4 

Ethyl Acetate 2 

NMP 10 

Xylenes (mix) 20 

Dichlorobenzene 31 

Toluene 47 

THF 115 
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Figure S2.12. Sample √𝐼𝑆𝐷 vs. VGS curves for materials (a) 1, (b) 2, (c) 3, (d) 5, (e) 6, and (f) 8, 

characterized at room temperature in nitrogen. (OR)2-SiPc films were spun from chloroform at 

1500 RPM for 90 sec and annealed at 100°C under vacuum for 1 hr.  The red dashed line represents 

the tangent used to calculate µe and VT. 
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Figure S2.13. XRD pattern of functional materials (a) predicted from single crystal, and (b) 

measured from thin films. 
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Chapter 3. Highlighting the Processing Versatility of a Silicon 

Phthalocyanine Derivative for OTFTs 
 

This chapter is adapted from: Cranston, R. R., King, B., Dindault, C., Grant, T. M., Rice, N. A., 

Tonnelé, C., Muccioli, L., Castet, F., Swaraj, S., Lessard, B. H. Highlighting the Processing 

Versatility of a Silicon Phthalocyanine Derivative for Organic Thin-Film Transistors. J. Mater. 

Chem. C (2022). 

Context  

 Learning from the structure-property-performance relationship established in Chapter 2, 

a SiPc derivative with axially substituted short linear alkyl chains was developed and synthesized. 

This molecule possessed unique properties allowing it to be processed by both sublimation and 

solution fabrication processes. Using this SiPc derivative I fabricated OTFTs by spin-coating with 

my colleague Dr. Benjamin King fabricating OTFTs by physical vapour deposition. For this work, 

I wanted to investigate the difference in SiPc thin-film formation and OTFT electrical 

characteristics between the two fabrication techniques to better understand the nucleation, 

crystallization, and thin-film formation processes of SiPcs deposited from solution. OTFTs using 

this SiPc derivative achieved higher mobility transistors compared to the longer alkyl chain SiPcs 

used in Chapter 2, and demonstrated consistent device performance despite the considerable 

differences in film formation achieved by PVD and solution fabrication.  

Contributions of Authors 

This work was completed through contributions of all authors. For this work, I fabricated 

and characterized solution deposited OTFTs, conducted data analysis and wrote the manuscript. 

B.K. fabricated and characterized PVD deposited OTFTs. C.D. conducted STXM experiments 

with analysis. T.M.G synthesised the SiPc derivate used for this work. C.T and L.M. conducted 

DFT calculations with analysis. N.A.R conducted AFM imaging. F.C., S.S., and B.H.L., provided 

supervision for the project.  

Abstract 

Silicon phthalocyanine (SiPc) derivatives have recently emerged as promising materials 

for n-type organic thin-film transistors (OTFTs) with the ability to be fabricated either by solid 
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state or solution processes through axial functionalization. Among those, bis(tri-n-propylsilyl 

oxide) SiPc ((3PS)2-SiPc) is unique as it can be processed by sublimation, while being soluble 

enough for solution processing. In this work, the charge transport properties of (3PS)2-SiPc and its 

polymorphic forms were studied through Kinetic Monte Carlo (KMC) simulations and density 

functional theory (DFT) calculations along with the characterization of (3PS)2-SiPc in n-type 

OTFTs fabricated by physical vapour deposition (PVD) and spin coating. Post-deposition thin-

film characterization by X-ray diffraction (XRD), atomic force microscopy (AFM), and scanning 

transmission X-ray microscopy (STXM) was used to assess film morphology and microstructure 

in relation to the electrical performance of OTFTs. The differences in film formation by PVD and 

solution fabrication had little effect on OTFT performance with comparable field-effect mobility 

and threshold voltage ranging between 0.01-0.04 cm2 V-1 s-1 and 18-36 V respectively. Consistent 

charge transport properties of (3PS)2-SiPc OTFTs achieved at different fabrication conditions 

highlights the processing versatility of this material.  

Introduction 

Since the 1980s organic thin-film transistors (OTFTs) using conjugated polymer and small 

molecule materials have been envisioned as an improved technology to traditional inorganic 

silicon and germanium transistors.1,2 The low switching speed and charge carrier mobility of many 

organic semiconducting materials contribute to the fact that OTFTs are meant to supplement 

inorganic technologies, and advance novel applications requiring large areas, high flexibility, less 

energy intensive processing conditions, and low cost. Most notably, OTFTs serve as the main 

component of inexpensive flexible electronic circuits facilitating the design of state-of-the-art 

biological sensors3–5, wearable electronics6–8, and flexible displays9–11. An applied positive or 

negative voltage can yield either an accumulation of holes or electrons in the intrinsically 

semiconducting materials used in OTFTs, resulting in n- or p-type transistor behaviour. For many 

organic small molecules p-type transistor operation is dominant, however through the synthesis of 

materials with high electron affinities significant advances have been made in the development of 

n-type OTFTs. Unfortunately, many n-type behaving materials demonstrate lower mobilities, 

worse environmental/chemical stability, and lower solubility compared to materials for p-type 

OTFTs, making them impractical for many applications.12,13 
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Metal or metalloid phthalocyanines (MPcs) are a vast group of semiconducting organic 

small molecules comprised of a conjugated aromatic structure with a central chelated metal ion. 

For over 90 years MPcs have been used extensively as dyes, pigments, and more recently as 

commercial photoreceptors owing to their brilliant colour, ease of synthesis, favourable opto-

electric properties, and high thermal, mechanical, and environmental stability.14 Compared to 

divalent MPcs, silicon phthalocyanine (SiPc) derivatives offer two additional axial positions for 

added molecular tunability. Additionally, SiPcs possess n-type semiconducting behaviour rather 

than the more common p-type behaviour demonstrated by most MPc based OTFTs. The high 

thermal stability of phenoxy substituted SiPcs have enabled the fabrication of n-type OTFTs by 

physical vapour deposition (PVD) with a maximum mobility of 0.54 cm2 V-1 s-1 achieved by 

bis(pentafluorophenoxy) SiPc (F10-SiPc).15–18 Phenoxy substituted SiPcs have also demonstrated 

promising results in mixed PVD and solution fabricated organic photovoltaic devices (OPVs) 

exhibiting an open-circuit voltage (Voc) of 0.88 V.19 The highly soluble alkyl substituted SiPc 

derivatives have been used for solution fabricated n-type OTFTs20,21 and OPVs22,23, with bis(tri-n-

butylsilyl oxide) SiPc ((3BS)2-SiPc) demonstrating the highest performance in both types of 

devices. Bis(tri-n-propylsilyl oxide) SiPc ((3PS)2-SiPc) is a unique derivative as its synthetic 

simplicity, scalable synthesis, n-type behaviour, high solubility, and high thermal stability makes 

it an exceedingly versatile material (Figure 3.1).24 Unlike previously reported SiPcs,25 (3PS)2-SiPc 

possesses unique processing duality facilitating fabrication by both PVD and solution processing, 

owing to its ability to sublime without decomposing and its high solubility in chlorinated solvents 

(15 mg ml-1).24 These features of (3PS)2-SiPc allow for easy purification and a multitude of choice 

for device fabrication processing methods and conditions.  

Herein, the fabrication and characterization of PVD and solution fabricated bottom-gate 

top-contact (3PS)2-SiPc OTFTs are reported. The performance of PVD and solution fabricated 

devices was compared through post-deposition characterization by thin-film X-ray diffraction 

(XRD) and atomic force microscopy (AFM). Additionally, scanning transmission X-ray 

microscopy (STXM) was used to elucidate the distribution of (3PS)2-SiPc molecules in films 

fabricated from solution. Kinetic Monte Carlo (KMC) simulations and density functional theory 

(DFT) calculations were performed to evaluate the crystal structure and access the charge transport 

dimensionality of each polymorphic form of (3PS)2-SiPc and related to OTFT characterization. 

This work aims to highlight the fabrication versatility and exceptional performance of (3PS)2-SiPc 
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in OTFTs with hopes to further the advancement of high performing n-type MPc based organic 

electronic devices. 

 

Figure 3.1. Stick representation of the crystal packing of (a) polymorph 1 (CCDC# 2091746) with 

unit cell (a 11.26, b 17.32, c 12.52, α 90, β 101.5, γ 90) and (b) polymorph 2 (CCDC# 2067659) 

with unit cell (a 10.23, b 16.43, c 14.62, α 90, β 108.9, γ 90) of (3PS)2-SiPc viewed along the a 

axis. 

 

Results and Discussion 

Quantum Chemical Calculations 

Transport levels, optical properties and charge transport parameters of the (3PS)2-SiPc 

molecule were first studied with DFT and time-dependent (TD) DFT calculations. The highest 

occupied molecular orbital (HOMO), lowest unoccupied molecular orbital (LUMO), and 

LUMO+1 energies, equaling -5.11 eV, -2.92 eV, and -2.91 eV respectively, are close to those of 

similar alkylsiloxy-substituted SiPcs21 and rather appropriate for ambipolar transport. Vertical 

transition energies (ΔE) and oscillator strengths (f) from the ground state S0 towards the nearly 

degenerate singlet states S1 and S2 of (3PS)2-SiPc were calculated to be ΔE01 (f01) = 2.057 eV (0.33) 

and ΔE02 (f02) = 2.061 eV (0.34). The electron affinity (EA) of (3PS)2-SiPc, equal to 1.99 eV, is 

again very similar to EA values calculated for previously reported MPcs.21 However, the internal 

charge transfer reorganization energy (λ = 210 meV), which characterizes the amplitude of 

geometric relaxation effects occurring upon electron transfer, is slightly lower than those 

previously reported for other alkylsiloxy-substituted SiPcs (213-266 meV).21 Compared to these 

materials, electron delocalization in the frame of an activated hopping-like transport is thus 

expected to be slightly more favoured in (3PS)2-SiPc (Equation 3.1).  
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The largest electronic couplings (transfer integrals) calculated between molecular 

neighbours in polymorphs 1 and 2 are shown in Figure 3.2, while the complete set of non-

negligible Je values are reported in Table S3.1 and Table S3.2. The largest coupling in polymorph 

1 amounts to 7.6 meV and occurs between molecules stacked parallel to the (0; ±0.5; ±0.5) 

directions. In polymorph 2, the highest Je value is found along the (±1; 0; 0) direction, i.e. parallel 

to the a crystal axis, with a larger magnitude of 11.4 meV. As reported in Table S3.1 and Table 

S3.2, rather large electronic couplings (10.1 eV) also exist in polymorph 2 along the (±0.5; ±0.5; 

±0.5) directions. On the contrary, these secondary transfer integrals are much lower in polymorph 

1 (1.6 meV, along the a axis), which makes polymorph 2 more prone to display efficient and 

multidimensional charge transport. This is confirmed by the calculated electron mobilities reported 

in Table S3.3 and Figure 3.3: besides having mobilities approximately three times lower, 

polymorph 1 is almost not conducing along the a axis, as a consequence of the above mentioned 

small transfer integrals. These results suggest that charge transport through (3PS)2-SiPc should be 

highly dependent on the amount and nature of the polymorphs which are present in the device. 

 

Figure 3.2. Top and side views of molecular dimers giving rise to the largest electronic couplings 

(Je) of (a) polymorph 1 and (b) polymorph 2 of (3PS)2-SiPc. 
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Figure 3.3. (a) Polar plots of electron mobility (x 10-3 cm2 V-1 s-1) as a function of the direction of 

the applied electric field  in the x-y, x-z and y-z planes. Red, green and blue arrows represent the 

projection in those planes of a, b, and c crystal axes, respectively. (b) 3D map of electron mobility 

as a function of the direction of the applied electric field. The position on the spherical surface 

represents the direction of the applied electric field, and the color the magnitude of mobility. 

Mobilities were calculated by Kinetic Monte Carlo simulations, using the Marcus model (E = 1000 

V cm-1, λ = 0.41 eV, T = 300 K, σ = 0.052 eV). 

 

Organic Thin-Film Transistors 

Bottom-gate top-contact OTFTs were fabricated on silicon substrates with a dielectric layer 

comprised of thermally grown silicon oxide. (3PS)2-SiPc thin-films were deposited by either PVD 

or spin coating and annealed to create the semiconducting active layer. All OTFT electrical 

characterization was performed in a nitrogen environment at room temperature to obtain the 

saturation regime electron field-effect mobility (μe), threshold voltage (VT) and on/off current ratio 

(Ion/off) of each transistor with results displayed in Table 3.1. Characteristic output curves, as well 

as forward and reverse transfer curves of PVD and solution fabricated OTFTs are displayed in 

Figures S3.4 and Figure S3.5 respectively. OTFTs made by both fabrication methods resulted in 

remarkably similar electrical performance with average mobilities in the range of 1.0-3.9 x 10-2 

cm2 V-1 s-1 for PVD devices and 2.3-4.1 x 10-2 cm2 V-1 s-1 for solution, with threshold voltages 

between 18 V and 32 V for both methods. In comparison to other bottom-gate top-contact bis(tri-

alkylsilyl oxide) SiPc OTFTs which exhibit average mobilities ranging from 10-4-10-2 cm2 V-1 s-1 
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and threshold voltages between 20-40 V,21 (3PS)2-SiPc OTFTs displayed comparable or superior 

electrical performance. All OTFTs exhibited consistently high Ion/off, between 104-105, suitable for 

device operation and comparable to that of other SiPc OTFTs fabricated by both solution and 

evaporative processing.17,21 To date, the highest performing solution fabricated SiPc OTFT was 

reported with (3BS)2-SiPc exhibiting a μe, max of 4.3 x 10-2 cm2 V-1 s-1, μe, avg of 2.8 x 10-2 cm2 V-1 

s-1 and VT of 17.6 V.21 However, the (3PS)2-SiPc OTFTs reported herein surpasses these results 

with a μe, max of 4.9 x 10-2 cm2 V-1 s-1, and μe, avg of 4.1 x 10-2 cm2 V-1 s-1, despite a notably greater 

VT of 27.6 V. Axially substituted phenoxy SiPc OTFTs with a bottom-gate top-contact architecture 

fabricated by PVD have demonstrated similar electrical performance to alkyl substituted SiPcs 

with mobilities in the range of 10-3-10-2 cm2 V-1 s-1 and threshold voltages between 20-40 V.17 

PVD fabricated (3PS)2-SiPc OTFTs display similar or greater electrical performance compared to 

phenoxy substituted SiPcs, with the exception of F10-SiPc, which to our knowledge reports the 

greatest μe, avg of 0.27 cm2 V-1 s-1 with a VT of 23.5 V for PVD fabricated bottom-gate top-contact 

SiPc OTFTs.16  

Owing to the difference in crystallite nucleation and film growth between PVD and 

solution fabrication methods, one would expect differences in the electrical performance between 

OTFTs fabricated by these different processes. While crystallite growth by PVD relies on a 

carefully controlled deposition rate and substrate temperature, crystallite growth from solution is 

characterized by the rate of solvent evaporation, which is hardly controllable and typically occurs 

orders of magnitude faster than PVD.26–29 The variable crystallization rate achieved by solution 

fabrication can lead to large crystallite formation which can negatively impact charge transport 

due to wider grain boundaries and a high degree of molecular disorder.21,30 However, it is well 

known that charge transport is dependent not only on crystallite size but also on several other 

factors including grain boundary effects, surface roughness, crystallite packing, and molecular 

orientation, with the interplay between these parameters is crucial for achieving high mobility 

OTFTs.31–34 For (3PS)2-SiPc, the effects of these factors are mitigated by the efficient charge 

transport in the material, resulting in OTFTs with similar electrical performance irrespective of 

fabrication method and thin-film characteristics.  
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Table 3.1. Summary of PVD and solution fabricated bottom-gate top-contact (3PS)2-SiPc 

transistor characteristics, measured at room temperature in nitrogen environment. Averages were 

calculated from n unique transistors. 

Deposition 

Method  

Annealing 

Temp (°C) 

µe, max 

(10-2 cm2 V-1s-1) 

µe, avg 

(10-2 cm2 V-1 s-1) 

VT 

(V) 
Ion/off n 

PVD 

25 6.4 3.9 ± 0.91 26.8 ± 3.5 105 39 

50 2.0 1.5 ± 0.26 31.5 ± 1.7 105 27 

100 6.5 2.6 ± 0.66 26.6 ± 2.7 105 30 

150 1.6 1.0 ± 0.11 18.4 ± 2.1 105 36 

Solution 

25 2.9 2.3 ± 0.40 34.0 ± 3.3 10
5
 17 

50 4.8 3.4 ± 0.97 32.3 ± 4.0 10
5
 12 

100 4.9 4.1 ± 0.41 27.6 ± 1.6 10
4
 13 

150 3.5 2.8 ± 0.48 19.6 ± 3.2 10
4
 12 

 

To further assess (3PS)2-SiPc thin-film formation by PVD and solution fabrication, the 

effects of post-deposition thermal annealing were studied through OTFT electrical performance 

and XRD. Characteristic transfer curves of PVD (Figure 3.4a) and solution (Figure 3.4b) 

fabricated OTFTs annealed from 25-150°C displayed little change in μe. However, at an annealing 

temperature of 150°C a reduction in VT was observed in all OTFTs, with PVD devices exhibiting 

a 7.2 V decrease from an average VT of 26.8 V to 18.4 V, and solution devices exhibiting a greater 

reduction of 14.4 V from an average VT of 34.0 V to 19.6 V. Thermogravimetric analysis (TGA) 

and differential scanning calorimetry (DSC) measurements of (3PS)2-SiPc powder show no 

significant thermal events before the decomposition temperature at approximately 340°C and no 

phase transitions between 25-240°C.24 The high thermal stability of (3PS)2-SiPc, together with the 

three dimensional character of charge transport of polymorph 2, as revealed by DFT and KMC 

calculations, may be the reasons for the consistently high μe observed in OTFTs fabricated by 

different methods, suggesting that thermal annealing can be used on (3PS)2-SiPc devices to further 

improve VT without affecting μe. 

To investigate in detail the effect of annealing on crystalline order, XRD patterns of PVD 

and solution fabricated (3PS)2-SiPc thin-films annealed at increasing temperatures are shown in 

Figure 3.4c and Figure 3.4d. PVD films exhibit a primary peak at approximately 2θ = 9.00° 

corresponding to a d-spacing of 9.85 Å, and a secondary lower intensity peak at 2θ = 7.80° 

corresponding to a d-spacing of 11.35 Å. At higher annealing temperatures the intensity of the 
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secondary peak decreases, while an increase in intensity is observed for the primary peak. In 

contrast, solution fabricated films exhibit a single high intensity peak at 2θ = 8.90° corresponding 

to a d-spacing of 9.96 Å when annealed at 25°C, which shifts to 2θ = 9.02° (d-spacing of 9.83 Å), 

decreases in width, and increases in intensity when annealed at 150°C. With both fabrication 

methods, thermal annealing at 150°C results in an increase in peak intensity and shift in peak 

position to 2θ = 9.02°, indicating the conversion to a different crystallite packing structure. As 

PVD fabricated thin-films exhibit an XRD signal around 2θ = 9.00-9.02°, it is suggested that this 

fabrication method initially produces this packing structure; with post deposition thermal 

annealing the packing of additional crystallites are converted resulting in the greater peak intensity. 

Conversely, solution fabrication does not initially produce thin-films with this packing structure 

and requires thermal annealing for conversion as evidenced by the large peak shift from 2θ = 8.90° 

to 2θ = 9.02°. 

XRD peak intensity is related to grain texture, crystallite orientation and degree of 

crystallinity with a higher intensity indicating a more consistently oriented thin-film.35 Peak 

position is attributed to the intermolecular d-spacing and peak width to grain size, such that an 

increase in peak position along the 2θ axis represents a decrease in d-spacing, with a narrower 

peak indicating larger crystallite formation.35 Therefore, the increase in peak intensity and shift in 

peak position that occurs at higher annealing temperatures indicates the formation of more highly 

ordered, densely packed, crystalline thin-films as evident by the reduction in intermolecular d-

spacing and increase in peak intensity. Additionally, the narrower and higher intensity peaks 

exhibited by solution fabricated films suggest the films are comprised of larger crystallites 

compared to PVD films, which is corroborated by AFM images of PVD (Figure 3.4e) and solution 

fabricated (Figure 3.4f) (3PS)2-SiPc thin-films. PVD films annealed at 25°C show a densely 

packed network of small circular crystallites, with many grain boundaries and a surface roughness 

of 4.33 nm. In contrast, the morphology of solution fabricated films exhibits large plate like 

crystallites, with fewer boundaries and a surface roughness of 1.65 nm. Although there are 

significant differences in thin-film morphology between PVD and solution fabricated (3PS)2-SiPc 

films, both morphologies exhibit interconnected, and largely homogenous features that promote 

efficient charge transport.  

The predicted XRD patterns (Figure S3.6) of polymorph 1 and 2 calculated from single 

crystal data shows two peaks at 2θ = 8.82° and 9.50° for polymorph 1 and 2θ = 8.36° and 9.14° 
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for polymorph 2. As neither of the thin-film XRD data of PVD and solution fabricated films aligns 

with these peaks, we surmise that a new polymorphic form is present in films compared to powder 

samples. As discussed, the polymorphic nature of (3PS)2-SiPc dictates the degree of charge 

transport with a high dimensional dependence. Both PVD and solution fabrication methods 

resulted in (3PS)2-SiPc thin-films with high mobilities and favourable charge transport, suggesting 

that the new polymorph present in films may have a similar structure to that of polymorph 2. 
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Figure 3.4. Characteristic transfer curves of (a) PVD and (b) solution fabricated transistors 

annealed at various temperatures. XRD patterns of annealed (3PS)2-SiPc thin-films fabricated by 

(c) PVD and (d) solution fabrication. AFM image (10 µm x 10 µm) of (3PS)2-SiPc thin-films 

annealed at 25°C fabricated by (e) PVD and (f) solution fabrication.  
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STXM Characterization 

STXM measurements at the carbon K-edge were carried out on a solution fabricated thin-

film of (3PS)2-SiPc with X-rays irradiated in normal incidence to the sample and measurements 

executed by altering the polarization of the beam between linear horizontal (LH) and linear vertical 

(LV) (Figure 3.5a). Planar MPcs, such as SiPcs, commonly form a herringbone packing structure 

with alternating face-to-edge and face-to-face molecular packing oriented either or both edge-on 

and face-on to the substrate surface.36–38 For the OTFT architecture used herein, edge-on 

orientation of the (3PS)2-SiPc molecules is desired as the increased π-π stacking along this 

direction results in greater charge transport between the source-drain electrodes, ultimately 

resulting in higher mobility OTFTs.17,21,39,40 The highly anisotropic nature and directional 

dependent charge transport of MPcs, in particular (3PS)2-SiPc as evident by polymorph 1 and 

polymorph 2 in Figure 3.3, further justifies additional thin-film characterization.  

Figure 3.5b shows the carbon (C) 1s near edge X-ray absorption fine structure (NEXAFS) 

spectra of (3PS)2 SiPc, which exhibits a sharp peak at 285 eV corresponding to the C 1s → π* 

transition of the C=C bonds, a small shoulder at approximately 288 eV corresponding to the C 1s 

→ σ* transition of the C-H bonds, and two broad contributions at 293 eV and 304 eV 

corresponding to the C 1s → σ* transition of the C-C bonds.41 In NEXAFS spectroscopy, the 

intensity of a transition is proportional to the square of the cosine of the angle between the 

transition vector (𝜋∗⃗⃗⃗⃗⃗ in our case at 285 eV) and the electric field vector of the beam (𝐸𝐿𝑉
⃗⃗ ⃗⃗ ⃗⃗ ⃗ or 𝐸𝐿𝐻

⃗⃗⃗⃗⃗⃗⃗⃗  in 

our case).42 Monitoring the resonance intensity as a function of the polarization can thus provide 

information about the local molecular orientation. The NEXAFS spectra of a (3PS)2 SiPc film 

shows a strong dichroic behaviour with an increase in resonance from 0.28 to 0.40 of the 285 eV 

peak when the polarization is switched from LH to LV. This partial increase, corresponding to a 

C 1s → π* transition perpendicular to the SiPc plane, indicates that the molecules are not orientated 

purely face-on nor purely edge-on to the substrate but rather aligned in pseudo edge-on 

configuration. Optical density images were taken at 285 eV for both LV and LH polarizations with 

a LH-LV difference image generated from these (Figure 3.5c and Figure 3.5d respectively). The 

dichroic behaviour can be clearly seen from these images as shown by the highlighted cluster of 

pixels which turns on from LH to LV, with an averaged difference in optical density of -0.1. From 

the LH-LV difference image, the domains of various intensity correspond to different SiPc 

molecular orientations, indicating the films are comprised of molecules orientated in many angles 
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to the substrate surface. Given the small amplitude in the π* resonance intensity differences, these 

variations in molecular orientation are relatively small, therefore the film remains relatively 

homogenous throughout with (3PS)2 SiPc domains on the order of 1-4 µm. This analysis 

demonstrates that STXM is a powerful technique that can be used to characterize MPcs thin-films 

and provide insight into the molecular orientation through the entire film. 

 

Figure 3.5. (a) Schematic diagram of STXM equipment. (b) NEXAFS spectra at the carbon K-

edge, (c) optical density images (10 µm x 10 µm) at 285 eV of solution fabricated (3PS)2-SiPc 

thin-films determined by STXM and (c) LH-LV difference image generated from the optical 

density images. 

 

Conclusion 

In this work the charge transport properties of the polymorphic forms of the (3PS)2-SiPc 

crystal were determined by KMC simulations and DFT calculations, and the differences between 

(3PS)2-SiPc OTFTs fabricated by PVD and solution processing were accessed through electrical 

characterization, topographical imaging, and the determination of thin-film microstructure. OTFTs 

fabricated from solid state and solution methods resulted in similar performance metrics with 

average mobilities in the range of 1.0-3.9 x 10-2 cm2 V-1 s-1 for PVD devices and 2.3-4.1 x 10-2 

cm2 V-1 s-1 for solution. Post-deposition thermal annealing was shown to have little effect on the 

μe of OTFTs although a noticeable decrease in VT at greater annealing temperature was observed 



Rosemary R. Cranston  University of Ottawa | Chapter 3 

 
83 

across all devices, suggesting that thermal annealing can be used as a method to reduce VT without 

negatively impacting μe. Synchrotron based STXM measurements demonstrated that the films are 

constituted by domains of 1-4 µm where the (3PS)2-SiPc are primarily oriented in the same pseudo 

edge-on direction. This study demonstrates the unique ability to integrate (3PS)2-SiPc into n-type 

OTFTs through solution and vapour fabrication techniques, providing opportunity for hybrid 

manufacturing. 

Experimental 

Materials 

Bis(tri-n-propylsilyl oxide) silicon phthalocyanine was synthesized as described in 

literature.24 All solvents were purchased from commercial suppliers and used as received.  

Computational 

Quantum chemical calculations were performed using the same levels of approximation as 

in our previous works.17,20,21,30,43 Energies of the highest occupied and lowest unoccupied 

molecular orbitals (HOMO and LUMO) were obtained after optimizing the molecular geometry 

using density functional theory (DFT) at the B3LYP/6-31G(d) level. Vertical transition energies 

and oscillator strengths towards the first optically allowed excited states were computed by means 

of time-dependent DFT with the same level of approximation. The electron affinity (EA) was 

obtained using the differences in the total energies of the charged and neutral molecules in their 

optimized geometries. 

The charge transfer rates between adjacent molecules i and j were calculated according to 

the semi classical rate equation due to Marcus (Equation 3.1), which displays a dependence on 

the square of the electronic coupling Jij:
44 

𝑘𝑖𝑗 =
2𝜋

ℏ

𝐽𝑖𝑗
2

√4𝜋𝜆𝑘𝐵𝑇
exp [−

(∆𝐺𝑖𝑗 + 𝜆)
2

4𝜆𝑘𝐵𝑇
] (3.1) 

 

where ℏ and kB are the reduced Planck and Boltzmann constants respectively, and T = 300 K. The 

reorganization energy, λ = λi + λs, includes both the fast fluctuations of the energy of the molecules 

and their surroundings, and ΔGij = –EAj + EAi – eE ∙ rij comprises the spatial (static) variations of 

electron affinities and the contribution of an external electric field E, which in turn depends on the 

intermolecular vector rij. The intramolecular fraction of reorganization energy (λi) for electron 
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transport was obtained with the four points method45 and B3LYP/6-31G(d) calculations. The 

external fraction λs was set to 0.2 eV, a value predicted for a low dielectric constant medium by 

continuum model calculations.46 The electronic couplings Jij were obtained by employing the 

projection method involving the LUMOs of monomers,47 and assuming the degeneracy of the 

LUMO and LUMO+1 levels.43 Since simulations were performed on a defect-free crystal 

structure, another important parameter affecting charge mobility, the standard deviation σ of the 

transport levels (i.e. the site energies EAi and EAj), was also empirically adjusted, with the actual 

EA values drawn from a Gaussian distribution. 

Electron mobilities were evaluated by means of Kinetic Monte Carlo (KMC) simulations 

based on the first reactions algorithm, performed in supercells in which the experimental X-ray 

crystal lattice was replicated to have roughly cubic boxes with sides of about 200 Å (polymorph 

1, 6720 molecules, 20 x 12 x 14 supercell; polymorph 2, 6912 molecules, 18 x 12 x 16 supercell). 

Simulated mobilities were obtained by measuring the distance travelled by a single charge in the 

direction of the applied electric field E, divided by the elapsed time t and the field itself: 

𝜇 = 𝒓(𝑡) ∙
𝑬

𝐸

1

𝐸𝑡
 (3.2) 

 

In practice, the distance was fixed to 5 x 106 Å, while the time t necessary to travel that 

distance is the actual simulation result. For each value and direction of the electric field, reported 

mobilities are the average of 100 KMC simulations, in which both the starting site for the charge 

and the site energies were randomly generated. Test calculations showing the influence of the 

internal reorganization energy and energetic disorder on the mobilities are reported in Figures 

S3.1-S3.3. We also demonstrated the consistency between zero-field mobilities extracted from 

KMC simulations with σ = 0 with those calculated, in previous works17,20,21,30 using a simpler 

computational scheme that combines Einstein’s electrical mobility equation and Marcus formula 

for the hopping rates (Table S3.3). Electronic structure calculations were performed using the 

ORCA48 and Gaussian49 programs. Transfer integrals were calculated using homemade codes. 

PVD Fabricated OTFTs 

Bottom-gate top-contact OTFTs with (3PS)2-SiPc deposited by PVD were fabricated on n-

doped silicon substrates (15 mm x 20 mm) with a 300 nm thermally grown silicon oxide dielectric 

layer purchased from Ossila. Substrates were first rinsed with acetone and isopropanol to remove 
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the protective photoresist, followed by drying with nitrogen gas. Substrates were then cleaned by 

sonication in sequential baths of acetone and methanol for 5 min, each followed by drying with 

nitrogen before treatment with oxygen plasma for 15 min to clean and hydrolyze the surface. 

Plasma-treated substrates were then rinsed with water and isopropanol and dried with nitrogen 

before submersion in a solution of 1% v/v octyltrichlorosilane (OTS)-toluene solution. Surface 

treatment with OTS was carried out for 72 hrs at 70°C. OTS-treated substrates were then rinsed 

with toluene and isopropanol and dried under vacuum at 70°C for 1 hr. Bottom-gate top-contact 

OTFTs were fabricated by first thermally depositing a 300 Å film of (3PS)2-SiPc by PVD through 

a square shadow mask as the active semiconducting layer at a target rate of 0.2 Å s-1 on room-

temperature substrates using an Angstrom EvoVac thermal evaporator (P < 2 x 10-6 torr). Top 

contact source-drain electrodes were fabricated using shadow masks purchased from Ossila 

(channel length of 30 µm, channel width of 1000 µm) by depositing a 100 Å layer of manganese 

at a rate of 0.5 Å s-1 followed by depositing a 500 Å layer of silver at a rate of 1 Å s-1. 

Solution Fabricated OTFTs 

Solution processed bottom-gate top-contact OTFTs were fabricated on the same n-doped 

silicon substrates purchased from Ossila as those used for PVD fabricated OTFTs. Substrates were 

cleaned by sequential 5 min long sonication baths of soapy water, distilled water, acetone and 

methanol, then dried with nitrogen. Substrates were then treated with air plasma for 15 min, before 

being rinsed with distilled water and isopropanol, and treated with a surface treatment of 1% v/v 

OTS in toluene by submersion in solution for 24 hrs at 70°C. After removal from the OTS solution, 

substrates were rinsed with toluene and isopropanol and dried in a vacuum oven at 70˚C for 1 hr. 

A 10 mg ml-1 (3PS)2-SiPc solution in chloroform (CHCl3) was prepared by heating at 50˚C for 1 

hr in a nitrogen filled glovebox. The solution was then filtered through 0.2 μm pore size PTFE 

membrane, and deposited onto the OTS-treated substrates by spin-coating 60 μl of solution at 1500 

RPM for 90 sec. The (3PS)2-SiPc films were then either thermally annealed under vacuum for 1 

hr or left to dry at room temperature in nitrogen. Electrodes were deposited by PVD using an 

Angstrom EvoVac thermal evaporator (P < 2 x 10-6 torr) using the same procedure as PVD 

fabricated OTFTs.  
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OTFT Characterization 

Electrical characterization of OTFTs was performed as described in our previous 

works.17,21 All characterization was done in a nitrogen filled glove box at room temperature using 

a multi tester consisting of 48 gold plated nickel probe tips that contact the source-drain and gate 

electrodes. A Keithley 2614B and a MCC USB DAQ was used to control the source-drain voltage 

(VSD = 50 V) and gate voltage (0 V < VGS < 60 V) to obtain source-drain current (ISD) measurements 

in order to determine the μe, VT, and Ion/off.  

AFM 

AFM images were collected using a Bruker Dimension Icon AFM with ScanAsyst-Air tips 

and analyzed with NanoScope Analysis v.1.8 software.  

XRD 

XRD data was collected using a Rigaku Ultima IV diffractometer with Cu Kα source (λ = 

1.5418 Å), a scan range of 3° < 2θ < 20° and a rate of 0.5° min-1 with no spin. The interplanar 

spacing (d-spacing) between lattice plans was calculated using Bragg’s Law shown by the 

following equation: 

𝑛𝜆 = 2𝑑sin𝜃 (3.3) 

 

where λ is the wavelength of the incident wave equal to 1.54056 Å, d is the spacing between planes, 

θ is the angle of incidence in degrees, and n is a positive integer equal to 1 for this study.  

STXM 

Thin-films of (3PS)2-SiPc (100 nm) were spin-coated onto a layer of poly(3,4-

ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS), floated in water and transferred 

onto a transmission electron microscopy (TEM) grid. STXM was performed on the HERMES 

beamline at the SOLEIL Synchrotron facility in Saint-Aubin, France to investigate the thin-film 

properties. The STXM equipment consisted of a Fresnel zone plate with 50 nm outer zone width, 

an order sorting aperture, the sample mounted onto a raster scanning piezo stage, and a 

photomultiplier tube to record the transmitted intensity. X-rays were irradiated in normal incidence 

to the sample surface and the linear polarization of the beam switched between linear horizontal 

(LH) and linear vertical (LV) using an undulator. Measurements were recorded in the energy range 

of 280-320 eV corresponding to the carbon K-edge to obtain 172 5 μm x 5 μm images with a step 
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size of 50 nm and a dwell time of 3 ms. A photon energy of 285 eV with a 50 nm step size and a 

3 ms dwell time was used to obtain 10 μm x 10 μm images. Analysis software aXis2000 was used 

to process all data.50 
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Table S3.1. Relevant transfer integrals (Je) and intermolecular vectors expressed in Cartesian (rx, 

ry, rz) and cell coordinates (a, b, c) for polymorph 1.  

# Je (eV) rx (Å) ry (Å) rz (Å)  |𝒓| (Å) a b c 

1 1.6 -10.23 0 0 10.23 -1 0 0 

2 1.6 +10.23 0 0 10.23 +1 0 0 

3 7.6 +2.38 -8.21 -6.92 11.00 0 -1/2 -1/2 

4 7.6 +2.38 8.21 -6.92 11.00 0 +1/2 -1/2 

5 7.6 -2.38 -8.21 +6.92 11.00 0 +1/2 -1/2 

6 7.6 +2.38 8.21 +6.92 11.00 0 +1/2 +1/2 
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Table S3.2. Relevant transfer integrals (Je) and intermolecular vectors expressed in Cartesian (rx, 

ry, rz) and cell coordinates (a, b, c) for polymorph 2.  

# Je (eV) rx (Å) ry (Å) rz (Å) |𝒓| (Å) a b c 

1 11.4 -11.27 0 0 11.27 -1 0 0 

2 11.4 +11.27 0 0 11.27 +1 0 0 

3 0.7 -4.39 +8.66 -6.13 11.48 -1/2 +1/2 -1/2 

4 0.7 +4.39 +8.66 +6.13 11.48 +1/2 +1/2 +1/2 

5 0.7 -4.39 -8.66 -6.13 11.48 -1/2 -1/2 -1/2 

6 0.7 4.39 -8.66 +6.13 11.48 +1/2 -1/2 1/2 

7 10.1 +6.88 +8.66 -6.31 12.65 1/2 +1/2 -1/2 

8 10.1 -6.88 +8.66 +6.31 12.65 -1/2 +1/2 +1/2 

9 10.1 +6.88 -8.66 -6.31 12.65 +1/2 -1/2 -1/2 

10 10.1 -6.88 -8.66 +6.31 12.65 -1/2 -1/2 +1/2 

 

 

 

 
Figure S3.1. Electron mobility as a function of the magnitude of the electric field, set to be parallel 

to one of the crystallographic axes a, b, c, calculated in absence of external reorganization energy 

and of diagonal disorder (E = 1000 V cm-1, λ = 0.21 eV, T = 300 K, σ = 0 eV).  
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Figure S3.2. Electron mobility as a function of the magnitude of the electric field, set to be parallel 

to one of the crystallographic axes a, b, c, calculated without external reorganization energy and 

with diagonal disorder (E = 1000 V cm-1, λ = 0.21 eV, T = 300 K, σ = 0.052 eV). 

 

 

 
Figure S3.3. Electron mobility as a function of the magnitude of the electric field, set to be parallel 

to one of the crystallographic axes a, b, c, calculated assuming an external reorganization energy 

of 0.2 eV and diagonal disorder (E = 1000 V cm-1, λ = 0.41 eV, T = 300 K, σ = 0.052 eV). 
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Table S3.3. Computed electron mobilities at zero field along the crystal axes and average mobility 

(µe, avg = (µa + µb + µc) / 3) of polymorph 1 and polymorph 2 determined by at zero field, using the 

expression: 

 

𝜇𝑖 =
𝑞

ℎ
(

𝜋

𝑘𝑇
)

3/2 1

√𝜆𝑖

exp (−
𝜆𝑖

4𝑘𝑇
) ∑ 𝐽𝑚

2

𝑚

(𝑟𝑚 ∙ 𝑒𝑖)
2 (3.4) 

 

Where the sum runs over all pairs of molecular neighbours separated by the distance vector 𝑟𝑚, 𝑒𝑖 

is a unit vector representing the direction. Variables q, h and k are respectively the elementary 

charge, the Planck and Boltzmann constants, and T = 300 K. These mobilities are compared with 

Kinetic Monte Carlo mobilities extrapolated at zero field and without energetic disorder (Figure 

S3.1).  

Polymorph 
µa 

(x 10-2 cm2 V-1 s-1) 

µb 

(x 10-2 cm2 V-1 s-1) 

µc 

(x 10-2 cm2 V-1 s-1) 

µe, avg 

(x 10-2 cm2 V-1 s-1) 

1-Equation 1.7 14.2 11.6 8.9 

2-Equation 50.8 14.3 33.9 33.0 

1-KMC 1.7 14.0 11.1 8.9 

2-KMC 47.1 27.6 21.2 32.0 

 

 

Figure S3.4. Characteristic output curves of (a) PVD and (b) solution fabricated (3PS)2-SiPc 

OTFTs annealed at 25°C for 1 hr and characterized at room temperature in a nitrogen environment.  
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Figure S3.5. Characteristic forward and reverse transfer curves of (a) PVD and (b) solution 

fabricated (3PS)2-SiPc OTFTs annealed at 25°C for 1 hr and characterized at room temperature in 

a nitrogen environment. 

 

 

 

Figure S3.6. XRD pattern of polymorph 1 and polymorph 2 predicated from single crystal data 

using Mercury: visualization and analysis of crystal structures, from the Cambridge 

Crystallographic Data Centre.  
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Chapter 4. Polarized Raman Microscopy to Image 

Microstructure Changes in Silicon Phthalocyanine Thin-Films 
 

This chapter is adapted from: Cranston, R. R., Lanosky, T. D., Ewenike, R., Mckillop, S., King, 

B., Lessard, B. H. Polarized Raman Microscopy to Image Microstructure Changes in Silicon 

Phthalocyanine Thin‐Films. Small Science. (2024).  

Context  

Building from the thermal annealing studies presented in Chapter 3, this work examined 

the effects of annealing temperature on the formation of (3PS)2-SiPc thin-films using polarized 

Raman microscopy. As a new characterization technique to our research group, I spent a 

considerable amount of time setting up and implementing the procedures to conduct polarized 

Raman microscopy experiments, specifically to determine the orientation of molecules in a sample 

through 2D surface maps. This method of characterization provides analysis similar to that of 

synchrotron X-ray diffraction methods, but is significantly more accessible as experimentation can 

be performed in house and with high-throughput. This work again examined differences in film 

formation and OTFT performance of solution and physical vapour deposited films with high 

temperature thermal annealing. Using polarized Raman microscopy and XRD, a new polymorph 

was identified in films fabricated by physical vapour deposition, while solution fabricated films 

did not undergo the same structural reorganization with thermal annealing.  

Contributions of Authors  

This work was completed through contributions of all authors. For this work, I fabricated 

and characterized OTFTs and thin-films, conducted data analysis and wrote the manuscript. T.D.L 

assisted in OTFT fabrication and characterization. R.E. assisted in XRD experiments. S.M 

conducted film thickness measurements by profilometry. B.K assisted in PVD fabrication and 

B.H.L. provided supervision for the project. 

Abstract 

The choice of deposition technique and post deposition treatment can significantly 

influence the performance of organic electronic devices by altering the complex relationship 

between film properties and charge transport. Herein, the influence of deposition method and post 



Rosemary R. Cranston  University of Ottawa | Chapter 4 

 
96 

deposition thermal annealing on the thin-film properties of an emerging semiconductor, bis(tri-n-

propylsilyl oxide) SiPc ((3PS)2-SiPc), is examined by polarized Raman microscopy. Comparing 

physical vapor deposition (PVD) and spin-coating, the orientation of (3PS)2-SiPc molecules in 

films is determined and further characterized by X-ray diffraction to assess variations in 

microstructure and morphology due to thermal annealing. Despite differences in film formation, 

non-annealed organic thin-film transistors (OTFTs) fabricated by PVD and spin-coating resulted 

in similar electron mobilities (μe) on the order of 10-2 cm2 V-1 s-1 and threshold voltages (VT) of 10-

20 V. Films fabricated by PVD annealed at 175°C transition to a new polymorphic form with 

molecules aligned at a higher angle to the substrate and exhibiting reduced device performance. 

Conversely, spin-coated films do not undergo any new polymorph formation or structural 

reorganization with thermal annealing. PVD fabricated films are thus more readily able to undergo 

transformations to structure and morphology with post deposition processing, while the 

microstructure of spin-coated films is established at the time of deposition. 

Introduction 

The micro and nano scale features of organic thin-films have a significant impact on 

resulting device performance.1-4 While topological imaging can be used to study film homogeneity 

and texture5,6 and diffraction techniques can assay film crystallinity and molecular orientation,7,8 

Raman microscopy offers the unique ability to simultaneously characterize both film morphology 

and structural orientation while maintaining high spatial resolution. Material characterization by 

Raman microscopy involves the measurement and identification of distinct vibrational modes and 

the analysis of their relative intensities across a sample area, ultimately providing compositional 

maps. The intensity of a Raman band depends on the orientation of a materials’ axes of symmetry 

with respect to the direction of excited laser and scattered light polarizations.9,10 Thus, Raman 

microscopy enables the non-destructive characterization of a wide range of samples with no 

restrictions on substrate material, dimension, or specialized sample preparation. Additionally, 

unlike diffraction methods which require highly crystalline samples, Raman microscopy can be 

used to gather information on amorphous and crystalline phases while being faster, more 

accessible, and less energy intensive then synchrotron methods. 

Polarized Raman microscopy can be used to quantify the orientation of an organic thin-

film by either the external crystal modes, if the crystal structure of the material is known, or by the 
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internal molecular vibration approach.11-14 The internal molecular vibration approach has been 

extensively used to determine the molecular orientation, packing structure, and polymorph 

formation of planar and non-planar small molecule thin-films including copper, zinc, and 

aluminum chloride phthalocyanines (Pcs).13,15-20 However, to the best of the authors knowledge, 

this method has yet to be used for the analysis of tetravalent metal and metalloid Pcs such as silicon 

phthalocyanines ((OR2)-SiPcs). As promising semiconducting materials (OR)2-SiPcs have well 

established syntheses with a customizable molecular design and a wide range of processing 

compatibilities,21-23 enabling their use as the active material in organic photovoltaics (OPVs),24,25 

thin-film gas sensors,26 and organic thin-film transistors (OTFTs).27,28 In particular, bis(tri-n-

propylsilyl oxide) SiPc ((3PS)2-SiPc, Figure 4.1a) is a high performing n-type (OR)2-SiPc 

derivative which is processable by both sublimation and solution deposition techniques.29 As thin-

film formation, morphology, packing, and trap density play critical roles in the effectiveness and 

utility of a material for device applications,30-33 understanding the interplay between film 

fabrication and microstructural properties on device performance is paramount for the further 

development and advancement of n-type devices based on this family of organic semiconductors.  

In this work, we report the first use of polarized Raman surface maps to estimate the 

molecular angle of (3PS)2-SiPc films by the internal molecular vibration approach. From single 

crystal X-ray diffraction (SCXRD) and ultraviolet-visible spectroscopy (UV-vis), (3PS)2-SiPc is 

determined to be a planar molecule with D4h symmetry and a slip-stacked packing structure,29,34 

enabling characterization by the internal molecular vibration approach and polarized Raman 

microscopy. Thin-films of (3PS)2-SiPc were fabricated by physical vapour deposition (PVD) and 

spin-coating, and characterized by thin-film XRD, and polarized Raman microscopy to assay film 

crystallinity, morphology, and molecular orientation. Differences in fabrication method were 

correlated to OTFT device performance by comparing electron field-effect mobilities (μe), 

hysteresis, and threshold voltages (VT), while the influence of post deposition thermal annealing 

on film microstructure and polymorph formation was investigated by in-situ polarized Raman 

surface maps of films fabricated by PVD. Key annealing temperatures were identified ex-situ for 

(3PS)2-SiPc thin-films fabricated by both sublimation and solution deposition methods, with 

considerable differences in the re-organization of PVD and spin-coated films observed at high 

temperature annealing. Here we find that the initial differences in film microstructure and 

morphology resulting from the choice of material deposition dictates the final film microstructure 
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post thermal treatment. This is in opposition to the more intuitive use of high temperature annealing 

as a method to rectify film properties post deposition. 

 

Figure 4.1. (a) Structure and atomic notation of the (3PS)2-SiPc molecule. (b) Diagram of the 

polarized Raman microscope configuration and the orientation of polarization axes with respect to 

the sample and the corresponding Porto notation. (c) Diagram representing the β of a (3PS)2-SiPc 

molecule to the substrate. 

 

Results and Discussion 

Thin-Film Fabrication 

As the extent of Raman scattering for a given mode is described by its Raman tensor, the 

interaction between molecules and the polarization direction of light can be related to Raman 

intensity.9,10 From the internal molecular vibration approach, information on the orientation and 

distribution of molecules in a film is obtained from the elements of the scattering tensor matrix for 

a selected vibration.9,10 The components of a Raman tensor are probed by quantifying the intensity 

ratio of diagonal (parallel or Z(X,X)Z’) and non-diagonal (cross or Z(X,Y)Z’) polarization of 

incident and scattered light (Figure 4.1b). For Pcs with D4h symmetry, the Raman active 

nondegenerate modes A1g and B1g are in-plane vibrations corresponding to molecular symmetry, 
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and can therefore be used to determine film orientation by polarized Raman spectroscopy.11,12,15,16 

In the case of planar Pc thin-films, the intensity of a Raman band at Z(X,X)Z’ and Z(X,Y)Z’ 

polarizations can be described by Equation 4.1 and Equation 4.2 found in the 

Experimental.11,12,15,16 The orientation of a molecule in a film can then be estimated using 

Equation 4.3 to calculate the angle of molecules relative to the substrate (β, Figure 4.1c) using 

the ratio of Raman band intensities at each polarization.  

Through Raman surface maps taken with Z(X,X)Z’ and Z(X,Y)Z’ polarizations the integral 

intensity ratio of the B1g pyrrole stretch mode was found, and the corresponding β of (3PS)2-SiPc 

molecules to the substrate estimated for films fabricated by PVD (150 nm) and spin-coating (95 

nm). For films fabricated by PVD, Figure 4.2ai shows a uniform surface with (3PS)2-SiPc 

orientated predominantly pseudo edge-on, with an average β of approximately 52° to the substrate, 

which agrees with previous work by scanning transmission X-ray microscopy (STXM).29 

Conversely, spin-coated films show a more varied orientation (Figure 4.2aii) with much of the 

film aligned pseudo edge-on to the substrate with a β between 46-49°. However there exhibits 

areas with lower (βmin = 44°) and higher (βmax = 57°) angles to the substrate, compared to films 

fabricated by PVD (βmin = 47° and βmax = 55°). The increased inhomogeneity of spin-coated films 

is reflected in the microscopy images where PVD yielded films with an effectively uniform surface 

morphology, spin-coated films were marked by large spherulites roughly 35 µm across (Figure 

4.2b).  

XRD patterns of PVD and spin-coated films shown in Figure 4.2c indicate a difference in 

film crystallinity between the two fabrication methods. Films deposited by PVD exhibit a narrow 

high intensity peak at 2θ = 9.02° with a full width at half maximum (FWHM) of 0.13°, while spin-

coated films exhibit a relatively broad peak with reduced intensity at 2θ = 8.86° and a FWHM of 

0.26°. The higher peak intensity of films fabricated by PVD may partly be due to a larger film 

thickness compared to spin-coated, however the narrower peak shape and shift in 2θ indicates a 

film with larger crystallite domains and a smaller intermolecular d-spacing. The broad low 

intensity XRD peak observed in spin-coated films agrees with the larger distribution and variation 

in β seen by polarized Raman surface maps. Additionally, analogous to previous work,29 neither 

fabrication method results in an XRD pattern that matches the polymorphic forms of (3PS)2-SiPc 

predicated from single crystal (Figure S4.1).  



Rosemary R. Cranston  University of Ottawa | Chapter 4 

 
100 

The impact of (3PS)2-SiPc film deposition on the electrical characteristics of OTFTs was 

determined with characteristic transfer and output curves found in Figure S4.2 and Figure S4.3. 

OTFTs fabricated by PVD and spin-coating exhibited notably similar metrics with PVD OTFTs 

having an average μe of 0.44 ± 0.05 x 10-2 cm2 V-1 s-1 and VT of 16.6 ± 1.7 V, and spin-coated 

OTFTs having an average μe of 0.74 ± 0.17 x 10-2 cm2 V-1 s-1 and VT of 21.0 ± 2.8 V (Table S4.1). 

Between the two fabrication methods, spin-coating resulted in a higher VT and increased hysteresis 

between the forward and reverse transfer curves (Figure 4.2d). This could be a result of bias stress 

behaviour during device operation causing a shift in VT over time, which is more prominent in 

solution processed films due to their increased defect density and trapping sites.35-38 As the driving 

force, time scale, and controllability of crystallite nucleation and film growth for PVD and spin-

coating are very different, it is expected that OTFTs fabricated by these two methods would exhibit 

large differences in device performance. However, our previous work demonstrated how the 

relationship between crystallinity, grain boundary effects, surface roughness, and molecular 

orientation have less of an effect on the performance of (3PS)2-SiPc OTFTs due to its unique 

material properties.29 This result is corroborated herein as despite differences in film 

microstructure and morphology between (3PS)2-SiPc films fabricated from sublimation or 

solution, the electrical characteristics of OTFTs are comparable.  
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Figure 4.2. (a) Maps of β (20 μm x 20 μm) between (3PS)2-SiPc and substrate estimated from 

polarized Raman spectra, (b) bright field real-colour microscopy images, (c) XRD patterns and (d) 

characteristic forward (solid line) and reverse (dashed line) transfer curves of (3PS)2-SiPc OTFTs 

and thin-films fabricated by (i) PVD and (ii) spin-coating. No post deposition thermal annealing 

was performed on thin-films in this data set. 

 

In-Situ Thermal Annealing 

To ascertain the effects of film re-organization, in-situ thermal annealing characterized by 

Raman microscopy was conducted on thin-films fabricated by PVD such that pre-annealed 

polarized Raman surface maps were taken at a starting temperature of 25°C and used to estimate 

β. The temperature was then increased at a rate of 5°C min-1 until 180°C which was held for 30 

min before cooling to 25°C where post-annealed polarized Raman surface maps were measured at 

the identical location on the film. Figure 4.3a and Figure 4.3d present the Raman spectra using 

Z(X,X)Z’ and Z(X,Y)Z’ polarizations pre- and post-annealing at the same location on the film. 

For Z(X,X)Z’ polarization the A1g band (591 cm-1) associated with benzene ring deformation, the 

B1g band (681 cm-1) related to macrocycle breathing, and the B1g band (1545 cm-1) correlated to 

pyrrole stretch are clearly present.39-41 By changing the polarization to Z(X,Y)Z’ a loss in intensity 

is observed such that the B1g pyrrole stretch band remains most prominent. Distinct changes in the 

fingerprint region of the spectral range (1350-1550 cm-1), which correspond to isoindole 
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stretching, vibrations of the N-Si and C-H bonds, and displacements of the Cα-Nβ-Cα bridge bond 

of the (3PS)2-SiPc molecule,40,42,43 are noticeable with changing polarization. For directionally 

orientated films, the scattering intensity for a particular Raman mode depends on the alignment of 

the bond axes relative to the direction of polarization. Therefore, when the polarization is parallel 

or perpendicular to a bond axis, the intensity of Raman scattering will not be equal, and information 

regarding orientation can be determined. Greater C-C and C-N intensity with Z(X,X)Z’ (parallel) 

polarization compared to Z(X,Y)Z’ (perpendicular) polarization indicates the (3PS)2-SiPc 

molecules are more closely aligned with these bond axes parallel to the substrate with a lower β. 

Conversely, more intense B1g scattering with Z(X,Y)Z’ polarization relative to Z(X,X)Z’, suggests 

the (3PS)2-SiPc molecules have a greater angle to the substrate. The pre- and post-annealed 

polarized Raman spectra in Figure 4.3a and Figure 4.3d reveal that after thermal annealing the 

intensity of the B1g peak increases with Z(X,Y)Z’ polarization, whereas the pre-annealed film 

shows a decrease in peak intensity at this polarization. This polarization dependant change in B1g 

peak intensity indicates a transition in the thin-film structure resulting from thermal annealing.  

Figure 4.3b and Figure 4.3e display maps of β between (3PS)2-SiPc and the substrate for 

pre- and post-annealed thin-films estimated from polarized Raman surface maps. The pre-annealed 

film shows a similar orientation to Figure 4.2a with a β around 48° to the substrate. After thermal 

annealing more areas with a β of 48° are present with additional regions of much lower and higher 

angle (βmin = 38° and βmax = 54°) that are not found in the pre-annealed map (Figure 4.3e). This 

can also be seen through the histograms presented in Figure 4.3c and Figure 4.3f, where the 

distribution of β for the post-annealed film is much wider than the pre-annealed film. As these 

measurements were conducted in-situ to ensure the same film location, the difference in β and film 

uniformity of pre- and post-annealed thin-films is therefore not a result of deposition or variation 

in measurement region, but rather a direct change caused by thermal annealing. Post deposition 

thermal annealing is a common method to alter the microstructure of Pc thin-films and induce a 

polymorphic change.29,44,45 As PVD films undergo a microstructural change with thermal 

annealing, spin-coated films will likely have a similar orientation change. The film re-organization 

caused by thermal annealing suggests that a morphological change may also occur, which coupled 

with a change in β would imply a large difference in the electrical performance of OTFTs pre- and 

post-thermal annealing. 
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Figure 4.3. (a,d) Polarized Raman spectra, (b,e) in-situ maps of β (20 μm x 20 μm) between (3PS)2-

SiPc and substrate estimated from polarized Raman spectra, and (c,f) distribution histograms of β 

shown in Raman maps of (3PS)2-SiPc thin-films fabricated by PVD pre- and post-annealing. All 

measurements are taken at the same location on the film.  

 

Post Deposition Thermal Annealing Temperature 

For PVD and spin-coated films the post deposition thermal annealing temperature was 

varied from 25°C (no thermal annealing) to 200°C to assay microstructural changes with 

increasing annealing temperature. A maximum annealing temperature of 200°C was selected as 

(3PS)2-SiPc readily sublimes above 200°C under 100 mTorr pressure.34 The XRD patterns of PVD 

films, displayed in Figure 4.4a, exhibit an increase in peak intensity at 2θ ≈ 9.0° with increasing 

annealing temperature, suggesting higher temperatures yield more crystalline films. After 

annealing at 175°C the films fabricated by PVD exhibit a drastic change in film structure, with a 

complete loss of the 2θ ≈ 9.0° peak and the emergence of two lower intensity peaks at 2θ ≈ 7.8° 

and 2θ ≈ 10.0°. The total change in XRD pattern indicates PVD films transition from one 

polymorphic form to another when annealed at 175°C and above. Notably spin-coated films do 

not undergo the same polymorphic change with annealing temperature as seen in Figure 4.4d. For 

spin-coated films an increase in peak intensity and a shift in peak location from 2θ = 8.86° to 9.00° 

is observed with increasing annealing temperature. However, no change in polymorphic form 
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occurs after annealing at 175°C contrary to the transition observed in films fabricated by PVD. 

Microscope images of PVD fabricated films show a large difference in surface characteristics only 

at annealing temperatures of 175°C and 200°C, while spin-coated films show morphological 

changes throughout the temperature range (Figure S4.4). Although non-polarized Raman 

spectroscopy has previously been used to identify polymorph formation in Pc films,46-48 no 

significant change in the non-polarized Raman spectra or location of key Raman bands (1341 cm-

1, 1458 cm-1, and 1545 cm-1) were observed with annealing temperature as seen by Figure S4.5 

and Figure S4.6 respectively. 

Similar to in-situ measurements, polarized Raman spectra of films fabricated by PVD and 

spin-coating exhibit a change in B1g peak intensity ratio with post deposition thermal annealing 

(Figure S4.7 and Figure S4.8). From Figure 4.4c, the β map of a film fabricated by PVD annealed 

at 150°C is comparable to that of a non-annealed film (Figure 4.2a), with the majority of (3PS)2-

SiPc molecules aligned approximately 49° to the substrate. Annealing at or above 175°C results 

in an increase in β to 56° and a much larger distribution in angle with a minimum and maximum 

of 30° and 74° when annealed at 200°C, compared to 47° and 51° when annealed at 150°C. In 

addition to the more varied film and less homogenous microstructure, the increase in β agrees with 

the formation of a new polymorph as identified by XRD. Conversely, spin-coated films annealed 

at 200°C have a comparable average β to films annealed at 150°C, however with more (3PS)2-

SiPc molecules aligned 52-55° to the substrate (Figure 4.4f). The minimum, maximum, and 

average β of (3PS)2-SiPc films annealed at each temperature for both deposition methods can be 

found in Table S4.2. In addition to annealing temperature, annealing times of 15 min, 30 min, and 

60 min were studied at a constant temperature, with no significant changes in PVD or spin-coated 

film microstructure observed by XRD and polarized Raman surface maps (Figure S4.9). The 

transition of PVD fabricated films to a new polymorph is therefore primarily brought on by thermal 

annealing temperature, while spin-coated films do not undergo polymorph formation with 

annealing temperature, but rather only exhibit changes in film crystallinity and homogeneity.  

Characteristic transfer curves of PVD and spin-coated OTFTs non-thermally annealed, 

annealed before the polymorph transition temperature at 150°C, and annealed after the polymorph 

transition temperature at 200°C are shown in Figure 4.4b and Figure 4.4e. For OTFTs fabricated 

using PVD, thermal annealing at 150°C resulted in a higher µe compared to non-annealed 

transistors (Table S4.1). This can be attributed to the higher degree of crystallinity that is achieved 
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with thermal annealing as determined by XRD. After the polymorph transition temperature, 

OTFTs annealed at 200°C experience a severe reduction in device performance, with three orders 

of magnitude decrease in average µe from 1.13 ± 0.13 x 10-2 cm2 V-1 s-1 to 7.93 ± 5.7 x 10-5 cm2 

V-1 s-1. The worse electrical performance of devices annealed at 200°C can be due in part to the 

more irregular films that occur with high temperature annealing, or a result of the second 

polymorph of (3PS)2-SiPc which may be less effective at charge transport. The effectiveness of 

different polymorphs of a material at charge transport depends on the tilt angle between molecular 

planes and the degree of π-electron overlap, with higher conductivity observed by polymorphs 

with increased π-electron overlap and multidimensional electronic coupling.29,49,50 Therefore, the 

secondary polymorph of (3PS)2-SiPc likely results in reduced device performance due to decreased 

π-electron overlap as a result of the solid state arrangement of molecules in thin-films fabricated 

by PVD. Spin-coated films experience a similar reduction in device performance with average µe 

decreasing from 0.55 ± 0.15 x 10-2 cm2 V-1 s-1 to 2.09 ± 2.0 x 10-4 cm2 V-1 s-1 when annealed at 

150°C versus 200°C. However, spin-coated OTFTs exhibit less of a decrease in device 

performance compared to OTFTs fabricated by PVD, likely due to film inhomogeneity rather than 

microstructural re-organization such as polymorph formation.  

All thin-films and OTFTs were fabricated using the same substrate, surface modification, 

active material, and device architecture, with the only difference in fabrication being deposition 

method. As the driving force of crystallite nucleation and thin-film growth for PVD and spin-

coating are quite different, it is expected that films fabricated by these methods will have different 

properties and characteristics. Pc molecules can be considerably mobile within a film and have 

been shown to re-orientate into more energetically favourable positions with annealing 

temperature,51,52 solvent exposure,53,54 and even strong magnetic and gravitational fields55-57. For 

the films fabricated herein, after applying sufficient thermal energy to induce re-organization the 

resultant microstructures of films deposited by PVD and spin-coating remain unalike, undergoing 

different processes with high temperature annealing. These results suggest that the initial 

differences in film microstructure and morphology obtained by sublimation or solution processing 

are too great to overcome by post deposition processes despite the restructuring ability of Pcs. 

PVD fabricated films can therefore more easily undergo transformations to structure and 

morphology after deposition, while the molecular arrangement of spin-coated films is largely 

determined by the initial deposition process. The greater re-organizational abilities of PVD films, 
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may be due in part to the inherent process of a material going from a vapour phase to a solid film. 

The beginning stages of film formation involves the diffusion of the initial low-density distribution 

of molecules across the substrate to thermodynamically stable locations.58-60 Meanwhile, for 

solution processing the rapid evaporation of solvent leaves little time for surface mobility or 

diffusion resulting in molecules locked in place on the substrate.61-64 This key difference in the 

initial stages of film formation between sublimation and solution fabrication may make films 

deposited by PVD more susceptible to re-organization by post deposition processes.  

 

Figure 4.4. (i) XRD patterns, (ii) characteristic transfer curves, and (iii) maps of β (20 μm x 20 

μm) between (3PS)2-SiPc and substrate estimated from polarized Raman spectra of (3PS)2-SiPc 

thin-films fabricated by (a) PVD and (b) spin-coating thermally annealed at indicated 

temperatures. 

 

Conclusion 

Polarized Raman microscopy was used to estimate the molecular orientation of (3PS)2-

SiPc thin-films fabricated by PVD and spin-coating to determine differences in film microstructure 

as a result of deposition method and post deposition thermal annealing. Films fabricated by PVD 

yielded highly uniform, well-oriented thin-films while spin-coating resulted in inhomogeneous 

films with large variations in morphology and molecular orientation. Although both deposition 

methods resulted in different film formations, OTFTs fabricated by PVD and spin-coating 

exhibited similar μe and VT, with the only significant difference being improved hysteresis for 

OTFTs processed by sublimation. Through XRD and Raman microscopy, thermal annealing was 
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found to have a distinct effect on films fabricated by PVD which was markedly different from 

spin-coated films. Films deposited by PVD annealed at 175°C underwent a polymorphic change 

in packing structure, characterized by a different diffraction pattern, an increase in β, and a 

reduction in OTFT performance. Conversely, films deposited by spin-coating exhibited increased 

crystallinity and β, however to a lesser extent than PVD fabricated films, with no observed change 

in molecular packing or polymorph formation after annealing at or above 175°C. This work 

demonstrates the importance of material deposition on thin-film properties and the impact on 

device application despite the use of post deposition processing that is primarily used to enhances 

film formation and device performance 

Experimental 

Materials  

Bis(tri-n-propylsilyl oxide) silicon phthalocyanine ((3PS)2-SiPc) was synthesized as 

described in literature and purified by train sublimation before use.29,34 Hexamethyldisilane 

(HMDS, 98+%) was purchased from Thermo Fischer Scientific. Solvents were purchased from 

commercial suppliers and used as received.  

OTFT and Thin-Film Fabrication 

Bottom-gate top-contact OTFTs were fabricated on 15 mm x 20 mm n-doped silicon 

substrates purchased from Ossila with a 300 nm thick thermally grown SiO2 dielectric layer. 

Substrates were cleaned by sequential sonication baths of soapy water, distilled water, acetone and 

methanol, then dried with nitrogen and treated with air plasma for 15 min. HMDS surface 

treatment was carried out in a nitrogen filled glovebox by spin-coating 50 μl of HMDS onto 

cleaned substrates at 3000 RPM for 30 sec, then drying at 150°C for 1 hr under vacuum. A solution 

of (3PS)2-SiPc at a concentration of 10 mg ml-1 in toluene was prepared by heating at 50°C for 45 

min, then filtering through a PTFE membrane with a pore size of 0.45 μm. Solution fabricated 

thin-films were fabricated by spin-coating 60 μl of solution at 1500 RPM for 90 sec. PVD 

fabricated thin-films were deposited using an Angstrom EvoVac thermal evaporator (P < 2 x 10-6 

torr) at a rate of 0.2 Å s-1 until a final thickness of 150 nm was reached. All films were then 

thermally annealed at indicated temperatures for 30 min. Source-drain electrodes were fabricated 

by PVD using shadow masks purchased from Ossila (channel length of 30 µm, channel width of 
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1000 µm) by depositing 10 nm of manganese at a rate of 0.5 Å s-1 followed by 50 nm of silver at 

a rate of 1 Å s-1.  

OTFT Characterization 

OTFT characterization was performed using the same procedure outlined in our previous 

works.65 Characterization occurred in a nitrogen filled glove box at room temperature. A Keithley 

2614B and a MCC USB DAQ was used to control the source-drain voltage (VSD = 50 V) and gate 

voltage (0 V < VGS < 60 V) to obtain source-drain current (ISD) measurements. The electron field 

effect mobility (μe), and threshold voltage (VT) were calculated by the MOSFET model.66 

XRD 

XRD measurements were obtained using a Rigaku Ultima IV powder diffractometer with 

a Cu Kα (λ = 1.5418 Å) source, a scan range of 3° < 2θ < 12°, and rate of 0.5° min-1.  

Raman Microscopy 

Non-polarized and two types of polarized, Z(X,X)Z’ and Z(X,Y)Z’, Raman spectra were 

recorded in the backscattering geometry using a Renishaw inVia InSpec confocal Raman 

microscope with a custom Linkam stage for in-situ temperature control. The Raman microscope 

uses a Leica Microsystems bright field microscope with a DM2700 light source. A 500 mW 532 

nm wavelength laser with a 2400 l mm-1 grating was used to obtain measurements in the spectral 

range of 550-1700 cm-1, focused on the sample by an X50L objective with a numerical aperture of 

0.5. With the objective and laser combination used herein, the Raman microscope has a spectral 

resolution of 0.3 cm-1 (FWHM), a theoretical spatial resolution of approximately 640 nm, and a 

theoretical depth of focus of approximately 3.0 µm. Calibration was performed prior to all 

measurements against the 520 cm-1 silicon reference peak within 0.5 cm-1.  

Each polarized Raman spectra were taken at the same location on the sample. Single 

Raman spectra were taken with 5% laser power (25 mW) and an exposure time of 10 sec. The 

Raman spectra of a clean SiO2 substrate can be found in Figure S4.10 for reference. Raman maps 

(20 µm x 20 µm) were generated from 400 individual spectra using a 1.0 µm step size with a 5% 

laser (25 mW) power and a 2 sec exposure time. Each spectrum was fitted to the theoretical Lorentz 

curve using Wire 5.6 inVia software to obtain integral intensity (IXX and IXY) of the B1g pyrrole 

stretch Raman mode. For planar Pc thin-films, the intensity of a Raman band at Z(X,X)Z’ and 
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Z(X,Y)Z’ polarizations is described by Equation 4.1 and Equation 4.2.11,12,15,16 Equation 4.3 can 

then be used to estimate the angle of (3PS)2-SiPc molecules to the substrate (β).  

𝐼𝑋𝑋 =  𝑘2𝑐𝑜𝑠4𝛽 (4.1) 

𝐼𝑋𝑌 =
𝑘2

2
𝑐𝑜𝑠2𝛽𝑠𝑖𝑛2𝛽 (4.2) 

𝐼𝑋𝑋

𝐼𝑋𝑌
= 2𝑐𝑜𝑡2𝛽 (4.3) 

 

In-situ Raman maps were obtained by heating the sample at a rate of 5°C min-1 to a starting 

temperature of 25°C which was held for 30 min before the spectra was measured with Z(X,X)Z’ 

and Z(X,Y)Z’ polarization. The sample was then heated at the same rate to 150°C and held at 

temperature for 30 min before cooling at a rate of 5°C min-1 to 25°C which was held for 10 min 

before measuring the spectra using both polarizations. This procedure was repeated for a high 

temperature anneal at 180°C before final cooling to room temperature.  

To guarantee no degradation occurred during repeated polarized measurements and 

mapping experiments the exposure time, scan repetitions, and mapping step size was carefully 

controlled. Figure S4.11 shows no damage to the sample when the exposure time to the laser was 

increased from 1 sec to 10 sec for either polarization directions. To generate maps of β it is 

necessary to measure the mapping area twice, one for each polarization, for a total of 800 scans 

per β map over the same 20 µm x 20 µm sample area. To ensure that this does not cause any 

damage or unwanted changes to the film, the spectra and B1g peak intensity at the start and end of 

the scan was compared for three sequential mapping measurements at each polarization totalling 

2400 scans over the same sample area (Figure S4.12 and Figure S4.13). For each polarization 

minimal changes in peak intensity and signal-to-noise ratio was observed between the start and 

end of each map, and between map repetitions indicating no substantial changes to the film caused 

by repeated exposure to the laser. Additionally, the mapping step size was decreased from 1.0 µm 

to 0.5 µm resulting in each map consisting of 1600 scans and greatly increasing the amount of time 

the laser is open to the sample. Figure S4.14 displays the effects of lower step size on B1g peak 

intensity and spectra at the start and end of the map scan. A complete lose in B1g peak intensity 

and a large increase in the signal-to-noise ratio was observed as the scan progressed indicating 
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film damage over time. Resultantly, all mapping experiments were conducted with a scan step size 

of 1.0 µm to reduce damage to the sample. 
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Figure S4.1. XRD patterns of (3PS)2-SiPc thin-films fabricated by PVD thermally annealed at 

25ºC and 200ºC, and XRD pattern of polymorph 1 and polymorph 2 predicated from single crystal 

data using Mercury: visualization and analysis of crystal structures, from the Cambridge 

Crystallographic Data Centre (CCDC# 2091746 and CCDC# 2067659).  
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Figure S4.2. Characteristic forward and reverse transfer curves of (a) PVD and (b) spin-coating 

fabricated (3PS)2-SiPc OTFTs annealed at (i) 25°C, (ii) 150°C and (iii) 200°C characterized at 

room temperature in a nitrogen environment. 
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Figure S4.3. Characteristic output curves of (a) PVD and (b) spin-coating fabricated (3PS)2-SiPc 

OTFTs annealed at (i) 25°C, (ii) 150°C and (iii) 200°C characterized at room temperature in a 

nitrogen environment. All OTFTs characterized at gate voltages of 0 V (grey), 15 V (blue), 30 V 

(green), 45 V (red), and 60 V (purple). 

 

 

Table S4.1. Average electrical characteristics of OTFTs calculated from n transistors. 

Deposition Temp. μe,avg  (x 10-2 cm2 V-1 s-1) VT (V) Ion/off n 

PVD 

25°C 0.44 ± 0.05 16.6 ± 1.7 10
5
 37 

150°C 1.13 ± 0.13 21.5 ± 1.2 10
5
 40 

200°C 7.93 ± 5.7 x 10
-3

 24.4 ± 2.1 10
3
 30 

Spin Coat 

25°C 0.74 ± 0.17 21.0 ± 2.8 10
5
 39 

150°C 0.55 ± 0.15 25.9 ± 3.1 10
4
 33 

200°C 2.09 ± 2.0 x 10
-2

 23.6 ± 4.2 10
3
 8 
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Figure S4.4. Bright field real-colour microscopy images of (3PS)2-SiPc thin-films fabricated by 

(a) PVD and (b) spin-coating thermally annealed 25ºC, 150ºC, 175ºC, and 200ºC.  

 

 

Figure S4.5. Raman spectra of thermally annealed (3PS)2-SiPc thin-films fabricated by (a) PVD 

and (c) spin-coating. Extended Raman spectra of (3PS)2-SiPc thin-films annealed at 25°C 

fabricated by (b) PVD and (d) spin-coating. 
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Figure S4.6. Average shift in (a,d) 1341 cm-1, (b,e) 1458 cm-1, and (c,f)  1545 cm-1 peak location 

with increasing annealing temperature observed in the Raman spectra of (a-c) PVD and (d-f) spin-

coating fabricated (3PS)2-SiPc thin-films. Averages taken from 10 individual measurements at 

each annealing temperature. 
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Figure S4.7. Polarized Raman spectra of (3PS)2-SiPc thin-films fabricated by PVD thermally 

annealed at (a) 25°C, (b) 150°C, (c) 175°C, and (d) 200°C. 

 

 

 

 

Figure S4.8. Polarized Raman spectra of (3PS)2-SiPc thin-films fabricated by spin-coating 

thermally annealed at (a) 25°C, (b) 150°C, and (c) 200°C. 
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Table S4.2. Minimum, maximum and average molecular angle of (3PS)2-SiPc to the substrate of 

PVD and spin-coated thin-films annealed at indicated temperatures, estimated from polarized 

Raman surface maps. Standard deviation (σ) calculated from the entire data set. 

Deposition Temp. βmin

 
(degrees) βmax

 
(degrees) βavg

 
(degrees) σ

 
(degrees) 

PVD 

25°C 47.8 55.1 51.9  1.9 

150°C 47.0 51.3 49.2  0.7 

175°C 25.0 65.0 41.4  7.7 

200°C 30.6 73.6 56.6  10.4 

Spin Coat 

25°C 44.1 56.6 50.7  2.1 

150°C 43.3 55.4 50.4  2.1 

200°C 39.9 57.8 50.7  5.0 

 

 

 

Figure S4.9. XRD patterns and maps (20 μm x 20 μm) of the molecular angle between (3PS)2-

SiPc and substrate estimated from polarized Raman spectra of (3PS)2-SiPc thin-films fabricated 

by (a) PVD and (b) spin-coating thermally annealed at 100°C for 15 min and 60 min. 
 

 



Rosemary R. Cranston  University of Ottawa | Chapter 4 

 
117 

 

Figure S4.10. Raman spectra of a clean SiO2 substrate from (a) 495-1685 cm-1 and (b) 100-3200 

cm-1. 
 

 

 

 

 

Figure S4.11. Polarized Raman spectra of (3PS)2-SiPc thin-films fabricated by PVD thermally 

annealed at 25°C, with (a) 1 sec and (b) 10 sec exposures to the laser during measurement. 
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Figure S4.12. Z(X,X)Z’ polarized Raman spectra taken from three sequential Raman maps of 

(3PS)2-SiPc thin-films fabricated by PVD thermally annealed at 25°C, at (a) the start of scan (1/400 

measurements) and (b) end of scan (400/400 measurements). (c) Sequential intensity at B1g 1545 

cm-1 maps (20 μm x 20 μm) of films 
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Figure S4.13. Z(X,Y)Z’ polarized Raman spectra taken from three sequential Raman maps of 

(3PS)2-SiPc thin-films fabricated by PVD thermally annealed at 25°C, at (a) the start of scan (1/400 

measurements) and (b) end of scan (400/400 measurements). (c) Sequential intensity at B1g 1545 

cm-1 maps (20 μm x 20 μm) of films. 

 

 

Figure S4.14. (a) Comparison of intensity at B1g 1545 cm-1 maps (20 μm x 20 μm) of (3PS)2-SiPc 

films using a step size of 1.0 μm and 0.5 μm with Z(X,X)Z’ polarization. (b) Z(X,Y)Z’ polarized 

Raman spectra taken from intensity at B1g 1548 cm-1 Raman maps using a step size of 0.5 μm, at 

the start of scan (1/1600 measurements) and end of scan (1600/1600 measurements).  
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Chapter 5. High Performance Solution Processed N-Type 

OTFTs Through Surface Engineered F-F Interactions Using 

Asymmetric Silicon Phthalocyanines 
 

This chapter is adapted from: Cranston, R. R., Vebber, M. C., Faleiro Berbigier, J., Brusso, J., 

Kelly, T. L., Lessard, B. High Performance Solution Processed n-Type OTFTs through Surface 

Engineered F–F Interactions Using Asymmetric Silicon Phthalocyanines. Advanced Electronic 

Materials (2022). 

Context  

To improve the performance of OTFTs, I sought to use interactions at the dielectric-

semiconductor interface to enhance the order of the semiconducting film via controlled self-

assembly. To this end, two novel asymmetric SiPc derivatives, each with an axially substituted 

fluorine and an alkyl group, were synthesized for this work. A self-assembled monolayer of 

fluorinated silane was used to fluorinate the surface of SiO2 substrates where the fluorinated SiPc 

derivatives were then deposited. Through the selective fluorination of the SiPc molecule, coupled 

with the fluorinated surface treatment, I achieved the highest mobility solution processed n-type 

SiPc OTFTs at the time of publication. In addition to fluorine-fluorine interactions between the 

dielectric and semiconductor layers, I also explored the effects of dielectric surface energy and 

solvent evaporation rate on SiPc deposition to yield films comprised of large area crystalline 

domains that favour charge transport.  

Contributions of Authors  

This work was completed through contributions of all authors. For this work, I fabricated 

and characterized all OTFTs and thin-films, conducted data analysis and wrote the manuscript. 

M.C.V. synthesized all SiPc derivatives, and collected UV-vis, CV, TGA, and DSC data. J.F.B 

conducted GIWAXS experiments with analysis. J.B, T.L.K., and B.H.L. provided supervision for 

the project. 

Abstract 

Two novel asymmetric silicon phthalocyanine (SiPc) derivatives consisting of one axially 

substituted fluorine and one tri-alkyl silane group were synthesized and characterized in n-type 
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solution processed bottom-gate top-contact organic thin-film transistors (OTFTs). The effect of 

surface energy and fluorination were investigated at the dielectric-semiconductor interface by thin-

film X-ray diffraction (XRD), atomic force microscopy (AFM), dark field real-colour microscopy, 

and grazing-incidence wide-angle X-ray scattering (GIWAXS) to assess alterations in film 

conformation, microstructure, and morphology. Low surface energy dielectric modification and 

the presence of fluorine interactions produced films with large area crystalline domains that 

promoted charge carrier transport resulting in high performing OTFTs, with a clear relationship 

determined between surface energy, fluorination, and OTFT operation. Through modifying 

deposition solvent and the exploitation of fluorine-fluorine interactions, the asymmetric SiPc 

derivative, (tri-n-hexylsilyl oxide) fluorosilicon phthalocyanine (F-3HS-SiPc), led to high 

performing n-type OTFTs with an average field-effect mobility of 0.13 cm2 V-1 s-1 and a threshold 

voltage of 26.3 V. These results successfully demonstrate the use of asymmetric axial fluorination 

as a rout to high performance n-type OTFT devices through controlled self-assembly by fluorine-

fluorine interactions.  

Introduction 

Organic thin-film transistors (OTFTs) have attracted significant interest due to their low-

cost high-throughput solution processability and the potential for flexible integration enabling next 

generation electronic applications including displays,1,2 sensors,3–6 and wearable electronics7,8. 

Improving transistor operation focuses on the synthesis of new organic semiconductors, 

optimizing device architecture, and the engineering of key interfaces such as the dielectric-

semiconductor and semiconductor-electrodes.9–12 Currently, few OTFTs have demonstrated high 

charge carrier mobilities while maintaining a feasible operating voltage,13–15 with even fewer 

exhibiting n-type, or electron dominate, charge transfer characteristics16–19. High performance n-

type organic semiconductors are crucial for the development of more complex electronic devices 

like integrated circuits,20,21 and such their scarcity is one of the prevailing factors hindering the 

proliferation of OTFT applications.  

Post-deposition thin-film modification and rearrangement is a common strategy used to 

increase charge carrier mobilities and the overall performance of OTFTs. Methods of improving 

thin-film microstructure, such as annealing, increases the expense and manufacturing time required 

and thus is generally less applicable to large scale manufacturing. Instead, by the careful design of 
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both the organic semiconductor and OTFT architecture, thin-film formation can be controlled 

during the deposition process to produce the desired microstructure and morphology that enables 

high performance OTFTs. Modifications of the dielectric-semiconductor interface by surface 

treatment can be employed to increased semiconductor crystallinity, improved grain 

interconnectivity, and influence molecular orientation, resulting in greater charge carrier 

mobilities.22–24 In literature, fluorinated self-assembled monolayers (SAMs) have been used to 

selectively control and self-pattern the microstructure of fluorinated organic semiconductors by 

creating crystalline domains of molecules in the regions where fluorine-fluorine interactions are 

present, while surrounding regions exhibit a mixture of crystalline textures.25,26 The regions of 

highly ordered molecules create favourable π-stacking and promote charge transport at the 

dielectric-semiconductor interface, while mixed phase regions inhibit charge transport. The ability 

to control the film formation of organic semiconductors during deposition offers simple fabrication 

by eliminating common, yet industrially impractical, post processing steps such as solvent and 

temperature annealing. 

Metal and metalloid phthalocyanines (MPcs) are a family of organic small molecules with 

highly customizable structures through variations in metal center, and the inclusion of peripheral, 

bay, or axial functional groups which influence both physical and chemical properties. In 

particular, axially substituted silicon phthalocyanines (SiPcs) employing flexible non-conjugated 

alkyl chains as solubilizing groups have demonstrated promising results in n-type OTFTs27,28 and 

as acceptors in organic photovoltaic (OPV) devices29–32. Substituted alkyl chains contribute to the 

dissolution of small molecules in solution through increased van der Waals interactions, hindering 

interactions between the π-conjugated systems of the semiconductor, and thus enabling increased 

solubility and solution processability.33 Additionally, SiPcs offer two chemical handles in the axial 

position enabling the potential for asymmetric substitutions and the incorporation of fluorine atoms 

for self-patterning potential and as electron withdrawing groups for enhanced stability34,35.  

In this work, we report the synthesis of two novel asymmetric SiPc derivatives and 

characterized their structural, thermal, physical, optical, and electronic properties by single crystal 

X-ray diffraction (XRD), thermal gravimetric analysis (TGA), differential scanning calorimetry 

(DSC), and ultraviolet-visible spectroscopy (UV-vis). Typically in literature asymmetric 

phthalocyanines are synthesized using different phthalonitriles leading to asymmetry in the 

periphery36,37 of the phthalocyanine while in this study the asymmetry is in the axial direction. The 
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asymmetric SiPc derivatives consist of one axial fluorine and one axial tri-alkyl group with chains 

of either four or six carbons in length, denoted as F-3BS-SiPc and F-3HS-SiPc respectively 

(Figure 5.1a). The previously characterized symmetric analogs of these derivatives designated 

(3BS)2-SiPc and (3HS)2-SiPc are shown in Figure 5.1b for ease of comparison.27 OTFTs with a 

bottom-gate top-contact architecture, shown in Figure 5.1c, were fabricated by solution processing 

using F-3BS-SiPc and F-3HS-SiPc as the organic semiconductor. The average electron field-effect 

mobility (μe), threshold voltage (VT), and on/off current ratio (Ion/off) of OTFTs were determined 

and compared to their symmetric non-fluorinated counterparts. The influence of surface energy 

and fluorine-fluorine interaction at the dielectric-semiconductor interface was investigated by 

silane surface treatment. Changes in thin-film microstructure, and morphology were determined 

by thin-film XRD, atomic force microscopy (AFM), dark field real-colour microscopy, and 

grazing-incidence wide-angle X-ray scattering (GIWAXS) and related to OTFT performance. By 

the careful selection of deposition solvent, we obtained the highest reported performing, solution 

fabricated, n-type SiPc-based OTFTs, without the need for post deposition processes. 

 

Figure 5.1. Structure of (a) asymmetrically fluorinated F-3BS-SiPc and F-3HS-SiPc and (b) 

symmetrical non-fluorinated, (3BS)2-SiPc and (3HS)2-SiPc. (c) Diagram of bottom-gate top-

contact OTFT architecture.  
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Results and Discussion 

Synthesis and Material Characterization 

Herein we report the synthesis and characterization of two novel asymmetric SiPcs, F-3BS-

SiPc and F-3HS-SiPc, alongside well-studied symmetric derivatives, (3BS)2-SiPc and (3HS)2-

SiPc.27,29,38 Figure 5.2 illustrates the synthetic pathway used in the production of the novel 

asymmetric SiPcs. This pathway is a combination of adapted procedures reported by Li and 

Lieberman (i),39 Gessner at al. (ii),40 Xu et al.(iii),41 and Grant et al.(iv).42 Reaction (i) is used to 

make a SiPc with one protected axial position, preventing double functionalization when carrying 

out step (ii). The photoreaction (iii) is used to deprotect the axial position. Step (iv), which in the 

original reference pertained the fluorination of Cl2-SiPc, was the most drastically altered 

procedure. The acidification of the medium was necessary in order to effectively remove axial 

hydroxyl groups, which forms a stronger bond with silicon when compared to chlorine, likely by 

creating a more viable leaving group via the protonating the axial substituent. The fluorination of 

the asymmetric SiPcs (Figure 5.2 iv) is a necessary step to remove hydroxyl groups from the SiPc 

core, which is reported to act as a charge trap.43 The overall yield of the synthesis is approximately 

10 % (compounding the yield of all steps), which is reasonable considering the additional steps 

required and harsh fluorination conditions.  

 

Figure 5.2. Synthetic pathway to produce asymmetric SiPcs. (i) SiMeCl3, quinoline, 220°C, 3 hr; 

(ii) chlorotrialkylsilane, NaOH, aliquat HTA, Cl-benzene, 130°C, 6 hr; (iii) H2O, triethylamine, 

THF, RT, 48 hr, hν and (iv) CsF, DMF, H2SO4, 120°C, 1 hr. 

 

A comparison of the optical (Figure S5.1), electrochemical (Figure S5.2) and thermal 

properties (Figure S5.3) of symmetric and asymmetric SiPcs is found in Table 5.1. Only small 

changes of < 0.1 eV in highest occupied molecular orbitals (HOMO) and lowest unoccupied 

molecular orbitals (LUMO) energy levels were observed when comparing (3BS)2-SiPc and 

(3HS)2-SiP to F-3BS-SiPc and F-3HS-SiPc, respectively, likely due to the introduction of the more 

electronegative fluorine when compared to the bulky oxytrialkylsilane groups substituent. Thermal 
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analysis shows that F-3HS-SiPc and (3HS)2-SiPc have virtually identical melting points (Tm). 

Alternatively, F-3BS-SiPc did not show any events in the DSC spectrum up to 250°C, which 

compared to (3BS)2-SiPc (Tm = 232°C) indicates that the reduction from two to a single bulky 

group increased the melting point of the compound. Overall, the optical, electrochemical, and 

thermal properties of the asymmetric SiPc compounds are similar to corresponding symmetric 

derivatives. 

Table 5.1. Optical (UV-vis), electrochemical (CV) and thermal (DSC) characterization of SiPcs. 

Material λmax
a (nm) Eg

 a (eV) EOx
b (V) EHOMO

 c (eV) ELUMO
 c (eV) Tm d (°C) 

(3BS)2-SiPc* 669 1.82 0.98 -5.3 -3.5 232 

(3HS)2-SiPc* 669 1.82 0.98 -5.3 -3.5 173 

F-3BS-SiPc 672 1.80 1.06 -5.4 -3.6 NA 

F-3HS-SiPc 674 1.80 1.06 -5.4 -3.6 172 

* data taken from ref. 27 

a. peak absorbance determined in DCM, Eg = energy bandgap determined from the onset of UV-vis 

absorption spectrum 

b. half wave potential of oxidation  

c. highest occupied molecular orbital energy level and lowest unoccupied molecular orbital energy level 

d. endothermic peak from solid-state DSC in N2 

 

OTFT Characterization  

For ease of comparison, initial electrical characterization of F-3BS-SiPc and F-3HS-SiPc 

was carried out in the same manner as our previous works on symmetrical SiPc derivatives.27,28 F-

3BS-SiPc and F-3HS-SiPc were deposited as the semiconductor layer in bottom-gate top-contact 

OTFTs by spin-coating the SiPc solutions onto OTS treated silicon substrates with a SiO2 dielectric 

layer. Electrical characterization of OTFTs was performed in the saturation operating regime to 

determine the average μe, VT, and Ion/off as detailed in the Experimental section. Table 5.2 

summarizes these transistor characteristics in addition to the previously studied symmetric (3BS)2-

SiPc and (3HS)2-SiPc, with Figure S5.4 and Figure S5.5 providing example transfer and output 

curves. Idealistic transistor operating is defined by a high μe, VT close to 0 V, and a high Ion/off, 

generally as a result of highly-ordered low-defect crystalline thin-films that provide efficient 

charge transport pathways between electrodes.  
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Table 5.2. Average electrical characteristics of SiPc OTFTs calculated from n unique transistors. 

Material Solvent Surface μe (x 10-2 cm2 V-1 s-1) VT (V) Ion/off n 

(3BS)2-SiPc* chloroform OTS 2.80 ± 0.53 17.6 ± 2.3 105 40 

(3HS)2-SiPc* chloroform OTS not functional 

F-3BS-SiPc chloroform OTS 0.50 ± 0.02 39.0 ± 1.5 10
4
 11 

F-3HS-SiPc chloroform OTS 1.64 ± 0.91 34.8 ± 3.6 10
5
 36 

F-3HS-SiPc chloroform PFTS 0.13 ± 0.37 41.0 ± 1.9 104 15 

F-3HS-SiPc chloroform PTS 0.016 ± 0.05 31.3 ± 2.2 103 13 

F-3HS-SiPc chloroform MPTS 0.015 ± 0.05 33.6 ± 1.6 103 15 

F-3HS-SiPc chloroform SiO2 0.003 ± 0.008 44.4 ± 6.7 102 9 

F-3HS-SiPc toluene  PFTS 12.6 ± 6.68 26.3 ± 3.5 105 17 

* data taken from ref. 27 

 

OTFTs using F-3HS-SiPc as the semiconductor exhibited the highest μe equal to 1.64 x 10-

2 cm2 V-1 s-1 with a VT of 34.8 V. (3HS)2-SiPc, the symmetric counterpart to F-3HS-SiPc, was found 

to be non-functional in OTFTs with the same architecture and fabrication conditions as this study.27 

F-3BS-SiPc OTFTs exhibited the lowest μe of 0.50 x 10-2 cm2 V-1 s-1 and highest VT of 39.0 V. The 

high VT displayed by F-3HS-SiPc and F-3BS-SiPc OTFTs may be due to a difference in the LUMO 

of the asymmetric SiPcs (-3.6 eV) and the low work function manganese (-4.1 eV) that was used 

as a source-drain electrode interlayer. This dissimilarity in energy levels, and the potential presence 

of charge traps resulting from non-ideal thin-film morphologies, can increase contact resistance 

causing a high VT.44 It has been previously established that alkyl chain length and symmetry of the 

axial groups play an important role in the molecular packing and structure of SiPc thin-films, where 

long highly asymmetric alkyl chains disrupt the packing structure and hinder charge transport 

resulting in poor semiconducting properties.27 Following the trend between chain length and OTFT 

performance observed with symmetric SiPc OTFTs, F-3BS-SiPc should display more favourable 

OTFT operation due to the shorter alkyl chains of its axial group. The addition of the asymmetric 

axial fluorine to F-3BS-SiPc increases the overall asymmetry of the molecule likely reducing the 

number of efficient charge transport pathways in a similar manner to asymmetric alkyl chains.27 

Conversely, the addition of an axial fluorine and asymmetric structure of F-3HS-SiPc enhanced 

OTFT performance, potentially as a result of preventing the long alkyl chains from obstructing 

one another and hindering molecular packing.  
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From single crystal XRD of (3BS)2-SiPc (CCDC #1522758)45 and F-3BS-SiPc (CCDC 

#2165855) an increase in intermolecular spacing and a herringbone packing structure is observed 

with axial fluorination (Figure S5.6). Larger atomic distances between SiPc molecules and the 

alternating face-to-edge and face-to-face molecular orientation of herringbone packing can result 

in decreased π-electron overlap reducing charge transfer and subsequent OTFT performance. 

Figure S5.7 shows that unlike F-3BS-SiPc, F-3HS-SiPc (CCDC #2165547) has a π-stacked, also 

known as slip stacked, packing structure which may provide a greater π-electron overlap and thus 

the order of magnitude increase in μe between the two materials.46 It has been observed that the 

semiconducting properties of axially substituted SiPcs in OTFTs depends largely on the size and 

symmetry of the axial groups, where OTFT performance has been demonstrated to decrease with 

increasing chain length and asymmetry.27 For F-3BS-SiPc, an overall increase in molecular 

asymmetry led to a herringbone packing structure and increased intermolecular spacing 

contributing to a decrease in device performance compared to the symmetric derivative (3BS)2-

SiPc. Asymmetric fluorination of the longer alkyl chain derivative (3HS)2-SiPc improved 

transistor operation and produced films of a π-stacked structure, demonstrating how asymmetric 

axial fluorination can significantly alter the crystal structure and subsequent charge transfer 

properties of different materials.  

Thin-Film and F-F Surface Characterization  

To study the influence between fluorinated dielectric modifications and fluorinated SiPc 

semiconductors on OTFT operation and thin-film microstructure, a number on silane surface 

treatments were examined for OTFT fabrication using F-3HS-SiPc as the semiconductor. In 

OTFTs, charge transport occurs in the conductive channel that forms at the dielectric-

semiconductor interface, making this region one of the most important in terms of operation. 

Dielectric modification by silane surface treatment is a common strategy employed to improve 

charge transfer in bottom gate SiO2 OTFTs by altering surface energy, roughness, and charge trap 

density.47,48 The various silane surfaces, displayed in Figure 5.3a, have a broad range of chemical 

structures with short and long chain lengths, non-fluorinated and fluorinated chains, trichloro and 

trimethoxysilyl end groups, and phenyl and alkyl groups. Additionally, the surface energy varies 

for each silane as indicated by their water contact angle (θw), with a higher θw corresponding to a 

more hydrophobic and lower energy surface. Characteristic transfer curves of functional OTFTs 

made with the silane treated substrates are displayed in Figure 5.3b with average μe, VT, and Ion/off 
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values reported in Table 5.2. Transfer curves and characteristic output curves of OTFTs fabricated 

using silane surface treatments are provided in Figure S5.8 and Figure S5.9. Due to the highly 

hydrophobic nature of FOTS and ODTS significant de-wetting of F-3HS-SiPc was observed 

making functional OTFTs unattainable. Additionally, OTFTs made with MODTS were found to 

be non-functional; likely as a result of its long alkyl chain which has been previously determined 

to reduce ideal transistor behaviour in evaporated SiPc OTFTs.47  

 

Figure 5.3. (a) Structure of silane surface treatments with θw measured on SiO2 (θw = 44°). (b) 

Characteristic transfer curves, (c) average μe versus θw and (d) XRD pattern of F-3HS-SiPc OTFTs 

deposited from chloroform on silane surface treated substrates. 

 

The best performing OTFTs were obtained using OTS as the surface treatment, exhibiting 

an average μe of 1.64 x 10-2 cm2 V-1 s-1 and a VT of 34.8 V, with PFTS exhibiting the second highest 

μe of 0.13 x 10-2 cm2 V-1 s-1 and VT of 41.0 V. Figure 5.3c, demonstrates a relationship between 

hydrophobicity and μe, where more hydrophobic low energy surfaces leads to greater device μe. 

This result is in agreement with the relationship between surface energy and organic thin-film 

formation for other conjugated semiconductors.48–50 Inorganic metal oxides such as SiO2 typically 
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have hydrophilic high energy states, while organic small molecules like SiPcs have hydrophobic 

low energy states. This incompatibility in surface energy yields poor quality films as a result of 

insufficient crystal formation and aggregation. If the dielectric and organic semiconductor possess 

similar surface energies, crystalline, large grain film formation is promoted, favouring efficient 

charge transport.48–50 Thin-film formation by solution processes complicates this relationship as 

there exists a trade-off between hydrophobic dielectric modifications and de-wetting of the organic 

semiconductor solution as demonstrated by the high θw silanes ODTS and FOTS studied herein.  

Dielectric surface treatment is also proven to modify thin-film microstructure evident by 

the XRD patterns of F-3HS-SiPc OTFTs in Figure 5.3d. MPTS and PTS modified substrates, as 

well as bare SiO2, display a single low intensity peak at 2θ = 6.34° corresponding to a d-spacing 

of 13.9 Å. The low diffraction intensity displayed by F-3HS-SiPc on these silane treatments 

indicate low crystallinity films which likely contribute to their low μe and high VT device 

performance. The fluorinated silane treatment, PFTS, displays an intense peak at 2θ = 6.34° and a 

small peak at 2θ = 5.16° corresponding to a d-spacing of 17.1 Å. Similarly, OTS led to multiple 

peaks by XRD with a high intensity peak at 2θ = 6.26° (d-spacing of 14.2 Å), and a low intensity 

peak with shoulder at 2θ = 5.06° (d-spacing of 17.5 Å) and 2θ = 5.22° (d-spacing of 16.9 Å). The 

peak shift from 2θ = 6.34° to 2θ = 6.26° and the additional low angle peak at 2θ = 5.06° indicate 

a different film structure and polymorph formation which could contribute to the improved device 

μe.  

The nucleation and growth of small molecule thin-films by solution processing is dictated 

by the rate of solvent evaporation which directly corresponds to the rate of material crystallization. 

High evaporation rate solvents can lead to the formation of large uneven clusters as molecules 

have little time to move on the substrate to more favourable configurations. This often results in 

rough films with a non-uniform morphology. Conversely, solvents with low evaporation rates 

facilitate the formation of highly ordered homogenous films typically favourable for charge 

transport in electronic devices such as OTFTs. To improve the performance of OTFTs fabricated 

with a fluorinated dielectric treatment and a fluorinated semiconductor, a slow evaporating solvent 

was used for deposition to increase nucleation time and slow the rate of crystallization. OTFTs 

were fabricated using F-3HS-SiPc deposited from either chloroform or toluene onto PFTS treated 

substrates, with Table 5.2 summarizing the OTFT performance metrics and Figure S5.10a 

displaying the forward transfer curves of these devices. Using toluene as the deposition solvent 
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increased the average μe by two orders of magnitude to 0.13 cm2 V-1 s-1 with an average VT 

reduction from 41.0 V to 26.3 V. The XRD patterns of chloroform and toluene fabricated F-3HS-

SiPc thin-films on PFTS treated substrates, displayed in Figure S5.10b, both exhibit a high 

intensity peak at approximately 2θ = 6.34°, however films fabricated from toluene display a 

secondary peak at 2θ = 4.44° corresponding to d-spacing of 19.9 Å. This second low angle peak 

is similar to that of the F-3HS-SiPc films fabricated from chloroform on OTS treated substrates 

shown in Figure 5.3d. F-3HS-SiPc thin-films deposited from toluene on PFTS treated substrates 

led to improved OTFT performance compared to F-3HS-SiPc deposited from chloroform on OTS. 

By using a slower evaporating solvent to decrease the rate of crystallization, films with a similar 

microstructure to using a low surface energy dielectric treatment, such as OTS, are produced.  

F-3HS-SiPc films deposited on PFTS, PTS, MPTS and bare SiO2 were characterized by 

dark field microscopy and AFM imaging to further highlight how surface energy and dielectric 

modification dictates thin-film morphology (Figure 5.4). The low θw hydrophilic surfaces, PTS, 

MPTS and SiO2, display non-uniform films with minimal defined grains and large areas of poorly 

distributed material. In contrast, F-3HS-SiPc on PFTS treated substrates exhibit highly crystalline 

films with large elongated interconnected features and distinct grains. As discussed, the lower 

surface energy of PFTS provides better material aggregation and crystallization corresponding 

well with thin-film morphology, OTFT performance, and the XRD pattern displayed in Figure 

5.3d. The morphology and microstructure of F-3HS-SiPc on PFTS is likely not only a result of 

surface energy effects but that additional interactions between the fluorinated dielectric surface 

and fluorinated semiconducting material are likely inducing a significant change in structure.  
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Figure 5.4. Dark field real-colour microscopy images of F-3HS-SiPc drop-casted on PFTS (x500), 

PTS (x1500), MPTS (x1500) and SiO2 (x1500) with AFM images (10 µm x 10 µm) of F-3HS-

SiPc spin-coated on PFTS, PTS, MPTS and SiO2. 

 

Through GIWAXS the interaction between fluorinated dielectric surface treatment and 

fluorinated semiconducting materials is explored using thin-films of (3HS)2-SiPc and F-3HS-SiPc 

deposited on PFTS treated substrates, with Figure 5.5a displaying the 2D scattering patterns of 

each material. The azimuthally-integrated GIWAXS pattern of (3HS)2-SiPc is in good agreement 

with the pattern predicted by single crystal XRD (Figure S5.11a). The arched scattering pattern 

indicates a distribution of crystallite orientations; however, the (001) reflection at q = 0.49 Å-1 is 

predominantly out-of-plane (along qz), while the (010) reflection at q = 0.51 Å-1 is predominantly 

in-plane, indicating an orientational preference. This preferred orientation has the SiPc ring 

oriented 53° relative to the substrate surface (Figure 5.5b). Additionally, the (100) reflection at q 

= 0.67 Å–1 appears to have a slight preference for out-of-plane scattering along qz, which would 

be consistent with a second preferred orientation, where the SiPc ring is oriented 24° relative to 

the substrate surface. Multiple orientation preferences have been observed previously for SiPc 

films on OTS treated substrates.27 The 2D scattering pattern of F-3HS-SiPc on PFTS treated 

substrates exhibits significant differences in molecular order and structure, evident by the highly 

speckled scattering pattern in Figure 5.5a which indicates a crystalline film with a distinct 

orientation. The azimuthally-integrated GIWAXS pattern matches poorly with that predicated by 

single crystal XRD (Figure S5.11b). The large difference between the GIWAXS diffraction 
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pattern and the powder pattern predicted from single crystal XRD data suggests that the interaction 

between the fluorinated dielectric and semiconducting materials induces the formation of a new 

polymorph with a distinct crystallite orientation. The 2D scattering and diffraction pattern of 

toluene fabricated F-3HS-SiPc films, determined by GIWAXS (Figure S5.12), shows no 

significant difference in crystal structure compared to chloroform, with both solvents resulting in 

the same polymorph and the same preferred orientation. These results suggest fluorine-fluorine 

interactions between asymmetric F-3HS-SiPc and PFTS leads to unique molecular self-assembly 

and thin-film organization which provides favourable charge transport properties and ultimately 

improved OTFT performance.  

 

Figure 5.5. (a) 2D scattering patterns of (3HS)2-SiPc and F-3HS-SiPc deposited from chloroform 

on PFTS treated substrates, (b) schematic diagram representing the preferred orientations of 

(3HS)2-SiPc molecules relative to a PFTS treated substrate determined by GIWAXS, and (c) AFM 

images (10 µm x 10 µm) of (3HS)2-SiPc and F-3HS-SiPc deposited from chloroform on PFTS 

treated substrates.  

 

Conclusion 

Herein, the synthesis and characterization of the structural, thermal, physical, optical and 

electrical properties of two novel asymmetric axially substituted SiPcs, F-3BS-SiPc and F-3HS-

SiPc, is presented. Fluorinated SiPc derivatives were successfully employed as the semiconducting 
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layer in OTFTs fabricated by solution processing, with transistor performance assessed with 

respect to their previously studied symmetric analogs in terms of μe, VT, and Ion/off. The effect of 

surface energy and fluorination on F-3HS-SiPc thin-film formation and OTFT performance was 

investigated through dielectric modification by silane treatment where a direct relationship 

between surface energy and OTFT performance was observed. Decreasing the surface energy of 

the dielectric layer, such that it more closely matches F-3HS-SiPc provided more favourable 

conditions for the formation of large area crystalline domains, which promoted efficient charge 

transport and resulted in high μe OTFTs. Using both the fluorinated surface, PFTS, and the 

asymmetric fluorinated semiconductor, F-3HS-SiPc, highly ordered crystalline film formation was 

observed. By reducing the rate of crystallization during deposition the OTFT performance of F-

3HS-SiPc on PFTS was significantly improved without the use of post deposition processes. To 

our knowledge, we report the highest μe achieved by solution processed n-type SiPc OTFTs with 

an average μe of 0.13 cm2 V-1 s-1. This work demonstrates that high performance, solution 

processed n-type OTFTs, can be achieved through engineering interactions between the dielectric 

and semiconductor layers using an asymmetric axially fluorinated SiPc paired with fluorinated 

surface treatment without auxiliary post deposition processes. 

Experimental 

Materials  

1,3-Diiminoisoindoline (DI3, 96%) was purchased from Abacipharma and used as 

received. Trichloro(octyl)silane (OTS, 97%), trichloro(3,3,3-trifluoropropyl)silane (PFTS, 97%), 

trimethoxy(octadecyl)silane (MODTS, 95%), trichloro(octadecyl)silane (ODTS, 90%), 

trimethoxy(phenyl)silane (MPTS, 97%), trichloro(phenyl)silane (PTS, 97%), trichloro(1H, 1H, 

2H, 2H-perfluorooctyl)silane (FOTS, 97%), quinoline (98%), trichloromethylsilane (MeSiCl3, 

99%), chlorotrihexylsilane (95%), chlorotributylsilane (95%), Aliquat HTA-1 (30-35% in water) 

were purchased from Sigma-Aldrich and used without further purification. Solvents were 

purchased from commercial suppliers and used as received, unless otherwise specified.  

Synthesis of Axially Asymmetric Silicon Phthalocyanines  

Synthesis of methylchlorosilicon phthalocyanine (Cl-MeSiPc) 

The procedure used in the preparation of MeCl-SiPc has been adapted from the literature.39 

In a typical synthesis, DI3 (6 g, 45.3 mmol) and quinoline (70 ml) were charged in a 250 ml round-
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bottom flask and stirred (400-600 RPM) to form a slurry. The mixture was then heated to 50°C 

and purged by N2 bubbling. After 30 min, flask was maintained under a N2 atmosphere and 

MeSiCl3 (4.5 ml, 26.3 mmol) was added with a syringe through a rubber septum. The mixture was 

then heated to 220°C under vigorous stirring (900 RPM), forming a deep dark green solution 

overtime. After 2 hr, the heat was turned off and, once the mixture had cooled below 100°C, the 

solids were precipitated in 500 ml of isopropanol. Solids were filtered using a medium porosity 

fritted glass filter, with the aid of a vacuum pump. Solids were then washed with toluene (100 ml), 

acetone (200 ml) and methanol (500-1000 ml) until the filtrate was mostly clear (faint green colour 

may persist). Drying was carried out in a vacuum oven to afford 2.8 g of purple solids. Yield 56%. 

Synthesis of (tri-n-hexylsilyl oxide) methylsilicon phthalocyanine (3HS-MeSiPc) 

The axial substitution of the silicon SiPc core has been carried with an adapted method 

from literature.40 Cl-MeSiPc (2 g, 2.4 mmol), NaOH (340 mg, 8.4 mmol), chlorotrihexylsilane (2.2 

ml, 6 mmol), chlorobenzene (20 ml) and Aliquat HTA-1 (0.1 ml, 0.030 mmol) were charged into 

a 100 ml round bottom flask, which was covered with aluminum foil to protect it from light, and 

heated to 130°C. After reacting for 1 hr, another fraction of chlorotrihexylsilane (0.8 ml, 1.9 mmol) 

was added to the mixture with a syringe. At the 2 hr mark, additional NaOH (170 mg, 4.2 mmol) 

and chlorotrihexylsilane (2.2 ml, 6 mmol) were introduced in the mixture, and reacted for further 

4 hr. Heating was then turned off and once the flask had cooled to room temperature, the mixture 

was filtered by gravity and solids washed with DCM until filtrate was clear (~200 ml). Filtrate 

solvents were removed under reduced pressure, followed by the addition of 100-200 ml of 

methanol to precipitate and wash the solids. Product was collected by gravity filtration, yielding 

1.8 g of purple solids. Yield: 62% 

Synthesis of (tri-n-hexylsilyl oxide) hydroxysilicon phthalocyanine (3HS-OHSiPc) 

Procedure adapted from literature39,41: 3HS-MeSiPc (1 g, 1.2 mmol), THF (800 ml), 

triethylamine (5 ml, 36 mmol) and distilled water (1 ml, 55 mmol) were added to a 1 L glass beaker 

and stirred gently (300 RPM) at room temperature. A 10 W white LED spotlight lamp (no UV) 

was placed next to the beaker, making sure all the light was going through the solution. The 

photoreaction was maintained until the solution changed colour, from green to blue (~48 hr). 

Solution was filtered by gravity, through an MgSO4 bed to remove water, and the filtrate solvents 
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removed under reduced pressure. The blue/purple solids were washed with Methanol (200 ml), 

affording 0.7 g of product. Yield 70%.  

Synthesis of (tri-n-hexylsilyl oxide) fluorosilicon phthalocyanine (F-3HS-SiPc)  

A solvent mixture of DMF and 0.5% v/v H2SO4 was prepared prior to this reaction. 3HS-

OHSiPc (500 mg, 0.6 mmol), CsF (250 mg, 1.65 mmol) and the acidified DMF (10 ml) were 

charged in a 100 ml round bottom flask and stirred gently (300 ml). N2 was bubbled through the 

solution during the entirety of the reaction. After 30 min of N2 purging, the mixture was heated to 

125°C and maintained at that temperature for 1 hr. Then, mixture was cooled to room temperature 

and precipitated in 100 ml of MeOH. Solids were collected and dried under reduced pressure. 

Purification was carried out by train sublimation at 230°C and 130 mtorr. Yield after sublimation: 

40%. 

1HNMR: 9.63 ppm (m, 8H); 8.31 ppm (m, 8H); 0.81 ppm (m, 6H); 0.69 ppm (t, 9H); 0.34 ppm 

(m, 6H); 0.00 ppm (m, 6H); -1.30 (m, 6H). 19FNMR: -100.52 (s). HR-MS: expected mass 858.40, 

obtained mass 858.40. 

Synthesis of (tri-n-butylsilyl oxide) fluorosilicon phthalocyanine (F-3BS-SiPc)  

 Synthesis of 3BS-FSiPc was carried out by repeating steps 1-5 and replacing the 

appropriate silane in step 2, with the same molar quantity. Yield after sublimation: 31%.   

1HNMR: 9.63 ppm (m, 8H); 8.34 ppm (m, 8H); -0.06 ppm (m, 15H); -1.28 (m, 6H). 19FNMR: -

100.58 (s). HR-MS: expected mass 774.31, obtained mass 775.31. 

Compound Characterization  

Solution UV-vis spectra of the novel axially asymmetric SiPcs were recorded in a Cary 

5000 spectrometer in dual-beam mode, from 300 nm to 800 nm, using a quartz cuvette and DCM 

as solvent. For cyclic voltammograms, the compounds were dissolved in DCM, containing 

tetrabutylammonium permanganate as auxiliary electrolyte. Voltammograms were obtained in 

DCM solutions containing 0.1 M of tetrabutylammonium perchlorate as auxiliary electrolyte. A 

coiled platinum wire was utilised as working electrode, a coiled platinum wire as counter electrode 

and an Ag/AgCl standard as reference electrode. Ferrocene voltammograms were recorded as 

standards to estimate HOMO and LUMO levels, using the empirical correlation EHOMO (eV) = -

(Eox,onset - EoxFc/Fc+ ,onset) - 4.80. Differential scanning calorimetry (DSC) were carried out in a TA 
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instruments Q2000 DSC equipment, under N2 atmosphere and with a heating rate of 10°C min-1. 

Single crystals were grown from solution, by dissolving each compound in chloroform and let the 

solvent slowly evaporate at room temperature over 24-48 hr.  

OTFT Fabrication 

OTFTs were fabricated on 15 mm x 20 mm n-doped silicon substrates purchased from 

Ossila with a 300 nm thermally grown SiO2 dielectric layer. Substrates were cleaned by sequential 

sonication baths of soapy water, distilled water, acetone and methanol, then dried with nitrogen 

gas and treated with air plasma for 15 min. Solutions of non-fluorinated silanes (OTS, MODTS, 

ODTS, MPTS, PTS) were prepared at 1% v/v while fluorinated silanes (PFTS, FOTS) were 

prepared at 0.1% v/v in anhydrous toluene in a controlled nitrogen filled glove box to avoid 

exposure to moisture. All substrates were rinsed with distilled water and isopropanol then 

submerged in silane solutions for 1 hr at 70°C. Treated substrates were then rinsed with toluene 

and isopropanol and dried in a vacuum oven at 70°C for 1 hr. SiPc solutions were made at a 

concentration of 10 mg ml-1 in chloroform or toluene by heating at 50˚C for 1 hr. The solutions 

were deposited onto the treated substrates by spin-coating 60 μl of solution at 1500 RPM for 90 

sec. All films were then thermally annealed at 100°C for 1 hr under vacuum. Top contact source-

drain electrodes were fabricated using shadow masks purchased from Ossila (channel length of 30 

µm, channel width of 1000 µm) by depositing 10 nm of manganese at a rate of 0.5 Å s-1 followed 

by 50 nm of silver at a rate of 1 Å s-1 using an Angstrom EvoVac thermal evaporator (P < 2 x 10-

6 torr). 

OTFT Characterization 

OTFT characterization was performed using the same procedure outlined in our previous 

works.27,28,51 Characterization occurred in a nitrogen filled glove box at room temperature using a 

custom made testing apparatus that simultaneously made contact with the source-drain and gate 

electrodes of each transistor. A Keithley 2614B and a MCC USB DAQ was used to control the 

source-drain voltage (VSD = 50 V) and gate voltage (0 V < VGS < 60 V) to obtain source-drain 

current (ISD) measurements in order to determine the saturation regime μe, VT, and Ion/off.  
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XRD 

XRD measurements were obtained using a Rigaku Ultima IV powder diffractometer with 

a Cu Kα (λ = 1.5418 Å) source, a scan range of 3° < 2θ < 15°, and rate of 0.5° min-1. The d-spacing 

between successive parallel diffraction planes was calculated using Bragg’s Law (Equation 5.1): 

𝑛𝜆 = 2𝑑sin𝜃 (5.1) 

 

where λ is the incident wavelength equal to 1.54056 Å, d is the spacing between planes, θ is the 

angle of incidence, and n is a positive integer equal to 1.  

AFM 

AFM images were taken using a Bruker Dimension Icon AFM with ScanAsyst-Air tips at 

a rate of 0.815 Hz and analyzed using NanoScope Analysis v.1.8 software.  

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. All samples were collected using a Rayonix MX300 CCD 

detector (73.242 μm x 73.242 μm pixel size), with an angle of incidence of θ = 0.2°. Silver behenate 

(AgBeh) standards were used to calibrate all data using the GIXSGUI software package in 

MATLAB.52 
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Figure S5.1. UV-Vis spectra of F-3HS-SiPc and F-3BS-SiPc in dichloromethane (DCM). 

 

 

 

Figure S5.2. CV spectra of F-3HS-SiPc and F-3BS-SiPc. 
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Figure S5.3. DSC thermogram and (a) F-3BS-SiPc and (b) F-3HS-SiPc. 
 

 

 

 

Figure S5.4. Characteristic transfer curves of (a) F-3BS-SiPc, and (b) F-3HS-SiPc on OTS treated 

substrates. SiPcs were spun from 10 mg ml-1 chloroform solutions at a rate of 1500 RPM for 90 

sec and annealed at 100°C under vacuum for 1 hr.  

 

 



Rosemary R. Cranston  University of Ottawa | Chapter 5 

 
145 

 

Figure S5.5. Characteristic output curves of (a) F-3BS-SiPc, and (b) F-3HS-SiPc on OTS treated 

substrates. SiPcs were spun from 10 mg ml-1 chloroform solutions at a rate of 1500 RPM for 90 

sec and annealed at 100°C under vacuum for 1 hr. 
 

 

 

 

 

 

Figure S5.6. (a) Crystal structure (CCDC #2165855) and (b) predicated powder diffraction pattern 

of F-3BS-SiPc determined by single crystal XRD.  
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Figure S5.7. (a) Crystal structure (CCDC #2165547) and (b) predicated powder diffraction pattern 

of F-3HS-SiPc determined by single crystal XRD. 

 

 

 

 

Figure S5.8. Transfer curves of F-3HS-SiPc on (a) bare SiO2, (b) PTS, (c) MPTS, (d) PFTS, and 

(e) OTS treated substrates. SiPcs were spun from 10 mg ml-1 chloroform solutions at a rate of 1500 

RPM for 90 sec and annealed at 100°C under vacuum for 1 hr. 
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Figure S5.9. Characteristic output curves of F-3HS-SiPc on (a) PTS, (b) MPTS, (c) PFTS, and (d) 

OTS treated substrates. SiPcs were spun from 10 mg ml-1 chloroform solutions at a rate of 1500 

RPM for 90 sec and annealed at 100°C under vacuum for 1 hr. 

 

 

Figure S5.10. (a) Characteristic transfer curves, and (b) XRD patterns of F-3HS-SiPc OTFTs 

fabricated from chloroform and toluene solutions on PFTS treated substrates. 
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Figure S5.11. Diffraction patterns of (a) (3HS)2-SiPc and (b) F-3HS-SiPc deposited from 

chloroform on PFTS treated substrates determined by GIWAXS and predicated by single crystal 

XRD. 

 

 

 

Figure S5.12. (a) 2D scattering pattern and (b) diffraction patterns of F-3HS-SiPc deposited from 

toluene on PFTS treated substrates determined by GIWAXS and predicated by single crystal XRD. 
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Figure S5.13. (a) 1H NMR and (b) 19F NMR spectra of purified F-3HS-SiPc.  

 

 

 

 

Figure S5.14. (a) 1H NMR and (b) 19F NMR spectra of purified F-3BS-SiPc.  
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Chapter 6. Rapid Prototyping for Accelerated Establishment of 

Property-Performance Relationships in Silicon Phthalocyanine 

OFETs 
 

This chapter is adapted from: Cranston, R. R., Mauthe, J., Wang, T., Thapa, G. J., Amassian, A., 

and Lessard, B. H. Rapid Prototyping for Accelerated Establishment of Property-Performance 

Relationships in Silicon Phthalocyanine OFETs. Submitted to Advanced Electronic Materials 

(2024). 

Context  

 For all previous chapters, SiPc OTFTs were fabricated by spin-coating, a common small 

area lab scale deposition method. Although spin-coating is a simple and accessible fabrication 

technique it is very different from the large area and high throughput manufacturing methods used 

for commercial applications. To more closely match these processes, high throughput printing and 

meniscus guided deposition methods can be used to better understand the thin-film formation of 

materials fabricated at large scales. For this work I collaborated with researchers from the Organic 

and Carbon Electronics Laboratories at North Carolina State University to use ultrasonic printing 

for SiPc deposition and OTFT fabrication. Ultrasonic printing allowed for rapid characterization 

of fabrication parameters such as print speed, solvent composition, substrate temperature, and SiPc 

molecule and thus accelerated the establishment of property-performance relationships. The results 

of this work highlight the necessity of high throughput printing techniques and their use in 

achieving the large-scale data sets that are needed to fully understand the complex relationships in 

organic electronic devices.  

Contributions of Authors  

This work was completed through contributions of all authors. For this work, I fabricated 

and characterized all OTFTs and films, performed GIWAXS and Raman microscopy experiments, 

conducted data analysis, and wrote the manuscript. J.M. and G.J.T assisted in GIWAXS 

experiments and set-up of laboratory equipment. T.W. assisted in set-up of laboratory equipment. 

A.A and B.H.L. provided supervision for the project. 
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Abstract 

Understanding the complex relationships underlying the performance of organic electronic 

devices, such as organic field-effect transistors (OFETs), typically requires researchers to navigate 

a multi-dimensional parameter space that includes material design, solution formulation, 

fabrication parameters, and device geometry. This can be time, resource, and labour intensive, 

limiting scientific exploration and device optimization. Herein, we demonstrate a recently 

developed materials acceleration platform, named the RoboMapper, to perform direct on-chip 

fabrication of OFETs by ultrasonic meniscus printing of silicon phthalocyanine (SiPc) derivatives 

as the organic semiconductor. OFETs using bis(tri-n-butylsilyl oxide) SiPc ((3BS)2-SiPc) 

exhibited the best device performance characterized by the highest electron field-effect mobility 

(μe) and lowest threshold voltage (VT). Through optical microscopy and grazing-incidence wide-

angle X-ray scattering (GIWAXS), the favourable performance of (3BS)2-SiPc was attributed to 

the specific film morphology and molecular packing achieved by printing this material. 

Investigating the impact of deposition parameters using a variety of print conditions, solution 

formulations, and substrate temperatures unveils the crucial role of solvent evaporation rate and 

print speed in achieving high-quality film formation. Optimal fabrication conditions for (3BS)2-

SiPc devices include slow print speeds and fast evaporating solutions achieved by using a mixture 

of fast and slow evaporating co-solvents and an elevated substrate temperature. The results of this 

work reveal distinct relationships between deposition conditions, film properties, and device 

performance for each individual SiPc derivative and emphasize the necessity of high throughput 

experimentation to comprehensively understand property-performance relationships in organic 

semiconductors.  

Introduction 

Over the past two decades organic field-effect transistors (OFETs) have rapidly developed 

into promising components for inexpensive light-weight organic electronic devices and as research 

tools for the identification of novel materials, device structures, and fabrication methods. OFETs 

offer the ability to use organic semiconductor materials that are compatible with solution-based 

scalable manufacturing processes and have demonstrated utility in flexible displays1–4 and 

specialized sensors5–8, with some successfully commercialized applications.9,10 Facilitating the 

transition of OFETs from research and development to commercialization, requires high-
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throughput, large-scale, and low-cost manufacturing while maintaining product uniformity and 

stability. The intricate relationship between molecular structure, deposition conditions, and film 

formation is critical to achieving optimal OFET performance. Computer driven experimentation, 

from predictive modeling to smart data visualization and machine learning, is a necessary and 

useful step to understanding these complex systems. In particular, device properties depend on the 

molecular structure of a material, the microscopic arrangement of molecules in a film, and the 

mesoscale film formation, with the latter two depending on both processing conditions as well as 

molecular design. Thus, truly understanding process-property-performance relationships in 

OFETs can currently only be achieved by comprehensively evaluating materials through the 

characterization of films and devices, often requiring large datasets and considerable resources.11–

15 

Materials and device acceleration platforms have recently emerged as a promising 

technology for reducing the time, cost, and waste generation of comprehensive material evaluation 

by employing a combination of automated synthesis, film processing, device characterization, and 

smart data analysis.16–19 This is especially valuable for the study of organic active materials for 

device applications, as currently the development of high performing devices poses a multi-

objective optimization problem which is predominantly done through manual experimentation. 

However, to address these issues, the design and use of materials and device acceleration platforms 

for solution processed thin-film photovoltaic devices has grown considerably,17,19–21 cementing 

their place as critical infrastructure for materials science research. Although there are significant 

similarities between the materials, solution formulations, and deposition methods used for OFET 

and photovoltaic devices, these devices are considerably different in terms of device physics, 

architecture, and scale which place unique constraints on their manufacturing. Adapting materials 

and device acceleration platforms designed for photovoltaics towards OFET fabrication would 

significantly accelerate OFET research while reducing the materials and resources used. 

The RoboMapper is a benchtop workstation that combines liquid handling for the rapid 

formulation of solutions with high resolution meniscus printing (Figure 6.1a).20 Using picoliter 

volume ultrasonic dispensing, the RoboMapper can print diverse materials and formulations which 

are otherwise not feasible with automated spin-coating or blade-coating systems.20 Computer-

controlled self-cleaning of the print capillary allows the RoboMapper to perform continuous 

material deposition while the ultrasonic meniscus printing system can dispense solutions with a 
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wide range of viscosities. A well plate is used to hold solutions of different compositions along 

with solvent washes to clean the capillary after leftover solution is withdrawn via vacuum. 

Additionally, substrates can be placed on top of a thermoelectric heating element to control the 

substrate temperature during deposition. This dispensing method has been previously 

demonstrated for the fabrication of liquid crystal, small molecule, and carbon nanotube 

transistors,22–24 highlighting the utility of this scalable deposition method, and compatibility with 

commercial manufacturing processes. However, while the RoboMapper has been used as a 

platform for materials evaluation and data generation,20 it has yet to be used for the direct 

fabrication and prototyping of OFET devices. 

Herein, the capabilities of the RoboMapper platform are used to demonstrate direct on-chip 

prototyping of phthalocyanine (Pc) based OFETs using different molecular designs, solution 

formulations, and print conditions. Pcs are a family of π-conjugated organic small molecules most 

commonly used as commercial pigments and photoreceptors.25,26 The ease of synthesis, molecular 

tunability, delocalized π-electron system, and ability to form highly crystalline microstructures has 

enabled the use of Pcs in optoelectronic devices.27,28 Silicon Pcs (SiPcs) are a promising subset of 

this family as their tetravalent metal center allows for the incorporation of axial substituents such 

as solubilizing alkyl chains making them compatible with solution deposition processes. SiPcs 

have realized some of the highest performing n-type Pc based OFETs fabricated from solution,29 

proving their compatibility with organic electronic devices and their manufacturing processes.  

In this work, three SiPc derivatives, bis(tri-n-propylsilyl oxide) SiPc ((3PS)2-SiPc), bis(tri-

n-butylsilyl oxide) SiPc ((3BS)2-SiPc), and bis(tri-n-hexylsilyl oxide) SiPc ((3HS)2-SiPc) with 

respective axially substituted alkyl groups of three, four, and six carbon chain lengths (Figure 1b) 

were employed as the organic semiconducting layer in OFETs. Bright-field optical microscopy 

and grazing-incidence wide-angle X-ray scattering (GIWAXS) were used to determine the effect 

of alkyl chain length on film microstructure and morphology in relation to device performance. 

Using a small-scale data set of transistor characteristics and microscopy images, the relationship 

between fabrication parameters, deposition solvent and print speed, were established. A larger 

scale data set, incorporating high-throughput microstructural characterization via polarized Raman 

microscopy, investigated this relationship further and was used to establish correlations between 

SiPc derivative, OFET performance characteristics, and film properties. The results of this work 
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highlight the necessity of multidimensional characterization of processing parameters and the 

value of materials acceleration platforms for OFET fabrication.  

 

Figure 6.1. (a) Schematic diagram of the RoboMapper platform including well plate, cleaning 

mechanism, ultrasonic meniscus printing process, and pre-patterned OFET substrate placed on a 

heating element. (b) Structure of (3PS)2-SiPc, (3BS)2-SiPc and (3HS)2-SiPc molecules. 

Results and Discussion 

As illustrated in Figure 6.1a, ultrasonic meniscus printing was used to deposit SiPc 

derivatives, (3PS)2-, (3BS)2- and (3HS)2-SiPc, as the active layer in bottom-gate bottom-contact 

OFETs through the RoboMapper platform (Figure 6.2a). Ultrasonic meniscus printing uses a 

hollow capillary which contacts the substrate where solution dispensing is then initiated by 

piezoelectric action. As the capillary moves across the substrate surface at a set speed a meniscus 

front is formed and surface tension draws the solution resulting in a meniscus-guided deposition 

process as solvent evaporates. Electrical characterization of OFETs was performed in the 

saturation operating regime to determine the average μe and VT of devices, with Figure S6.1 and 
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Figure S6.2 providing example transfer and output curves. Ideal transistor operation is defined by 

a high μe and a VT close to 0 V, typically resulting from a highly-ordered low-defect crystalline 

film which promotes efficient charge transport pathways between source-drain electrodes.30 

Figure 6.2c displays the forward and reverse transfer curves of (3PS)2-, (3BS)2- and (3HS)2-SiPc 

OFETs fabricated and characterized using the same conditions. Transistors using (3BS)2-SiPc as 

the semiconductor resulted in the best performing devices with the highest μe and lowest VT. From 

previous works on spin-coated (3PS)2-SiPc OFETs, the short symmetric linear alkyl chains of 

(3PS)2-SiPc have shown to improve OFET performance compared to longer alkyl chain SiPc 

derivatives such as (3BS)2- and (3HS)2-SiPc.31,32 However herein OFETs using (3PS)2-SiPc 

deposited by printing exhibited lower μe and VT compared to (3BS)2-SiPc devices. Additionally, 

printed (3HS)2-SiPc OFETs were functional, although with low μe and high VT, whereas the long 

chains of (3HS)2-SiPc, when deposited by spin-coating, have historically resulted in poor film 

formation and non-functional devices.33  

To understand the higher μe observed by (3BS)2-SiPc OFETs, a series of microscopic and 

structural characterization was performed. Optical microscopy images of printed SiPc films reveal 

distinct surface morphologies resulting from the different alkyl chain length derivatives (Figure 

6.2b). (3PS)2-SiPc films display an uneven film morphology with an interconnected feather-like 

texture, whereas (3BS)2-SiPc films display a morphology with broader, smoother linear striations 

and fewer domain boundaries. Similar to (3PS)2-SiPc, (3HS)2-SiPc films have a more uneven 

surface morphology with many domain boundaries although more disconnected and spherical in 

texture. These inhomogeneous morphologies are common for solution fabricated thin films where 

the rapid and poorly controlled rate of crystallite formation is dictated by interactions between the 

deposit material, solvent evaporation, and substrate surface.34–37 Domain and grain boundaries can 

act as charge carrier traps or localized barriers for charge transport, hindering the electrical 

performance of devices, suggesting that film morphologies with fewer boundaries will have 

improved charge transport and device performance.38,39 The higher μe observed in (3BS)2-SiPc 

OFETs is therefore likely due to the more favourable film morphology achieved by printing this 

material.  
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Figure 6.2. (a) Diagram of bottom-gate bottom-contact OTFT architecture. (b) Bright-field optical 

microscopy images, (c) forward (solid line) and reverse (dashed line) transfer curves of OFETs, 

and (d) 2D scattering patterns of (i) (3PS)2-SiPc, (ii) (3BS)2-SiPc and (iii) (3HS)2-SiPc thin-films 

fabricated at a print speed of 1000 μm s-1 using a solution composition of 40% v/v toluene and 

60% v/v DCB. 

 

Figure 6.2d displays the 2D scattering patterns of (3PS)2-, (3BS)2- and (3HS)2-SiPc films 

determined by GIWAXS with the azimuthally-integrated and single crystal diffraction patterns 

found in Figure S6.3. All films are highly crystalline with the arced scattering patterns indicating 

a distribution of face-on and edge-on crystallite orientations within the films which agrees with 

previously reported GIWAXS patterns of these materials.29,33 (3PS)2-SiPc films exhibit the most 

ordered microstructure with the (011) and (100) reflections at q = 0.59 Å-1 and q = 0.66 Å-1 aligned 

in-plane along the qz axis. (3BS)2-SiPc films exhibit a slightly less ordered film structure with the 

(100) reflection at q = 0.65 Å-1 aligned in-plane while the (010) reflection at q = 0.59 Å-1 is aligned 

out-of-plane along qz. (3HS)2-SiPc results in the most disordered films, evident by the highly 

arched diffraction pattern with the (001) reflection at q = 0.49 Å-1 predominantly out-of-plane 

along qz, with the (010) reflection at q = 0.51 Å-1 in-plane along qz, consistent with the microscopy 

images showing a more uneven surface morphology and with increased domain boundaries. 

Additionally, (3HS)2-SiPc films exhibit a larger intermolecular d-spacing (16.5 Å) compared to 

(3PS)2- and (3BS)2-SiPc films (14.6 Å and 11.4 Å respectively) due to the longer alkyl chains of 

this material. Therefore, the poor device performance of (3HS)2-SiPc OFETs is likely a result of 

the more disordered microstructure, larger intermolecular d-spacing, and disconnected, uneven 

morphology contributing to a reduction in quality charge transport pathways. 
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Fabricating devices using a range of parameters typically requires individual substrates per 

fabrication condition, greatly increasing the amount of resources and in-lab human hours required 

for large-scale experimentation. Unlike common lab scale deposition methods such as spin-coating 

and blade-coating, a printing platform such as the RoboMapper, allows for the quick and easy 

examination of fabrication parameters with reduced material consumption as multiple solutions 

and printing conditions can be tested in quick succession using a single substrate. Using the best 

performing material, (3BS)2-SiPc, OFETs were made at print speeds ranging from 100 μm s-1 to 

1200 μm s-1 deposited from a slow evaporating solution using 1,2-dichlorobeneze (DCB) as the 

solvent, and a faster evaporating solution using a solvent mixture of 60% v/v toluene and 40% v/v 

DCB (Figure 6.3). Transistors deposited from the slower evaporating pure DCB solution were 

highly susceptible to changes in print speed, with Figure 6.3a displaying the variation in OFET 

performance. Increasing the rate of solvent evaporation by adding toluene as a co-solvent reduced 

the impact of print speed and yielded consistent device performance throughout the tested range 

(Figure 6.3b). The difference in OFET performance with print speed when using solutions of 

different solvent composition demonstrates how small changes in formulation and processing can 

influence OFET behaviour and that a small data set representing a subset of the parameter space 

can present an incomplete picture of the relationship between fabrication parameters. Thus, 

mapping the larger parameter space is crucial to understanding the interplay between parameters 

which is often necessary for integrating new materials to deposition platforms more aligned with 

high throughput manufacturing and for developing process-property-performance relationships. 

Optical microscopy images of the printed SiPc films demonstrate how, at the same print 

speed, similar film morphologies are obtained regardless of solution composition (Figure 6.3c and 

Figure 6.3d). The relationship between print speed and organic small molecule thin film formation 

is well established for meniscus guided coating methods.40–44 With slow deposition speeds, solvent 

evaporation is dominant and film formation is dictated by the rate of solution evaporation at the 

meniscus front rather than the forces imposed by printing.45 As a result, large thick crystallite 

formation occurs, creating films with an incohesive morphology. By increasing the deposition 

speed, the meniscus is dragged out creating a liquid film at the meniscus front where continuous 

steady crystallite growth occurs, leading to the formation of highly orientated domains.45–47 Further 

increasing deposition speed leads to solvent evaporation that is separate from the meniscus and is 

solely a function of print speed.45–47 This regime is characterized by unguided crystallite growth 
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often resulting in anisotropic or spherulitic morphologies. Additionally, print speed had no large 

impact on the orientation of (3BS)2-SiPc molecules in films determined by the 2D GIWAXS 

patterns found in Figure S6.4. 

 

Figure 6.3. Transfer curves of (3BS)2-SiPc OFETs fabricated at indicated print speeds using 

solution compositions of (a) 100% DCB and (b) 60% v/v toluene and 40% v/v DCB. Bright-field 

optical microscopy images of (3BS)2-SiPc thin-films fabricated at indicated print speeds using 

solution compositions of (c) 100% v/v DCB and (d) 60% v/v toluene and 40% v/v DCB.  

 

Using the RoboMapper, a more comprehensive data set with a wide range of print speeds 

and solution compositions was completed for all three SiPc derivatives. Figure 6.4 summarizes 
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the OFET performance, film morphology, and film microstructure characteristics using (3BS)2-

SiPc as the organic semiconductor. The performance of (3BS)2-SiPc OFETs in terms of μe and VT 

are displayed by the heat maps presented in Figure 6.4a with labels (1), (2), and (3), indicating 

the worst, average, and best performing devices respectively. A complete summary of all transistor 

characteristics in this data set can be found in Table S6.1. In general, OFETs exhibited higher μe 

and lower VT when deposited at lower print speeds from faster evaporating solutions, with the best 

performing device (3) achieved with a solution of 60% v/v toluene and 40% v/v DCB and a print 

speed of 600 μm s-1. OFET performance was shown to decrease with higher amounts of DCB in 

solution and faster print speeds, with the worst performing device (1) resulting from a solution of 

20% v/v toluene and 80% v/v DCB with a print speed of 1000 μm s-1. The approximate size of 

surface features (fsize) for films were estimated using the microscopy images found in Figure S6.5 

and correlated to device performance. Slower print speeds and higher % v/v toluene in deposition 

solution increased fsize and corresponded to higher μe transistors (Figure 6.4a and Figure 6.4b). 

This is similar to the results shown in Figure 6.2, where larger domains with fewer domain 

boundaries improved charge transport and overall device performance.  

To evaluate the molecular scale structure within the printed films, polarized Raman 

microscopy was used to determine the integral intensity ratio of the B1g pyrrole stretch mode using 

diagonal and non-diagonal polarizations in order to estimate the orientation (β) of (3BS)2-SiPc 

molecules relative to the substrate. The Raman surface maps in Figure 6.4b illustrate the change 

in (3BS)2-SiPc orientation with respect to the substrate plane of devices labeled (1), (2), and (3), 

and demonstrate a clear trend between molecular orientation and device performance. The best 

performing device, labeled (3), exhibited the most uniform film microstructure with molecules 

aligned on average 46° to the substrate in a pseudo face-on orientation (Table S6.2). The worst 

performing device (1) shows evidence of considerable heterogeneity with a broader distribution of 

molecular angle (Figure 6.4c) corresponding to a less uniform and ordered film with a higher 

average angle to the substrate of 56°. Increased edge-on alignment is typically favoured for small 

molecule semiconductors as the direction of π-π stacking is aligned with the direction of charge 

transport within the semiconducting channel.48–52 However, for axially substituted molecules it has 

been demonstrated that a more edge-on orientation can hinder device performance as the axial 

groups can interfere with the intermolecular packing within films and increase the distance 

between molecules.32,53 The Raman maps presented in Figure S6.6 display the difference in 
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(3BS)2-SiPc orientation using solutions of 60% v/v toluene with 40% v/v DCB and 100% v/v 

DCB, the best and worst solution compositions for device fabrication respectively. Although using 

100% v/v DCB yielded films with a predominately face-on orientation which should favour 

efficient charge transport, these films have a very broad distribution of molecular orientations 

indicating more disordered film structures (Figure S6.6b). The disordered nature and feather-like 

features of these films are likely the cause of the lower μe observed in devices.  

 

Figure 6.4. (a) Heat maps displaying the change in μe (cm2 V-1 s-1), VT (V), and fsize (μm) of (3BS)2-

SiPc OFETs with films deposited at indicated print speeds and solution compositions. (b) 

Molecular orientation (β) maps (20 μm x 20 μm) between (3BS)2-SiPc molecules and substrate 

estimated from polarized Raman spectra of the (1) worst, (2) average, and (3) best performing 

OFETs with corresponding bright-field microscopy images of films and location of mapped area. 

(c) Distribution histograms of β shown in Raman maps of (1), (2), and (3). 

 

In addition to print speed and solution composition, the substrate temperature during 

deposition and print direction were investigated to determine their impact on OFET performance 

with results summarised in Figure S6.7-9 and Table S6.3-5. In order to improve crystallite 

nucleation and film formation substrates were heated to temperatures of 40°C, 50°C, and 60°C 

during deposition. Modulating the substrate temperature during deposition is a method used to 

precisely control the rate of solvent evaporation and crystallite nucleation without changing the 
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deposition solvent. Increasing the rate of solvent evaporation through elevated substrate 

temperatures enables better solution wettability to the substrate, increasing the film thickness and 

promoting well-oriented crystalline structures.54–56 Substrate temperatures of 60°C consistently 

yielded higher μe devices for all SiPc materials, demonstrating more uniform molecular 

orientations throughout the films. Similarly, using a print direction perpendicular to the width of 

the source-drain channel, rather than along the channel width, improved device performance. For 

(3PS)2- and (3HS)2-SiPc OFET μe increased by an order of magnitude when deposited across the 

source-drain channel with (3BS)2-SiPc OFETs exhibiting an increase in μe from 5.4 x 10-4 cm2 V-

1 s-1 to 8.7 x 10-4 cm2 V-1 s-1 (Table S6.5). A print direction perpendicular to the channel enabled 

the growth of crystallite domains orientated parallel to the direction of charge transport with few 

boundaries crossing the semiconducting path, therefore resulting in improved transistor 

operation.57–59 

The trends between solution composition and print speed on (3BS)2-SiPc film formation 

and device performance shown in Figure 6.4 were found to be different for (3PS)2- and (3HS)2-

SiPcs. Figure 6.5 illustrates these differences through the correlation between fabrication 

parameters and OFET and film properties including μe, VT, on-off current ratio (Ion/off), device 

hysteresis (H), film thickness (t) and fsize. For each material, changing the rate of solvent 

evaporation through the amount of toluene in solution had a varying effect, with (3PS)2-SiPc 

largely unaffected by this parameter while (3BS)2- and (3HS)2-SiPc had a predominantly positive 

correlation with % v/v toluene. Similarly, print speed effected the properties of OFETs and films 

of each material drastically differently while only film properties (t and fsize) exhibited the same 

correlation between all three materials. OFET characteristics and microscope images of (3PS)2- 

and (3HS)2-SiPc devices fabricated using varying print speeds and solution compositions are found 

in Table S6.6 and Figure S6.10, and Table S6.7 and Figure S6.11 respectively. These results 

further highlight how trends determined from a large data set for one material are not always the 

same for different materials, even similar materials such as the SiPc derivatives used herein.  
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Figure 6.5. Diagram representing the correlation between % v/v toluene in deposition solution, 

print speed, print direction, and substrate temperature on properties including μe, VT, Ion/off, H, t and 

fsize of (3PS)2-, (3BS)2-, and (3HS)2-SiPc OFETs and films, illustrating if the respective fabrication 

parameters improved, worsened, or had a negligible effect on each property. 

Conclusion 

For the first time, the RoboMapper materials acceleration platform is demonstrated for the 

rapid prototyping of the semiconductor layer in OFETs using three soluble SiPc derivatives, each 

featuring distinct alkyl chain length axial groups. (3BS)2-SiPc, with the median length alkyl 

groups, proved to be the best performing organic semiconducting material yielding the highest μe 

and lowest VT devices. The enhanced device performance of (3BS)2-SiPc OFETs was attributed to 

the specific film morphology and microstructure achieved by printing this material. Onboarding 

these SiPc materials to the meniscus printing method highlighted the impact of deposition 

parameters on film formation and device performance. Solvent evaporation rate controlled by 

solution composition and substrate temperature during processing proved critically important to 
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achieving high quality film formation. For (3BS)2-SiPc devices, faster solvent evaporation by 

using solutions comprised of 60% v/v toluene and 40% v/v DCB and a substrate temperature of 

60°C resulted in more favourable film morphologies which promoted charge transport and yielded 

higher μe transistors. Additionally, print speed was shown to have a larger impact on OFET 

performance when using slower evaporating solvent compositions compared to fast evaporating 

solutions. In general, slow print speeds of 400-600 μm s-1 resulted in a film morphology of large 

crystalline domains and a uniform well-orientated microstructure leading to higher performing 

OFETs. For the three SiPc derivatives used for OFET fabrication, solvent evaporation rate and 

print speed had a varying effect on film formation and transistor characteristics. The trends in 

deposition conditions determined for (3BS)2-SiPc OFETs were found to be different than that of 

(3PS)2- and (3HS)2-SiPc OFETs, with each material displaying a unique relationship between 

processing parameters, film properties, and device performance. The results of this work highlight 

the necessity of high throughput printing techniques and their use in achieving the large-scale data 

sets that are needed to fully understand process-property-performance relationships in organic 

semiconductors. Understanding these relationships is paramount for the further development, 

utility, and commercialization of organic electronic devices. 

Experimental 

Materials  

Bis(tri-n-propylsilyl oxide) silicon phthalocyanine ((3PS)2-SiPc), bis(tri-n-butylsilyl 

oxide) silicon phthalocyanine ((3BS)2-SiPc), and bis(tri-n-hexylsilyl oxide) silicon phthalocyanine 

((3HS)2-SiPc) were synthesized and purified as described in literature.52,53 Hexamethyldisilane 

(HMDS, 98+%) was purchased from Thermo Fischer Scientific. Solvents were purchased from 

commercial suppliers and used as received.  

OFET Fabrication 

Bottom-gate bottom-contact OFETs were fabricated using substrates purchased from 

Fraunhofer IPMS consisting of a 230 nm thick thermally grown SiO2 dielectric layer with pre-

patterned interdigitated gold source-drain electrodes with a channel width of 10,000 μm and length 

of 10 μm. All substrates were first rinsed with acetone and isopropanol to remove the protective 

photoresist layer then dried with nitrogen gas. Vapour treatment of HMDS was carried out in a 

nitrogen filled glovebox where substrates were first heated at 90°C on a hotplate for 20 min to 
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dehydrate the surface. Substrates were then sealed in a glass container with a 1 dram vial of HMDS 

and heated at 90°C for 1 hr. After which the substrates were remove from the container and baked 

under vacuum at 150°C for 20 min. SiPc solutions were made at a concentration of 8 mg ml-1 in 

the indicated solvent ratios (% v/v) of toluene and 1,2-dichlorobenzene by heating at 50°C for 45 

min, then filtering through a PTFE membrane with a pore size of 0.45 μm. SiPc deposition by 

ultrasonic printing was carried out using a Microplotter Proto dispensing platform from Sonoplot, 

as sub-system of the RoboMapper platform, with a 50 μm diameter capillary tip and a substrate 

temperature of 60°C unless otherwise stated. Printing speed was varied from 100-1200 μm s-1 as 

indicated. All films were then thermally annealed at 100°C for 1 hr under vacuum. A detailed 

description of the full RoboMapper system including hardware and software components can be 

found in literature.20  

OFET Characterization 

OTFT characterization was performed under vacuum (P = 10-5 MPa) at room temperature 

using a probe station purchased from American Linear Manufactures equipped with tungsten probe 

tips which contacted the source, drain and gate electrodes. A Keithley 4200A-SCS was used to 

control the source-drain voltage (VSD = 50 V) and gate voltage (0 V < VGS < 60 V) to obtain source-

drain current (ISD) measurements. The average saturation regime electron field effect mobility (μe) 

and threshold voltage (VT) were calculated from two replicate transistors per stated condition using 

the MOSFET model.62  

GIWAXS 

GIWAXS experiments were performed at the Complex Materials Scattering (CMS) 

beamline at the National Synchrotron Light Source II (NSLS-II) with a photon energy of 13.5 keV. 

2D scattering patterns were collected in vacuum (P = 10-4 MPa) using a 2M Pilatus 3S detector 

(172 μm x 172 μm pixel size) from Dectris, with an angle of incidence of θ = 0.1°, and a sample 

to detector distance of 258 mm. All data was analyzed using the GIXSGUI software package in 

MATLAB63 where both polarization and solid-angle corrections were applied. Intermolecular d-

spacing was calculated using Bragg’s Law.  

Microscopy 

Bright field optical microscope images of films were taken using a Nikon Eclipse LV100N 

POL microscope with X50 and X100 magnifications. ImageJ software was used for image 
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analysis. Microscope images were first converted from RGB format to 8-bit format. Feature size 

(fsize) was calculated using the profile of a 10 μm line cut taken in the source-drain channel as 

outlined in Figure S6.12. All reported fsize values are an average from 10 line cuts taken at different 

locations along the source-drain channel.  

Raman Microscopy 

A Renishaw inVia Qontor confocal Raman microscope was used to record the Z(X,X)Z’ 

and Z(X,Y)Z’ polarized Raman spectra of films in the backscattering geometry to acquire Raman 

surface maps (20 μm x 20 μm) of molecular orientation as outlined in literature.32 The Raman 

microscope uses a Leica Microsystems bright field microscope with a DM2700 light source. A 

500 mW 532 nm wavelength laser with a 2400 l mm-1 grating was used to obtain measurements in 

the spectral range of 550-1700 cm-1, focused on the sample by an X50L objective with a numerical 

aperture of 0.5. The spectral resolution of the Raman microscope is 0.3 cm-1 (full-width half-

maximum), with a theoretical spatial resolution of approximately 640 nm, and a theoretical depth 

of focus of approximately 3.0 µm. Calibration was performed prior to all measurements using the 

520 cm-1 silicon reference peak. 
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Supporting Information 

 

 

Figure S6.1. Characteristic forward (solid line) and reverse (dashed line) transfer curves of (3PS)2-

SiPc, (3BS)2-SiPc, and (3HS)2-SiPc OFETs fabricated at indicated print speeds and solution 

compositions.  
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Figure S6.2. Characteristic output curves of (a) (3PS)2-SiPc, (b) (3BS)2-SiPc, and (c) (3HS)2-SiPc 

OFETs fabricated at a print speed of 1000 μm s-1 using a solution composition of 40% toluene and 

60% DCB.  

 

 

 

 

 

Figure S6.3. Diffraction patterns of (a) (3PS)2-SiPc (CCDC #2091746, CCDC #2067659), (b) 

(3BS)2-SiPc (CCDC #1522758), and (c) (3HS)2-SiPc (CCDC #988974) determined by GIWAXS 

and predicated by single crystal (SC) XRD.     
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Figure S6.4. (a) 2D scattering patterns, (b) diffraction patterns determined by GIWAXS and (c) 

forward transfer curves of (3BS)2-SiPc OFETs fabricated at indicated print speeds using a solution 

composition of 40% toluene and 60% DCB. 
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Table S6.1. Summary of (3BS)2-SiPc transistor characteristics with data taken from two OFETs 

per condition.  

Toluene % Print Speed (μm s-1) μe (cm2 V-1 s-1) VT (V) Ion/off 

0 

400 5.46 x 10-4 15.8 104 

600 1.32 x 10-4 15.2 103 

800 2.03 x 10-4 7.90 104 

1000 3.82 x 10-4 18.3 104 

1200 2.45 x 10-4 16.4 104 

20 

400 6.54 x 10-4 17.6 104 

600 1.31 x 10-4 14.2 104 

800 3.46 x 10-4 8.50 104 

1000 3.92 x 10-5 12.1 102 

1200 5.04 x 10-4 17.3 103 

40 

400 6.23 x 10-4 14.2 104 

600 3.43 x 10-4 10.5 104 

800 3.14 x 10-4 14.1 104 

1000 5.44 x 10-4 15.3 103 

1200 5.28 x 10-4 21.9 104 

60 

400 6.15 x 10-4 14.5 104 

600 6.97 x 10-4 5.50 104 

800 3.91 x 10-4 9.30 104 

1000 4.81 x 10-4 10.8 104 

1200 6.24 x 10-4 9.30 104 
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Figure S6.5. Bright field real-colour microscopy images of (3BS)2-SiPc thin-films fabricated at 

indicated print speeds and solution compositions. 
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Figure S6.6. Maps (20 μm x 20 μm) of the molecular angle between (3BS)2-SiPc and substrate 

estimated from polarized Raman spectra of thin-films fabricated at print speeds of (i) 400 μm s-1, 

(ii) 1000 μm s-1, and (iii) 1200 μm s-1 using a solution composition of (a) 60% v/v toluene and 

40% v/v DCB and (b) 100% v/v DCB. 

 

 

Table S6.2. Minimum, maximum and average molecular angle of (3BS)2-SiPc to the substrate of 

films fabricated at indicated print speeds using a solution composition of 60% toluene and 40% 

DCB, estimated from polarized Raman surface maps. Standard deviation (σ) calculated from the 

entire data set. 

Toluene % Print Speed (μm s-1) βmin (deg) βmax (deg) βavg (deg) σ (deg) 

60 

400 40.3 60.0 52.9 9.8 

600 40.7 51.4 46.5 5.3 

800 39.9 58.8 52.9 9.4 

1000 43.6 54.4 51.1 5.4 

1200 43.5 57.9 52.0 7.2 

 0 
400 28.8 56.4 41.1 13.8 

1000 39.2 58.0 49.4 9.4 

1200 23.1 57.0 38.4 16.9 
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Figure S6.7. (a) Transfer curves and (b) maps (20 μm x 20 μm) of the molecular angle between 

(3PS)2-SiPc and substrate estimated from polarized Raman spectra, and (c) transfer curves and (d) 

bright field real-colour microscopy images of (3PS)2-SiPc OFETs fabricated at a print speed of 

1000 μm s-1 using a solution composition of 40% toluene and 60% DCB, and (a,b) substrate 

temperatures of 40°C, 50°C and 60°C, and (c,d) a print direction along (parallel) or across 

(perpendicular) the source-drain electrodes.  
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Figure S6.8. (a) Transfer curves and (b) maps (20 μm x 20 μm) of the molecular angle between 

(3BS)2-SiPc and substrate estimated from polarized Raman spectra, and (c) transfer curves and (d) 

bright field real-colour microscopy images of (3BS)2-SiPc OFETs fabricated at a print speed of 

1000 μm s-1 using a solution composition of 40% toluene and 60% DCB, and (a,b) substrate 

temperatures of 40°C, 50°C and 60°C, and (c,d) a print direction along (parallel) or across 

(perpendicular) the source-drain electrodes. 
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Figure S6.9. (a) Transfer curves and (b) maps (20 μm x 20 μm) of the molecular angle between 

(3HS)2-SiPc and substrate estimated from polarized Raman spectra, and (c) transfer curves and (d) 

bright field real-colour microscopy images of (3HS)2-SiPc OFETs fabricated at a print speed of 

1000 μm s-1 using a solution composition of 40% toluene and 60% DCB, and (a,b) substrate 

temperatures of 40°C, 50°C and 60°C, and (c,d) a print direction along (parallel) or across 

(perpendicular) the source-drain electrodes. 
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Table S6.3. Minimum, maximum and average molecular angle to the substrate of (3PS)2-SiPc and 

(3BS)2-SiPc films fabricated at a print speed of 1000 μm s-1 using a solution composition of 40% 

toluene and 60% DCB, and substrate temperatures of 40°C, 50°C and 60°C. Values estimated from 

polarized Raman surface maps. Standard deviation (σ) calculated from the entire data set. 

Material Temp. (°C) βmin (deg) βmax (deg) βavg (deg) σ (deg) 

(3PS)2-SiPc 
40 37.4 63.1 49.5 12.8 

50 33.0 48.5 39.6 7.7 

60 37.2 56.6 48.0 9.7 

(3BS)2-SiPc 
40 32.2 59.6 49.0 13.7 

50 36.0 63.8 51.4 13.9 

60 36.5 67.1 51.4 15.3 

(3HS)2-SiPc 

40 - - - - 
50 27.3 66.1 47.3  19.4 
60 38.1 57.2 50.0  9.6 

 

 

Table S6.4. Summary of (3PS)2-SiPc, (3BS)2-SiPc, and (3HS)2-SiPc transistor characteristics 

fabricated at a print speed of 1000 μm s-1 using a solution composition of 40% toluene and 60% 

DCB, and substrate temperatures of 40°C, 50°C and 60°C. Data taken from two OFETs per 

condition. 

Material Temp. (°C) μe (cm2 V-1 s-1) VT (V) Ion/off 

(3PS)2-SiPc 

40 3.3 x 10-5 20.1 10
2
 

50 7.3 x 10-4 18.1 10
4
 

60 1.5 x 10-3 21.1 10
4
 

(3BS)2-SiPc 

40 4.0 x 10-4 18.2 10
4
 

50 2.0 x 10-4 11.7 10
3
 

60 5.4 x 10-4 15.3 10
3
 

(3HS)2-SiPc 

40 - - - 
50 2.7 x 10-6 25.6 10 

60 6.3 x 10-6 25.4 10
2
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Table S6.5. Summary of (3PS)2-SiPc, (3BS)2-SiPc, and (3HS)2-SiPc transistor characteristics 

fabricated at a print speed of 1000 μm s-1 using a solution composition of 40% toluene and 60% 

DCB, and a print direction along (parallel) or across (perpendicular) the source-drain electrodes. 

Data taken from two OTFTs per condition. 

Material Direction μe (cm2 V-1 s-1) VT (V) Ion/off 

(3PS)2-SiPc 
Along 3.3 x 10-5 20.1 102 
Across 3.2 x 10-4 22.0 102 

(3BS)2-SiPc 
Along 5.4 x 10-4 15.3 103 
Across 8.7 x 10-4 9.8 104 

(3HS)2-SiPc 
Along 6.3 x 10-6 25.4 102 
Across 5.6 x 10-5 22.9 103 

 

 

Table S6.6. Summary of (3PS)2-SiPc transistor characteristics with data taken from two OFETs 

per condition. 

Toluene % Print Speed (μm s-1) μe (cm2 V-1 s-1) VT (V) Ion/off 

0 

600 1.26 x 10-6 20.1 101 

1000 1.38 x 10-4 20.3 102 

1200 9.16 x 10-5 18.6 105 

40 

600 1.33 x 10-5 21.7 102 

1000 3.27 x 10-5 20.1 102 

1200 2.27 x 10-4 21.6 103 

60 

600 1.25 x 10-5 22.2 102 

1000 1.07 x 10-5 22.0 102 

1200 6.50 x 10-5 19.3 102 
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Figure S6.10. Bright field real-colour microscopy images of (3PS)2-SiPc thin-films fabricated at 

indicated print speeds and solution compositions. 

 

Table S6.7. Summary of (3HS)2-SiPc transistor characteristics with data taken from two OFETs 

per condition. 

Toluene % Print Speed (μm s-1) μe (cm2 V-1 s-1) VT (V) Ion/off 

0 

600 2.90 x 10-7 7.00 10 

1000 2.07 x 10-6 22.8 101 

1200 3.50 x 10-5 25.6 102 

40 

600 1.10 x 10-5 24.1 102 

1000 6.30 x 10-6 25.4 102 

1200 1.74 x 10-5 21.0 103 

60 

600 2.78 x 10-5 23.7 103 

1000 9.96 x 10-6 25.5 102 

1200 3.60 x 10-6 22.0 102 
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Figure S6.11. Bright field real-colour microscopy images of (3HS)2-SiPc thin-films fabricated at 

indicated print speeds and solution compositions. 

 

 

Figure S6.12. (a) 8-bit grey scale microscope image processed using ImageJ for feature analysis 

with red line indicating a 10 μm line cut across the source-drain channel. (b) Example line cut 

profile and equation used to calculate feature size (fsize).  
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Chapter 7. Conclusions and Future Work 

Summary of Main Findings 

SiPc derivatives are well known for their brilliant colour and ease of synthesis making them 

useful in dyes and pigments. However, the stability, molecular tunability, and delocalized π 

electron system of SiPcs lends themselves well to more advanced applications in opto-electronic 

devices. In this thesis, axial substitution of solubilizing alkyl groups proves to be an effective 

strategy to control the crystal packing and charge transport properties of SiPcs in addition to 

making them compatible with the high-throughout, large-scale, and low-cost solution 

manufacturing methods which are required for commercialization. As the active semiconducting 

layer in OTFTs, axially substituted SiPcs demonstrate n-type charge transport whose performance 

can be optimized by exploiting the effects of molecular design and fabrication conditions. Studying 

how SiPc structure and solution fabrication parameters influence the solid-state properties of films 

and the electronic performance of OTFTs helps further our understanding of the complex 

processing-property-performance relationships in organic electronic devices. Fully understanding 

these relationships is paramount for the further development, utility, and commercialization of this 

area of research.  

In Chapter 2, eight axially substituted SiPc derivatives were used as the semiconductor in 

OTFTs fabricated by spin coating, with six of the materials reported for the first time. Through 

AFM and the electrical characterization of OTFTs, a relationship between molecular structure and 

device performance was established with the length and symmetry of alkyl chains exhibiting a 

clear effect on film morphology and device performance. Symmetric trialkyl linear substituents 

with an optimum chain length of six carbons yielded the best performance in OTFTs with long 

asymmetric or highly branched groups hindering molecular packing, film formation, and charge 

transport. Additionally, post deposition thermal annealing was demonstrated as a method to control 

both film crystallinity and the orientation of SiPc molecules relative to the substrate to achieve 

higher µe devices with reduced VT. Spin time was also shown to modify thin-film crystallinity 

without affecting the orientation of molecules in the film, making it a complimentary process to 

thermal annealing.  

Using the structure property relationship established in Chapter 2, Chapter 3 and 

Chapter 4 highlighted the use of a symmetric short chain trialkyl linear SiPc derivative, (3PS)2-
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SiPc, in OTFTs. (3PS)2-SiPc possess unique processing duality as it can be sublimed without 

melting, and is soluble enough to be used with solution deposition techniques. The differences 

between (3PS)2-SiPc OTFTs fabricated by sublimation and solution processing were assessed 

through electrical characterization, topographical imaging, and the determination of thin-film 

microstructure. Films fabricated by sublimation yielded highly uniform, well-oriented thin-films 

while solution processing resulted in inhomogeneous films with large variations in morphology 

and molecular orientation. Although both deposition methods resulted in different film 

microstructural properties, OTFTs exhibited similar performance metrics. The influence of post 

deposition thermal annealing on film properties and polymorph formation was further studied, and 

was found to have a distinct effect on films fabricated by sublimation different from that of solution 

processed films. At high temperatures, sublimed films underwent a polymorphic change in packing 

structure while solution fabricated films did not, suggesting that sublimed films are more readily 

able to undergo transformations to structure and morphology with post deposition processing, 

while the microstructure of solution fabricated films is established at the time of deposition. 

Chapter 5 reported the novel synthesis and characterization of two asymmetric axially 

substituted fluorinated SiPc derivatives, F-3BS-SiPc and F-3HS-SiPc, and incorporated these 

materials as the active layer in OTFTs. The effect of surface energy and fluorination on thin-film 

formation and OTFT performance was investigated through dielectric modification by silane 

treatment where a direct relationship between surface energy and OTFT performance was 

observed. Decreasing the surface energy of the dielectric layer, such that it more closely matched 

the fluorinated SiPc derivatives provided more favourable conditions for the formation of large 

area crystalline domains that promoted charge transport and improved device performance. Using 

fluorine-fluorine interactions between the dielectric surface and semiconductor, along with 

reducing the rate of crystallization during thin-film deposition, achieved the highest μe observed 

by solution processed n-type SiPc based OTFTs. The results of this study demonstrated how high 

performing, solution processed, n-type OTFTs can be achieved through engineering the dielectric-

semiconductor interface without auxiliary post deposition processes. 

Finally, Chapter 6 on boarded three SiPc derivatives with different alkyl chain length axial 

groups, (3PS)2-, (3BS)2-, and (3HS)2-SiPc, to a new thin-film deposition platform using ultrasonic 

meniscus guided printing. Previous chapters used spin coating for the solution deposition of SiPc 

materials, however this method is typically used only for small area devices at the lab-scale, and 
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is not compatible with high-throughput solution manufacturing. Ultrasonic printing is a meniscus 

guided method that allows for the quick and easy examination of fabrication parameters with 

reduced material consumption that is analogous to large scale manufacturing processes. Using 

ultrasonic printing for SiPc thin-film fabrication highlighted the importance of deposition method 

and parameters on film formation and device performance. Solvent evaporation rate and print 

speed proved to be critically important in achieving the quality film morphology and 

microstructure needed for efficient charge transport and high μe OTFTs. For the three SiPc 

derivatives, solvent evaporation rate and print speed had a varying effect on film formation and 

transistor characteristics, with each material displaying a unique relationship between processing 

parameters, film properties, and device performance. The results of this study demonstrate the use 

of a high throughput printing technique and how it can be used for large data set experimentation 

that is typically unattainable at the academic research level.  

Recommendations for Future Work 

The promising results presented herein, along with the highly tunable nature of SiPc thin 

films through both molecular design and fabrication, demonstrate that SiPcs warrant further study 

of as organic semiconductors for various applications. I believe the next steps for research 

involving the use of SiPcs is to transition from SiO2 as a substrate and dielectric material while 

improving the air and environmental stability of SiPc thin films. Two of the primary advantages 

of organic semiconductors is the ability to use low cost flexible materials as substrates, and their 

compatibility with low temperature ambient manufacturing processes. Prefabricated SiO2 wafers 

that combine a Si gate with a thermally grown SiO2 dielectric layer are commonly used for the 

research of new materials for organic electronic devices as they offer a highly uniform substrate 

surface alongside excellent gate and dielectric properties, ensuring consistency throughout 

experimentation. However, to fully capitalize on the advantages of organic semiconductors, a 

logical next step would be to use organic dielectric materials, such as conjugated polymers, and 

plastic or fiber-based substrates. This removes the cost and high temperature fabrication steps 

associated with SiO2 substrates and enables flexible device designs. Flexible organic devices are 

complicated by the need for total material flexibility, limiting the possible materials for fabrication 

as each component must fulfill specific properties for not only optimum charge transfer but also 

to achieve high flexibility and mechanical stability. In addition to using flexible materials for the 



Rosemary R. Cranston  University of Ottawa | Chapter 7 

 
189 

substrate, gate and dielectric layers, the flexibility of the organic semiconducting SiPc layer must 

also be improved if total device flexibility is to be achieved.  

An additional concern which could be examined is further improvements to the air 

instability of the solution processable SiPc derivatives presented in this thesis. SiPcs are n-type 

charge transport materials with LUMO energy levels around -3.5 eV. The injection of electrons to 

the SiPc semiconducting film is similar to that of a reduction process in an electrochemical 

reaction, where the injected electron residing in the LUMO level is at a high-energy state, and is 

thus prone to react with oxygen and water causing the trapping or annihilation of electrons (Figure 

7.1). Therefore, electron transport is typically severely limited when device operation occurs in 

ambient air. It has been theoretically proven, and empirically demonstrated, that a LUMO energy 

level of approximately -4.0 eV or lower is required to achieve air stable electron transport.1–4 

Therefore, one method of improving air stability is to design SiPc molecules with more electron 

withdrawing groups by either peripheral fluorination or the incorporation fluoroalkyl chains to the 

axial position in order to lower the LUMO energy level. Peripheral fluorination has been 

demonstrated as a method to achieve air stable SiPc based OTFTs fabricated by thermal 

evaporation,5 but not yet successfully employed for solution processable SiPc derivatives. 

Additionally, the air stability of SiPc devices could be improved through device engineering by 

employing the use of electron-injecting interlayers such as low work function metal oxides,6–8 or 

encapsulation layers9–11. 

 

Figure 7.1. Schematic diagram of the LUMO level stability requirements for an n-type material 

and the key reduction equations that cause inherent n-type instability. Adapted from reference 1. 

Copyright © 2021 the Authors under the Creative Commons Attribution 3.0 Licence.   
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Chapter 8. Additional Contributions 

Thin-Film Characterization  

I contributed to the following publications by performing a combination of AFM imaging, 

Raman microscopy, and synchrotron experiments including GIWAXS, STXM and NEXAFS on 

organic thin-films to characterize their microstructural properties for myriad of research 

objectives. Additionally, I assisted in preparing these works for publication by editing and 

proofreading all manuscripts. Work 1 explored the use of novel multi-phenyl molecules as 

templating layers for the formation of highly ordered SiPc thin films by physical vapour 

deposition. Multi-phenyl molecules can be used for the weak epitaxial growth of organic films 

allowing for the precise control of microstructure properties. This work focused on the importance 

of template layer selection and the optimization of deposition conditions on film properties and 

OTFTs performance. For this work I assisted in GIWAXS and Raman microscopy experiments to 

characterize SiPc film formation on the different template layers.  

Works 2, 5 and 6 investigated the use of MPc based OTFTs as sensors for the detection of 

primary cannabinoids Δ9-tetrahydrocannabinol (THC) and cannabidiol (CBD) in both liquid and 

gas phases. Cannabis producers, consumers, and regulators require point-of-use sensors that can 

provide rapid speciation and detection while maintaining low manufacturing costs and ease of use. 

These works focused on engineering MPc thin films by altering deposition conditions, and the 

molecular engineering of MPcs to determine the relationship between physical film characteristics 

and analyte interactions to ultimately improve device sensitivity and OTFT sensing response. For 

these works I assisted in GIWAXS experiments and conducted AFM imaging on thin-films pre 

and post exposure to THC and CBD to determine changes in film microstructure and morphology. 

Work 4 examined the use of a strong magnetic field as a non-destructive post deposition 

process for the improvement of MPc thin-film microstructures and OTFT performance. Common 

post deposition processes used to alter film properties, such as thermal and solvent vapour 

annealing, can be destructive or incompatible with certain semiconductor and substrate materials. 

MPc films exposed to a strong magnetic field exhibited increased concentrations of oxygen-

induced radicals within the film, lending to a paramagnetic character and altered thin-film 

microstructure that favourably improved charge transport characteristics in OTFTs. For this work 
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I performed GIWAXS and AFM experiments on films to elucidate the effect of a strong magnetic 

field on the physical properties of MPc thin-films. 

Different from previous works, works 3, 7 and 8 focused on the self-assembly and 

nanostructure formation of poly(3-hexylthiophene) polymer thin films. Poly(3-hexylthiophene) 

based polymers are some of the most prevalent and promising conjugated polymers for use in 

organic electronic devices. These works looked at the influence of polymer molecular weight and 

film deposition conditions on the self-assembly behaviour of poly(3-hexylthiophene) in films. For 

work 3 I assisted in the experimental design of the project, OTFT fabrication, and Raman 

microscopy characterization, along with conducting GIWAXS, STXM and NEXAFS experiments. 

For works 7 and 8 I performed GIWAXS experiments on films with analysis of results.  

1. Ewenike, R. B. et al. Engineering the Template Layer for Silicon Phthalocyanine Based 

Organic Thin Film Transistors. Adv. Funt. Mater. (2024) DOI:10.1002/adfm.202408779 
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Metal Phthalocyanine OTFTs 

My contributions to the following works included the fabrication and characterization of 

MPc based OTFTs by both physical vapour deposition and solution processing, along with 

preparing the manuscripts for publication by editing and proof reading. Work 9 used two novel 

ruthenium phthalocyanine (RuPc) derivatives containing axial pyridine substituents with aliphatic 

chains as the organic semiconductors in solution fabricated OTFTs. RuPcs are multipurpose 

compounds characterized by their remarkable reactivity and photoelectronic properties, however 

they remain relatively underexplored for use in organic electronic devices. The first RuPc 

derivative displayed comparable p-type device performance to other MPc OTFTs of similar 

design, while the second derivative was found to be non-functional likely as a result of significant 

differences in the thin-film formation between the two materials. For this work I fabricated and 

characterized all OTFTs, performed AFM and XRD measurements on thin films, and wrote a 

signification portion of the manuscript.  

Work 10 incorporated solution processable axially substituted tin (IV) phthalocyanines 

(SnPcs) in OPV and OTFT devices to study their utility as ternary additives and semiconductors 

respectively. In OPVs, all SnPc derivatives decreased the power conversion efficiency of devices, 

however exhibited comparable performance in OTFTs to the previously studied SiPc analogues in 

Chapter 2. The difference in electrical performance between OTFT and OPV devices was 

attributed to the low photostability of SnPcs. For this work I fabricated and characterized all SnPc 

OTFTs, performed AFM measurements on thin films, and wrote a signification portion of the 

manuscript. 

Works 11 and 12 investigated the use of a variety of MPcs with different metal inclusions 

as semiconductors in OTFTs for applications in DNA and temperature sensing. MPc thin films 

were fabricated by physical vapour deposition with OTFTs characterized under varying 

temperatures (25°C to 150°C), environmental conditions (air and vacuum, P < 0.1 Pa) and 

exposure to DNA in different hybridization states. For these works I fabricated all MPc OTFTs 

and performed the electrical characterization of baseline devices pre-exposure to DNA, and 

devices operated at elevated temperatures in different environments. Additionally, I analyzed all 

OTFT data and summarized the findings for publication.  
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