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Abstract 

Silicon phthalocyanines (R2-SiPcs) are an emerging class of high-performance n-type or ambipolar 

organic semiconductors which have found application in organic electronic devices, including 

organic thin-film transistors (OTFTs), organic photovoltaics (OPVs) and organic light-emitting 

diodes (OLEDs). Owing to their tetravalent silicon metal centre, R2-SiPcs can be substituted with 

a range of axial ligands including phenols, carboxylic acids, and silanes to tune their intermolecular 

interactions, optical properties, electronic properties and solubility. While early reports of R2-SiPcs 

have demonstrated promising results, the relationship between their structure and performance in 

OTFTs is poorly understood. Additionally, many OTFTs with R2-SiPcs as semiconductor only 

demonstrate n-type behaviour under inert atmospheres due to their shallow lowest unoccupied 

orbital level below -4.1 eV making them susceptible to electron trapping by moisture and oxygen. 

This thesis presents developments in both the understanding of how R2-SiPc structure influences 

performance, device engineering and exploration of these materials in ammonia sensors. First, I 

develop of structure-property relationships for a catalogue of fifteen R2-SiPcs integrated into 

OTFTs including eleven materials used in OTFTs for the first time. I then explore the influence of 

dielectric surface chemistry on the texture of R2-SiPc films and their resulting performance in 

OTFTs using silane self-assembled monolayers and para-sexiphenyl to understand the weak 

epitaxial growth behaviour of this class of materials. Next, I report eight novel peripherally 

fluorinated and axially substituted silicon phthalocyanines (R2-FXSiPcs) to investigate the 

influence of peripheral and axial fluorination on air-stable electron transport and determine the 

threshold for achieving air-stable n-type OTFTs. Finally, I integrate R2-FXSiPcs into organic 

heterojunction ammonia gas sensors to understand the influence of peripheral fluorination on the 

majority charge carrier in this device architecture. 
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R®sum® 

Les phtalocyanines de silicium (R2-SiPc) sont une classe de semiconducteur organique ¨ hautes 

performances, de type n ou ambipolaire, qui ont trouv® application dans les transistors ¨ couches 

minces organiques (OTFT pour Organic Thin-Film Transistors), les cellules photovoltaµques 

organiques (OPVs pour Organic Photovoltaics) et les diodes ®lectroluminescentes organiques 

(OLEDs pour Organic Light Emitting Diodes). Gr©ce ¨ leur centre m®tallique t®travalent de 

silicium, les R2-SiPc peuvent °tre fonctionnalis®es par plusieurs substituants axiaux tels que les 

ph®nols, les acides carboxyliques et les silanes afin de modifier les interactions intermol®culaires, 

les propri®t®s optiques et ®lectroniques ainsi que la solubilit®. Bien que les premiers travaux sur 

les R2-SiPcs aient montr®s des r®sultats prometteurs, la relation entre leur structure chimique et 

leurs performances dans des OTFTs nôest pas bien comprise. De plus, la plupart des transistors ¨ 

base de R2-SiPc ne montrent quôun caract¯re de type n sous atmosph¯re inerte ¨ cause de leur 

orbitale mol®culaire non-occup®e la plus haute (LUMO pour Lowest Unccupied Molecular 

Orbital) peu profonde, en dessous de -4.1 eV, qui les rend susceptibles au pi®geage dô®lectrons par 

lôhumidit® et lôoxyg¯ne. Cette th¯se pr®sente les d®veloppements de notre compr®hension de 

lôimpact de la structure des R2-SiPcs sur leurs propri®t®s et les performances des transistors ¨ 

couches minces organiques, lôing®nierie des dispositifs et lôutilisation de ces mat®riaux dans des 

capteurs dôammoniac. En premier, je d®veloppe les relations entre la structure et la performance 

pour une catalogue de quinze R2-SiPc int®gr®es dans des transistors OTFT, dont onze pour qui 

cette application est une premi¯re. Ensuite, jô®tudie lôinfluence de la chimie de surface de la couche 

di®lectrique sur les couches de R2-SiPc et leurs performances dans des transistors OTFT 

fonctionnalis®s par des monocouches de silanes et le para-sexiphenyl pour comprendre la faible 

croissance ®pitaxiale de ces mat®riaux. Ensuite, jô®tudie huit nouveaux d®riv®s de phtalocyanines 

de silicium fluor®s en positions ®quatoriale et axiale (R2-FXSiPcs) pour ®tudier lôinfluence du degr® 

de fluoration de la mol®cule sur la stabilit® du transport des ®lectrons ¨ lôair et ainsi d®terminer la 

limite permettant dôobtenir des OTFTs de type n stables ¨ lôair. Enfin, jôint¯gre ces R2-FXSiPcs 

dans des capteurs de gaz en couches minces ̈  h®t®rojonction organique pour la d®tection 

dôammoniac afin dô®tudier lôinfluence des fluors ®quatoriaux et axiaux sur le porteur de charge 

majoritaire dans cette architecture. 
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Chapter 1. Introduction 

A portion of section 1.2 in this chapter was published in the journal ñJournal of Materials 

Chemistry Cò: King, B., Lessard, B. H.*, Review of recent advances and sensing mechanisms in 

solid-state organic thin-film transistor (OTFT) sensors, Journal of Materials Chemistry C., 

Submitted Manuscript. 

1.1 Organic Electronic Devices 

Electronic devices using carbon-based (organic) semiconductors provide inherent benefits 

over inorganic semiconductors including being processable by low-cost, relatively low-energy-

input manufacturing techniques,1,2 and ease of integration into flexible substrates.3,4 Additionally, 

organic semiconductors can be functionalized through a broad range of synthetic techniques to 

tune their solubility, physical properties, optical properties and electronic properties,5ï9 enabling 

the tailoring of these materials for different device applications including organic light-emitting 

diodes (OLEDs),10 organic photovoltaic cells (OPVs),11 organic thin-film transistors (OTFTs)12 

and chemical or biological sensors based on OTFTs and organic electrochemical transistors 

(OECTs).13,14 Additionally, these materials can be integrated into printing technologies for large 

area and roll-to-roll electronics fabrication, which has the potential for low cost manufacturing.15,16 

These applications strongly depend on charge transport through the organic semiconductor 

materials,17 or diffusion of analytes through the bulk of the semiconductor sensing element in the 

case of sensor applications.18 Therefore, the design of molecular semiconductors and 

semiconducting polymers with favourable solid-state molecular stacking, as well as fabrication 

towards achieving highly crystalline films with precise control over their texture are paramount to 

developing the next generation of inexpensive and industrially-produced high-performance 

electronics.19,20 Many different processing parameters can be controlled to tune the texture of 

organic semiconductor thin-films including deposition rate,21 substrate temperature during 

deposition,22 surface chemistry of the substrate,23,24 post-deposition thermal annealing and solvent 

vapour annealing.25ï27 Continuing to develop molecular and polymer organic semiconductors and 

understanding of how processing influences device performance will enable the next generation 

of electronics that can supplement or surpass traditional silicon or metal oxide devices in a broad 

range of applications including as healthcare tools and for chemical and biological sensing. 
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1.2 Organic Thin-Film Transistors (OTFTs) 

Organic thin-film transistors (OTFTs) are three-terminal devices consisting of a source and 

a drain electrode, a gate electrode, an organic semiconductor layer that enables the flow of 

electrons or holes from the source to drain electrodes, and a dielectric layer that modulates the 

charge transport in the semiconductor.12,28,29 The current between the source and drain (IDS) is 

therefore a function of the applied gate voltage (VG) across the dielectric. Under a small, applied 

VG, negligible IDS flows across the semiconductor channel and the device is in the ñoffò state. 

However, at VG beyond a threshold voltage (VT), the dielectric becomes sufficiently polarized to 

populate the semiconductor/dielectric interface with charge carriers that IDS increases and is further 

amplified with increasing VG rendering the device ñonò. Key performance parameters of OTFTs 

including their ability to effectively switch between the off state and on state at a low magnitude 

of VT, a high ratio of current between the off state and on state (Ion/off) and a high field-effect 

mobility (Õ) which is the average charge carrier drift velocity per unit of electric field.30 The 

architecture of an OTFT can be categorized under one of four designations based on the relative 

position of the organic semiconductor and the electrodes, including bottom-gate bottom-contact 

(BGBC), bottom-gate top-contact (BGTC), top-gate bottom-contact (TGBC) and top-gate top-

contact (TGTC) structures (Figure 1.1).  

 

Figure 1.1 Schematic of four primary OTFT architectures. 

1.2.1 OTFT operation and characterization 

With respect to charge transport, transistors can be characterized as p-type (holes are 

majority charge carriers), n-type (electrons are majority charge carriers) or ambipolar (both hole 

and electron conduction are possible). OTFTs are typically modelled using equations similar to 

those for metal-oxide semiconductor field-effect transistors (MOSFETs).12,31 Two types of plots 

used to characterize OTFTs are output curves and transfer curves. An output curve (Figure 1.2A) 
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shows two distinct regions of transistor operation: the linear and saturation regions. In the linear 

region, |VDS| < |VGS ï VT| and IDS changes linearly with VDS. In the saturation region, where |VDS| > 

|VGS ï VT|, the current begins to saturate and eventually becomes constant with increasing VDS. A 

transfer curve (Figure 1.2B) is a plot of IDS as a function of VGS at a constant VDS. 

 

Figure 1.2 Sample A) output curve and B) transfer curve for an n-type OTFT. Reproduced with 

permission from data published in Reference 32. Copyright Royal Society of Chemistry 2023. 

 

The field-effect mobility (ɛ) of an OTFT can be calculated in the linear region by 

rearranging Equation 1.1 for the calculation of IDS to yield Equation 1.2: 
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where L and W represent the channel length and width, respectively. The capacitance of the gate 

dielectric (Ci) is calculated using ὅ , where Ὠ is the dielectric thickness, ‐ is the permittivity 

of free space and ‐ is the dielectric constant of the dielectric material. The field-effect mobility 

(ɛ) of an OTFT can be calculated in the saturation region by rearranging equation 1.3 for the 

calculation of IDS to yield Equation 1.4A or 1.4B: 
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Critical device parameters such as Õ and VT can also be extracted from transfer curve data. 

In the saturation region, the slope of adjacent data points for Ὅ  vs VGS can be taken to generate 

a plot of ɛ vs VGS. VT can be calculated from the average x-intercept of linearized data for Ὅ  vs 

VGS in the same measurement range. A sample parameter extraction from saturation regime transfer 

curve data is shown in Figure 1.3. 

 

Figure 1.3 A) Characteristic forward saturation region transfer curve and B) ɛe vs VGS for a forward 

sweep of IDS vs VGS with ɛe extracted from the average of values in the measurement area (red 

box). Figure reproduced with permission from Reference 33. Copyright American Chemical 

Society 2021. 

 

1.2.2 Engineering the Semiconductor-Dielectric Interface in OTFTs 

The interfaces of organic electronic devices play an important role in their performance, 

including in film nucleation and growth, charge injection and charge transport across the 

semiconductor-dielectric interface of OTFTs. A significant amount of work has been undertaken 

to explore the use of self-assembled monolayers (SAMs)34,35 and molecular templates23 for the 

growth of organic semiconductor films to achieve high-performance OTFTs and organic 

photovoltaics. Surface templating techniques are useful for improving the performance of 

evaporated or solution-processed OTFTs and has been found to have an influence on the 



 

5 

 

crystallinity of meniscus coated semiconductor films.36 Since the effective conductive channel in 

OTFTs is the first several molecular layers (nanometers) of the organic semiconductor in contact 

with the dielectric, and since charge carrier migration is primarily realized by hopping between 

molecules,17,37 tuning this interface is critical for tuning the performance of OTFTs. 

SAMs are highly oriented two-dimensional molecular arrangements which can be formed 

on the surface of a variety of OTFT components primarily utilized for tuning the surface chemistry 

of the substrate38 or the work function of metal electrodes.39,40 SAM formation requires the 

chemisorption on a surface followed by spontaneous organization into 2D-crystalline long-range 

molecularly ordered domains.41 Molecules typically used to form SAMs are composed of three 

parts: the head group that is reactive with the substrate or electrode surface, the backbone made of 

an aliphatic chain or oligomer and the terminal group which dictates semiconductor-substrate 

interactions, surface energy and OTFT performance (Figure 1.4A).42 Common head groups for 

SAMs include organosilanes,42 carboxylic acids,43 and phosphonic acids,44 which require a 

hydroxylated surface group to form SAMs on oxide surfaces (Figure 1.4B, left), or thiols (HS-R-

X, where R is the aliphatic chain and X is the terminal group) which form covalent bonds with 

gold electrodes due to an oxidative addition reaction (Figure 1.4B, right).45 SAM molecules can 

also be further functionalized by nucleophilic substitution, click chemistry, photochemical 

reactions and other chemical reactions summarized in a recent review by Hoeppener et al.46 The 

properties of organosilane and phosphonic acid SAM terminal groups have been shown to directly 

influence the VT of OTFTs. The mechanism of VT shift in OTFTs incorporating a range of SAMs 

is the permanent dipoles of the molecules resulting in the formation of an electrostatic potential 

that can generate or withdraw mobile charge carriers in the semiconductor channel.47,48 For 

example, Halik and coworkers reported BGTC OTFTs with seven phosphonic acids and found an 

inverse linear relationship between the dipole moment of the SAM-forming molecule and the 

resulting device VTs across a range of semiconductors including fullerene (C60), pentacene and 

Ŭ,Ŭǋ-dihexylsexithiophene (DH6T).49 Vuillaume et al. demonstrated a similar inverse relationship 

between SAM charge density and VT for a catalogue of ten organosilane molecules in BGBC 

OTFTs based on amorphous polytriarylamine and polycrystalline pentacene.50 
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Figure 1.4 A) Generic structure of SAM molecules and B) BGBC device structure showing the 

integration of dielectric SAMs (left) and electrode SAMs (right) into the device architecture. 

Figure A reproduced with permission from Reference 51. Copyright Royal Society of Chemistry 

2018. 

 

The terminal group of SAMs can also have a direct effect on charge carrier Õ in OTFTs by 

tuning the surface energy (ɔ) of the dielectric.52 Typically, the total surface energy of the dielectric 

(ɔtot) is defined as the sum of its polar (ɔp) component and dispersive component (ɔd) which are 

related to the polarity of the surface and can be determined by contact angle measurements with 

different solvents.53 Many different calculation approaches exist to calculate the surface energy of 

substrates which have been summarized by Kwok and Neumann.54 One strategy for achieving high 

Õ in OTFTs is to minimize ɔ. This strategy was previously reported in  work by Tokito and 

coworkers who found an inverse relationship between the surface energy calculated on 

increasingly hydrophilic SAMs and Õ in poly(2,5-bis(3-hexadecylthiophene-2-yl)thieno[3,2-

b]thiophene) (PB16TTT).55 Additionally, Diao et al. demonstrated that minimizing the surface 

energy in solution-coated polymer semiconductor-based OTFTs resulted in the formation of larger 

crystalline domains, a greater degree of crystalline polymer domains oriented ñedge-onò and an 

increase in nearly one order of magnitude in Õ.36 However, the relationship between ɔ and Õ has 

been demonstrated to be more complex and a more promising strategy of matching the surface 

energy of the dielectric to that of the organic semiconductor has been shown to induce large grains 

with low grain boundary density and more favourable conditions for charge transport.56,57 Liu et 

al. demonstrated a direct effect of surface energy on carrier transport in OTFTs where matching 

the ɔtot of SAM-modified or molecular-template-modified dielectrics while minimizing ɔp could 

be directly correlated with an increase in Õ for both Ph5T2 single-crystal OTFTs and 
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polycrystalline pentacene and ZnPc OTFTs.58 Finally, SAMs can influence the majority charge 

carrier type of organic semiconductors as demonstrated by Takimiya et al. who achieved unipolar 

hole and electron transport from the ambipolar polymer semiconductor poly{[N,Nǋ-bis(2-

decyltetradecyl)- naphtho[2,3-b:6,7-bǋ]dithiophene-4,5,9,10-tetracarboxidiimide- 2,7-diyl]-alt-

5,5ǋ-(2,2ǋ-bithiophene)} (PNDTI-BT-DT) through functionalization with a fluorinated SAM and 

dimethylamino SAM, respectively.59 

Polymer brushes are another class of SAM utilized in OTFTs primarily to enhance their 

bias stress stability.60 Bias stress stability, or minimizing the shift in VT after repeated use under 

gate bias stress can be significantly improved by engineering the interface between the gate 

dielectric and the semiconductor.61 The two primary polymer grafting techniques to attach 

polymers to dielectric surfaces are grafting-to and grafting-from. In the ñgrafting-toò approach, 

polymer brushes are attached to the substrate through chemical coupling or a condensation 

reaction, while the ñgrafting-fromò approach usually involves some form of surface-initiated 

polymerization.62 Many polymers for a grafting-to approach are commercially available and 

synthesized by coupling a polymer chain to a silane, which provides a pathway for grafting that is 

similar to SAMs such as octodecyltrichlorosilane (OTS).15,63 Grafting-from by surface-initiated 

polymerization has been reported by employing three techniques: Nitroxide-Mediated 

Polymerization (NMP),64,65 Atom-Transfer Radical Polymerization (ATRP)66ï68 and Reversible 

addition-fragmentation chain transfer polymerization (RAFT).69 NMP in particular is a simple, 

robust and scalable technique which can be used to synthesize well-defined polymers which is 

compatible with both grafting-to and grafting-from approaches.65 NMP is generally desirable over 

ATRP where transition metal catalysts can still be present in the final polymers70 and RAFT where 

sulfer-based chain transfer agents have to be removed.71 NMP has also been used to synthesize a 

broad range of vinylic homopolymers, including styrenics,72 methacrylates,73 acrylamides71 and 

carbazole-based pendant polymers. A wide variety of grafted polymers and pathways for their 

synthesis are available, so a robust and scalable technique should be chosen that best compliments 

fabrication.74 A schematic of grafting-to and grafting-from approaches are demonstrated in Figure 

1.5. 
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Figure 1.5 Schematic diagram of ñGrafting-toò and ñGrafting-fromò surface modification 

techniques. Figure reproduced with permission from Reference 62. Copyright Royal Society of 

Chemistry 2020. 

 

Kim et al. demonstrated that fluorinated polymer brushes based on 

poly(pentafluorostyrene) improved bias stress stability of pentacene and perylene diimide-based 

OTFTs by a factor of three to six compared to SiO2 and a fluorinated alkyl SAM as demonstrated 

by a reduced threshold voltage shift (ȹVT) in device transfer characteristics as a result of stress 

testing.75 Ha et al. inkjet-printed silane-capped polystyrene as a dielectric interlayer in flexible all-

inkjet-printed transistors incorporating 6,13-Bis(triisopropylsilylethynyl)pentacene (TIPS-

Pentacene) as the semiconductor and observed a bias stress shift of under 0.5V before and after 

applying a mechanical bending force to the device, while observing a bias shift of 1.5 to 2.5 V for 

untreated devices.15 Finally, work by Lee et al. determined that for grafted poly(styrene) brushes, 

a molecular weight of 8 kgĿmol-1 resulted in the maximum grafting density of 0.38 chainsĿnm-2 

compared to brushes with molecular weights of 25, 108 and 135 kgĿmol-1.76 High molecular weight 

polymers were found to block active sites for polymer grafting which could result in an increase 

of charge traps, which has an impact on the performance of resulting OTFTs. 

Molecular templates, which differ from SAMs in that they are not covalently bound to the 

surface, are another popular class of materials which have been leveraged to fabricate high-

performance OTFTs through a phenomenon known as weak epitaxial growth (WEG).77 WEG can 
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be achieved by evaporating rod-like molecules as a templating layer at the semiconductor-

dielectric interface and is often paired with molecular semiconductors such as metal 

phthalocyanines (MPcs).35,78,79 This template typically yields a highly-ordered surface where 

molecules have an ñedge-onò orientation in which charges hop between molecules across the 

surface of the substrate.19 A typical WEG template layer is para-sexiphenyl (p-6P)22,80,81 which 

was used to increase the hole Õ in ZnPc OTFTs by an order of magnitude from 10-2 to 10-1 cm2ĿV-

1Ŀs-1.82 High-performance OTFTs achieved by leveraging WEG for highly crystalline organic 

semiconductors has motivated the design of a plethora of other templating layers for OTFTs and 

OPVs summarized in a review by Jones et al.79 

1.2.3 OTFTs as Transducers for Oxidative and Reductive Gas Sensors 

OTFTs are an effective platform for chemical and biological sensing with the primary 

mechanism of operation being the interactions between an analyte and the semiconductor resulting 

in a rapid, concentration-dependant response.13,83,84 Typical OTFT-based gas sensors will 

experience reversible or permanent changes/shifts in VT, Õ, IDS or Ion/off when exposed to different 

concentrations of analyte. To quantify these changes in sensor performance, key parameters of 

merit can be extracted including relative response (RR), sensitivity (S), response/recovery time 

(typically demoted as t90) and the limit of detection (LOD). Relative response can be calculated 

from Equation 1.1: 

ὙὙ Ϸ
ὣ ὣ

ὣ
 ρππϷ (1.1) 

Where Yf and Y0 are an electrical parameter at final conditions (after exposure) and initial 

conditions, respectively. Relative response is typically calculated using sensor IDS at constant 

applied VDS and VG,
83,85 or from measuring changes in VT from transfer curves.

86,87 The S is 

typically defined as the slope of the linear relationship between RR and analyte concentration 

reported in %Ŀppm-1 or %Ŀppb-1 and calculated from Equation 1.2:  

Ὓ
‬ὙὙ

‬ὅ
 (1.2) 

Where C denotes analyte concentration, and the line is effectively a calibration curve for 

the sensor. The LOD of a sensor during dynamic measurements (current as a function of time and 

concentration) can be calculated from Equation 1.3: 
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 (1.3) 

Where N is the noise of the sensor signal estimated by determining the standard deviation 

of the sensor signal during the recovery period, S is the sensitivity of the sensor in ppm-1 or ppb-1, 

and I0 is the estimated baseline current of the sensor. Response time (t90) is typically defined as the 

time of current change from the baseline current (I0) to 90% of the current maximum, i.e., I0 + 

0.9ȹI, where ȹI is the difference between I and I0 while recovery time (t10) is defined as the time 

required to return from ȹI to I0 + 0.1 ȹI or 10% of the current maximum. Finally, the selectivity is 

a quantitative measure of whether the sensor can differentiate between a mix of components that 

may interfere with the detection of a desired analyte. 

Organic semiconductors are assembled from a series of aromatic and conjugated functional 

groups with a large number of delocalized -́electrons making them susceptible to oxidative and 

reductive processes which is responsible for the charge transport from one molecule to another. 

The bonding and local environment of the delocalized -́electrons make the corresponding organic 

semiconductors either more susceptible to oxidative gases such as O2, NO2, etc. or reductive gases 

such as NH3, H2S, etc.
88,89 Oxidative gases are typically recognized as p-dopants in organic 

semiconductors and diffusion to the semiconductor-dielectric interface typically results in an 

accumulation of holes, enhancement of the deviceôs current, when operating in p-type, by trapping 

free electrons90 while exposure to reductive gases often causes a drop in current when operating in 

p-type. Conversely, exposure to oxidative gases leads to additional holes at the interface which 

reduces the current of a device being operated in n-type operation, due to recombination with the 

free electron carriers, and exposure to reductive gases increases device current,.91 Therefore, redox 

mechanisms can be leveraged for the development of high-performance OTFT gas sensors. Among 

strong redox gases, the quantification of NH3, H2S, NO/NO2 and SO2 are is particularly useful 

since they are industrially produced chemicals or pollutants generated as a result of manufacturing 

processes or emitted in automobile combustion engines.92,93 A number of organic semiconductors 

incorporated into OTFTs have been reported to be sensitive to NH3
94ï100, H2S,

101ï104 NO2,
105ï111 

and SO2
112. Often OTFT sensors offer advantages over metal-oxide-based sensors owing to their 

less strict operational requirements such as the ability to sense NH3 at room temperature rather 

than at > 100 ÁC for metal oxide-based field-effect transistor-based sensors.94,113 Some work has 

been undertaken towards understanding how to further enhance the sensitivity of OTFT sensors 
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towards oxidative and reductive gases. For example, K.N. Narayanan Unni and coworkers. 

demonstrated that as NH3 concentration increases, the density of interfacial charge traps also 

increases resulting in a reduction of Õ and Ion/Ioff ratio in dinaphtho [2,3-b:2ǋ,3ǋ-f]thieno [3,2-

b]thiophene (DNTT)-based OTFT sensors. The effect of increasing NH3 concentration on the 

Ion/Ioff ratio is stronger in devices where the semiconductor layer was less thick, enabling easier 

diffusion of the analyte to the dielectric-semiconductor interface.98 The rate of diffusion through 

the bulk of the film, as well as the rate of absorption and desorption of gases to the semiconductor-

dielectric interface have an effect on sensor response as demonstrated by Chi and coworkers who 

fabricated OTFT sensors with a spirobifluorene-based polymer as the semiconductor with 

thicknesses from 5 to 25 nm.104 The magnitude of the sensor response increased as the active layer 

thickness decreased from 25 nm to 20 nm, followed by a decrease in the magnitude of the response 

as thickness further decreased to 15 nm and 5 nm, respectively. This was attributed to the rate of 

desorption of gas molecules exceeding the rate of adsorption of gas molecules to the 

semiconductor-dielectric interface. Optimized devices with an active layer thickness of 20 nm 

demonstrated a sensitivity of 95% at 1 ppm and a LOD of 1 ppb with a 15 second response time. 

1.3 Metal Phthalocyanines as Organic Semiconductors 

1.3.1 Metal Phthalocyanines 

Phthalocyanines (Pcs) are aromatic compounds composed of four nitrogen-linked 

isoindole units forming a conjugated macrocycle. Pcs can chelate a metal or metalloid atom 

through two covalent bonds and two coordination bonds to form thermally stable metal 

phthalocyanines (MPcs, Figure 1.6) which are useful as dyes and pigments and as active materials 

in organic electronic devices.114ï117 MPcs can be chemically modified by changing the 

metal/metalloid core,118,119 adding peripheral substituents,120,121 or with axial substitutions 

covalently bonded to the metal/metalloid core,122,123 enabling the synthesis of a wide library of 

functional materials with tunable physical and optoelectronic properties. The functionalization of 

MPcs has enabled them to be solution processable, making these materials attractive candidates 

for printable electronics.124,125 

The central atom of the MPc contributes to its geometry and electronic properties. For 

example, MPcs incorporating Zn, Cu, Co, Mn, and Fe have planar strctures,126 while TiOPc 

possesses a cone-shaped structure and can form both concave and convex pairs in the solid-state.127 

A wide variety of MPcs containing different metal cores have been incorporated into organic 
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electronic devices (Figure 1.6), such as divalent MPcs (with no axial groups) including CuPc128 

and ZnPc,121 trivalent MPcs (with one axial group) including AlPc-Cl,126 and tetravalent MPcs 

(with two axial groups) including SiPc-Cl2 and SnPc-Cl2.
22 Peripheral functionalization of of MPcs 

also influences their electronic properties. For example, peripheral fluorination of MPcs such as 

copper phthalocyanine (CuPc), results in a reduction in its lowest unoccupied molecular orbital 

(LUMO), enabling air-stable electron conduction.120,129 MPcs are generally hole conducting, or p-

type,126 however there are a few derivatives that are primarily electron conducting, or n-type, 

including SiPcs,63 SnPcs125 and F16-CuPc.
126 The ability of these planar MPcs to form highly-

ordered thin-films makes them ideal candidates for organic thin-film transistors (OTFTs).119 

 

 

Figure 1.6 Examples of MPcs incorporated into organic electronic devices. 

 

1.3.2 Silicon Phthalocyanines 

Silicon phthalocyanines (R2-SiPcs) with a tetravalent Si atom and two axial substituents 

are advantageous since axial functionalization with phenoxy (PhO) substituents,33 benzoate 

substituents (BnO)63 and silanes130 can be utilized to modify molecular packing and increase the 

amount of -́orbital overlap between neighboring molecules or impact solubility.131 There are 

multiple solid state packing motifs observed in adjacent the R2-SiPc macrocycles (Figure 1.7) 

including combinations of benzene-benzene and benzene-isoindole stacking.132 A greater degree 

of -́orbital overlap and -́ ́ interactions enables greater charge transport in SiPc materials, which 

is advantageous for their application in organic electronic devices.116 For example, the 

functionalization of unsubstituted dichloro-SiPc (Cl2-SiPc) with pentafluorophenoxy (-OC6F5) 

moieties resulted in improved solid-state packing and a reduction in minimum -́́  stacking 
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distance from 3.977 ¡ for the unsubstituted Cl2-SiPc to 3.654 ¡ for the bis(pentafluorophenoxy)-

SiPc ((F5PhO)2-SiPc). This improved solid-state arrangement resulted in an eight-fold increase in 

power conversion efficiency of (F5PhO)2-SiPc incorporated as an active layer in organic 

photovoltaic (OPV) devices.116 This enhanced stacking observed by single crystal X-ray 

diffraction (XRD) measurements and resulting improvement of device performance compared to 

Cl2-SiPc was also observed for other fluorophenoxy-substituted R2-SiPcs.
133 

 

 

Figure 1.7 -́ ˊ interaction modes of R2-SiPcs. Reproduced with permission from Reference 132. 

Copyright American Chemical Society 2018. 

 

1.3.3 Peripheral Fluorination of Metal Phthalocyanines 

The introduction of electron-withdrawing groups to the periphery of organic 

semiconductors often results in a downward shift in their frontier molecular orbitals, which can 

result in a change in the majority charge carrier type from holes to electrons134,135 or enable air-

stable electron transport in n-type semiconductors.5,136 Similar functionality has been imparted on 

the periphery of MPcs to switch their behaviour from p-type to n-type in OTFTs with the earliest 

report of peripherally fluorinated MPcs reported by Bao and coworkers who synthesized F16CuPc, 

F16ZnPc, F16CoPc and F16FePc which yielded electron mobilities (Õe) from 10
-6 up to 10-2 cm2ĿV-
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1Ŀs-1.129 Single crystals of F16CuPc, F16CoPc and F16ZnPc were grown and incorporated into OTFTs 

by Kloc and coworkers who determined that the central metal atom dictates the transport properties 

of fluorinated metal phthalocyanines with a higher estimated electron transfer integral.120 

Intermediate degrees of peripheral fluorination of MPcs can also enable ambipolar OTFTs. For 

example, Kloc and coworkers reported FXMPcs with Cu and Zn metal centers and where X = 0, 4, 

8 or 16 peripheral fluorine atoms to tune the electronic properties of the organic semiconductor 

from p-type to n-type.128 FXZnPc transitioned from p-type to n-type behaviour when the number 

of peripheral fluorine atoms increased from 4 to 8, while four peripheral fluorine atoms was 

sufficient to induce ambipolar behaviour in FXCuPc derivatives, with F4CuPc and F8CuPc 

demonstrating ambipolar behaviour. In both cases, F0MPc derivatives were unipolar p-type and 

F16MPc derivatives were ambipolar n-type. Axially and peripherally fluorinated silicon 

phthalocyanine (F2-F16SiPc), the first peripherally fluorinated R2-FXSiPc derivative ever reported, 

was synthesized by Yutronkie et al and incorporated into OTFTs, achieving Õe of up to 0.3 cm
2ĿV-

1Ŀs-1 in N2 and 0.072 cm
2ĿV-1Ŀs-1 in air, exceeding the performance of F16CuPc which is widely 

used as an n-type MPc organic semiconductor.32 Due to the significant batch-to-batch variation of 

this molecule, a new synthetic pathway was developed by Vebber et al. to synthesize the first R2-

FXSiPc derivatives substituted with phenol axial ligands and where X = 0, 4, 8 or 16 peripheral 

fluorine atoms (Figure 1.8).137 When characterized in N2, the derivative with zero peripheral 

fluorine atoms demonstrated uniquely p-type behaviour while derivatives with four peripheral 

fluorine atoms demonstrated ambipolar behaviour. Derivatives with eight and sixteen peripheral 

fluorine atoms yielded unipolar n-type OTFTs with the fully peripherally fluorinated derivative 

being the only one to have air stable electron transport. 
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Figure 1.8 A) Synthetic pathway used in the production of functionalized FXSiPcs, B) highest 

occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) energy 

levels of (tb-Ph)2-FXSiPc estimated from ultraviolet photoelectron spectroscopy (UPS) and C) N-

type and p-type mobilities of (tb-Ph)2-FXSiPc as a function of peripheral fluorination. Figures 

reproduced from Reference 137. Copyright Wiley 2023. 

 

1.4 Organic Heterojunction Devices as Transducers for Gas Sensors 

Organic heterojunction devices for ammonia (NH3) and ozone (O3) gas sensing were 

initially reported by  Bouvet and coworkers as an alternative to chemiresistors and organic thin-

film transistor sensors based on MPcs.138 These heterojunction devices are based on two organic 

semiconductors with different work functions and conductivities, enabling the accumulation of 
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opposite charge carriers (electrons and holes) at the organic-organic interface due to 

accumulation/depletion heterojunction effects.139 The top layer of the organic heterojunction 

device is typically lutetium bisphthalocyanine (LuPc2) which is one of the first reported intrinsic 

molecular semiconductors with a high conductivity of 10-5 ɋ-1Ŀcm-1 at room temperature140 

compared to divalent metal phthalocyanines and other organic semiconductors (10-13 ɋ-1Ŀcm-1), 

which are typically used as sublayers.141,142 Due to its radical nature, it can easily lose and gain an 

electron yielding an activation energy of 0.5 eV for the creation of charge carriers.143 OTFTs based 

on LuPc2 have demonstrated n-type behaviour under vacuum and p-type behaviour in air.144 Robert 

et al. demonstrated the first thin-film gas sensors based on LuPc2 as the sensing element for the 

detection of HCl, Cl2, H2S, SO2 and NO2 based on a planar conductometric sensor architecture 

with reproducible conductivity changes in the device shown for concentrations of NO2 at 2 ppm.
145 

The semiconducting nature of LuPc2 has also motivated its incorporation into electronic tongues 

reported by Rodriguez-M®ndez et al. for wine discrimination.146 

1.4.1 Organic Heterojunction Gas Sensor Operation 

To operate an organic heterojunction device (Figure 1.9), a bias is first applied between 

the two sets of interdigitated electrodes, resulting in the injection of electrons or holes into the 

device depending on the nature of the sublayer.147  Due to the relatively low conductivity of the 

sublayer compared to the organic-organic interface and the interelectrode distance being 

substantially larger than the electrode-LuPc2 distance, charge carriers travel vertically through the 

bulk of the sublayer to the organic-organic interface and across the device due to the high mobility 

of free charge carriers accumulated at the interface. Reductive or oxidative gases can either donate 

or withdraw electrons from the bilayer depending on the nature of the analyte, and changing the 

concentration of mobile charge carriers in the LuPc2 top layer and the organic-organic interface,147 

resulting in a change in the current measured across the device. In the case of NH3, which is an 

electron donating gas, a p-type heterojunction device will undergo a ñturn-offò response which 

manifests as a concentration-dependent decrease in current, while an n-type heterojunction device 

will undergo a ñturn-onò response which manifests as a concentration-dependent increase in 

current.138 Conversely, for oxidizing or electron accepting gases such as NO2 or O3, p-type devices 

will undergo a ñturn-onò response while n-type devices will undergo a ñturn-offò response. Similar 

parameters of merit to OTFT sensors can be extracted from the dynamic response of heterojunction 

gas sensors including RR, S, t90 and LOD. 
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Figure 1.9 Cross-sectional schematic of an organic heterojunction gas sensor 

 

1.4.2 Tuning the Majority Charge Carrier in Organic Heterojunction Gas Sensors 

The direction of charge carrier transport is primarily dictated by the frontier molecular 

orbitals of the sublayer and the work function difference (ȹʌ) between the organic materials in 

the bilayer (Figure 1.10).148 If the work function of the sublayer is greater than that of LuPc2, 

electrons hop from the semi-occupied molecular orbital (SOMO) of LuPc2 to the LUMO of the 

sublayer, resulting in n-type conduction. Conversely, if the work function of the sublayer is lesser 

than that of LuPc2, electrons will hop from the HOMO of the sublayer to the SOMO of LuPc2 

resulting in p-type conduction.149  

 

Figure 1.10 Charge hopping at bilayer interface depending on the work function (ʌ) of each 

semiconductor in the heterojunction. Reproduced with permission from Reference 149. Copyright 

American Chemical Society 2020. 
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There are three reported methods to change the majority charge carrier type in the organic 

heterojunction device. The first method is changing the central metal atom of the sublayer MPc 

structure which has an impact on its electronic properties115 and can result in either hole 

transporting or electron transporting organic semiconductors.126 The effect of the central metal 

atom on the behaviour of organic heterojunctions was demonstrated by Bouvet and coworkers who 

incorporated CoPc, Zn(Cl8Pc), Co(Cl8Pc), Cu(Cl8Pc) into devices as the sublayer with LuPc2 as 

the top layer (Figure 1.11).149 Octochlorinated MPc sublayers with Zn (Figure 1.11A) and Cu 

(Figure 1.11C) central metal atoms demonstrated a ñturn-offò response, while the octochlorinated 

MPc sublayer with a Co central metal atom (Figure 1.11B) demonstrated a ñturn-onò response. 

 

 

Figure 1.11 Current variation as a function of time of LuPc2/ClXMPc heterojunctions, exposed to 

90 ppm NH3 for 10 min-long periods separated by 40 min-long rest periods in synthetic air with 

30% RH at a bias of 1 V. Reproduced with permission from Reference 149. Copyright American 

Chemical Society 2020. 

 

The second method to change the majority charge carrier in organic heterojunction devices 

is including peripheral substituents in the MPc structure, which as previously discussed results in 

a shift in the frontier molecular orbitals of organic semiconductors and can result in a change from 
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hole transporting to ambipolar or electron transporting semiconductors which has been 

demonstrated when progressively fluorinating FXCuPc
128 or R2-FXSiPcs.

137 In organic 

heterojunction devices, the peripheral chlorination of CoPc is sufficient to change the majority 

charge carrier in the device from a ñturn-offò response (Figure 1.11D)  to a ñturn-onò response 

(Figure 1.11B).149 The original report of organic heterojunction gas sensors based on a MPc / 

LuPc2 heterostructure also demonstrated the effect of peripheral substituents through the opposite 

response of CuPc and F16CuPc to NH3 and O3.
138 Solubilizing functional alkyl chains can also be 

incorporated into the MPc structure to tune the majority charge carrier, which was demonstrated 

with three NiPc derivatives containing hexal-sulfanyl, hexyl-sulfonyl and a combination of hexyl-

sulfanyl and p-carboxyphenoxy moieties, respectively, in organic heterojunction devices with 

LuPc2 as the top layer.
150 Electron-donating hexyl-sulfanyl groups in the periphery of two of the 

derivatives resulted in a ñturn-offò response which is consistent with the p-type behaviour of NiPc 

OTFTs126 while the weakly electron-accepting hexyl-sulfonyl groups resulted in a ñturn-onò 

response of the devices. This work demonstrates that organic heterojunction devices can be 

fabricated with solution processable MPc sublayers and that weak electron-accepting peripheral 

substituents are sufficient to tune the majority charge carrier of the devices. The final method to 

change the majority charge carrier in organic heterojunction devices is through stimulus by a light 

source, which was demonstrated by Bouvet and coworkers who used visible light to switch the 

response of an F8CuPc/LuPc2 heterojunction from p-type to n-type.151 The ambipolarity of 

F8CuPc/LuPc2 heterojunctions was independent of applied voltage and was attributed to the visible 

light desorbing molecular oxygen from the sublayer and suppressing the concentration of hole 

carriers while promoting the concentration of electrons. While light stimulus resulted in a change 

in device behaviour for F8CuPc/LuPc2 heterojunctions, exposing CuPc/LuPc2 and F16CuPc/LuPc2 

to light did not result in a polarity change. 

1.5 Scope of the Thesis 

This thesis will focus on the fabrication and characterization of OTFTs and heterojunction 

gas sensors with thermally evaporated R2-FXSiPcs as the active semiconducting layer with the 

purpose of developing relationships between the chemical structure of the phthalocyanine 

derivatives, their optical and electronic properties, and their resulting device performance. 

Chapter 2 develops initial structure-property relationships between the axial substituents, thin-

film texture, and device performance for eleven previously reported R2-SiPc derivatives, with six 
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of these derivatives being reported in OTFTs for the first time. In addition to electronic 

characterization of the devices, thin-films of R2-SiPcs were characterized by atomic force 

microscopy (AFM) to extract textural information and by grazing-incidence wide-angle X-Ray 

scattering (GIWAXS) to determine the molecular orientation of R2-SiPcs relative to the substrate. 

Single crystal data of R2-SiPcs was used to develop charge-transfer models by density functional 

theory computational modelling by collaborators to further understand the impact of the axial 

group on intermolecular interactions and electronic performance. Chapter 3 reports four 

additional R2-SiPc derivatives, with three novel materials containing cyanophenoxy and fluoro-

cyano-phenoxy axial groups developed based on the relationships developed in Chapter 2 to 

further push the VT of R2-SiPc-based OTFTs towards 0V. In this work, the optical properties of 

these derivatives were characterized by UV-Vis, and electrochemical properties were characterized 

by cyclic voltammetry. We observed a dewetting of one of the R2-SiPcs from the substrate surface, 

which necessitated the use of polymer brushes as a SAM fabricated through a ñgrafting-toò 

approach to stabilize the semiconductor film. 

In Chapter 4, I report our champion R2-SiPc material, bis(pentafluorophenoxy) silicon 

phthalocyanine (F10-SiPc) on a range of functional surfaces to understand the influence of surface 

chemistry on R2-SiPc films and OTFT performance. The functional surfaces we use in this work 

include a range of alkyl-SAM lengths (C8, C18), terminal groups (F3, CH3, C6H5) as well as p-6P 

as a template layer to determine whether F10-SiPc demonstrates similar WEG behaviour to divalent 

and trivalent MPcs which yield highly crystalline films and edge-on molecular orientation. 

In Chapter 5, I incorporate twelve R2-FXSiPcs with increasing axial and peripheral 

fluorination (X = 0, 4 or 16 F) into BGTC OTFTs to investigate how the degree of axial and 

peripheral fluorination influences thin-film texture, device performance and n-type air stability. 

This work builds on an initial report by Vebber et al. who reported the first phenol-substituted 

peripherally fluorinated R2-FXSiPcs and demonstrated air-stable electron transport for 

bis(tertbutylphenoxy) hexadecylfluoro silicon phthalocyanine ((tb)2-F16SiPc)
137 I characterized the 

optical and electronic properties of these materials by UV-Visible spectroscopy and ultraviolet 

photoelectron spectroscopy to determine their frontier molecular orbitals and completed long-term 

air stability studies of R2-F16SiPc derivatives supplement initial electrical characterization of all 

twelve reported derivatives. This work demonstrated the threshold for air-stable electron transport 
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in R2-FXSiPc-based OTFTs did not simply depend on peripheral substitution and that axial 

fluorination has a role in stabilizing the device. 

In Chapter 6 we incorporate all three bis(pentafluorophenoxy) silicon phthalocyanines 

with zero, four and sixteen peripheral fluorine atoms into organic heterojunction devices with 

LuPc2 as the sublayer to investigate their NH3 gas sensing properties. These three materials were 

selected to determine the threshold for organic heterojunction devices to change from a turn-off 

response to a turn-on response under NH3 exposure based on initial reports of Cl2-SiPc and 

(345FPhO)2-SiPc both yielding a turn-off response. I characterized powders, crystals and films of 

peripherally fluorinated derivatives of R2-FXSiPcs by Raman spectroscopy for the first time and 

measured the dynamic sensor response in the range of 1 ppm to 90 ppm. I also characterized all 

three heterojunction devices with impedance spectroscopy to determine their bulk and interfacial 

charge transport properties. To further optimize the devices, I thermally annealed (F5PhO)2-

SiPc/LuPc2 heterojunctions under vacuum to tune the interfaces of the device and characterized 

these changes by impedance spectroscopy. After thermal annealing, I report a two-fold 

enhancement in the sensitivity of devices likely related to a reduction in the resistance to interfacial 

charge transport, demonstrating the potential of postdeposition processing on bulk heterojunction 

gas sensors for the first time. 

In Chapter 7 of my thesis, I present the overall conclusions from my work and make 

recommendations about future research directions related to the incorporation of R2-FXSiPcs into 

thin film electronic devices. Finally, in Chapter 8, I provide abstracts and context to papers I have 

contributed to during my Ph.D. 
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Chapter 2. Silicon phthalocyanines for n-type organic thin-film 

transistors: development of structure property relationships 

This chapter was published in the journal ñACS Applied Electronic Materialsò: King, B.; Melville, 

O.; Rice, N.; Kashani, S.; Tonnel®, C.; Raboui, H.; Swaraj, S.; Grant, T. M.; McAfee, T.; Bender, T.; Ade, 

H.; Castet, F.; Muccioli, L.; Lessard, B. H.* Silicon phthalocyanines for n-type organic thin-film 

transistors: development of structure property relationships. ACS Applied Electronic Materials, 2021, 3, 

325-336. 

Context 

In this work, I led a multi-institution collaboration to build the first survey of silicon 

phthalocyanine (R2-SiPc) derivatives in organic thin-film transistors (OTFTs). I incorporated 11 

SiPcs derivatives with different axial ligands which were synthesized at the University of Ottawa 

or by collaborators at the University of Toronto into OTFTs. As discussed in Chapter 1, the 

selection of axial substituent for R2-SiPcs have a significant influence on their optical properties, 

intermolecular packing in the solid state, and electronic properties. We correlated these device data 

with density functional theory calculations based on single crystal data which provided estimations 

of relative mobilities and electronic transfer integrals which are both related to charge transport. 

We were primarily interested in the influence of the axial group on thin-film texture and device 

performance since to this point many derivatives had been reported but no systematic screening 

had been completed.  

Contributions 

I prepared and characterized OTFTs from 11  R2-SiPc derivatives by physical vapour deposition 

and processed analyzed device data. I performed UV-Vis spectroscopy and X-ray diffraction 

measurements. Dr. Nicole Rice performed AFM measurements and I interpreted the data. I wrote 

the manuscript with input from Prof. Lessard, Dr. Melville, Dr. Rice, and Dr. McAfee. All co-

authors reviewed the manuscript prior to submission for peer-review. Written sections on DFT 

calculations were performed and interpreted by Prof. Castet, Prof. Muccioli, and Dr. Tonnel®. 

GIWAXS data was collected by Dr. Swaraj and processed and interpreted by Dr. Kashani and Dr. 

McAfee. Phthalocyanine derivatives were synthesized by Dr. Grant and Dr. Raboui. 
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Abstract 

Silicon phthalocyanines (SiPcs) have shown great potential as n-type or ambipolar organic 

semiconductors in organic thin-film transistors (OTFTs) and organic photovoltaics (OPVs). 

Although properly designed SiPcs rival current state-of-the-art n-type organic semiconducting 

materials, relatively few structure-property relationships have been established to determine the 

impact of axial substituents on OTFT performance, hindering the intelligent design of the next 

generation of SiPcs. To address this omission we have developed structure-property relationships 

for vapor-deposited SiPcs with phenoxy axial substituents. In addition to thorough electrical 

characterization of bottom-gate top-contact OTFTs, we extensively investigated SiPc thin-films 

using X-ray diffraction (XRD), atomic force microscopy (AFM), grazing-incidence wide-angle X-

ray scattering (GIWAXS) and density functional theory (DFT) modelling. OTFT performance, 

including relative electron mobility (me) of materials, was in general agreement with values 

obtained through DFT modelling including reorganization energy. Another significant trend 

observed from device performance was that increasing the electron-withdrawing character of the 

axial pendant groups led to a reduction in threshold voltage (VT) from 47.9 V to 21.1 V. This was 

corroborated by DFT modelling, which predicted that VT decreases with the square of the dipole 

induced at the interface between the SiPc pendant and substrate. Discrepancies between modelling 

predictions and experimental results can be explained through analysis of thin-film morphology 

and orientation by AFM and GIWAXS. Our results demonstrate that a combination of DFT 

modeling to select prospective candidate materials, combined with appropriate processing 

conditions to deposit molecules with a favourable thin-film morphology in an ñedge-onò 

orientation relative to the substrate, yields high-performance n-type SiPc-based OTFTs. 

2.1 Introduction 

The development of electron-conducting (n-type) organic semiconductors for organic thin-

film transistors (OTFTs) is essential to the advancement of low-cost, mechanically robust printable 

electronic components for applications such as inverters or sensors.1 However, the majority of 

high-performance organic semiconducting materials reported in the literature behave as hole-

conducting (p-type).2 One of the key factors that determines whether a molecule behaves as a n- 

or p-type semiconductor is how its frontier molecular orbitals interact with other device 

components, such as the electrodes or buffer layers.3 Shifting the relative energy levels of the 

highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) 
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of the organic semiconductor with respect to the Fermi level of the metallic source and drain 

electrodes through the synthesis of novel materials may result in changes in transport type, 

apparent mobility and ambient stability in OTFTs.4 Altering the molecular structure of the 

semiconductor may also influence intermolecular interactions and orientations, and consequently 

thin-film morphology and charge transport.5 Understanding how tailoring the organic 

semiconductor molecular structure affects intermolecular interactions is essential for developing 

specific structure-property relationships for the realization of stable high-performance n-type 

organic electronic devices.6  

 Design rules relating molecular structure to intermolecular interactions, solid state packing, 

and charge transport in OTFTs have been developed for some classes of p- and n-type materials. 

The addition of conjugated substituents to an organic semiconductor can improve -́orbital overlap 

and therefore charge transport mobility in single crystal or thin-film transistors.7 For example, 

incorporating two phenyl substituents on anthracene (2,6-DPA) results in stronger -́́  interactions, 

yielding hole mobilities (mh) of up to 14.8 cm2V-1s-1 in OTFTs.
8 Similar performance improvements 

as a result of chemical modification have been reported for derivatives of perylene diimide,2 

naphthalene diimide5,9 and benzothienoisoindigo.10 Altering molecular structure can also impact 

molecular alignment with an ñedge-onò configuration, where the conjugated molecular core is 

perpendicular to the substrate surface and charge transport occurs parallel to the channel through 

overlapping -́orbitals, resulting in improved field-effect mobility.11ï13 Molecular overlap and 

edge-on orientation can be further promoted through modifications in surface chemistry and 

thermal annealing.14 

 Metal and metalloid phthalocyanines (MPcs) are a large class of stable organic 

semiconductors that are relatively easy to synthesize from inexpensive reagents.15 A wide variety 

of MPcs containing different metal cores have been incorporated into OTFTs, such as divalent 

MPcs (with no axial groups) including CuPc4 and ZnPc,16 trivalent MPcs (with one axial group) 

including AlPc-Cl,17 and tetravalent MPcs (with two axial groups) including SiPc-Cl2 and SnPc-

Cl2.
18 MPcs are generally p-type,17 however there are a few derivatives that are primarily n-type, 

including SiPcs,19 SnPcs20 and F16-CuPc.
17 The ability of these planar MPcs to form highly-ordered 

thin-films makes them ideal candidates for OTFTs.21 The highest reported mobility of MPcs in 

OTFTs is for TiOPc thin-films with average hole mobilities on the order of 10 cm2V-1s-1.22 This 
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superior performance was attributed to significant molecular overlap, low intermolecular stacking 

distances of 3.145 to 3.211 ¡, and their tendency to arrange in an ñedge-onò orientation when 

deposited on an octyl(trichloro)silane (OTS)-modified substrate.22  

SiPcs with a tetravalent Si atom and two axial substituents (Figure 1) have recently shown 

promise as n-type or ambipolar organic semiconductors, with various derivatives incorporated into 

organic light-emitting diodes,23,24 organic solar cells25 and OTFTs.19,26 Vapour-deposited SiPcs 

with phenoxy (PhO) and carboxyl (R-COO) axial substituents are of particular interest due to their 

relatively good performance as n-type materials in OTFTs19,27 and as non-fullerene electron 

acceptors in solar cells.28 The highest reported electron mobility (me) for n-type SiPcs is ~ 0.5 

cm2V-1s-1 from F10-SiPc (3, Figure 1), which is comparable or exceeds other MPcs in n-type 

OTFTs,28 and implying the potential of this class of MPcs to rival other state-of-the-art n-type 

organic semiconductors.26,29 Despite this excellent potential, only a few structure-property 

relationships have been established to determine the impact of the axial substituents on SiPc-based 

OTFT performance. Several studies indicate that the choice of axial group affects SiPc packing in 

the single crystal, often changing the -́́  stacking distance, herringbone angle, and degree of 

molecular overlap.30,31 To this end, Gali et al. demonstrated that density functional theory (DFT) 

calculations in combination with kinetic Monte Carlo simulations could be used to screen the 

potential of several compounds by estimating mobility and its directionality, and identified 

compound 9 (3I-SiPc) which has never been previously incorporated into OTFTs as possessing 

better 1D single crystal charge transport, and compound 3 (F10-SiPc) as the best for 2D single 

crystal charge transport.32 Melville et al. found that increasing the size of the molecular pendant 

decreased mobility for carboxyl-functionalized SiPcs 10 (PhCOO-SiPc) and 11 (NpCOO-SiPc) 

and their anthracene-substituted analogue in OTFTs.19 Despite their bulkier axial groups, SiPcs 2 

(345F-SiPc) and 3 (F10-SiPc) outperformed dichloro-substituted SiCl2Pc in terms of threshold 

voltage (VT) and me, indicating a complex interplay between the substituent and device 

performance.30 Understanding these structure-property relationships will aid in the design of novel 

axially-substituted SiPcs for high-performance n-type OTFTs.  

In this study we report the electrical characteristics and comprehensive discussion of 

structure-property relationships of axially substituted SiPcs 1 ï 11 (Figure 2.1) incorporated into 

bottom-gate top-contact (BGTC) OTFTs and relate these results to predictions from DFT 
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calculations. Materials 1, 2 and 4 ï 11 were incorporated into BGTC OTFTs for the first time; 

material 3 was previously reported in BGTC OTFTs,27 and compounds 2 (345F-SiPc), 3 (F10-

SiPc), 10 (PhCOO-SiPc) and 11 (NpCOO-SiPc) have been reported in bottom-gate bottom-contact 

(BGBC) OTFTs.19,23,30 The films were characterized using powder X-Ray diffraction (PXRD), 

atomic force microscopy (AFM) and grazing-incidence wide-angle X-ray scattering (GIWAXS) 

to correlate thin-film formation with single crystal structure, molecular orientation on the substrate, 

and electrical performance parameters such as ɛe and VT. DFT calculations were performed to 

investigate intrinsic material properties and to provide a basis of comparison to electrical 

characterization of devices. 

 

 

Figure 2.1 Chemical structures of SiPc derivatives incorporated into BGTC OTFTs. 

 

2.2 Experimental Section 

Experimental 

Synthesis of SiPc derivatives 

SiPcs 1 (PhO-SiPc),31 2 (345F-SiPc),30 3 (F10-SiPc),28 4 ï 8 (2MP-SiPc, 3MP-SiPc, 4MP-

SiPc, 3Pyr-SiPc, 4Pyr-SiPc)31,  9 (3I-SiPc),33 and 10 (PhCOO-SiPc) and 11 (NpCOO-SiPc)19 were 

synthesized according to previously reported procedures.  
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Computational Modelling  

Molecular structures were optimized in the gas phase using Density Functional Theory 

(DFT) at the B3LYP/6-31G(d) level. Franck-Condon vertical excitation energies and oscillator 

strengths were computed using time-dependent (TD) DFT with the same exchange-correlation 

functional and basis set. The electronic parameters driving the electron transport in the framework 

of the Marcus theory, namely the reorganization energies and transfer integrals, were also 

calculated at the B3LYP/6-31G(d) level using the approximations detailed in our previous 

works.20,31,34 Internal reorganization energies (‗), which describe the intramolecular geometric 

relaxation effects occurring between two molecular sites M1 and M2  upon the electron transfer 

reaction ὓ ὓ ᴼὓ ὓ , were calculated using the four-point expression based on 

adiabatic potential energy surfaces.35 Transfer integrals (ὐ) characterizing the electronic coupling 

between molecular neighbours were calculated using molecular pairs Ὧ extracted from the 

crystallographic structures, assuming a strict degeneracy of the lowest-unoccupied molecular 

orbitals. The hopping rates ’ between two neighbouring sites are given by the Marcus equation, 

and depend on the square of the electronic couplings ὐ:  

’
Ⱦ

ὐ ÅØÐ      (2.1) 

where Ὤ is the Planck constant. The relative electron mobilities along the crystal axes i = a, b, c, 

were evaluated at zero field in the ideal case of no energetic disorder, using the Einsteinôs 

expression relating the mobility ‘ with the diffusion coefficient Ὀ:36  

‘ Ὀ В ’ ὶᴆϽὩᴆ     (2.2) 

where T = 300 K, and Ὡ and Ὧ are the elementary charge and Boltzmann constant, respectively. 

In Equation 2.2, the sum runs over all pairs of molecular neighbours separated by the distance 

vector ὶᴆ and Ὡᴆ is a cell axis unit vector. Equation 2.1 and Equation 2.2 provide mobility values 

that correspond to the maximum achievable for a defect-free single crystal, and might be 

considered as an upper limit of experimentally measured mobilities.37,38 The dimensionality of the 

electron transport was qualitatively assigned using the following definitions, considering 

mobilities along the i, j, and k crystallographic directions with ‘ > ‘ > ‘: 



 

41 

 

 

ρ$ȡ‘ ‘ϳ σȠ‘ ‘ϳ σ

ς$ȡ ‘ ‘ϳ σȠ‘ ‘ϳ σ

σ$ȡ ‘ ‘ϳ σȠ‘ ‘ϳ σ

     (2.3) 

Molecular properties and electronic couplings were calculated using the Gaussian 1639 and 

ORCA40 programs, respectively.  

Preparation of devices 

N-doped silicon substrates with a 300 nm thermally-grown SiO2 dielectric layer (Ossila) 

were washed with acetone and isopropanol to remove a protective photoresist and dried with 

nitrogen. Substrates were then sonicated sequentially for 5 minutes in acetone and methanol, dried 

under a nitrogen stream, and treated with oxygen plasma for 15 minutes. The cleaned substrates 

were rinsed with water followed by isopropanol, dried under nitrogen, and then reacted for 72 h in 

1% v/v octyl(trichloro)silane (OTS) toluene solution. OTS-treated substrates were washed with 

toluene and dried under vacuum at 70 ÁC for 1 h. Bottom-gate top-contact (BGTC) OTFTs were 

fabricated from each of the 11 SiPc derivatives. First, a 300 ¡ SiPc film was thermally deposited 

as the active semiconducting layer on a substrate held at room temperature by physical vapour 

deposition (PVD) through a square shadow mask at a rate of 0.2 ¡/s (P < 2 x 10-6 Torr). Source 

and drain electrodes (channel length L = 30 mm, width W = 1000 mm) were obtained by depositing 

100 ¡ of Mn at a rate of 0.5 ¡/s, followed by 500 ¡ of Ag at a rate of 1 ¡/s through shadow masks 

(Ossila) to yield 20 individual transistors per substrate. Additional devices fabricated with Ag-only 

electrodes (500 ¡) were also prepared using the same deposition rate and shadow masks; electrical 

characterization of these devices can be found in Table 2.6 of the Supporting Information. 

OTFT testing & electrical characterization 

All devices were measured at room temperature in a nitrogen glovebox. Electrical 

characterization of OTFTs was performed using a custom-built auto-tester with brass alloy contact 

tips plated with 20 ɛm gold on 100 ɛm nickel. The tester was connected to a Keithley 2614B 

source meter to set the gate-source voltage (VGS) and source-drain voltage (VSD) and measure the 

source-drain current (IDS). Output curves were obtained by fixing the VGS at discrete values 

between 0 and 60 V and sweeping the VSD. Transfer curves were obtained by fixing VSD in the 

saturation region at +50 V. VGS was applied with a duty cycle of 20 % and a frequency of 10 Hz to 

reduce gate bias stress. For a duty cycle of 20%, gate bias stress is only applied for a 20 ms (2 Hz) 
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interval between 80 ms (8 Hz) intervals of zero applied gate bias stress which has been found to 

improve device stability during operation and make the extraction of VT more reliable.
26,41 The 

electron field-effect mobilities (ɛe) were calculated using the following equation for the saturation 

region: 

Ὅ  
‘ὅὡ

ςὒ
ὠ ὠ  

(4) 

 

Where L and W represent the channel length (30 ɛm) and width (1000 ɛm), respectively. 

The capacitance of the gate dielectric (Ci) is calculated using ὅ , where Ὠ is the thickness 

of the SiO2 dielectric (300 nm) and ‐ is the dielectric constant of SiO2. The slope of adjacent data 

points for Ὅ  vs VGS is taken at every point in the measurement range to generate a plot of ɛe vs 

VGS. The average of all ɛe values in a 10V measurement range where the curve is constant is taken 

as ɛe for each working device. An example of this parameter extraction is shown for material 2 

(345F-SiPc) in the Supporting Information (Figure 2.7). The threshold voltage (VT) was calculated 

from the average x-intercept of linearized data for Ὅ  vs VGS in the same measurement range. 

Thin film characterization 

 Solid-state UV-Vis absorption spectroscopy was performed with a Cary 5000 

spectrophotometer on 30 nm films deposited on glass slides. Powder X-ray diffraction (PXRD) 

measurements on 30 nm SiPc films deposited on OTS-functionalized Si/SiO2 substrates (no 

electrodes) were performed using a Rigaku Ultima IV powder diffractometer with an X-ray source 

of Cu KŬ (ɚ = 1.5418 ¡) at a scan range of 5Á < 2— < 20Á and a scan rate of 0.5 Á/min. Peak 

integrals were determined by manually defining the peak position and baseline. Atomic force 

microscopy (AFM) images were obtained with a Bruker Dimension Icon using ScanAsyst-Air 

probes, in ScanAsyst mode with a scan rate of 0.6 Hz. Grazing-incidence wide-angle X-ray 

scattering (GIWAXS) measurements were performed at the SIRIUS beamline at SOLEIL 

Synchrotron in Saint-Aubin, France.42 The sample-to-detector distance was 312 mm, and the X-

ray energy was 11 keV. Grazing incidence patterns used in this work were taken at Ŭ = 0.2Á to 

0.22Á with 10 images at an exposure time of 10 s each. The final spectra are the sum of the ten 

images. The detector was placed at an angle of 16.1Á from the sample plane. Films for GIWAXS 
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were vapor-deposited on SiO2 during the same deposition as films eventually used as OTFTs. The 

X-ray data was processed with a modified NIKA package in Igor 6.32A software environment.43  

Material 1 (PhO-SiPc) lattice parameters used for simulation of reciprocal space maps from 

GIWAXS experiments: a = 9.672 ¡, b = 19.237 ¡, c = 9.950  ¡, Ŭ = ɔ =90Á, and ɓ = 118.677Á.31 

Material 3 (F10-SiPc) lattice parameters used for simulation of reciprocal space maps: a = 8.342 ¡, 

b = 10.320 ¡, c = 11.529 ¡, Ŭ = 72.509Á ɔ = 70.101Á, and ɓ = 83.223Á.28 Material 5 (3MP-SiPc) 

lattice parameters used for simulation of reciprocal space maps: a = 10.268 ¡, b = 16.604 ¡, c = 

11.487 ¡, Ŭ = ɔ = 90Á, and ɓ = 115.824Á.31 Material 8 (4Pyr-SiPc) lattice parameters used for 

simulation of reciprocal space maps: a = 9.734 ¡, b = 19.134 ¡, c = 9.898 ¡, Ŭ = ɔ = 90Á, and ɓ = 

118.694Á.31 Material 11 (NpCOO-SiPc) lattice parameters used for simulation of reciprocal space 

maps: a = 8.693 ¡, b = 10.890 ¡, c = 11.602 ¡, Ŭ = 104.591 ɔ = 92.148Á, and ɓ = 109.742Á.19 

2.3 Results and Discussion 

Computational Results 

 Charge transport properties measured or calculated on perfectly ordered single crystals 

cannot be directly compared to device performances obtained for polycrystalline or amorphous 

thin-films.1 However, these data may shed light upon intrinsic material properties and help identify 

candidate materials suitable for applications in organic electronic devices.32 A summary of single 

crystal packing motifs, stacking types and -́́  stacking distances are provided in Table 2.4 of the 

Supporting Information. Here, DFT calculations were first carried out to determine key molecular 

electronic properties such as the frontier energy levels, electron affinity, and reorganization energy 

(Table 2.1). The energy and strength of the transition toward the two nearly-degenerate singlet 

excited states were also calculated for each material. Considering 1 (PhO-SiPc) as the reference 

compound, reinforcing the electron-withdrawing character of the phenoxy group by either grafting 

halogen substituents (2 [345F-SiPc], 3 [F10-SiPc], 9 [3I-SiPc]) or replacing the phenyl by a 

pyridine ring (7 [3Pyr-SiPc] and 8 [4Pyr-SiPc]) lowers HOMO and LUMO levels without a 

significant impact on the DFT HOMO-LUMO gap, although electron affinity is also considerably 

lowered. Conversely, adding a methyl group to any position of the phenoxy ring (4 ï 6 [2MP-SiPc, 

3MP-SiPc and 4MP-SiPc]) or using axial substituents of larger size (10 [PhCOO-SiPc], 11 

[NpCOO-SiPc]) has a negligible impact on frontier energy levels and electron affinity. Since the 

nature of the axial substituent hardly affects the HOMO-LUMO gap, all compounds display similar 
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S0 O S1 absorption properties (ȹEge ~ 2 eV and oscillator strength fge ~ 0.35), similarly to SiPcs 

bearing silyl-oxide axial groups.34 

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 for electrons (ɚ), and TD-DFT vertical transition 

energies (ȹEge and ȹEgeË) and corresponding oscillator strengths (fge and fgeË) from the ground state 

(g = S0) towards the nearly-degenerate excited singlet states (e and eË), calculated at the B3LYP/6-

31G(d) level. All energies are given in eV units. 

Material EHOMO ELUMO ELUMO+1 EA ɚ ȹEge (fge)  ȹEgeË (fgeË) 

1 (PhO-SiPc) -5.11 -2.97 -2.92 2.01 0.199 2.02 (0.339) 2.06 (0.333) 

2 (345F-SiPc) -5.37 -3.26 -3.21 2.30 0.207 2.00 (0.335) 2.05 (0.358) 

3 (F10-SiPc) -5.27 -3.17 -3.13 2.21 0.191 1.99 (0.331) 2.01 (0.349) 

4 (2MP-SiPc) -5.15 -3.02 -2.96 2.08 0.232 2.02 (0.341) 2.06 (0.345) 

5 (3MP-SiPc) -5.10 -2.93 -2.93 2.00 0.247 2.04 (0.340) 2.04 (0.345) 

6 (4MP-SiPc) -5.09 -2.92 -2.92 1.99 0.244 2.04 (0.350) 2.05 (0.350) 

7 (3Pyr-SiPc) -5.23 -3.11 -3.06 2.15 0.213 2.00 (0.338) 2.06 (0.363) 

8 (4Pyr-SiPc) -5.31 -3.19 -3.14 2.23 0.208 2.01 (0.339) 2.05 (0.363) 

9 (3I-SiPc) -5.24 -3.10 -3.09 2.18 0.241 2.03 (0.344) 2.03 (0.345) 

10 (PhCOO-SiPc) -5.06 -2.95 -2.91 1.99 0.209 2.01 (0.359) 2.03 (0.337) 

11 (NpCOO-SiPc) -5.08 -2.98 -2.94 2.06 0.226 1.99 (0.315) 2.02 (0.324) 

 

Consistent with previous reports,20,31,34 all phthalocyanine derivatives studied here display 

rather low internal reorganization energy, a molecular property that must be minimized to favor 

electron delocalization and transport (Equation 2.2). Since these energies do not show large 

variations (l values are within a 50 meV range) in these structurally-similar systems, electronic 

couplings ὐ, which result from the intimate supramolecular organization within the crystal are the 

main parameters determining specific charge transport characteristics. As reported in Table 2.5 

and Figure 2.6 the nature of peripheral substituents has a strong impact on the molecular 

arrangement and spatial overlap, translating into large variations of the transfer integrals. For 

instance, compound 9 (3I) exhibits the largest couplings along the -́stacking direction (86 meV), 

while they are one order of magnitude lower along the other directions, which prefigures 1D 

electron transport. Although transfer integrals are two times smaller in the other crystals, secondary 

couplings with significant magnitude are also present, like in 4 (2MP-SiPc), that offer multiple 

charge transport pathways and favors multi-dimensional conductivity. Reorganization energies and 
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transfer integrals were subsequently employed to evaluate the relative electron mobilities along 

the three crystalline axes, together with the expected dimensionality of the transport properties as 

defined in Equation 2.3 (Table 2.2).  

Table 2.2 Computed electron mobilities along a, b, c crystallographic directions (with maximum 

values in bold), average mobility (Õavg = (Õa + Õb + Õc) / 3), and dimensionality (D) of the electron 

transport, as defined in Equation 2.3. 

Material 
 Õa 

(cm2 Vī1 sī1) 

 Õb 

(cm2 Vī1 sī1) 

Õc 
(cm2 Vī1 sī1) 

Õavg 
(cm2 Vī1 sī1) 

D 

1 (PhO-SiPc) 1.287 0.202 2.075 1.188 2D 

2 (345F-SiPc) 2.864 0.301 0.761 1.309 1D 

3 (F10-SiPc) 3.072 0.084 0.642 1.266 1D 

4 (2MP-SiPc) 0.265 0.443 0.946 0.551 2D 

5 (3MP-SiPc) 0.824 0.181 0.219 0.408 1D 

6 (4MP-SiPc) 0.614 2.731 0.083 1.143 1D 

7 (3Pyr-SiPc) 1.092 0.096 0.067 0.418 1D 

8 (4Pyr-SiPc) 1.117 0.180 1.857 1.051 2D 

9 (3I-SiPc) 0.314 0.000 5.393 1.902 1D 

10 (PhCOO-SiPc) 1.052 0.321 2.545 1.306 2D 

11 (NpCOO-SiPc) 0.869 0.110 0.447 0.475 2D 
 

Electrical Characterization and Device Performance 

OTFTs fabricated from 1 ï 11 were prepared on octyl(trichloro)silane (OTS)-modified 

SiO2 substrates with silver-manganese (AgMn) electrodes (see Experimental for full details). We 

recently demonstrated that Ag electrodes with Mn interlayers could be used as a cost-effective and 

high-performance alternative to gold (Au) electrodes, with the lower work function of Mn with 

respect to Au (~ 4 eV vs 5 eV) facilitating better electron injection into SiPcs LUMO orbitals, 

which according to IPES measurements possess energies (electron affinities) roughly around 4 

eV.27 Previous experiments demonstrated that devices employing material 3 (F10-SiPc) as a 

semiconductor with AgMn electrodes demonstrated reduced VT, improved linear region ɛe and 

reduced contact resistance when compared with devices employing bare Ag electrodes. We 

observed similar trends with the SiPcs investigated in this report, with most devices fabricated 

using AgMn electrodes (Table 2.3) outperforming those with bare Ag electrodes (Supporting 

Information, Table 2.6). A summary of device saturation region data including ɛe, VT, Ion and the 

ratio of on to off current (Ion/off) is presented in Table 2.3. Representative output and transfer curves 
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for an OTFT prepared from 3 (F10-SiPc), which had the superlative ɛe and lowest VT with Ag/Mn 

electrodes, are shown in Figure 2.2 (representative output and transfer curves for all other 

materials can be found in Figures 2.8 ï 2.18). It should be noted that for some materials, a 

degradation in ISD at high VG in output curves occurs. This phenomenon is likely a result of bias 

stress causing electron trapping at the semiconductor-dielectric interface or in the semiconductor 

itself, resulting in a shift of VT during measurement.
41 Similar degradation of IDS at high VG in 

output curves has been observed in other n-type devices incorporating TiOPc,44 peripherally 

fluorinated CuPc45 and perylene diimide.46 This effect can be suppressed by modifying the surface 

chemistry at the semiconductor-dielectric interface7,47,48 or applying a pulsed gate.41 The 

exploration of alternative surface chemistries on device performance is outside the scope of this 

work. However, to reduce the impact of gate bias stress on extracted parameters, a pulsed gate was 

applied for transfer curve measurements as outlined in the Experimental section. 

Table 2.3 Electrical performance of SiPcs 1 ï 11 with AgMn electrodes. 

Material ɛe [cm
2 Vī1 sī1]a) VT [V]

 a) Ion
 a) Ion/off

 a) 

1 (PhO-SiPc) 8.3 Ñ 7.5 x10-3 37.1 Ñ 3.4 1.20 x10-6 104-105 

2 (345F-SiPc) 6.4 Ñ 2.1 x10-2 29.5 Ñ 3.3 1.10 x10-5 106 

3 (F10-SiPc) 1.1 Ñ 0.61 x10-1 21.1 Ñ 8.4 3.79 x10-5 105-6 

4 (2MP-SiPc) 1.2 Ñ 0.24 x10-3 46.8 Ñ 2.9 4.97 x10-8 103 

5 (3MP-SiPc) 1.8 Ñ 0.82 x10-2 34.8 Ñ 5.3 2.66 x10-6 104-105 

6 (4MP-SiPc) 1.9 Ñ 0.62 x10-3  47.9 Ñ 1.3 6.31 x10-8 103 

7 (3Pyr-SiPc) 8.5 Ñ 10 x10-3 * 1.60 x10-7 101 

8 (4Pyr-SiPc) 1.5 Ñ 1.1 x10-2 * 5.30 x10-6 101 

9 (3I-SiPc) 3.1 Ñ 2.3 x10-3 29.2 Ñ 2.6 5.30 x10-7 104 

10 (PhCOO-SiPc) 6.3 Ñ 2.3 x10-3 35.0 Ñ 1.1 2.66 x10-6 104-105 

11 (NpCOO-SiPc) 2.1 Ñ 0.88 x10-3 41.8 Ñ 2.3 1.57 x10-7 103-104 
a) ɛe and VT were calculated based on mean values, while Ion and Ion/off were calculated based on median values 

* Values could not be calculated accurately due to high off current causing deviation from Equation 1 
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Figure 2.2 Representative A) output curves and B) transfer curve (VDS = 50 V) for BGTC OTFTs 

fabricated from material 3 (F10-SiPc). 

 

Fluorinated compounds 2 (345F-SiPc) and 3 (F10-SiPc) were the best performing materials 

in OTFTs, with the highest ɛe and lowest VT among all the SiPc derivatives investigated, and device 

performance of material 3 (F10-SiPc) was comparable to previously published values for top-

contact devices.27 The decrease in current at high VDS shown in Figure 2.2A for 3 (F10-SiPc) and 

several other SiPc materials (Supporting Information) can be attributed to their slightly ambipolar 

nature, resulting in weak hole conduction capabilities.26,27 However, this ambipolar behaviour can 

be suppressed by device engineering at the semiconductor/dielectric interface49 and 

semiconductor/electrode interface.3,27 Ambipolar nature was predicted from DFT modelling for 

materials 5 and 9 (3MP-SiPc and 3I-SiPc, respectively).32 Materials 7 (3Pyr-SiPc) and 8 (4Pyr-

SiPc), which both contain pyridine axial groups, exhibited a high Ioff on the order of 100 nA that is 

unique to pyridoxy derivatives in this study. 

We found that the strongest DFT-based predictors of high experimental mobility in SiPc 

OTFTs were a low internal reorganization energy (l) and large Õa. Overall trends in experimental 

mobility measured in this study (Table 2.3) correlate well with these metrics in ranked analyses. 

Fluorinated SiPcs 2 (345F-SiPc) and 3 (F10-SiPc) that displayed the highest two mobility values 

(10-2 cm2Vī1sī1 < ɛe < 10
-1
 cm

2Vī1sī1) also had the two largest predicted Õa and the first and third 

lowest reorganization energies predicted for materials 1 ï 11. Materials 4 (2MP-SiPc) and 6 (4MP-

SiPc), with the lowest two OTFT mobilities (ɛe å 1-2x10
-3
 cm

2Vī1sī1), had the lowest and third 

lowest predicted Õa and the second and fourth highest predicted l. Material 5 (3MP-SiPc) was a 

consistent outlier, displaying the third largest experimental ɛe (1.8 x10
-2 cm2Vī1sī1) despite having 
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the highest predicted l and the fourth-lowest predicted Õa. The discrepancy between the relative 

experimental and theoretical mobility for material 5 can likely be attributed to its ability to form 

superior thin-films with a favourable grain structure, as discussed in a later section of this work. 

There are some reasonable explanations for these trends. As previously discussed, it has been 

observed in that higher charge carrier mobilities can be achieved by lower reorganization energies 

and larger intermolecular transfer integrals8,22 Thus, the small differences in predicted l could 

manifest as larger changes in thin-film devices. For theoretical mobility, it is possible that the much 

stronger correlation of experimental mobility with Õa rather than with Õb, Õc and Õave could indicate 

information about how nucleation and film growth occur for SiPcs, although this merits further 

investigation. Overall, the theoretical values calculated using DFT show promise as a useful tool 

for screening candidate materials for high-mobility OTFTs, despite the fact that thin-film 

morphology is an obvious confounding factor that should also be considered when establishing 

structure-property relationships. 

We correlated the VT of devices as a function of the Hammett parameter,
50 which estimates 

the electron donating or withdrawing character of substituents on the phenolic pendant groups on 

the SiPc, with results depicted in Figure 2.3A for materials 1 ï 6, 9 and 10. Materials 7 (3Pyr-

SiPc) and 8 (4Pyr-SiPc) were excluded from this analysis because Hammett parameters cannot be 

calculated for pyridine substituents, and compound 11 was also excluded as it is a naphthalene 

derivative. We show for that first time that in general, VT decreases as the electron withdrawing 

character of axial group increases, resulting in SiPc materials with fluorinated pendant groups 

having lower VT values compared to weakly electron-donating methyl-substituted pendant groups 

(4 ï 6 [2MP-SiPc, 3MP-SiPc and 4MP-SiPc]). Additionally, the relationship between DFT 

calculated dipoles of the axial substituents and experimental VT of the SiPcs was investigated 

(Figure 2.3B), as the self-assembled monolayer (SAM) formed by OTS and resulting electric 

dipoles induced by the interfacial contact of the SAM and semiconductor can profoundly impact 

OFET electrical characteristics.51,52 However, this effect strongly depends on the dipole sign and 

orientation, dictated here by the interaction between the OTS-modified substrate, the axial groups 

and the phthalocyanine core. For a strong correlation with the VT to hold, one would need to have 

identical orientations for all the compounds. Within this assumption, it can be seen in Figure 2.3B 

that VT decreases slightly with the square of the dipole (which is in turn proportional to the square 

of the energetic disorder),53 and that the correlation fails for compound 3 (F10-SiPc) as it possesses 
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a unique anisotropic morphology which will be elaborated upon in a subsequent section. Overall, 

the correlations highlighted in Figure 2.3 suggest that SiPcs with stronger electron-withdrawing 

axial groups could yield OTFTs with lower operating voltages on OTS-treated surfaces, which is 

desirable if these materials are eventually incorporated into commercial applications.54 

 

 

Figure 2.3 VT of SiPc OTFTs as a function of A) the Hammett parameter of the SiPc pendant 

group for materials 1 ï 6, 9 ï 10 and B) the strength of the DFT-calculated SiH3-R dipole for 

materials 1 ï 6 and 9 ï 11. 

 

Thin-Film Properties 

The molecular packing, texture, and morphology of organic semiconductors in thin films 

is critical to device performance,5,7 and it is essential to characterize thin-film morphologies 

through multiple techniques to develop structure-property relationships. Powder X-Ray diffraction 

(PXRD) results from thin films (Figure 2.19A) displayed greater diffraction intensity for films of 

SiPcs with smaller molecular weight axial groups (Figure 2.194B), indicating higher structural 

order or degree of crystallinity. This could be due to the ease of rotation of the smaller pendant 

axial groups, leading to more organized crystals. Materials 1 (PhO-SiPc), 7 (3Pyr-SiPc) and 8 

(4Pyr-SiPc) have the lowest molecular weight axial groups and therefore the highest degree of 

crystalline order, while materials 10 (PhCOO-SiPc) and 11 (NpCOO-SiPc) have high molecular 

weight axial groups and a low degree of crystalline order. Unfortunately, no direct correlation 

between PXRD intensity and ɛe or VT was found, suggesting PXRD results alone are not enough 

to derive structure-property relationships for OTFT performance.   
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Atomic force microscopy (AFM) was performed on films of SiPc materials 1 ï 11 to further 

investigate their morphology (Figure 2.4). Several prototypical morphologies were observed in 

our SiPc films. Materials 1 (PhO), 5 (3MP-SiPc) and 7 (3Pyr-SiPc) all yielded regular rounded 

anisotropic grains across the substrate in the thin-film phase. The second observed motif was for 

material 2 (345F-SiPc), which formed anisotropic plate-like sheets across the substrate with a 

broad dispersity of crystallite sizes. These plate-like sheets resemble AlPc-Cl and TiOPc films, 

which also form large overlapping grains in thin films deposited by PVD.55 The third unique motif 

was observed for material 3 (F10-SiPc), which was comprised of rectangular anisotropic crystallites 

in the thin-film, consistent with results observed in previous studies where it was deposited on an 

OTS-modified substrate at room temperature.26. The fourth and most frequent motif was small, 

randomly oriented isotropic grains, observed for materials 4 (2MP-SiPc), 6 (4MP-SiPc), 8 (4Pyr-

SiPc), and 10 (PhCOO-SiPc), which closely resemble film morphologies we reported for MgPc.55. 

Finally, material 9 (3I) exhibited a unique and highly disordered morphology where crystallites 

grew in multiple directions and orientations relative to the substrate, while material 11 (NpCOO-

SiPc) formed an amorphous film with no discernible structural features. Materials with anisotropic 

crystallite morphologies (like 1, 3 and 5) generally performed better in the OTFTs, which can be 

attributed to fewer grain boundaries in the thin-film between the source and drain electrodes, 

reducing the resistance to charge transport across the channel.7 Additionally, anisotropic features 

appeared to grow horizontally across the channel, which could also lead to improved charge 

transport. 



 

51 

 

 

Figure 2.4 Atomic force microscopy (AFM) images of materials 1 ï 11. 

 

Thin-film morphologies of materials 1 ï 11 can offer some explanations for deviations in 

relative mobility estimations by DFT compared to relative experimental performance when 
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incorporated into devices. Grain structure56 and RMS roughness57 are both important film 

morphology features that can dramatically impact charge transport. For example, material 5 was 

predicted by DFT to have among the lowest ɛe of all 11 materials surveyed in this study. However, 

it performed relatively well with the third-highest average mobility, with a ɛe greater than 1x10
-2 

cm2Vī1sī1. Thin-films of material 5 (3MP-SiPc) form regular rounded anisotropic grains across 

the substrate with a low RMS roughness of 3.33 nm (Table 2.7), which could be conducive to 

favourable charge transport properties in a device, especially if these grains transport charge along 

the favoured crystallographic axis (ɛa). Materials 1 (PhO-SiPc) and 7 (3Pyr-SiPc), which exhibit 

similar ɛe on the order of 8x10-3 cm2Vī1sī1, have the same grain structure and RMS roughness 

values below 2.5 nm. Conversely, compounds 9 (3I-SiPc) and 11 (NpCOO-SiPc) both displayed 

relatively poor performance in devices, with Õe on the order of 2-3x10-3 cm2Vī1sī1. Material 9 

formed uneven feather-like grains with a large RMS roughness of 9.1 nm and three-dimensional 

growth on the substrate, all of which could have resulted in its smaller Õe. Thin-films of material 

11 did possess low RMS roughness of 1.56 nm, however the film is amorphous and has small 

structural features. 

In addition to AFM imaging, GIWAXS measurements were performed to evaluate the 

polycrystalline structure and texture of SiPc thin films to further correlate their structural properties 

with experimental device ɛe. Materials 1 (PhO-SiPc), 3 (F10-SiPc), 5 (3MP-SiPc), 8 (4Pyr-SiPc) 

and 11 (NpCOO-SiPc) were selected to survey SiPcs with a broad range of functionalities and 

mobility values in BGTC devices. The thin-film crystal structure and molecular orientation was 

determined using GIWAXS data coupled with reciprocal space maps (RSMs). This method has 

previously been employed to identify the crystallite structure and orientation of ɓ-phase CuPc in 

thin films.58 To identify the structure and orientation of SiPc molecules responsible for GIWAXS 

peaks, RSMs of materials 1, 3, 5, 8 and 11 with (HKL) orientations between Ñ 3 were simulated. 

2D GIWAXS plots and RSMs for materials analyzed by GIWAXS can be found in the Supporting 

Information (Figures S20 ï S24). While materials 3 (F10-SiPc) and 11 (NpCOO-SiPc) had easily 

identifiable scattering peaks that corresponded to single crystal data, materials 1 (PhO-SiPc), 5 

(3MP-SiPc), and 8 (4Pyr-SiPc) formed polymorphs that differed from the crystal structure of their 

single crystal counterparts, making it not possible to identify their crystal structure or orientation. 

For material 3 (F10-SiPc), the (010) and (001) orientations were found to be in agreement with 

observed scattering peak locations (Figure 2.5A), with (010) considered to be the dominant 
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orientation. Due to overlap in scattering data between the (010) and (001) peaks, a quantitative 

estimate of the ratio of the (010) orientation to the (001) orientation is not possible. For material 

11 (NpCOO-SiPc) only the (001) orientation was identified in the GIWAXS data (Figure 2.5B). 

An illustration of the orientations identified in 2D GIWAXS data can be found below for materials 

3 (F10-SiPc, Figure 2.5E) and 11 (NpCOO-SiPc, Figure 2.5F). 
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Figure 2.5 2D scattering patterns for films of materials A) 3 (F10-SiPc) and B) 11 (NpCOO-SiPc) 

at Ŭ = 0.22Á determined by GIWAXS. AFM height images of C) 3 and D) 11, and schematic of 

orientations relative to the substrate of molecular (SiPc) plane identified by GIWAXS for materials 

E) 3 and F) 11. 

 

 According to 2D GIWAXS scattering patterns, material 11 has a dominant orientation with 

the phthalocyanine macrocycle plane being preferentially aligned perpendicular to the substrate 
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surface (pseudo edge-on) at an angle of 80.4Á from the surface. Material 3 assumes mixed 

orientations, with the phthalocyanine plane either preferentially oriented parallel to the substrate 

(pseudo face-on) at an angle of 35.6Á from the surface, or pseudo edge-on at an angle of 79.7Á from 

the surface. Additionally, while both materials possess a lamellar solid state packing motif with 

dual phenyl-phenyl stacking, material 11 has a shorter -́́  stacking distance of 3.650 ¡19 compared 

to material 3 which has a -́ ́  stacking distance of 3.769 ¡.28  

Considering only the GIWAXS data, material 11 (1-napthoate) would be predicted to have 

a (relatively) higher ɛe based on its pseudo edge-on orientation compared to material 3 ; however, 

this was not observed experimentally. This discrepancy can be explained using our DFT results, 

as material 11 had one of the lowest predicted conductivities of all the SiPc materials owing to its 

low degree of electronic coupling along the directions parallel to the substrate (26 meV, Table 2.4). 

Conversely, material 3 exhibits relatively high electronic couplings along the (100) direction 

according to DFT (43 meV), and is therefore expected to have a greater single crystal ɛe. This 

direction of strong electronic coupling for material 3 also corresponds to the direction of dual 

benzene stacking in the pseudo edge-on configuration identified by GIWAXS, which likely 

contributes to the resultant ɛe of material 3 in devices. Furthermore, thin-film morphology and 

microstructure have an impact of charge carrier mobility. Material 3 has regular anisotropic grains 

across the substrate that could be a more favourable morphology for charge transport than small 

isotropic features or amorphous films, which likely also contributes to material 3 having a greater 

ɛe than material 11. These results clearly demonstrate that while DFT is a powerful tool for helping 

to predict possible organic semiconductor candidates for device applications, thorough analysis of 

thin films through multiple techniques must also be performed to elucidate why certain candidate 

materials perform better than others. Deposition rate,17 substrate temperature59,60 and surface 

chemistry22,61 also influence the crystallinity of thin-films and molecular orientation on the 

substrate and device performance. This has also been reported for SiPcs, with the thin-film 

crystallinity and mobilities of materials 3 (F10-SiPc) 10 (PhCOO-SiPc) in bottom-contact devices 

found to be dependant on substrate temperature and selection of silane as a surface treatment.19,26 

Based on previous results, further optimization of the best candidate materials identified in this 

study is warranted in future work. 
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2.4 Conclusion 

Structure-property relationships for a series of substituted phenoxy silicon phthalocyanines 

were developed by performing DFT calculations, electrical characterization of these materials in 

BGTC OTFTs, and thorough characterization of their thin-film morphologies. Materials 1 and 4 ï 

9 were incorporated into OTFTs for the first time. DFT calculations were performed on all SiPc 

derivatives to estimate ɛe in single crystals and used as a basis for estimating relative performances 

of OTFTs. Experimental OTFT performances (including ɛe) demonstrated the strongest relative 

correlation with parameters l and Õa as predicted by DFT calculations. We also demonstrate for 

the first time through electrical characterization of devices that increasing the electron-

withdrawing character of pendant groups, measured in terms of Hammett parameter, or reducing 

the interfacial electric dipole between the insulating and semiconducting layers, could be 

correlated to a decrease in average VT from 47.9 V to 21.1 V. AFM measurements showed that our 

11 SiPc derivatives resulted in the formation of six different prototypical morphologies from the 

same deposition conditions, including: regular rounded anisotropic grains, anisotropic plate-like 

sheets, rectangular anisotropic grains, small isotropic grains, highly disordered crystallites and 

amorphous films. GIWAXS measurements indicated that although the orientation of SiPc 

molecules relative to substrate surface is important for charge transport, supramolecular 

interactions in the form of -́orbital overlap and the ability of these materials to form well-ordered 

films with anisotropic grain structures also drive device performance. Overall,  predictive 

techniques including DFT and functional group analysis will enable the intelligent design of the 

next iteration of SiPcs. These computations, combined with characterization techniques including 

AFM and GIWAXS, can lead to the identification of optimal thin-film processing conditions and 

yield high-performance n-type SiPc-based OTFTs. 
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Supporting Information 

Table 2.4 Summary of single-crystal packing motifs, stacking types and ˊ ï ˊ stacking distances for materials 1 ï 11. The shortest 

stacking distance is highlighted in bold. 

Material  Bridge 
Packing 

Motif  

Stacking 

Typesa) 
A (Å) 

B1 b) 

(Å) 

B2 b) 

(Å) 

C1 c) 

(Å) 

C2 c) 

(Å) 
D (Å) Source 

1 (PhO-SiPc) PhO Herringbone 2 (AB) 3.771 3.673 3.564    [31] 

2 (345F-SiPc) PhO Herringone 1 (B)  3.716 3.580    [30] 

3 (F10-SiPc) PhO Lamellar 1 (A) 3.769      [28] 

4 (2MP-SiPc) PhO Lamellar 3 (BCD)  3.567 3.826 3.862 3.828 3.826 [31] 

5 (3MP-SiPc) PhO 68° 1 (B)  3.797 3.671    [31] 

6 (4MP-SiPc) PhO Lamellar 1 (B)  3.599 3.648    [31] 

7 (3Pyr-SiPc) PhO 22° 1 (C)    3.932 3.709  [31] 

8 (4Pyr-SiPc) PhO Herringbone 2 (AB) 3.762 3.580 3.601    [31] 

9 (3I-SiPc) PhO Herringbone 1 (C)    3.716 3.810  [33] 

10 (PhCOO-SiPc) R-COO Lamellar 2 (AB) 3.738 3.882 3.554    [19] 

11 (NpCOO-SiPc) R-COO Lamellar 1 (A) 3.650      [19] 

a) A = dual benzene-benzene stacking, B = single benzene-benzene and single benzene-isoindole stacking, C = dual benzene-isoindole stacking, D = single benzene-benzene stacking 

b) B1 = benzene-isoindole stacking distance, B2 = benzene-benzene stacking distance 

c) C1 = benzene-isoindole 1 stacking distance, C2 = benzene-isoindole 2 stacking distance
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Table 2.5 Non-negligible transfer integrals (Jk Ó 1, in units of meV), calculated between a 

reference molecule and its first neighbours. The crystallographic directions corresponding to 

intermolecular vectors joining the reference molecule with its neighbours are given in the basis of 

direct lattice vectors. 

Material  Direction: Jk 

1 (PhO) ±(1, 0, 1): 47;  ±(0, 0, 1): 19; (0, ±1/2, ±1/2): 7; ±(1, 0, 0): 1 

2 (345F)  ±(1, 0 0): 37; ±(1/2, ±1/2, 1/2): 10; ±(1, 0, 1): 14 

3 (F10)  ±(1, 0, 0): 43; ±(1, 0, -1): 12; ±(0, 1, -1): 5 

4 (2MP) 
(0, 1/2, ±1/2): 25; (-1, 1/2, 1/2): 17; (0, -1/2, -1/2): 16; (-1, -1/2, 1/2): 10;  

(1, 1/2, -1/2): 10; (-1, -1/2, -1/2): 2; ±(1, 0, 0): 1; ±(0, 1, 0): 1 

5 (3MP) ±(1, 0, 0): 25; (1/2, ±1/2, 1/2): 11; (ī1/2, Ñ1/2, ī1/2): 10; ±(1, 0, 1): 8 

6 (4MP) ±(0, 1, 1): 47;  ±(1, -1, 0): 10;  (1, 0, -1): 9; ±(1, 0, 0): 1 

7 (3Pyr) ±(1, 0, 0): 28; ±(1, 1/2, 1/2): 6; ±(1, -1/2, 1/2): 6; ±(0, 1, 0): 4 

8 (4Pyr) ±(1, 0, 1): 44;  ±(0, 0, 1): 21; (0, ±1/2, ±1/2): 7; ±(1, 0, 0): 1 

9 (3I) ±(0, 0, 1): 86; ±(1, 0, 0): 4 

10 (BnO) ±(0, 0, 1): 34; ±(1, 0, 0): 20; ±(1, 1, 1): 10 

11 (NpO) ±(1, 0, 0): 26; ±(0, 0, 1): 12; ±(1, 1, 1): 10; ±(0, 1, 0): 1 

* Compound 10 is not reported since it was not possible to obtain a single crystal 

 

Figure 2.6  Top views of the molecular dimers giving rise to the largest electronic couplings, as 

extracted from periodic replicas of experimental crystal structures. 

1 (PhO-SiPc) 

 
 

 

±(1, 0, 1): 47 meV ±(0, 0, 1): 19 meV  
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Figure 2.6: continued. 

2 (345F-SiPc) 

 
 

 
±(1, 0 0): 37 meV ±(1, 0, 1): 14 meV ±(1/2, ±1/2, 1/2): 10 meV 

 

3 (F10-SiPc) 

  

 

±(1, 0, 0): 43 meV ±(1, 0, -1): 12 meV  

 

4 (2MP-SiPc) 

   

(0, 1/2, -1/2): 25 meV (0, 1/2, 1/2): 25 meV (-1, 1/2, 1/2): 17 meV 

   
(0, -1/2, -1/2): 16 meV (-1, -1/2, 1/2): 10 meV (1, 1/2, -1/2): 12 meV 
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Figure 2.6: continued. 

5 (3MP-SiPc) 

   
±(1, 0, 0): 25 meV (1/2, ±1/2, 1/2): 11 meV (ī1/2, Ñ1/2, ī1/2): 10 meV 

 

 

6 (4MP-SiPc) 

 
 

 

±(0, 1, 1): 47 meV ±(1, -1, 0): 10 meV  

 

7 (3Pyr-SiPc) 

 

  

±(1, 0, 0): 28 meV   

 

8 (4Pyr-SiPc) 

 
 

 

±(1, 0, 1): 44 meV ±(0, 0, 1): 21 meV  
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Figure 2.6: continued. 

9 (3I-SiPc) 

 

  

±(0, 0, 1): 86 meV   

 

 

10 (PhCOO-SiPc) 

 
 

 
±(0, 0, 1): 34 meV ±(1, 0, 0): 20 meV ±(1, 1, 1): 10 meV 

 

 

 

11 (NpCOO-SiPc) 

  
 

±(1, 0, 0): 26 meV ±(0, 0, 1): 12 meV ±(1, 1, 1): 10 meV 
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Table 2.6  Electrical performance of SiPcs 1 ï 11 with Ag electrodes. 

Material  ɛe [cm2 Vī1 sī1]a) VT [V]  a) Ion
 a) Ion/off

 a) 

1 (PhO-SiPc) 7.7 ±7.4 x10-3 40.5 ± 1.8 2.47 x10-7 104 

2 (345F-SiPc) 4.7±1.1 x10-2 28.9 ± 2.1 6.23 x10-6 105 

3 (F10-SiPc) 7.1 ± 3.0 x10-2 39.7 ± 1.4 5.68 x10-6 105 

4 (2MP-SiPc) 1.0 ± 0.30 x10-3 48.7 ± 0.7 3.86 x10-8 103 

5 (3MP-SiPc) 8.0 ± 1.7 x10-3 34.1 ± 0.4 1.04 x10-6 104-105 

6 (4MP-SiPc) 1.6 ± 0.29 x10-2 41.9 ± 2.1 1.12 x10-6 104-105 

7 (3Pyr-SiPc) 2.0 ± 1.2 x10-4 *  5.90 x10-6 100 

8 (4Pyr-SiPc) 7.0 ± 2.0 x10-3 *  3.70 x10-6 101 

9 (3I-SiPc) 4.6 ± 0.74 x10-4 44.5 ± 2.7 2.20 x10-8 103 

10 (PhCOO-SiPc) 2.3 ± 0.69 x10-4 36.2 ± 7.3 1.90 x10-8 102-103 

11 (NpCOO-SiPc) 3.9 ± 1.5 x10-3 40.7 ± 0.8 2.31 x10-7 103-104 
a) ɛe and VT were calculated based on mean values, while Ion and Ion/off were calculated based on median values 

* Values could not be calculated accurately due to high off current causing deviation from Equation 1 

 

 
Figure 2.7. A) Characteristic forward transfer curve and B) ɛe vs VGS for a forward sweep of IDS 

vs VGS for 345F-SiPc (2) with ɛe extracted from the average of values in the measurement area (red 

box) 
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Figure 2.8 A) Output, B) transfer and C) ╘╓╢ vs VGS curves for PhO-SiPc (1) with Ag (solid 

lines) and Ag/Mn (dotted lines) electrode configurations. 
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Figure 2.9: A A) Output, B) transfer and C) ╘╓╢ vs VGS curves for 345F-SiPc (2) with Ag (solid 

lines) and Ag/Mn (dotted lines) electrode configurations. 
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Figure 2.10 A) Output, B) transfer and C) ╘╓╢ vs VGS curves for F10-SiPc (3) with Ag (solid 

lines) and Ag/Mn (dotted lines) electrode configurations. 
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Figure 2.11 A) Output, B) transfer and C) ╘╓╢ vs VGS curves  for 2MP-SiPc (4) with Ag (solid 

lines) and Ag/Mn (dotted lines) electrode configurations. 
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Figure 2.12 A) Output, B) transfer and C) ╘╓╢ vs VGS curves for 3MP-SiPc (5) with Ag (solid 

lines) and Ag/Mn (dotted lines) electrode configurations. 
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Figure 2.13 A and B) Output, C) transfer and D) ╘╓╢ vs VGS curves for 4MP-SiPc (6) with Ag 

(solid lines) and Ag/Mn (dotted lines) electrode configurations. 

 

 



 

70 

 

 

Figure 2.14 A) Output, B) transfer and C) ╘╓╢ vs VGS curves for 3Pyr-SiPc (7) with Ag (solid 

lines) and Ag/Mn (dotted lines) electrode configurations. 
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Figure 2.15 A) Output, B) transfer and C) ╘╓╢ vs VGS curves for 4Pyr-SiPc (8) with Ag (solid 

lines) and Ag/Mn (dotted lines) electrode configurations. 
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Figure 2.16 A and B) Output, C) transfer and D) ╘╓╢ vs VGS curves for 3I-SiPc (9) with Ag (solid 

lines) and Ag/Mn (dotted lines) electrode configurations. 
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Figure 2.17  A and B) Output, C) transfer and D) ╘╓╢ vs VGS curves for PhCOO-SiPc (10) with 

Ag (solid lines) and Ag/Mn (dotted lines) electrode configurations. 
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Figure 2.18  A) Output, B) transfer and C) ╘╓╢ vs VGS curves for NpCOO-SiPc (11) with Ag 

(solid lines) and Ag/Mn (dotted lines) electrode configurations. 
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Figure 2.19 A) PXRD data for materials 1 ï 11, scanned from 3.5° < 2Ᵽ < 20°, and B) total PXRD 

diffraction intensity for materials 1 ï 11 as a function of pendant group molecular weight. 

 

Table 2.7 Average RMS surface roughness of materials 1 ï 11, calculated from AFM images. 

Material Average RMS Roughness (nm) 

1 (PhO-SiPc) 2.07 

2 (345F-SiPc) 14.50 

3 (F10-SiPc) 3.94 

4 (2MP-SiPc) 2.70 

5 (3MP-SiPc) 3.34 

6 (4MP-SiPc) 2.33 

7 (3Pyr-SiPc) 2.87 

8 (4Pyr-SiPc) 2.05 

9 (3I-SiPc) 9.11 

10 (PhCOO-SiPc) 1.56 

11 (NpCOO-SiPc) 2.58 
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Figure 2.20  A) 2D scattering pattern with likely orientations based on simulated HKL orientations 

from -3 to +3 of the single crystal and B) reciprocal space map (RSM) model for all HKL 

orientations from -3 to +3 simulated, plotted over 2D scattering pattern and compared with 

magnitude of (qxy, qz) for material 1 (PhO-SiPc) at Ŭ = 0.2Á determined by GIWAXS. Arrows 

indicate scattering data that does not correspond to single-crystal data. 

 
Figure 2.21  A) 2D scattering pattern with identified molecular orientations based on single crystal 

data and B) reciprocal space map (RSM) model for all HKL orientations from -3 to +3 simulated, 

plotted over 2D scattering pattern and compared with magnitude of (qxy, qz) for material 3 (F10-

SiPc) at Ŭ = 0.22Á determined by GIWAXS.  
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Figure 2.22 A) 2D scattering pattern with likely orientations based on simulated HKL orientations 

from -3 to +3 of the single crystal and B) reciprocal space map (RSM) model for all HKL 

orientations from -3 to +3 simulated, plotted over 2D scattering pattern and compared with 

magnitude of (qxy, qz) for material 5 (3MP-SiPc) at Ŭ = 0.2Á determined by GIWAXS. Arrows 

indicate scattering data that does not correspond to single-crystal data. 

 

 

 
Figure 2.23 A) 2D scattering pattern with likely orientations based on simulated HKL orientations 

from -3 to +3 of the single crystal and B) reciprocal space map (RSM) model for all HKL 

orientations from -3 to +3 simulated, plotted over 2D scattering pattern and compared with 

magnitude of (qxy, qz) for material 8 (4Pyr-SiPc) at Ŭ = 0.22Á determined by GIWAXS. Arrows 

indicate scattering data that does not correspond to single-crystal data. 
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Figure 2.24 A) 2D scattering pattern with identified molecular orientations based on single crystal 

data and B) reciprocal space map (RSM) model for all HKL orientations from -3 to +3 simulated, 

plotted over 2D scattering pattern and compared with magnitude of (qxy, qz) for material 11 

(NpCOO-SiPc) at Ŭ = 0.22Á determined by GIWAXS. 

 
Figure 2.25 Solid state UV-Vis spectra for previously unreported SiPcs in OTFTs. 

 

 

 




































































































































































































































































































































































































