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ABSTRACT 

 

This thesis describes the measurement of the near-surface properties of organic 

semiconductors, and how these properties can be controllably modified, for use in future 

devices. Firstly however, a physical vapour transport organic single crystal growth system 

was built, and it was found that lower purity crystals (near-surface oxygen atomic content 

~1 %) were more susceptible to oxidation than higher purity crystals (near-surface 

oxygen atomic content ~0.5 %). Steady-state photoluminescence spectra of the former 

show strong peaks sensitive to oxygen-related impurity presence. 6,6’-Dibromoindigo 

(Tyrian purple dye) single crystals were also grown and were, for the first time, 

characterised by atomic force microscopy and Raman spectroscopy. 

 

Nanopatterning of insulating oxide features on rubrene crystal surfaces was performed by 

local anodic oxidation, utilising an atomic force microscope tip. Oxide height increases 

with voltage bias and decreases with tip writing speed; 22 nm gaps at the surface between 

two parallel oxide lines were observed. Oxide depth was determined by conductance 

tomography, exposing subsurface layers without using chemical etching, whilst 

simultaneously mapping material conductance. Oxide depth exceeds its height; depth-to-

height ratio is frequently above 1.6. Below an electric field of ~3×106 V/cm oxide growth 

ceases, resulting in a maximum oxide vertical extent of ~60 nm at a voltage bias of ~20 V. 

 

Direct printing of 22 ± 3 μm wide electrical contacts on an organic semiconductor 

substrate was demonstrated, without requiring masking, lithography or surface treatment. 

Permanent photoconductivity reduction in rubrene two-terminal ‘coplanar’ devices was 

observed when devices were stored in ambient atmosphere after humidity exposure. 

Oxygen was localised near the surface. (75.2 ± 7.6) % of surface molecules are affected 

by oxygen incorporation and these may hinder exciton dissociation, correlated to the 

observed 60-90 % photocurrent reduction. Controllable mechanical scratching is used to 

study the flow of charge carriers in the near surface region of rubrene. 
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IMPACT STATEMENT 

 

Electrical devices made from novel materials are offering new ways to tackle 

technological challenges of societal importance, and have consequently generated 

immense interest. The work of this thesis can potentially impact on the further 

development of low cost and high throughput organic devices, and will therefore lead to 

a greener economy. Stakeholders include: those engaged in the research and development 

of organic materials for electronics, organic lighting & displays, photovoltaics (OPVs) 

lasers and night vision technology; organic electronics manufacturers; those engaged in 

soft condensed matter defect studies; device modellers; chemical engineers; and the 

renewable energy community. In addition, wafer-sized organic single crystals are 

emerging, which can potentially play a role as substrates for nanoelectronic devices in 

integrated circuits, similar to the pervasive role of silicon in electronics. 

 

The direct-write nanofabrication technique applied to organic crystals as demonstrated in 

this study is well-positioned to be utilised for defining (nanoscale) device dimensions and 

electrically insulating adjacent devices, aiding in increasing device density. Moreover, 

this technique is compatible with architectures possessing promising potential for 

widespread usage in future organic nanoelectronic devices, and is viable for upscaling in 

large scale manufacturing, for example using stamping technologies. 

 

An elegant solution is presented to the challenge of probing and determining the depths 

of embedded surface structures with different conductivities. This novel adaption of the 

new technique of conductance tomography is widely applicable to both organic and 

inorganic systems in which selective etching/removal of material of interest is not 

possible. This new measurement protocol can benefit to both academic and industrial 

characterisation laboratories and could be adapted for automated characterisation 

systems. 

 

This study also reiterates the importance of thorough characterisation of organic 

electronic materials to be incorporated in devices, importantly understanding the purity 

of the materials, and the changes (or degradation) that the materials go through when 



Growth, modification and characterisation of organic semiconductor crystals – 

Muhammad S. Kamaludin – March 2019 

 

      7 

device operational conditions are replicated. The technique for determining the extent of 

depth at which conductive processes happen can be used as a diagnostic tool for charge 

transport studies in general. 

 

Since the techniques presented are of a versatile nature, this work benefits a diverse scope 

of groups in academia as well as corporations in the semiconductor, electronics and 

optoelectronics industries and commercial sectors. The scientific community, especially 

university research groups at the forefront of organic electronic device fabrication can 

further explore the presented techniques and their potential utilisation. Industrial 

organisations involved in product research and development, and are nearer to the 

commercial sector and consumer end, have a further expanded choice of production 

methods for new device prototypes to unleash innovative concepts. 
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1 INTRODUCTION 

In recent years, the electronics and photonics industries have opened their materials base 

to organic (i.e. carbon-based) materials, in particular π-conjugated oligomers and 

polymers. The amazing potential of the organic electronics field makes it well-positioned 

to complement conventional materials for electronics (e.g. silicon) and overcome some 

of its limitations, with direct implications for device design and manufacturing processes. 

It is projected that the total market for printed, flexible and organic electronics will more 

than double in the ten years to 2029 (growing from $31.7 billion in 2018 to $77.3 billion 

in 2029)[1], with significant contributions expected from products of huge growth 

potential such as stretchable electronics, logic and memory and thin film sensors as they 

emerge from the research and development phase. 

 

Interest in conjugated polymers and organic electronic materials in general picked up 

significantly after the 1976 discovery that they can be made highly electrically conducting 

following a redox chemical treatment [2]. By the mid 1980s research teams in both 

academia and industry were already investigating π-conjugated oligomers and polymers 

for their nonlinear optical properties and semiconducting properties, paving the way for 

the emergence of the fields of plastic electronics and photonics [3]. Research and 

development in this field has only grown larger since. Taking organic light-emitting 

diodes (OLED) as an example application, by 2008, the Sony XEL-1 television was 

produced for sale as the world’s first OLED television, arguably the first significant 

utilisation of organic semiconductors in consumer electronics. Ever since, OLED 
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televisions have become more ubiquitous and in recent years there has been a rise of this 

technology to prominence, with manufacturers such as LG attributing this to qualities 

such as fastest response time of any display technology, dramatically large viewing angles 

without luminous degradation (up to 84º) and less power consumption. 

 

Since the charge-carrier mobilities of organic materials are orders of magnitude lower 

than that of silicon, the commercial driver of organic electronics is to benefit from unique 

combinations of electrical properties of (semi)conductors and advantageous properties 

typical of plastics such as low cost, versatility of chemical synthesis, ease of processing, 

and material flexibility [4]. What has resulted includes flexible semiconducting materials 

and substrates, with lower temperature and sustainable materials processing and 

manufacture (implying lower manufacturing costs), and large area mass manufacturing 

up to more than several square metres (e.g. using reel to reel and inkjet printing). Some 

organic materials may also be used as alternatives to their inorganic counterparts in 

current devices owing to suitable properties and compatibility. Taking it further, self-

healing and biodegradable electronic materials have also been developed [5,6], which can 

aid in reducing electronics waste and lend significant support to an environmentally 

friendly future. Apart from that, the mission to produce biodegradable electronics is also 

underway [7] which can create a new product genre of ‘disposable’ electronics. 

 

On the consumer end, these developments are expected to translate, at least at the first 

instance, into innovative electronic products whose building blocks (including 

Figure 1.1 A smartwatch with a greatly curved screen based on organic semiconductor 
materials, by FlexEnable Ltd. 

This material has been removed due to copyright restrictions
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microchips, LED lighting, and solar cells) are components that possess the qualities 

mentioned above. In addition to seeing the upgrade of existing device technologies (e.g. 

smartwatches like that in Figure 1.1), a whole new generation of devices is expected to 

emerge, such as electronic paper and device-lined textile products. Organic electronic 

materials have the potential to play important roles in biocompatible electronics and 

related fields such as biomedical- and neuro- sciences, of which interesting examples 

include sensors for neuronal recording, and transducers for electrical signal transduction 

between living cells [8]. Yet another angle involves organic semiconductor device 

operation in aqueous environments for potentiometric and chemical sensing applications, 

such as enzyme sensing in analyte solution [9]. 

 

While most commercial devices would be based on thin films of organic electronic 

materials, fundamental studies of single crystals provide the opportunity to investigate 

simpler systems, eliminating imperfections and disorder such as grain boundaries to probe 

intrinsic properties. An example is of single crystal rubrene, the record-holder for highest 

charge-carrier mobility in organic semiconductors at 10-40 cm2/(V·s) [10–12]. There is a 

continued interest in such materials, providing insight into possible device applications 

that this field may deliver. For example, recent studies of the surfaces reveal native 

epitaxial oxide layers on crystalline rubrene surfaces [13], bearing close resemblance to 

the pervasive inorganic Si/SiO2 system widely utilised in electronics. There is a 

significant potential for similar utilisation of organic crystalline materials upon proper 

control and characterisation of such organic oxide systems. 

 

Similar to studying organic semiconductor intrinsic properties, performing ‘proof of 

concept’ studies on benchmark organic semiconductors can provide significant value and 

implications for further development of organic optoelectronic devices. Controllable 

nanopatterning of organic electronic materials and local tuning of the properties of its 

surfaces are among important considerations for making future devices. 

 

With the abovementioned ideas borne in mind, studies conducted on organic single 

crystals were performed and are compiled in this thesis. A literature review chapter is 

presented (Chapter 2), after which the experimental methods are explained (Chapter 3). 

Thereafter results are discussed of in-house growth and characterisation of organic single 

crystals, namely rubrene (5,6,11,12-tetraphenyltetracene, C42H28) and 6,6'-dibromoindigo 
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(C16H8Br2N2O2), the main constituent of the ancient Tyrian purple dye (Chapter 4). This 

is followed by results on the development and characterisation of atomic force 

microscopy-based oxidation nanolithography on rubrene crystals (Chapter 5). In the 

following chapter, a direct-write, mask- and lithography-free technique to print electrical 

contacts on organic semiconductor substrates that does not require substrate pre-treatment 

is discussed, and characterisation of devices fabricated using this technique is then 

discussed, discovering effects of environmental exposure on surface photoconductivity 

in rubrene (Chapter 6). Finally (in Chapter 7) conclusions of the studies are presented, 

and suggested future work is outlined. 
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2 LITERATURE REVIEW 

2.1 Introduction 
 

In this chapter we describe the literature relevant to the studies described in Chapters 4-6 

of this thesis. First charge transport in organic semiconductors is discussed; both 

intramolecular and intermolecular charge transport are generally described, and the 

behaviour in single crystalline materials is highlighted. Next, electronic excitations and 

excitons are discussed. Literature on relevant properties of rubrene single crystals and 

6,6'-dibromoindigo are presented. Several organic semiconductor single crystal growth 

techniques are then introduced. Finally, local anodic oxidation lithography and its role in 

nanodevice fabrication is explained. 

2.2 Charge transport in organic semiconductors 
 

Charge transport in certain organic materials is possible due to the ability of charge to 

flow along the molecule and from one molecule to another. Intramolecular charge 

transport is discussed first. 

2.2.1 Intramolecular charge transport 

 

To build a clear picture, it is useful to analyse the carbon-carbon double bond in ethene 

(C2H4), remembering that the electronic structure for C is 1s2 2s2 2p2 and each carbon 

atom needs to bond with three other atoms in this molecule. However, there are only two 

unpaired electrons available for bonding (two 2p electrons). According to valence bond 

theory, for a carbon to form three bonds, firstly a 2s electron is promoted to the empty 2p 

state, resulting in four unpaired electrons (one 2s and three 2p). Then the required 

hybridisation of the 2s and 2p orbitals take place; in this case the 2s and two 2p orbitals 

hybridise to form three sp2 hybrids (the ‘surplus’ 2p orbital is left untouched). An 

illustrative description regarding the formation of sp2 orbitals is shown in Figure 2.1. The 
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sp2 hybridised orbitals are all in one plane with a 120° angle between two adjacent 

orbitals. These orbitals form s-bonds with the other atoms and dictate the planar shape of 

the resulting molecule. In s-bonds, the shared electron density is directly between the 

bonding atoms along the bonding axis. The surplus 2p orbital is perpendicular to the plane 

containing the s-bonds.  

 

In the case of bonding between the two carbon atoms, apart from a s-bond in between, 

the adjacent ‘surplus’ 2p orbitals of each carbon atom overlap, forming a p-bond (Figure 

2.2). In p-bonds, bonding electron density lies above and below, or in front and back of 

the bonding axis with no electron directly on the bonding axis. The overlap takes place, 

generating π bonding and π* anti-bonding molecular orbitals. 

 

Figure 2.1 The formation of sp2 hybridised orbitals. One 2p orbital is left unchanged. 
Adapted from Ref. [149]. 

Figure 2.2 Top: A schematic of s-bonds and p-bonds in ethene displaying p-bonding 
between the two carbons. Bottom:  A schematic showing p-bond delocalisation 
throughout the ring in benzene. Adapted from Ref. [149]. 

This material has been removed due to copyright restrictions

This material has been removed due to copyright 
restrictions
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The π bonding molecular orbital is at a lower energy due to constructive orbital overlap, 

while the π* anti-bonding molecular orbital is at a higher energy due to destructive 

overlap of orbitals. These two molecular orbitals correspond to the highest occupied 

molecular orbital (HOMO), which is analogous to the valence band maximum in a 

semiconductor, and the lowest unoccupied molecular orbital (LUMO), which is 

analogous to the conduction band minimum, respectively. Accordingly, the HOMO-

LUMO gap is considered the band gap of the molecule. 

 

The p-electrons in the molecular system described above can contribute to charge 

transport: in a molecule along which a conjugated system exists (usually by virtue of 

continuous alternation of single and double bonds), there is a network of connected p 

orbitals forming a molecular orbital along the whole length of the molecule, and the p-

electrons occupying them are delocalised throughout it, enabling intramolecular charge 

transport. In some cases, partial conjugation along the molecule is adequate to facilitate 

charge transport provided the intermolecular charge transport is sufficiently strong [14]. 

2.2.2 Intermolecular charge transport 

 

There are several important parameters that govern the process of intermolecular charge 

transport [15], explained here. First, the transfer integral, accounting for intermolecular 

electronic coupling which is dependent on the overlap of orbitals between adjacent 

molecules. Second, the reorganisation energy, a measure of strength of charge carrier 

localisation on a single molecule influenced by local and nonlocal electron-phonon 

interactions (a phonon can be considered as a quasiparticle consisting of a quantized mode 

of vibrational energy arising from the oscillations of atoms within a crystal). Third, static 

(i.e. physically fixed) disorder in the material that causes the localisation of some 

electronic states. The contributions of these parameters are accounted for in the 

Hamiltonian that considers electron-phonon interactions in a molecular solid (or in 

expressions for charge-carrier mobility, in the case of static disorder). Before we further 

explain these three parameters, we first show the Hamiltonian, which is used in quantum-

chemical calculation methods [15]: 

 

! = !#$% 	+	!()% +	*#$+()$,-.$ + *#$+()/,/+$,-.$,                                  (2.1) 
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where 12 is the energy of a charge sitting on a molecule on site j, 324	(32) are creation 

(annihilation) operators for an electron at site j. 562  is the transfer integral which 

characterizes the strength of the intermolecular electronic interaction between sites i and 

j on neighbouring molecules, which triggers charges to move between the two sites. 

@22,9:	and @62,9: are the local (nonlocal) electron–phonon coupling constants that measure 

the strength of the interaction between electrons and intramolecular (intermolecular) 

vibrations. <9:4 	(<9:) are creation (annihilation) operators for a phonon with wavevector 

9 and polarization index s and frequency 89:. 

 

Regarding the transfer integral: when considering mathematical treatment for charge 

transfer between two molecules M1 and M2, the transfer integral represents the interaction 

between the wavefunctions of the configuration representing the charge initially localized 

on M1 and the configuration representing the charge then localized on M2 after charge 

transfer. The transfer integral is considered as promoting charge delocalization in a 

‘molecular complex’ formed by M1 and M2. In computations, the transfer integral, J, is 

usually evaluated at a quantum-chemical level in a one-electron picture, as the following 

matrix element: 

 

                                                       J	=	HIJKL!#$LIJMN,                                                       (2.2) 
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where ϕM1 and ϕM2 represent the HOMOs (in the case of hole transport, or LUMOs in the 

case of electron transport) of molecules M1 and M2, respectively. J is highly sensitive to 

intermolecular distance and respective orientation of the molecules involved in charge 

transfer [16]. It is anisotropic in molecular single crystals due to the varying distances and 

electronic wavefunction overlap in different directions. For example, within a range of 

π–π stacking distances (the distance between molecules where there is π electron 

wavefunction overlap) of 3.4–4 Å as usually encountered in organic semiconductors the 

transfer integral can vary by a factor of up to 3–4 [15]. 

 

Regarding the two types of electron-phonon interactions: they localise charge on a single 

molecule and need to be overcome to enable charge transport to the next molecule. The 

first one to discuss is local electron-phonon interaction. This modifies the site energies 

(the energies of HOMO or LUMO levels in individual molecules); it involves a ‘polaron 

binding energy’ associated with a local molecular distortion induced by the charge (the 

polaron, described simply, is a charge ‘dressed’ by phonon(s) that interact or couple with 

it)[17]. Second, nonlocal electron-phonon interaction which modulates the transfer 

integral; it mainly arises from phonons that modulate the molecular distances, relative 

positions, and/or orientation. In highly-ordered and rigid materials such as organic single 

crystals, this contribution plays a lesser role in inhibiting charge transport. 

 

Regarding static disorder: this consists of structural or chemical defects such as chemical 

impurities, point or line defects that cause localisation of electronic states, especially 

those that are close to the band edge. Where the disorder is sufficiently strong, all these 

states become localized and charge transport takes place by hopping between these 

localised states. The ensuing broadening of site energies can be approximated by a 

Gaussian distribution can be approximated [15] introducing states in otherwise forbidden 

energies. Monte–Carlo simulations of an injected carrier hopping through such states 

leads to a leading to a temperature dependence of charge carrier mobility as log μ ∝	(1/T2). 

Charge carrier mobility is described below. 

2.2.3 Charge carrier mobility in organic semiconducting materials 

 

The parameters described above enable or hinder charge transport in organic 

semiconductor materials and thus influence charge carrier mobility, μ, which expresses 
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the mean movement of charge carriers in the (semi)conducting material under the 

influence of an electric field. The definition for μ (in general i.e. not specific to organic 

semiconductors) is: 

 

PQ = 	RE ,                                                     (2.3) 

 

where E is the magnitude of the electric field applied to a material, PQ is the magnitude 

of the electron drift velocity due the electric field. PQ can be obtained from the following 

expression of current density across a cross sectional area:	T = UVPQ , where U is the 

number density (in three dimensions) and V is the charge of a charge carrier. From a solid 

state perspective, R can be expressed as a function of the charge carrier scattering time, 

t, and the charge carrier (hole or electron) effective mass, m* (and again q is the charge 

of a charge carrier): 

 

R = 	 WX
Y∗ ,                                                      (2.4) 

 

The promising potential of further increasing μ of organic semiconductors attracts and 

maintains significant attention to work in this field, for example by molecular design that 

favours improvement in mobilities. 

 

The charge carrier mobilities in organic semiconductors can be determined 

experimentally by several techniques. Among them are time of flight measurements 

(measuring time for photogenerated charge carriers to traverse a certain distance), space-

charge limited current measurements (i.e. when the material is saturated with injected 

charge carriers) and from the current-voltage characteristics of field-effect transistors 

(FETs). The latter technique is widely used as it directly applies to usage in electronic 

devices. However in FETs the charge carriers are concentrated to a few nanometres of 

the semiconductor-dielectric interface [18], so transport can be affected by structural 

defects within the semiconductor material at the interface, the surface topology and 

polarity of the dielectric, or the presence of traps at the interface. Therefore, effects of 

such imperfections or modifications should be understood and taken into account. 
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2.2.4 Modelling the charge transport in organic semiconductors 

 

Generally there are two distinctly different observed behaviours of charge carrier mobility 

as a function of temperature, modelled as band-like and hopping transport mechanisms 

(sometimes referred to as coherent and incoherent transport, respectively) [17]. 

 

A characteristic of band-like transport is an inverse relationship between charge carrier 

mobility and temperature (µ µ T-a, where a > 1), which is familiar to inorganic 

semiconductors such as silicon. In this type of transport, there is a delocalisation of charge 

carrier wavefunctions over several units of molecules; and although there is some lattice 

phonon scattering, in general the charge diffuses efficiently across the crystal. In hopping 

transport, the charge carrier mobility is typically activated thermally (µ µ exp(-E/kT) with 

activation energy E > 0) i.e. the mobility increases with increasing T. The wavefunction 

of the charge carrier is localised on a single molecule; it moves by hopping from site to 

site, being scattered at virtually every step. 

 

Often, organic molecular systems do not rigidly display one transport mechanism or the 

other. To account for this, mechanisms are proposed that incorporate both hopping and 

band-like transport in a somewhat hybrid fashion, such the multiple trap and release 

model. This model is well established to describe transport in amorphous silicon, and has 

been considered suitable for describing the charge transport in some microcrystalline 

polymers [15]. 

 

The multiple trap and release model assumes that while charge transport occurs in 

delocalised states (LUMO for electron transport, HOMO for hole transport), most of the 

carriers injected in the semiconductor become trapped in states localized in the band gap. 

There are shallow traps within a few kT of the delocalised states that can be thermally 

activated, as well as deep traps further in the band gap that require external stimuli to be 

overcome such as an electric field. The effective charge carrier mobility is dependent on 

temperature, the density and depth of the traps relative to the delocalised states and also 

carrier density. For a single trap level with energy ET the effective mobility can be 

described as: 
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R#[[ = 	R%\	]^_ `
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de
f ,                                          (2.5) 

 

where R% is the band transport mobility or mobility in the absence of traps, \ is a measure 

of trap density using 
gb
gc

 (effective density of states of the conduction band h- relative to 

the effective density states of the trap energy levels he), i- is the conduction band energy 

and ie is the energy level of the trap. 

2.3 Electronic excitations in organic semiconductors 
 

To begin, consider two electrons on an (unexcited) molecule in the same electronic state; 

they are ‘paired’, possessing opposite spins as dictated by the Pauli exclusion principle. 

This pair of electrons is considered the singlet electronic ground state. A molecule can 

assume a higher energy state (excited state) when an electron is photoexcited from the 

singlet electronic ground state, denoted S0, to a singlet electronic excited state, S1, by 

absorbing irradiation where the energy of excitation (i = ℎk where k is the excitation 

frequency) equals the energy difference between the electronic states. Such a transition is 

usually on the order of 1-3 eV. Each electronic state possesses energetic modes referred 

to as vibronic levels, due to vibrations in the molecule such as oscillations in the carbon-

carbon bond length. The energy difference between vibronic bands is ℏ8l+l , where 

8l+l  is the C-C stretch vibration mode [19]; these vibronic modes are at a smaller 

Figure 2.3 A Jablonski diagram illustrating electronic states in a molecule and the 
transitions between them. The thinner lines denote the vibronic levels of each state. NR: 
non-radiative process (usually relaxation form a higher energy state). 
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spacing in energy (about an order of magnitude lower at about 0.1-0.2 eV). The electron, 

in accordance with how much energy it receives due to excitation, can excite into the 

higher electronic state or its vibronic levels. These transitions can be observed using 

absorption spectroscopy, from which we can measure the relative amounts of excitations 

into each state/level. If excited into vibronic levels of S1, the system quickly relaxes in a 

nonradiative ‘internal conversion’ to S1. Electron energy transitions in the sequence 

described above are common, i.e. from an initial state to vibronic levels of the end state 

with a subsequent rapid relaxation to the end state itself. This can take place in transitions 

to higher or lower energies. The excitation results in a singlet excited state as both ‘paired’ 

electrons (the excited one and its partner that remains unexcited) retain the same spin 

configuration as before. 

 

The excited electron can deexcite back to ground state through several pathways via 

radiative and non-radiative emissions shown in the Jablonski diagram in Figure 2.3 (the 

vertical scale is energy while the horizontal scale groups singlet and triplet states 

separately). 

 

From S1 the electron can deexcite to S0 and fluorescence occurs in the process, emitting 

a photon with a wavelength corresponding to the energy difference between the two 

energy levels. The direct transition from S1 to S0 is referred to as the 0-0 transition and is 

sometimes considered the zero-phonon transition of this S0–S1 system. Transitions from 

S1 to S0 and its vibronic levels result in fluorescence at the respective wavelengths; this 

is a fast process on typical timescales of 1-10 ns. The fluorescence from the 0-0 transition 

and its vibronic progression (0-1, 0-2, etc.) can be observed in photoluminescence 

measurements where a photoexcitation above the transition energies is applied (for 

example using a laser source) and the fluorescent emissions are recorded as a function of 

wavelength. Each material possesses its own photoluminescence signature depending on 

the HOMO and LUMO energy levels, in-gap states (if present), and the deexcitation 

pathways, from which LUMO-HOMO gap and in-gap energy levels can be inferred. In 

crystals where the molecules are orderly, and the ordered electric dipoles are stronger in 

certain directions, the photoluminescence spectra are polarisation-dependant. 
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In transitions where flipping of spin is involved, the excited singlet state can undergo 

‘intersystem crossing’ into a triplet excited state which is typically lower in energy. The 

triplet state has both electrons possessing the same spin, and there is no ‘pairing of 

opposite spins’, contrary to the case of singlet states (see Figure 2.4). Singlet to triplet 

transitions and vice versa are less probable since they involve a spin ‘forbidden’ 

transition. Having undergone an intersystem crossing to enter the triplet state, the electron 

can decay into the S0 ground state, requiring to again undergo a spin-forbidden transition. 

In decaying, it emits a photon of wavelength that corresponds to the difference in energy 

levels; this emission is called phosphorescence. The timescale for such processes is on 

the order of 10-8 to 10-3 s [20]. 

 

In brief, the above discussion describes the journey of electrons to higher energy states 

and its subsequent deexcitation to the ground state by radiative processes 

(photoluminescence in the form of fluorescence and phosphorescence). Apart from these 

processes, there may also be non-radiative relaxations between energy levels. In addition, 

it is recalled that the excited electron leaves behind a hole (an absence of electron which 

is positively charged, which can be considered a charge carrier in itself). The electron 

typically binds with the hole; the two form an exciton. The exciton is further discussed 

below, as well as relevant excitonic processes. 

2.4 Excitons and excitonic processes 
 

Due to the low dielectric constant, (typical values are 2-4 in organic semiconductor 

materials) [21,22], the coulombic attraction between the electron and the hole can still be 

significant and the opposite charges remain attracted. As a consequence they can form an 

Figure 2.4 A schematic representing the electron spin configurations in the singlet 
ground state, the singlet excited state and the triplet excited state. 
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electrically neutral electron-hole quasiparticle, the exciton, with relatively large exciton 

binding energies of ∼0.5-1.5 eV [23,24] and small radii (~1 nm; it can be said to be 

localised on a single molecule). These are termed Frenkel excitons which are more 

strongly bound than Wannier-Mott excitons typical of inorganic semiconductors which 

have a binding energy of about just 0.1 eV and a radius of ~10 nm. An intermediate case 

between the two abovementioned types is the charge-transfer exciton, where the electron 

and hole are on two adjacent molecules and there is a static dipole moment [25]. 

 

Apart from radiative decay discussed in Section 2.3, an exciton formed as a result of 

photoexcitation can go through one of several non-radiative processes, for example: 

 

• diffusion through the material (and/or drift under the influence of an electric field), 

• encountering a trap and become localised (if only one of the charge carriers is 

trapped, the trap can be considered as an exciton separator/ioniser), 

• ionisation or charge separation (spontaneous or catalysed), 

• singlet fission into multiple triplets when it is energetically favourable (where the 

energy of the singlet state ES1 is double or more than the triplet state ES2, ES1 ≳ 

ES2), 

• annihilation by fusion. 

 

Notable processes are singlet fission and charge separation which are desirable as they 

have the potential for improving efficiencies in devices such as solar cells and photo-

related devices. For example, via fission, a single excitation can result in the production 

of multiple excitons, and an increased efficiency of exciton separation into holes and 

electrons enables more electrical current to be generated from each photoexcitation in 

both solar cells and phototransistors. 

2.5 Rubrene single crystals 

2.5.1 Crystal structure and surface morphology 

 

Rubrene (5,6,11,12-tetraphenyltetracene, C42H28) is considered the prototype single 

crystal organic semiconductor because of its relatively large charge carrier mobility (10-

40 cm /(V·s)) [10–12] and long exciton diffusion lengths (~4 microns) [26,27]. It also 
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shows a clear mobility anisotropy correlated with crystal structure, as well as band-like 

temperature dependence of the mobility (i.e. the mobility increases as temperature is 

brought down to ~150 K)[11]. It is a polycyclic aromatic hydrocarbon formed of a 

tetracene backbone with four phenyl rings bonding to the middle two benzene rings (two 

on each side).  

 

In single crystal form, rubrene has several polymorphs: monoclinic and triclinic which 

are both metastable, and the stable orthorhombic packing. The latter polymorph displays 

the prototypical semiconducting properties and is the subject of study in this thesis. The 

orthorhombic-packed crystal is shown in Figure 2.5. The unit cell parameters (using the 

Acam space group setting) at room temperature are a = 14.433 ± 0.005 Å, b = 7.193 ± 

0.003 Å, and c = 26.86 ± 0.1 Å with a unit cell volume of 2788.5 ± 18.0 Å3 containing 

four molecules [28]. The herringbone packing in the ab surface (Figure 2.5(c)) is 

important for intermolecular movement of charge carriers, as there is significant orbital 

overlap of adjacent molecules in the b-direction along which indeed the high charge 

carrier mobility is observed. 

 

Figure 2.5 (a) Rubrene single crystal structure, showing the stable orthorhombic 
packing. The blue box shows the unit cell filled with whole molecules. There is a ‘lighting 
effect’ in the image of the modelling resulting in some parts of molecules which are 
darker. (b) A single molecule. The molecular axes L, M and N are denoted. (c) The ab-
plane showing the herringbone packing in which the high mobilities of rubrene have been 
observed. (d) The bc-plane. Figure is adapted from Ref. [55]. 

This material has been removed due to copyright 
restrictions
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On top of the usual characterisation of the as-grown surface (as also performed in this 

study, reported in section 4.5.2), studies of the surface morphology of rubrene crystals 

show that the cleaved surface (considered a surface previously unexposed to atmosphere) 

exhibits molecular reorganisation. This results in the formation of nanoscale beads 

aligned along molecular step edges, and fingers, narrow molecular structures one 

molecule high, extending away from step edges and with lengths of up to > 1 μm [29], as 

seen in Figure 2.6. The beads show insulating behaviour and induce a band bending effect 

on the surface nearby. Both these phenomena have an environmental dependence, 

forming in atmospheric air but not in argon.  

2.5.2 Electrical devices made from rubrene single crystals 

 

Before mentioning more properties of rubrene crystals, we digress here to present the 

employment of single crystalline rubrene in electrical devices. This is because in studying 

properties of rubrene crystals, electrical devices can provide useful characterisation 

diagnostics. 

2.5.2.1 Two-terminal devices 

 

Figure 2.6 AFM images of cleaved rubrene crystal surfaces. (a) Beads and fingers 
decorate the step edges (6.5 weeks after cleaving). The black bar represents 1.6 microns, 
false colour scale (black to white) is 17 nm. (b)-(e) The development of beads over time 
after 1 hour, 1 day, 7 days and 11 months, respectively. The false colour scale (black to 
white) are 10, 13, 45, 150 nm. Adapted from Ref. [29]. 

This material has been removed due to copyright 
restrictions
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Conductivity measurements are performed using two-terminal devices. Measurements 

are usually taken along the highest mobility b-axis (i.e. along the length of the crystal), 

using a ‘coplanar’ device setup, where both source and drain contacts on the same crystal 

surface. Before measurements can be performed, electrical contacts are evaporated onto 

the surface, with gold typically used as its work function is the closest to that of most p-

type organic materials [30]. Alternatively, contacts can be made by manually applying 

conductive ‘paste’ such as water-based colloidal graphite (in particular, it is an efficient 

injector of holes into rubrene)[31]. Current-voltage characteristics obtained from two-

terminal devices have been used in a variety of studies on, for example, photoconductivity 

[26], and charge carrier trap density [32] and mobility (via the space charge-limited 

method)[33]. 

2.5.2.2 Field effect transistors  

 

A field effect transistor is an electrical component which uses a gate electrode to regulate 

the flow of charge between source and drain contacts.  In its simplest form, the source, 

drain and gate are all on the surface of a semiconductor, with the gate separated from the 

semiconductor by a dielectric material. The gate dielectric should have a high capacitance 

(due to a high dielectric constant), enabling the gate voltage to be used to control the 

electrostatic accumulation or depletion of charge carriers (usually holes in organic 

semiconductors) in the confined conducting region of the device see Figure 2.7(a). 

Charges are confined in the first few nanometres of the semiconductor near the dielectric 

interface [18]. The majority of the semiconductor is depleted and acts as an insulator. 

 

For the fabrication of field-effect transistors there is the additional application of a 

dielectric layer on the conducting surface and a gate contact on it, as compared to 

fabricating two-terminal devices. A few notable methods that have been used to fabricate 

gate dielectrics for organic single crystal-based devices are shown in Figure 2.7. Figure 

2.7(b) shows an ‘elastomer transistor stamp’ [34], where the gate contact is at the bottom 

(directly on the elastomer substrate), the dielectric layer is then placed above it, then 
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source-drain contacts above that. The single crystal is then placed at the top. Multiple 

relamination of the transistor stamp against the same crystal is possible without damaging 

the crystal. Anisotropic charge transport was observed by measurements with the crystal 

at different angles to the direction of charge transport in the device. Figure 2.7(c) shows 

fabricating air-gap transistors (where there is no dielectric; it is replaced by an air gap) by 

evaporating gold on an elastomer substrate base (the gate) with two protrusions (the 

source and drain contacts) [35]. Third, water-gated transistors have also been fabricated 

[36] as seen in Figure 2.7(d) which can be used in bioelectronics, for example to detect 

chemicals [37] and antibodies [38]. Phototransistors have also been characterised [39].  

 

Figure 2.7 (a) Energy band diagrams for a system consisting of a gate contact, gate 
dielectric and p-type organic semiconductor material. Left: No gate bias applied. Middle: 
accumulation mode. Right: depletion mode. Adapted from Ref. [30]. (b) Schematic of the 
elastomer transistor stamp single crystal FETs (repeated lamination onto the stamp was 
possible without damaging the crystal. Adapted from [34]. (c) Schematic of an air-gap 
transistor setup. Adapted from Ref. [35]. (d) Schematic of a water-gated OFET. Adapted 
from Ref. [36]. 

This material has been removed due to copyright restrictions
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Expressions from the theory of metal oxide semiconductor field effect transistor 

(MOSFET) characteristics are generally used to also describe organic field effect 

transistors and infer the charge carrier mobility in the organic semiconductor active layer 

[30]: 

 

opq = 	
r
s
	t6	R	(*uq −	*e)*pq,					wℎ]x]	*pq 	≪ (*uq −	*e); {|U]3x	x]@|}U   (2.6) 

opq:.~ = 	
r
�s
	t6	R	(*uq −	*e)�,					wℎ]x]	*pq 	> (*uq −	*e); Å3ÇÉx3Ç|}U	x]@|}U  (2.7) 

 

where IDS is the source-drain current, W and L are conductive channel width and length, 

respectively, Ci is dielectric capacitance per unit area, μ is the field-effect mobility (cm2 

V s−1), measuring how fast charges migrate under the imposed electric field, VGS is the 

threshold gate voltage, which marks the gate bias needed to turn the transistor behaviour 

on. 

2.5.3 Oxygen incorporation and its effects 

 

Here we discuss the incorporation of oxygen and oxygen-related species in rubrene 

crystals via different processes, and their subsequent consequences such as chemical 

changes and their distribution across the crystal, and effects on electronic properties and 

subsequently electrical device performance. A table summarising the discussion is 

provided at the end of the section. But to begin with, the oxidation of the rubrene molecule 

is first described. 

2.5.3.1 Oxidation of the rubrene molecule and non-single crystalline samples 

 

There is a tendency for rubrene molecules (in solution or amorphous phase) to oxidize 

when exposed to air, and light strongly enhances this process. For example, rubrene in 

solution undergoes complete photooxidation until its signature colour disappears [40,41]. 

The oxidation product is rubrene endoperoxide where molecular oxygen attaches to one 

of the two central rings of the tetracene backbone which bends the backbone by 49.4º [42] 

(Figure 2.8(a)). As a result, the delocalisation of molecular orbitals along the length of 

the molecule (in the case of rubrene, the whole length of its tetracene backbone) is 

disrupted; unfavourable modifications of the HOMO and/or LUMO orbitals destroy π-
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conjugation [43]. In multiple studies, this is the assumed oxidation product in single 

crystals as is discussed later. 

 

Song et al. studied X-ray photoelectron spectroscopy of amorphous rubrene thin films 

(12 nm thick) exposed to oxygen for 5 minutes and observed the presence of oxygen 

peaks, and peaks corresponding to oxygen bonding to carbon [44]. The HOMO of such 

oxidised species resides ~1 eV lower in energy compared with unoxidized rubrene. 

Although this study describes amorphous films, the authors propose that the presence of 

oxidized molecules also disturbs the long-range periodicity and the delocalized nature of 

the HOMO in single crystals, also acting like point defects that produce localised acceptor 

states and can reduce carrier mobility. 

 

Another possibility of adding an oxygen-containing group to rubrene is by exposure to 

water. As predicted by theoretical studies [45], a possible product is a modified rubrene 

derivative which could be seen as by-products of water dissociation reacting with rubrene, 

where H and OH groups attach to the tetracene backbone; in fact, it is more stable than 

physisorption configurations by at least 0.2 eV. This configuration results in splitting the 

valence band in two parts, and it introduces an isolated state between these two. Another 

predicted product is just an OH group attached to the tetracene backbone. This introduces 

a level that lies deep in energy band gap of rubrene, almost at the midgap position. The 

structures of both predicted molecules are shown in Figure 2.8(b). 

 

Figure 2.8 (a) Rubrene endoperoxide molecule (looking at the tetracene backbone from 
the top and the side). Adapted from Ref. [42]. (b) Possible molecular structures of rubrene 
derivatives as a result of reaction with water molecules. Adapted from Ref. [45]. 

This material has been removed due to copyright restrictions
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2.5.3.2 Storage/aging in ambient environment, or exposure to ambient air constituents 

 

Raimondo et al. show that Raman peaks of crystalline rubrene endoperoxide are observed 

on the surface of aged crystalline rubrene films, considering this as evidence of epitaxial 

crystalline endoperoxide forming on rubrene crystal surfaces [13]. Oxidation of the 

surface of a rubrene single crystal, stored in a dark ambient environment, was studied by 

Thompson et al. using the Time of Flight – Secondary Ion Mass Spectroscopy (ToF-

SIMS) technique [46]. It was found that rubrene oxide (C42H28O) uniformly covers the 

surface of an as-grown rubrene crystal, while rubrene peroxide (C42H28O2) has an 

increased presence at crystallographic defects (Figure 2.9). Channels of preferred oxygen 

diffusion paths were also observed, which extend perpendicularly (along the c-axis) into 

the material to depths more than 1.8 μm and act as entry points for diffusion in the ab-

plane (Figure 2.9) [47]. Interestingly, at least some of the diffused oxygen is molecularly 

Figure 2.9 Left: Time of Flight Secondary Ion Mass Spectroscopy data obtained from an 
as-grown rubrene surface. Rubrene oxide uniformly covers the surface (c) while rubrene 
endoperoxide is concentrated on crystallographic defects. Adapted from Ref. [46]. Right: 
Channels of oxygen of varying number density and circumference in crystals of age 3 
months (above) and 3 years (below). Adapted from Ref. [47]. 

This material has been removed due to copyright 
restrictions
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bound to rubrene as opposed to being ionic or molecular oxygen residing interstitially in 

between the rubrene molecules. 

 

Zhang et al. considered the surface of as-grown samples handled and stored in ambient 

conditions (and also exposed to ambient laboratory lighting) to be already oxidised, 

observing that the mobility of rubrene FETs gradually decreased after exposure to 

hydrogen and attributing this to the chemical reduction of oxidized rubrene. It was 

concluded the high field-effect mobility in rubrene crystals is a result of surface doping 

by an oxidized layer on the crystal surface [12]. 

2.5.3.3 Photooxidation 

 

Krellner et al. exposed rubrene crystals to visible light (intensity unspecified) under 

oxygen atmosphere for four hours and observed a large peak in the density of trap states 

at 0.27 eV above the valence band [33]. The same result was obtained in the case of a 

rubrene crystal exposed to oxygen that was excited by ultraviolet light (the crystal itself 

was kept in the dark). It was concluded that in both cases singlet oxygen had reacted with 

the sample and introduced oxygen-induced trap states from the rubrene endoperoxide 

formed in this reaction. In the first case oxygen can be excited to a singlet state by rubrene 

itself as the sensitizer when the triplet state of rubrene is populated by an intersystem 

crossing from its singlet state excited with visible light. In the second case the ultraviolet 

light excites the oxygen molecules. The result of this experiment is in agreement with 

photoluminescence measurements on oxidised rubrene [19] which is discussed below in 

section 2.5.4. 

 

Najafov et al. discovered that illumination of organic crystals in the presence of molecular 

oxygen triggers a diffusion of O2 in the dark whose depth scale depends on the light 

penetration length (a function of polarisation and wavelength) [48]. Photo‐oxidation and 

subsequent oxygen diffusion lead to more than an order of magnitude decrease of surface 

dark‐ and photoconductivity of rubrene due to formation of oxygen‐related traps near the 

surface. Chen et al. observed that field-effect mobility and conductivity of rubrene OFETs 

decreased upon photo-oxidation, where oxidation of p-type organic semiconductors 

creates localized in-gap states (above the HOMO edge) contributing to both shallow and 

deep traps which reduces conductivity [49]. In both studies, the strong photo-oxidation 
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was performed using white light at 85mW/cm2 in an oxygen atmosphere for two hours. 

It is noted that such a power density of light is similar to exposure to direct sunlight. 

 

Mastrogiovanni et al. also analysed oxidised rubrene crystals using ToF-SIMS [50]. 

Oxygen penetration into the bulk is said to occur under illumination and is enhanced by 

increased temperatures. They propose a mechanism of oxidation of some rubrene 

molecules in the crystal as a gradual permeation of O2 into the crystal under photo-

excitation with strong visible light (250 ± 25 W/m2) that occurs through defects and a 

subsequent chemical reaction between O2 and rubrene. The nature of the reaction and the 

products were not proposed. 

2.5.3.4 Exposure to molecular oxygen at elevated temperatures 

 

Mitrofanov et al. oxidised rubrene samples by heating in oxygen to 100 °C for 14 h [19]. 

They concluded that this sample treatment resulted in the introduction of an oxygen-

induced acceptor defect 0.27 eV above the HOMO, which assists in exciton dissociation 

and the increase of photoconductivity, and thermal activation of the acceptors results in 

higher dark conductivity. Surface dark conductivity and photoconductivity was found to 

be larger in oxidised rubrene samples; the dark conductivity had increased by more than 

an order of magnitude. They posit the oxygen-related band gap state may originate from 

any of the following: (1) a rubrene molecule perturbed by the presence of a neighbouring 

oxygen molecule; (2) a rubrene peroxide molecule formed after reaction with a molecular 

oxygen; (3) a rubrene molecule perturbed by the presence of a neighbouring rubrene 

peroxide molecule. 

 

Maliakal et al. report that molecular oxygen diffuses into the rubrene crystal bulk upon 

exposure to oxygen at 100 °C [51]. It was posited that a p-type doping of rubrene by 

oxidation takes place. The oxygen exposure causes a 14-times enhancement in 

photoconductivity of rubrene crystals. It is proposed that a rubrene molecule is excited 

by absorption of light into its singlet excited state, which is energetic enough to favour 

electron transfer to a nearby interstitial oxygen molecule. The resulting geminate radical 

cation-radical anion pair can separate via migration of the hole to other rubrene molecules 

in the crystal by hopping, or via the influence of an electric field. 
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2.5.3.5 Varying conclusions on oxygen incorporation effects 

 

In the literature, the ‘oxidation’ of rubrene crystals has been a point of vigorous 

discussion. We consider it as a very broad term that points to the incorporation (this 

includes physisorption and chemisorption) of oxygen or oxygen-containing species into 

rubrene crystals. Since different works describe and implement their own unique method 

of ‘oxidation’, it is not surprising that the observed results, such as effects on rubrene 

device performance, and their subsequent interpretations, vary greatly. In Table 2.1 we 

summarise the effects of the inclusion of oxygen (and oxygen-bearing species) in rubrene 

crystals as concluded by the various studies mentioned above. 

 

Table 2.1 Compilation of oxygen incorporation studies and effects subsequently observed 

Reference Oxygen 

incorporation 

technique 

Observation Interpretation 

Raimondo et al. 

[13] 

Ambient 

aging 

(months) 

Epitaxial endoperoxide 

layer 

Oxygen reacts with 

few surface layers 

only 

Thompson et al. 

[46,47] 

Ambient 

aging (months 

to years) 

Oxygen-containing 

species at surface and 

preferential channels into 

crystal 

Oxygen diffuse 

through defects and 

can propagate then 

react in bulk 

Mastrogiovanni 

et al. [50] 

O2 exposure 

under 

illumination 

O2 penetration into bulk Gradual permeation 

through defects, then 

chemical reaction 

Najafov et al. 

[26] 

O2 exposure 

under 

illumination 

Long term diffusion into 

crystal, huge decrease of 

surface dark‐ and 

photoconductivity  

Conductivity 

decrease due to 

oxygen‐related traps 

Chen et al. [49] O2 exposure 

under 

illumination 

Rubrene FET mobility 

decreases 

Due to localised in-

gap oxygen-related 

states 
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Reference Oxygen 

incorporation 

technique 

Observation Interpretation 

Krellner et al. 

[33] 

Singlet 

oxygen 

exposure 

Trap state 0.27 eV above 

HOMO 

An oxygen-induced 

acceptor defect 

introduced 

Mitrofanov et 

al. [19] 

O2 exposure at 

100 °C 

Increased dark‐ and 

photoconductivity 

An oxygen-induced 

acceptor defect 

introduced 

Maliakal et al. 

[51] 

O2 exposure at 

100 °C 

Increased dark‐ and 

photoconductivity 

O2 diffusion into 

bulk acting as p-type 

dopant 

 

Remembering that the studies labelled with ‘O2 exposure under illumination’ as the 

oxygen incorporation technique in fact use intensities similar to sunlight, it is possible 

that such a strong illumination catalyses a degradation of rubrene in the active conduction 

channel, reducing conductivity and charge carrier mobility. Meanwhile, the singlet 

oxygen exposure and O2 exposure at 100 °C probably encourages a milder action of 

oxygen on the rubrene crystal, which results in a doping effect that increases conductivity. 

2.5.4 Photoluminescence spectroscopy 

 

Photoluminescence is light emission from materials after absorption of photons due to 

photoexcitation, exciting electrons in the material to higher energy levels. Following that, 

various relaxation processes typically occur in which other photons are re-radiated. The 

relevant electron energy levels and their related excitation and relaxation processes 

(including photoluminescence) have been described in Section 2.3. 

 

Time-resolved photoluminescence is performed to track the lifetimes of excitations, help 

determine decay dynamics and also identify whether certain emissions originate from the 

same phenomena. Steady-state photoluminescence spectra are collected while 

continuously exciting the sample. It is a common characterisation technique which 

typically displays signature spectra of materials and hence it is sometimes used as a quick 
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identification technique for known materials, or a method to determine whether the 

material has undergone known changes [52]. 

 

Multiple studies on the origins of the rubrene photoluminescence spectrum have been 

made [19,42,53–56]. The rubrene steady-state photoluminescence emissions are observed 

at ~570 nm (2.19 eV), ~610 nm (2.03 eV), ~650 nm (1.92 eV) and ~700 nm (1.77 eV) 

(Figure 2.10 shows a typical photoluminescence spectrum). The 570 nm emission 

corresponds to a M-polarized emission (along the short axis of the rubrene molecule, 

hence perpendicular to the ab-plane). This 570 nm emission is attributed to the transition 

from the lowest vibrational state of the first electronic excited state to the lowest 

vibrational state of the ground state (the first electronic transition) [19,55–57]. It is 

detected in measurements with polarisation in the ab-plane by a leakage due to acquisition 

not normal to the ab-plane. Najafov et al. mention that since it was observed to be a purely 

electronic, frozen lattice transition, this transition is assigned to a free exciton [54]. 

 

The 610 nm emission corresponds to a L-polarized emission (along the long axis of the 

molecule, hence within the ab-plane) [55,56]. It is debated whether it arises from the 

second electronic transition according to Tavazzi et al. [56] or possibly be due to a 

depolarization of the HOMO-LUMO transition induced by molecular vibrations of the 

Figure 2.10 Steady-state photoluminescence of a rubrene single crystal. Adapted from 
Ref. [26]. Inset: (a) Photoluminescence spectra as a function of vertical distance from 
the crystal surface. (b) Photoluminescence in the bulk, and on the surface in vacuum and 
after being oxidised in air. Adapted from Ref. [19]. 

This material has been removed due to copyright restrictions
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first M-oriented excitation, as proposed by Irkhin et al. [57], or a self-trapped exciton 

according to Najafov et al. [54].  

 

Najafov et al. [54] identify the longer wavelength emissions at 650 and 700 nm as being 

the vibronic structure of the 610 nm emission. Other opinions regarding the origin of the 

650 and 700 nm emissions are discussed here. The 650 and 700 nm emissions are at times 

observed to be higher in intensity than the shorter wavelength peaks, and a quenching 

effect is observed on the latter. Irkhin et al. found that these emissions are strongly 

polarised, indicating a crystalline source, and noted that 650 and 700 nm positions 

coincide with vibronic replicas of c-polarised photoluminescence [57], however 

emissions of these nature are unlikely to cause such large photoluminescence intensities. 

Chen et al. concluded that the 650 nm emission is from pockets of amorphous 

imperfections embedded in the crystal from observing its dominance in amorphous 

rubrene photoluminescence [53], though this could not be reproduced in amorphous 

rubrene photoluminescence by Irkhin et al. [57]. Two-photon excitation 

photoluminescence studies by Mitrofanov et al. revealed that the 650 nm emission was 

observed to emit from an oxidised crystal surface (inset of Figure 2.10) and attributed it 

to photoluminescence from a transition into an oxygen-induced acceptor state ~0.25 eV 

above the HOMO [19]. In another study, Mitrofanov et al. found a large 650 nm emission 

in the photoluminescence of rubrene crystals that had undergone incorporation of oxygen 

during crystal growth [42]. Ma et al. concluded that the 650 and 700 nm emissions are 

the result of an energy trapping process from the excited rubrene to the oxygen-induced 

hole trap states 0.27 eV above the HOMO [55]. 

2.5.5 Photocurrent generation 

 

In conventional (bulk) photoconductivity, photocarriers are created locally, where 

photons are absorbed, thus leading to samples photoconducting throughout the bulk. A 

different phenomenon is observed in rubrene single crystals. Irkhin et al. performed 

photoconductivity experiments on the surface of a rubrene crystal [58]. They justify a 

technique to deactivate surface conductivity using a reversible ‘gauge effect’ process, 

involving electrically neutral but chemically active free radicals (produced in high-

vacuum chambers as a result of a reaction that occurs in high-vacuum gauges) that create 

traps at the surface only. They use light that penetrates to several μm below the surface 
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for photoexcitation, meaning photoexcitation also takes place in the bulk to produce a 

Beer-Lambert distribution of singlet excitons stretching into the crystal bulk (and 

subsequently photocurrent is expected to move through the bulk). However, once they 

activate the gauge effect, photoconductivity is greatly diminished by 99%, showing the 

process is unlike conventional photoconductivity stated above and implies that it is 

localised at the surface. They estimate the photocurrent flows at the very surface of 

crystal, within ~1 nm, and the remaining 1% conductivity to be residual bulk 

photoconductivity. Another study involved coating separate crystal surfaces with 

parylene-N (as an exciton quencher), parylene-D and perfluoropolyether (as exciton 

splitters), and observing photoconductivity increase in exciton splitter-coated crystals and 

photoconductivity decrease in exciton quencher-coated crystals [26]. 

 

These observations strongly support the model that photon absorption in the bulk of the 

crystal leads to a generation of long-lived excitonic species (for rubrene, triplet excitons 

generated via singlet fission) that can reach the surface of the crystal from the bulk via a 

long-range exciton diffusion, where they dissociate (with a certain limited quantum 

efficiency) and generate a surface photocurrent [58]. 

 

Several experimental studies reported evidence that singlet excitons in rubrene efficiently 

generate triplets via singlet fission, supported by the view that triplet energy in rubrene is 

approximately half the singlet energy [59]. Singlet fission is a process that competes with 

radiative relaxation of excited singlets, and two triplet excitons can also recombine by 

triplet fusion, producing an emissive singlet, possessing the same characteristics as the 

initially photoexcited singlet [58]. In rubrene, triplet excitons are mobile [26,27], and 

since the radiative recombination of a triplet exciton is forbidden quantum-mechanically, 

long triplet lifetimes of ~100 μs were measured in rubrene crystals, which is much longer 

than singlet lifetimes (a few ns) [59]. Because of their long lifetime and diffusion length, 

triplet excitons are likely candidates able to reach dissociation sites at the surface or 

interface to contribute to photoconductivity. Irkhin et al.  [58] discusses that a probable 

surface dissociation mechanism for triplets may involve interactions of triplets with 

surface defects, though pristine rubrene crystals are clean and oxide-free as observed in 

ToF-SIMS studies [50]. Thus they stipulate that an intrinsic dissociation due to the lattice 

discontinuity is more likely, and further study is required to understand the mechanism 

of triplet dissociation at the surface. 
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2.6 Tyrian purple: 6,6'-dibromoindigo (C16H8Br2N2O2) 
 

As the lifetime of electronic devices become shorter, now approaching an average of 

several months, we face a growing ecological problem [60]. Biodegradable organic 

semiconductor materials that are nontoxic, and similarly compounds of natural origin, 

can help address the issue of electronic waste. 6,6'-dibromoindigo (C16H8Br2N2O2), the 

main constituent of the ancient dye Tyrian purple (this material is referred to onwards as 

just Tyrian purple, TP), is naturally produced by some sea snails as a secretion to sedate 

prey and as an antimicrobial lining on their eggs [61]. TP was shown to operate as an 

ambipolar organic semiconductor with large electron and hole mobilities [62]; further 

charge transport studies on such materials can help overcome the challenge in organic 

electronics of fabricating CMOS-like circuits with discrete p- and n-channel devices from 

the same semiconductor [63]. 

 

The chemical structure of TP is shown in Figure 2.11. TP is a planar molecule, with the 

deviation from planarity less than 4 picometers [64]. The molecules have a relatively low 

level of conjugation which is two phenyl rings separated by an unconjugated bridge. X-

ray studies of polycrystalline TP fabricated as organic field-effect transistor (OFET) 

devices on certain substrates (for example highly aliphatic passivation layers, such as 

low‐density polyethylene) demonstrate a high degree of long-range ordering with no 

apparent amorphous domains [65]. It was surmised that such substrate materials induce a 

‘standing‐up’ arrangement of the molecules, similar to the arrangement in single crystals, 

leading to π‐stacking parallel to the substrate. Such preferential arrangement could be 

attributed to the planarity of the molecule and stronger intermolecular hydrogen bonding 

present in TP, on top of the typical van der Waals forces and π- π interactions. This gives 

a molecular packing favourable for charge transport in polycrystalline film field-effect 

Figure 2.11 The chemical structure of Tyrian purple. 
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transistor devices [66]. From the field-effect transistor measurements, μe=μh = 0.4 

cm2/(V.s) [62,67]. 

 

To take studies on TP a step further, its single crystals will provide an even larger long-

range ordering with fewer defects and higher chemical purity. This way its intrinsic 

fundamental electronic properties (not dominated by disorder and morphology) can be 

studied experimentally. Work on growing TP single crystals is reported in Chapter 4. 

2.7 Organic semiconductor single crystal growth techniques 
 

Organic single crystals are now widely recognised as an important testbed to study 

fundamental charge and energy excitations (and their transport), intrinsic surface and 

interfacial phenomena, as well as intrinsic optical properties of organic semiconductors. 

In single crystals, the properties that are experimentally explored are considered 

‘intrinsic’ in the context that they are not affected or dominated by disorder. A large 

number of organic crystal growth methods have been developed, and many have been 

based on modified inorganic crystal growth methods. Here we briefly describe some 

solution, gas-phase, and melt-growth methods for growing organic single-crystalline 

semiconductors, with the aim of preparing specimens that provide insights into organic 

semiconductor intrinsic properties. 

2.7.1 Solution-based growth methods 

 

The basic idea in solution-based growth methods is to use an evaporating solvent that 

leaves behind a crystallised solute. In such a technique, a beaker containing a saturated 

solution is not covered too tightly and the solvent slowly evaporates, forming a 

supersaturated solution. Nuclei (seeds) spontaneously form, growing into larger crystals 

[68]. A variation of this technique is slow cooling, suitable for organic semiconductors 

whose solubility in organic solvents is moderate at room temperature but increases 

considerably with increasing temperature. Exploiting this property, at elevated 

temperatures a solution is made to saturate with organic semiconductor solute after which 

it is cooled, spontaneously forming nuclei. Crystals grow larger as more material joins in 

crystallisation [69].  
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2.7.2 Gas-phase growth method – physical vapour transport 

 

The physical vapour transport (PVT) method is a crystallisation technique involving the 

sublimation of organic semiconductor material in a growth tube and subsequent 

crystallisation at certain cooler temperatures. It was initially developed to separate 

organic semiconductors from impurities, as previous purification techniques using high 

vacuum evaporation did not separate light impurities [68]. In PVT, impurities are 

separated as they deposit on different parts of the growth tube (i.e. at different 

temperatures) away from the pure material. There are several varieties of this setup with 

respect to pressure conditions inside the growth tube: open (with carrier gas flow into the 

tube, and a gas outlet or vacuum pump at the other end), closed (a sealed ampoule, the 

inside of which is either filled with a carrier gas or evacuated), and semi-closed (an orifice 

in the ampoule enables impurities to escape from it, with the aid of a vacuum pump). The 

open PVT technique is described further in Chapter 4 where we present the setup of our 

in-house open PVT system. 

2.7.3 Melt-growth methods 

 

An example of a melt growth technique is the Bridgman growth method used for growing 

large single crystals inside sealed ampoules [70]. A quartz ampoule is filled with 

powdered material, then sealed under vacuum or with an inert gas, and moved through a 

temperature gradient. At a certain temperature, crystal nucleation is induced at the tip of 

the ampoule, and the crystallization propagates through the melted material. However, 

this crystallisation technique from melt is considered difficult, especially for materials 

that have a strong tendency to evaporate during melting [68]. 
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2.8 Local anodic oxidation lithography for nanodevice fabrication 

Local anodic oxidation (LAO) lithography [71] is a possible route for organic nanoscale 

(e.g. one-dimensional) device fabrication. It is a direct-write and resistless technique that 

can be used to draw narrow insulating oxide lines on surfaces to precisely define shapes 

and dimensions. This technique can be upscaled for large-scale/mass fabrication, as 

demonstrated on silicon using template stamps [72]. A potential application for organic 

electronics is to increase device density on a shared active material by patterning 

electrically insulating barriers, effectively preventing cross-talk between adjacent 

devices. 

 

The mechanism is explained as follows: LAO experiments are performed with an atomic 

force microscope operated in contact or noncontact mode, with electrical circuits to apply 

voltages between the tip (which is conductive) and the sample (see Figure 2.12). The local 

oxidation process is mediated by the formation of a water meniscus in the tip-sample 

system; water is provided by the humidity of the environment. The applied voltage 

(beyond a certain threshold) induces the formation of a water bridge between tip and 

sample. In situations where the tip is sufficiently close to the surface, e.g. in contact mode, 

and the humidity is sufficiently high, a water meniscus can form between the tip and 

sample without requiring an applied voltage. When the liquid meniscus is created the 

applied voltage pulse breaks the covalent bonds in the water molecules, providing the 

Figure 2.12 A schematic of a commonly used setup for local anodic oxidation procedure 
using an atomic force microscope. Adapted from Ref. [150]. 

This material has been removed due to 
copyright restrictions
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oxyanions (OH−, O−) needed to form the oxide. The applied electric field facilitates the 

reaction by directing the oxyanions into the substrate. The lateral extension of the region 

to be oxidised is confined by the extent of the water bridge, which is usually in turn 

controlled by the dimensions of the tip end. 

 

The chemical reactions that govern the local oxidation of a metallic substrate (M) are the 

following (the reactions in other materials are expected to be similar) [73]: 

 

M+ U	H�O → MOà + 2U	H4 + 2U	]+                             (2.8) 

 

While at the AFM tip hydrogen gas is liberated: 

 

2	H4 + 2	]+ 	→ 	H�                                              (2.9) 

 

Having completed the LAO reaction, the same tip can be used to image the oxidation 

defined nanostructure; thus the fabrication and immediate characterisation of the feature 

can performed on the same AFM system. 

 

Previously, LAO has been used either directly or as an intermediary step to fabricate 

circuit components and devices such as quantum point contacts [74], quantum dots [75], 

nanorings [76], narrow/one-dimensional channels [77,78], ferromagnetic tunnel junctions 

[79], transistors (including single electron and single hole transistors) [80,81] and 

nanowire-based devices [82] like single photon detectors [83]. A variety of materials have 

been the subject of study involving LAO, among them metals [84], Group IV and III-V 

semiconductors [77,85], two-dimensional materials [75], transition metal 

dichalcogenides [78] and ferromagnetic materials [79]. However, not much has been 

reported about locally oxidising crystalline organic semiconductor substrates, though 

related works are noted, such as on-demand patterning of polycrystalline pentacene field-

effect transistors by thermal scanning lithography [86], nano-scratching of PEDOT:PSS 

electrodes [87] and LAO patterning on pentacene thin films to direct antibody deposition 

[88].  
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One criterion for the successful use of LAO in device fabrication is that the oxide feature 

depth exceeds the device active layer thickness, therefore the ability to accurately measure 

the depth of these features is important. Oxide depth characterisation is typically carried 

out by selectively etching the oxide feature and measuring the depth of the void that 

remains. Alternative approaches are required for substrates on which no selective etchant 

is known to selectively remove oxides only, such as organic semiconductors. 

 

Motivated by the promising potential for future organic electronic device fabrication, 

LAO using atomic force microscopy (AFM) is investigated on ultrapure rubrene single 

crystals for the first time. Results of LAO on single crystal rubrene are presented and 

discussed in Chapter 5. 
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3 EXPERIMENTAL 
TECHNIQUES 

In this chapter we describe the experimental techniques used in this study. Parts of sample 

preparation, such as the crystal growth setup and contact printing are introduced briefly 

here and reported at length in the respective chapters discussing experimental results. We 

start by describing the techniques that are used to characterise the materials properties of 

our samples, namely atomic force microscopy, Raman spectroscopy, X-ray diffraction 

and X-ray photoelectron spectroscopy. 

3.1 Atomic force microscopy 
 

Atomic force microscopy (AFM) is part of the broader scanning probe microscopy family 

that also includes scanning tunnelling microscopy and scanning near-field optical 

Figure 3.1 A schematic of the setup of atomic force microscopy. The piezo scanner, here 
shown in the shape of a tube, precisely controls the probe–sample position, both vertically 
and laterally and is connected to the feedback control system. Adapted from Ref. [151]. 

This material has been removed due to copyright 
restrictions



Chapter 3: Experimental Techniques 

Muhammad S. Kamaludin - March 2019 49 

microscopy, among others. It is based on the idea of making use of interactions between 

a tip (mounted on a cantilever) and the sample to extract data such as surface topography, 

surface friction, Youngs modulus, and to perform nanoscale manipulations. A schematic 

of the concept is shown in Figure 3.1.  

 

AFM mainly consists of four components [89]: (1) an AFM probe to directly interact with 

the sample and sense the force between the probe and the sample. Generally, the AFM 

probe consists of a sharp tip, typically less than 5 μm tall and less than 10 nm in diameter 

at the apex, which is located at the end of a cantilever, typically 100–500 μm long. (2) A 

piezo scanner to precisely control the probe–sample position, both vertically and laterally. 

The piezo scanner is designed to bend, expand, and contract in a controlled and 

predictable manner when a voltage is applied to it. (3) A dedicated software package to 

control the operational parameters that in turn enable control over the probe and piezo 

scanner, as well as for displaying and analysing the acquired data. (4) A feedback control 

system consisting of a laser diode, position-sensitive photodetector (which receives laser 

reflected off the end of the cantilever under which the probe is located), and a controller 

(in which there is a feedback control system). The feedback control system is operated to 

adjust the precise probe–sample position, both vertically and laterally, by an 

analogue/digital conversion. It acts as a communication link between the piezo scanner 

and the software. 

 

The main purposes of using AFM in this project are for acquiring the surface topography, 

drawing oxidation lines of nanoscale dimensions and with nanoscale precision, and 

studying the local surface electrical properties. The Bruker Dimension Icon AFM 

machine is used to fulfil these objectives. Tapping mode can be used to acquire surface 

topography, the Nanoman feature to perform local anodic oxidation (LAO), while 

conductive AFM (CAFM) is used to study local surface electrical properties and can be 

utilised as a source/drain contact in electrical measurements. The maximum image scan 

size is 110×110 μm2, though typically the acquired images are between 2×2 μm2 and 

20×20 μm2. The modes of operation are described below. 

 

In tapping mode, an attached piezoelectric crystal causes the cantilever to oscillate near 

its resonant frequency at a certain amplitude (the ‘free amplitude’). When approached 

close enough to the sample, the continuously oscillating tip comes in intermittent contact 
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with the sample (tapping), with the resulting tip-sample interaction resulting in a decrease 

in the oscillation amplitude. The oscillation amplitude is the feedback parameter in this 

AFM mode. A setpoint amplitude is defined; so long as this setpoint amplitude is 

maintained, the mean tip-sample position stays constant. With this feedback setting 

active, the tip is raster-scanned across the sample surface during scanning. Accordingly, 

the tip moves vertically according to changes in the surface height, building a surface 

topography image. The phase difference between the tip’s free oscillation and the 

oscillation while on the surface can also be acquired and analysed; phase differences can 

arise from the presence of materials with different adhesion strengths. However, this is 

not used in this study.  

 

In contact mode, the tip is in physical contact with the surface, pressing into the surface 

with a force dictated by a determined cantilever deflection (cantilever deflection is the 

feedback parameter in this mode). During raster scanning, the tip is dragged over the 

sample. Frictional force mode, can additionally be used to measure the frictional 

properties of the surface, but is not employed in this study. In conductive AFM (CAFM) 

mode, an extension of contact mode, a suitable configuration incorporating electrical 

connections and a source for DC power is set up. This is usually a built-in function of 

commercial AFM machines. A closed electrical circuit is formed when the tip touches the 

sample surface, enabling electrical characterisation of the conductive material being 

studied. This can be performed simultaneously with topographical imaging. 

 

LAO using AFM can be considered, in turn, as an extension of CAFM, where a 

sufficiently strong applied voltage bias (in the presence of adequate amount of water in 

the form of humidity) causes the oxidation process to take place. The process is explained 

further in Chapter 5. Tapping mode has also been successfully used to perform LAO, and 

this is the method of employing it in this study. 

 

AFM is also utilised to create indents in the surfaces of interest as well as to remove 

material from the studied area, which are explained in Chapters 6 and 5 respectively. 

3.2 Raman spectroscopy 
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Raman Spectroscopy is a chemical analysis technique from which we can obtain distinct 

‘chemical fingerprints’ of materials. In this technique a sample is irradiated using a laser 

light source to irradiate a sample, and though majority of the light is elastically scattered 

(i.e. re-emitted at the same wavelength; called Rayleigh scattering) a minute amount of 

Raman scattered light is generated (one in ~108 incident photons), detected as a Raman 

spectrum using a CCD camera. The Raman scattered light is unique for each material due 

to the uniqueness of material’s energy levels. 

 

The incident photon excitation interacts with the molecule and distorts the cloud of 

electrons to form a “virtual state”. This state is not stable and the photon is immediately 

re-radiated, in the form of a scattering, in one of three possible ways: Rayleigh (mentioned 

above), Stokes and anti-Stokes. These mechanisms are visualised in Figure 3.2. In Stokes 

scattering, instead of falling back to ground state the electron falls into a higher vibrational 

level; the scattered light has less energy (longer wavelength). In anti-Stokes scattering, 

the scattered light has more energy (shorter wavelength) than the incident photon. This is 

because the excitation acted upon an already vibrationally excited state, thus to fall back 

to the ground state a higher energy emission is required. 

 

In our experiments, Stokes scattering is acquired. For the purposes of our study, Raman 

spectroscopy is used as a tool among several others to confirm the identity of the crystals 

we have grown. A Renishaw inVia Raman microscope is used for Raman spectroscopy. 

Figure 3.3 shows a schematic of the apparatus in the Raman microscope. 

Figure 3.2 A schematic showing Rayleigh and Raman (Stokes and anti-Stokes) 
scattering. hνvib is the energy between vibrational levels and hνexc is the energy of the 
excitation. 
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The setup consists of (1) monochromatic light source (default source 532 nm; we were 

able to use a 785 nm source only once, for rubrene Raman spectroscopy), (2) waveplates 

to control the directions of polarisation of the incident light (there were no polarisation 

filters for the analysed light), (3) a microscope to focus irradiation on the sample and 

collect the scattered emissions, (4) a sample stage (this was immovable in-situ), (5) filters 

to cut the Rayleigh part of the spectra; (6) a diffraction grating for dispersing the Raman 

scattered emissions, and lastly (7) a CCD camera for detecting these emissions. 

 

3.2.1 Photoluminescence spectroscopy of rubrene single crystals 

 

In the case of rubrene single crystals, a 532 nm excitation laser can excite rubrene above 

the bandgap and fluorescence spectra are obtained using this microscope. The 

photoluminescence dominates the spectrum. The SynchroScan feature of the inVia 

Raman microscope enables a wide emission wavelength range to be acquired (525 to 725 

nm), covering the range that is required for performing photoluminescence studies on 

rubrene. Thus the Renishaw Raman inVia microscope was utilised for this purpose. 

Figure 3.3 A schematic displaying the apparatus in the Raman spectrometer and the flow 
of light through the system. Adapted from the Renishaw inVia Raman microscope manual. 

This material has been removed due to copyright restrictions



Chapter 3: Experimental Techniques 

Muhammad S. Kamaludin - March 2019 53 

3.3 Single crystal X-ray diffraction 
 

Single-crystal X-ray diffraction provides detailed information about the internal lattice of 

crystalline substances, including unit cell dimensions, bond-lengths, bond-angles, and 

details of site-ordering. 

 

X-ray diffraction (XRD) is based on constructive interference of monochromatic X-rays 

reflecting off a crystalline sample. X-rays are generated by a cathode ray tube, filtered to 

produce monochromatic radiation, collimated to concentrate the beam, and directed 

toward the sample. The interaction of the incident rays with the sample produces 

constructive interference (and a diffracted ray) when conditions satisfy Bragg's Law: 

 

Uâ = 2ä	Å|Uã,                                                   (3.1) 

 

where λ is the wavelength of the radiation used, d is the inter-planar spacing involved and 

θ is the angle between the incident (or diffracted) ray and the relevant crystal planes; n is 

an integer, referred to as the order of diffraction. Figure 3.4 shows the quantities 

considered in Bragg’s law. The diffracted X-rays are then detected, processed and 

counted. By changing the geometry of the incident rays, and the orientation of the crystal 

and the detector, all possible diffraction directions of the lattice should be attained. 

 

X-ray diffractometers consist of three basic elements: an X-ray tube, a sample holder, and 

an X-ray detector. X-rays are generated in a cathode ray tube by accelerating the electrons 

toward a target material (under the application of a voltage); the impact of electrons of 

Figure 3.4 A schematic showing the quantities considered in Bragg’s law. Adapted from 
Ref. [152]. 
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sufficient energy dislodges inner shell electrons from the target material, producing X-

ray spectra upon deexcitation of electrons from higher energy levels. These X-rays are 

collimated and directed onto the sample. When the geometry of the incident X-rays 

impinging the sample satisfies the Bragg Equation, constructive interference occurs. A 

detector records and processes this X-ray signal and converts the signal to a count rate 

which is then output to a device that acquires this data. 

 

Raw XRD data consists of intensity of X-ray reflections as a function of scattering angle 

(usually measured as a scattering of 2θ from the primary x-ray beam). These reflections, 

produced from certain crystallographic planes in the material, are seen as spots on the 

diffraction patterns of single crystals, and they provide information on the crystal lattice 

symmetry and unit cell dimensions. Each crystalline substance can be distinguished as it 

possesses a unique crystallographic unit cell and therefore unique Bragg peak positions. 

In single crystal XRD, the sample is rotated with the aim of obtaining diffraction from all 

reflecting planes. The interplanar spacings (dhkl) of the diffracting planes (which 

correspond to certain (hkl) planes of the crystal structure) calculated using Bragg’s law 

are related to the lattice parameters, i.e. lengths and angles of the unit cell, according to 

the crystal system (cubic, orthorhombic, monoclinic, etc.). These relations are found by 

considering the geometry of the unit cell. The relations in the case of orthorhombic and 

monoclinic systems, respectively, are shown below: 
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where a, b and c are the lengths of the unit cell edges, while γ is angle between the a and 

b axes. 

 

The crystalline substance under study can be identified uniquely by comparing measured 

peak positions (and lattice parameters) with those in a database. The peaks are indexed 

(i.e. assigning the correct Miller indices of the planes responsible for the diffraction to the 

peaks) in the process. This can be performed manually for simpler systems by rearranging 

and squaring Bragg’s equation and taking the ratio of  
:6/Míì
:6/MíK

 (to eliminate the lattice 
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parameters which are unknown at that point), where ã/ is the angle of the nth peak while 

ãå is the first peak, for a certain crystalline orientation. By correctly indexing the peaks 

for various crystallographic planes the lattice parameters can then be calculated. In 

practice, an autoindexing program performs calculations from which the unit cell 

parameters of the crystal under study are determined. The estimated standard deviations 

of the calculated parameters are displayed as the number in parentheses in the results. 

These give the estimated standard uncertainty for the least significant figure of the 

parameters, and are calculated by least-squares refinement programs with the acquired 

data as its input. 

 

In this study, single-crystal X-ray diffraction was kindly performed by Dr Caroline Knapp 

of the Department of Chemistry, UCL. The equipment used was a SuperNova Atlas 

(Dual) diffractometer with a choice of two X-ray sources: Mo Kα radiation of wavelength 

0.71069 Å and Cu Kα radiation of wavelength 1.5406 Å. Unit cell matching experiments 

were performed in this study; the data files only contain the obtained unit cell parameters. 
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3.4 X-ray photoelectron spectroscopy 
X-ray photoelectron spectroscopy (XPS) works by irradiating a sample material with 

mono energetic soft x-rays causing electrons to be ejected. Identification of the elements 

in the sample can be made directly from the kinetic energies of these ejected 

photoelectrons. The relative concentrations of elements can be determined from the 

photoelectron peak intensities. The photoemission process is often envisaged as three 

steps: (1) absorption of the X-ray and ionisation, (2) response from atom and creation of 

photoelectron, and (3) transport of electron to surface and escape. Figure 3.5 shows a 

schematic of the XPS spectrometer. 

 

Figure 3.5 A schematic of the XPS spectrometer. First, a certain energy of X-rays is 
selected and focussed on the sample. Emitted photoelectrons are focussed using the 
electrostatic lens into the analyser (usually hemispherical in shape) and the detector 
records electrons possessing energy within a certain range. Adapted from Ref. [153]. 

This material has been removed due to 
copyright restrictions
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The relationship governing the interaction of a photon with a core level is: 

 

îi = 	ℎ	ï	 − 	ñi	– 	ò ,                                              (3.4) 

 

where KE is the kinetic energy of ejected photoelectron, hν is the characteristic energy of 

the X-ray photon, BE is the binding energy of the atomic orbital from which the electron 

originates, and Φ is the spectrometer work function. 

 

In principle the following equation can be used to quantify Ii, the intensity of a 

photoelectron peak p for an element i: 
 

o6 = 	h6	ô6	â6	î                                                   (3.5) 

where  Ni is the average atomic concentration of element i in the surface under analysis, 

σi is the photoelectron cross-section for element “i” as expressed by peak p (this is to 

correct peak intensities to account for differences resulting from the photoemission 

process), λi is the inelastic mean free path of a photoelectron from element “i” as 

expressed by peak p, while K is all other factors related to quantitative detection of a 

signal (which is assumed to remain constant during the experiment). 

 

In this study, the Thermo Scientific™ K-Alpha XPS system and the Theta Probe Angle-

Resolved XPS system were used. Measurements were kindly performed by Dr Rob 

Palgrave of the Department of Chemistry, UCL. 

 

The areas of peaks in the XPS data are of interest as they are used to calculate atomic 

percentage concentrations in the measured sample surface. Here we discuss how the peak 

areas are measured. In this study we consider the peaks present in rubrene XPS data, 

namely C1s and O1s, where we acquire high resolution XPS data from a binding energy 

range of 279 to 298 eV for the former, and 525 to 545 eV for the latter. In defining peaks, 

these whole energy ranges are considered, and the ‘Smart’ background deduction is used, 

which is based on the Shirley approximation method for determining the background 

under an XPS peak. The ‘Smart’ background deduction has the additional constraint that 

the background should not be of a greater intensity than the actual data at any point in the 
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region. This method is less sensitive than Shirley or linear background methods with 

respect to the selection of the background start and end positions. 

 

Atomic concentration for an element measured is calculated by a ratio of the intensity of 

the element in question and the total intensity summed over all regions corresponding to 

each element detected in the measurement. The atomic percentages are obtained from the 

XPS spectra as follows. 

 

First, the area of peaks corresponding to known elements are measured as described 

above. Normalisation is then performed. Corrections for dwell time per channel, number 

of scans and energy channel width are then made to produce the corrected peak area, 

Areacorr.. As each transition has its own ‘probability’ of occurring, sensitivity factors are 

applied to the data, scaling the measured peak areas so that variations in the peak areas 

are representative of the amount of material in the sample surface. Scofield sensitivity 

factors (SSF) were used. Also, corrections are made for the energy compensation factor 

(ECF), where in the case of utilisation of SSF, this value corrects for the inelastic mean 

free path term, and an ECF value of [Kinetic Energy]0.6 was used. Meanwhile, the 

instrument transmission function, TXFN (efficiency of the analyser at different kinetic 

energies), which is sometimes considered, was kept at 1. The normalised peak area used 

to calculate atomic percentage is calculated as: 

 

öx]3/,õY. =
ùõ#.bûüü.

qq†×e¢†g×al†
,                                           (3.6) 

 

Apart from noise, another possible source of error in this quantity (and hence atomic 

percentages) inhomogeneity of the surface on the nanometre scale, where certain 

elements are not evenly distributed vertically, especially in cases where the depth profile 

of the sample is not known. However, the more significant sources of error are 

inaccuracies of Scofield sensitivity factors, since these are mainly derived from 

theoretical considerations, i.e. by computing the probability of a particular electronic 

transition induced by a photon of a specific energy. Empirically determining sensitivity 

factors using standards can be considered but there is poor transferability between 

different instruments. On top of the abovementioned points, it is not easily possible to 

perform cross-checks by measuring the ‘true’ surface composition using a different 
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technique, therefore it is difficult to determine the deviation of the XPS error from the 

‘true’ value, even for one sample. Thus, there is no ideal way for error quantification in 

XPS compositional measurements. A widely adopted method, implemented here, is to 

state errors of around 10% [90,91], however the basis for this is experience of analysts, 

and not robust physical models or statistical treatments as these have not yet been 

accomplished for XPS analysis. 

 

In this study, XPS is performed on rubrene crystals. Being hydrocarbons, only C1s peaks 

are expected from pristine rubrene crystals and as such, a pristine rubrene sample is 

considered by default, in the context of XPS measurements, to have a carbon atomic 

percentage of 100 %. The 10 % error is applied to elements that incorporate into rubrene 

crystals, i.e. oxygen (during oxidation), i.e. the 10 % error is applied to the O1s peaks. 

For atomic percentages of 1 % and below, the error is kept at 0.1 %. While uncertainties 

may be assigned to elements with atomic percentages below 0.3 %, the presence of these 

elements are considered to be low (trace amounts). 

 

A final note is made regarding charge compensation. To neutralise the surface charge 

during data acquisition, a low energy electron flood gun is kept in operation throughout 

the data acquisition. 

3.5 Crystal growth 
 

An experimental setup for the physical vapour transport method of growing organic single 

crystals was developed in-house as part of the work of this thesis. A two-zone furnace is 

central to the system, where the temperature of two parts of the furnace can be 

independently controlled. One location is designated for sublimation of the source 

material, while the temperature at another location further down the furnace is fixed (at a 

cooler temperature) to establish a suitable temperature gradient along the growth tube, 

crucial for pristine crystal growth. The crystal growth setup is reported in Chapter 4. 

3.6 Microplotter for contact printing on surfaces 
 

The Sonoplot® Microplotter II is a computer-controlled fluid dispensing system that 

operates a micropipette to deposit picolitre volumes of liquid. The micropipette is filled 
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up by capillary action when placed in an ink well, and prints the ink when it is in meniscal 

contact with a surface and is vibrated at ultrasound frequencies by the attached 

piezoelectric element. The working mechanism of the Microplotter is reported together 

with results in Chapter 6. 

3.7 Electrical characterisation 
 

Electrical characterisation of two-terminal devices is performed using a Keithley SCS-

4200 Characterization System in ambient air, voltage range ±40 V (up to ±100 V but by 

default forbidden as per system safety feature unless overridden). CAFM is also utilised 

for electrical characterisation in the case where the platinum-iridium coated CAFM probe 

is designated as part of the device, as a hole-injecting contact. The available voltage range 

is ±12 V. Both systems have a picoampere sensitivity. 
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4 GROWTH AND 
CHARACTERISATION OF 
ORGANIC SINGLE CRYSTALS 

4.1 Introduction 
 

Growing pure organic semiconductor crystals is important so that studies of the intrinsic 

properties of crystalline semiconductors can be performed, unhindered by effects of 

‘disorder’ such as grain boundaries, significant density of vacancies, dislocations and 

other similar defects. Physical vapour transport (PVT) is a technique proven to yield high 

purity organic semiconductor crystals with large sizes (~1 cm scale). The technique 

involves the sublimation without decomposition of the source material, and crystallisation 

after the sublimated molecules move to the growth zone which is at a lower temperature. 

A purification process takes place by separation of impure materials as they deposit at 

different temperatures than the pristine crystals. The ‘open’ PVT system for growing 

organic crystals, in which a carrier gas is flowed through the system, was pioneered by 

Christian Kloc in the 1990s and has since become the preferred technique for growing 

ultrapure van der Waals-bonded organic semiconductor single crystals (typically dubbed 

‘free from disorder’). In this chapter, the preparation of an in-house ‘open’ PVT setup to 

grow organic single crystals is explained. The growth of rubrene single crystals is 

performed, and characterisation is done using photoluminescence spectroscopy, AFM, 

XPS and Raman spectroscopy. 

 

In addition, the first use of ‘open’ PVT to grow single crystals of the material 6,6'-

dibromoindigo (C16H8Br2N2O2) is demonstrated. 6,6'-dibromoindigo is the main 

constituent of the ancient dye Tyrian Purple naturally found in some sea snails. Interest 

in organic semiconductors of natural origin has risen amid efforts to tackle electronic 

waste which can pollute the environment. Field-effect transistors with Tyrian purple thin 

films as the active material have shown relatively high charge carrier mobility [62,67]. 
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Single-crystal growth of Tyrian purple will enable us to further study its intrinsic 

properties. The PVT growth is challenging because there are strong intermolecular 

hydrogen bonds which potentially hinder the sublimation and crystal growth dynamics. 

In this study, the grown Tyrian purple crystals were characterised by AFM, XPS and 

Raman spectroscopy.  

4.2 Setup 

Crystal growth takes place in a glass (borosilicate) tube of inner diameter (ID) 10 mm and 

outer diameter (OD) 12 mm. The source material holder is a glass tube of ID 5 mm and 

OD 7 mm. Inert gas (zero grade argon, 99.999% minimum purity) is passed through this 

growth tube and a Cole-Parmer 150-mm Correlated Flowmeter (capable of measuring gas 

flow up to 100 ml/min) used to control the flow rate. A bubbler is placed further on after 

the gas outlet to confirm gas flowing out of the system. 

 

The temperature along the growth tube is regulated by the furnace through which the 

growth tube is inserted. A schematic and photograph of the furnace is shown in Figure 

4.1. The furnace consists of two independently controlled heaters, to control temperatures 

Figure 4.1 A schematic (top) and photograph (bottom) of the furnace setup for the PVT 
growth. 
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of two zones along the growth tube (base temperature and sublimation temperature), 

resulting in a temperature gradient to form at the boundary between the two zones (some 

prefer a near-stepwise fall in temperature between the two zones)[92]. 

 

The heating elements for both heaters are 0.4 mm diameter Kanthal wire coiled around 

glass tubes. There is a gap of 5 mm between each turn of the wire. This way of coiling is 

able to uniformly heat up the growth tube (except very near to the edges) without dips in 

temperature in between the turns of the wire. The coiling density is increased within 1 cm 

of the ends of the heater (several overlapping wire coiling is made at the ends of the 

heater). 

 

In the furnace that we set up there are two concentric glass tubes each holding a heating 

element. The inner heater (glass tube ID 15 mm, OD 17 mm), closest to the growth tube, 

is the ‘long heater’ which covers the whole length of the furnace (1 metre). It is used to 

set the base temperature. This heater is controlled by a PID controller (CAL9300) with 

an external solid-state relay (Opto 22 10 A). For temperature monitoring, a type K 

thermocouple is placed immediately above the glass tube of the long heater, at the 

midpoint position of the long furnace immediately touching the outer wall of this glass 

tube. The temperature at this location is the same as under the tube as well as up to 30 cm 

on either side of the furnace midpoint; this whole area crucially needs to be at a single 

temperature in order to accurately apply a temperature gradient along the furnace. The 

outer heater (glass tube ID 23 mm, OD 25 mm) is the ‘short heater’ at the gas inlet end 

of the furnace and is 30 cm long. It is used to further heat the sublimation zone from the 

base temperature up to the sublimation temperature. This heater is manually controlled 

by a variable transformer (input 240 V, output 240-270 V). For temperature monitoring, 

a type K thermocouple is placed nearest to where the source material is placed: 

immediately below the growth tube, at the midpoint position of the short furnace. A third 

concentric glass tube (ID 29 mm, OD 31 mm), the outermost glass tube, is placed as an 

electrical insulation. 

 

This specific setup of two independently controlled heaters, i.e. one along the whole 

furnace and the other along the required zone (for sublimation), is chosen to provide 

freedom to set the base and sublimation temperatures. This is advantageous over other 
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setups such as a single heater with varying coil density which does not offer this 

flexibility. 

4.3 Procedure 

 

The procedure of operation is described as follows and a summary list of the procedure 

shown in Figure 4.2. First the source material holder and the inside of the growth tube are 

cleaned by rinsing using solvents in the following sequence: acetone, isopropanol and 

methanol. The gas connections are wiped with isopropanol and left to dry. Under a steady 

argon flow of 50 ml/min, the growth tube and source material holder are degassed by 

heating to at least 350 °C (which is above typical operational temperatures for both 

rubrene and TP crystal growth), for a few hours. After cooling down to room temperature, 

the source material is weighed and inserted into the growth tube. The growth tube is then 

pumped down to a pressure of ~2 × 10-1 mbar and then purged overnight with argon. 

 

The operational temperatures quoted in this paragraph are for the growth of rubrene single 

crystals. The temperatures for TP single crystals are discussed later. Figure 4.3 shows the 

temperatures of the furnace’s two heaters as a function of time when starting up. The short 

heater is first switched on to reach a stable temperature of ~160 °C (~50 V on the variac) 

as this heater requires ~1 hr to stabilise at this constant output power setting (at this 

temperature, the source material does not sublimate). At such a setting, when the long 

heater is later turned on to the base temperature of 260 °C (which takes only about 5 min 

to reach temperature as it is PID-controlled), contributions from both heaters will heat the 

source material zone to 310 °C (sublimation temperature). The voltage setting for the 

Figure 4.2 A summary of the crystal growth procedure. 
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short heater is determined by performing a trial run with the long heater on and the voltage 

adjusted to obtain the required sublimation temperature. Once the short heater has reached 

stable temperature, the long heater is turned on. While the long heater ramps up to 

temperature (usually when the short heater is at a temperature of 200-290 °C in the case 

of rubrene growth), the short heater is temporarily switched off for about 3 min so as to 

not overshoot the sublimation temperature. Stable furnace operation, i.e. where both the 

base and sublimation temperatures are stably maintained, is usually achieved within 10 

min of turning on the long heater. 

 

After growth is complete, both heaters are turned off simultaneously and the system is 

left to cool to room temperature before dismantling and retrieving crystals. Figure 4.4 

shows the temperatures of the furnace’s two heaters as a function of time when cooling 

down. The cooling is considered sufficiently rapid (in the case of rubrene a decrease to 

from the sublimation temperature of 310 °C to ~240 °C within 3 min) that the sublimation 

is terminated soon after turning off the heaters, ensuring that impurities are not deposited 

Figure 4.3 Temperature of the short and long heaters of the crystal growth furnace as a 
function of time, when starting up for rubrene crystal growth. This sequence is followed 
so that operating temperatures rapidly reached without overshoot, and without 
prematurely sublimating the source material. 
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on the crystal. The crystals are retrieved by cutting the growth tube and tapping the 

crystals out. 

4.4 Rubrene single crystal growth 
 

In crystal growth by PVT and similar sublimation methods, the orthorhombic polymorph 

of rubrene is most commonly produced and very likely possesses the lowest free energy 

over a wide temperature range [93]. The triclinic and monoclinic polymorphs are obtained 

using solution growth methods different to the PVT method used here. The triclinic 

structure is found to crystallize from aniline or propan-1-ol [94], while two-dimensional 

plates of the monoclinic structure were reported to be grown using a reprecipitation 

method [95]. 

 

While from literature it is known that the PVT growth technique does produce high 

quality orthorhombic single crystals, in this study large ab-surfaces are also sought after. 

Figure 4.4 Temperature of the short and long heaters of the crystal growth furnace as a 
function of time, when cooling down after performing rubrene crystal growth. The cooling 
down from operational temperatures is sufficiently fast that the growth is terminated once 
the heaters are turned off.  
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As each growth system is unique, our system needs to be tested and growth parameters 

optimised. 

 

A trial growth was made using the following parameters: argon gas flow at 100 ml/min 

and sublimation and base temperatures of 310 and 260 respectively. The temperatures 

were chosen based on knowledge of the melting point of rubrene (~330 °C) and previous 

reports of rubrene crystal growth where crystallisation happens above 250 °C. Within 5 

min of reaching operational temperatures, a pale reddish-orange colouring starts to appear 

within 5 cm of the end of the sublimation heater. This happens as sublimated rubrene 

molecules move out of the sublimation zone into cooler areas where they can deposit onto 

the inner walls of the growth tube. At about the same time a similar but paler and more 

orange colouration appears near and at the end of the long heater. This is attributed to 

sublimated impurities which have lower deposition temperatures than the pure molecules. 

 

Next, within 20 min of the operational temperatures being reached, the nucleation of 

crystals is observed by the appearance of the ‘seed’ crystals on the growth tube inner 

walls (seen by naked eye), mostly within 5 cm of the end of the sublimation heater. These 

crystals grow larger over time with the deposition of more rubrene molecules, and 

depending on the orientation of the seed crystals, jut out into the cross-sectional area of 

the growth tube at various angles to the tube wall. There has been no instance observed 

of a crystal growing perpendicular to the gas flow direction. 

 

The random orientations of the crystal growth suggest that there is no single preferred 

growth direction; the crystals simply grow according to the orientation of the seed crystal. 

In some instances, as seen in Figure 4.5 (Left), there are crystals growing into others in 

different orientations, while more commonly observed is multiple crystals again in 

different orientations fused and vertically stacked. Separate from the growth starting from 

the seed crystals discussed above, it is apparent that another crystallisation also happens 

on the growth tube inner walls precisely where the colouring (i.e. initial deposition) was 

previously observed, forming polycrystalline needle-like shapes in a dendritic network 

conforming to the growth tube. 
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Some nucleation and growth of irregularly shaped flakes (some of them transparent) and 

some needle-like crystals are also seen further down the tube, within 15 cm of the end of 

the long heater. These are regarded to contain higher concentrations of impurity. 

 

In the growth tube, many crystals possess well-developed ab-surfaces albeit being thin in 

the c-direction (sometimes such that they are translucent), therefore the temperatures of 

310 °C for the short heater and 260 °C for the long heater are considered suitable for 

growing rubrene crystals in this system. However only after retrieval can the crystals be 

properly inspected for suitability of usage in experiments. In order to retrieve the crystals 

after the furnace has been turned off and the system has cooled down to room temperature, 

the growth tube is cut near the crystal growth zone, held vertically and tapped so the 

crystals drop out. Because this is a somewhat crude method, it can damage the crystals 

and significantly decrease their sizes and hence ‘usable’ area (referring to 

macroscopically flat ab-surfaces of dimensions of about 10 mm by at least several 

millimetres). Therefore, by the time the crystals were collected in a container several large 

crystals would have already broken into smaller ones. Setups that are intended to aid 

crystal retrieval such as inserting a short glass tube along the crystal growth zone (to 

induce growth on or in it) were not implemented because smaller crystals would be grown 

Figure 4.5 PVT-grown rubrene crystals (scale on both images 1.5 cm left end to right 
end). Left: An example of a crystal growing into another one at different orientations (the 
triangular crystal growing into the needle-like crystal – solid arrow), and an example of 
two fused crystals one on top of the other (intersection of the two needle-like crystals 
marked by the dotted arrow). Right: An example of clumped crystals due to the static 
charge build-up inside the growth tube. The image is taken at about 30° from the 
horizontal to show the crystal aggregation more clearly. 
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into the tighter space and the need to tap the crystals out from the short glass tube is still 

not circumvented. 

 

Another obstacle in crystal retrieval is a static charge build-up in the growth tube inner 

walls which seems to be very localised since it is difficult to neutralise. Flow of the argon 

carrier gas and the sublimated rubrene molecules (during growth) may have contributed 

to this, having come into frictional contact with the growth tube inner walls. As a result, 

some crystals (typically the thinner ones) adhere to the growth tube and cannot be taken 

out, and some also conform to the shape of the growth tube. Static charge build-up is also 

present in at least some of the crystals. This causes many crystals to clump during 

collection, as seen in Figure 4.5 (Right), and the crystals are too fragile to be separated 

even after leaving them on sheets of aluminium foil and connecting them to earth. The 

thin nature (and hence smaller mass) of the crystals in this growth were thought to be a 

contributing factor to the aggregation. The argon gas flow is thought to be the cause of 

thin crystals, and thus it is reduced to 50 ml/min or less in future growths. 

 

In subsequent growths at lower gas flow rates (30-50 ml/min), the thin crystals were still 

observed, but at the same time larger (up to 1 cm on at least one side/dimension) and 

bulkier crystals were produced. In a typical growth of ~100 mg source material, there 

were some 5-10 such crystals. In general, the crystals were now more easily tapped out 

of the growth tube; the previously observed effects of static charge build-up are reduced. 

This could be attributed to the lower gas flow rate which possibly reduced the frequency 

and magnitude of frictional contact. There were no other observable differences in using 

a slower gas flow rate (30 ml/min) and thus this was adopted in all subsequent rubrene 

crystal growths. 
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A typical growth that exhausts ~120 mg of rubrene powder source material typically lasts 

~40 hours. Figure 4.6 shows a growth tube still inside the furnace after growth has been 

terminated. The typical mass yield of a rubrene growth is about 25 %, this is the mass of 

all crystals retrieved from the crystallisation zone, excluding the crystals that cannot be 

taken out, namely the strongly adhering crystals (due to static) or the dendritic network 

conforming to the growth tube. Having performed several growths a qualitative 

characterisation of shapes and sizes of rubrene crystals are performed. Rubrene crystals 

tend to grow into three types, as displayed in Figure 4.7: platelets, trapezoid-like strips, 

and shreds. The platelets are usually of length ~5-10 mm (corresponding to the highest 

mobility crystallographic b-axis), width 2-5 mm (corresponding to the a-axis) and 

thickness several tenths of a millimetre (corresponding to the c-axis). The strips are 

usually up to 10 mm long and 1-2 mm wide, while the shreds are at most several 

millimetres long. 

 

The platelets are the more desired crystals as they possess large surfaces corresponding 

to the ab-plane on which studies can be carried out. The platelets usually grow closer to 

the end of the short heater, and the strips and shreds grow somewhat uniformly along the 

growth zone, and up to a few centimetres further downstream. A temperature profile along 

Figure 4.6 A schematic and photograph of the growth tube after growth, while still in the 
furnace. The dendritic crystals lining the main ‘growth zone’ where most crystals grow 
are visible. The growth zone is typically less than 5 cm long. Crystals growing outside 
the main growth zone are marked. 
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the growth zone of interest (where rubrene crystals densely grow and in which the 

platelets are usually found) is shown in Figure 4.8. 

 

It is expected that the PVT growth can be further optimised to obtain yet a larger number 

of desired crystals sizes and shapes by further exploring parameters such as choice of 

carrier gas and its flow rate, cross-sectional area of gas flow i.e. growth tube size, amount 

of source material, sublimation and base temperatures. However even then there is still 

no control over crystal nucleation and deposition on the growth tube inner walls, 

understood as being random processes that also significantly contribute in dictating 

crystal growth. Templates for inducing nucleation and growth on certain areas and have 

been used. In Ref. [96] though specific areas for nucleation and growth in the form of 

arrays can be defined by microcontact-printing octadecyltriethoxysilane onto either clean 

Si/SiO2 surfaces or flexible plastic, there is still no control over the number of nucleation 

sites (and hence number of crystals) per growth area and the orientation of the rubrene 

crystals. Meanwhile, in Ref. [97] templates made of protrusions from a flat wafer with 

flat tops and rough sidewalls (and therefore difference in surface energy between the tops 

and sidewalls), single-domain crystals of 9,10-bis(phenylethynyl)anthracene preferably 

grow along the sidewalls with the size of the long side dictated by the sidewall dimension. 

 

Figure 4.7 The three types of rubrene crystals usually grown: platelets (top), trapezoid- 
or needle-like strips (bottom left), and shreds (bottom right). All are at the same scale as 
the ruler at the top. 
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An extension of this technique to two-dimensional control of crystal growth would be 

advantageous. 

4.5 Characterisation of rubrene single crystals 
 

A combination of several characterisation techniques is used to assess the purity of the 

crystals grown by PVT. The crystallographic characterisation technique of X-ray 

diffraction (XRD) is used to confirm the crystal structure of the rubrene samples. 

Subsequently, AFM is utilised for imaging surfaces of interest before carrying out 

experiments on them, and also assess surface cleanliness i.e. absence of surface 

contaminants. Additionally, photoluminescence spectroscopy is used to probe emissions 

associated with pristine rubrene and oxygen-related contaminants, XPS is used to 

investigate surface chemical composition, and finally Raman spectroscopy plays a 

complementary role to confirm the chemical fingerprint in rubrene crystals. 

4.5.1 X-ray diffraction 

 

Figure 4.8 The temperature profile along a zone of interest of the growth tube in which 
the larger and thicker rubrene crystals grow. 
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To confirm the crystals are indeed orthorhombic-packed rubrene, single-crystal XRD 

(unit cell matching) is performed. The position of diffraction peaks in reciprocal space 

provide a close crystallographic match to previously characterised rubrene single crystals, 

which was identified to crystallise in the orthorhombic space group Cmca [28]. Unit cell 

data (Table 4.1) obtained by Dr Caroline Knapp at 150 K is a good fit to the literature 

values (XRD data here uses the standard Cmca space group setting). Apart from this 

exception in Table 4.1, the Acam setting is used throughout this thesis (in line with prior 

charge transport studies on rubrene crystals)[11,54]. 

 

Table 4.1 Crystallographic data for rubrene crystals grown in this study compared to 
previously reported data collected at 150 K [28]. Note that aside from the data quoted in 
this Table (in Cmca setting) the Acam setting is used throughout this thesis, in line with 
many prior studies on rubrene crystals. 

Unit cell 
 

Data collected 
from a rubrene 
single crystal 

Previously 
reported 
structure [28] 

Compound C42H28 C42H28 

Crystal 

system 
Orthorhombic Orthorhombic 

Space group Cmca Cmca 

a / Å 26.868(11) 26.775(4) 

b / Å 7.165(4) 7.1680(10) 

c / Å 14.264(6) 14.258(2) 

Volume / Å3 2746(2) 2736.4(7) 

 

The difference between the Acam setting and Cmca is an exchange of the a and c 

crystallographic axes. Note that the unit cell dimensions are slightly larger at room 

temperature, quoted (in the Acam setting) as a = 14.433 Å, b = 7.193 Å, and 

c = 26.86 Å [28]. 

4.5.2 AFM topography of the ab-surface 

 

It is widely observed in the literature [19,27,98] that the most developed crystal face in 

single crystal growth is indeed the ab-surface, being the largest surface in which the high 
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charge carrier mobility is observed. A common check for this is to measure the step height 

and confirm that it corresponds to one molecular layer (~1.3 nm). Figure 4.9 shows an 

AFM topography image of an ab-surface that we have obtained, with clear terraces and 

step edges. A line profile taken across the middle of the topography image showing step 

heights of 1.3-1.4 nm, consistent with the rubrene molecular height which is half of the 

unit cell dimension in c. 

 

Figure 4.9 Top: AFM topography of the ab-surface of a rubrene single crystal. The line 
profile below was taken across the black line. Imaging mode: tapping mode in air, scan 
size: 5 μm by 5 μm, scan speed: 2.50 μm/s, setpoint amplitude: 450 mV which is 75% of 
a free amplitude of 600 mV. Bottom: A line profile taken across the middle of the above 
image. Step heights are 1.3-1.4 nm. 
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4.5.3 Photoluminescence spectroscopy on the ab-surface 

 

Photoluminescence spectroscopy is performed on the ab-surface of the crystals. This 

technique proved to be ideal for qualitatively comparing the oxygen content of crystals 

grown with different purities, as described below. As explained in Chapter 3, the setup 

for photoluminescence spectroscopy is such that the scattering or photoluminescent 

emission is collected through the same objective as the incident excitation laser (which is 

aimed perpendicular to the sample surface), and therefore only emissions within a limited 

solid angle in this direction are collected. 

 

As stated in Chapter 2 and seen in the data in Figure 4.10 and Figure 4.11 below, the data 

obtained in the photoluminescence acquisition setup should reveal the peaks at ~570 nm, 

~610 nm, ~650 nm and ~700 nm. The absorption length of the 532 nm laser excitation 

for b-polarised light (used in this experiment) is 6 µm [57] so the sample bulk is also 

probed. 

 

Figure 4.10 Photoluminescence from a 1x purity crystal, which is grown from as-
received rubrene powder that did not undergo any purification. The position of the main 
rubrene peaks are labelled, in units of nm. 
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The ~570 nm peak is attributed to a strong zero-phonon transition from the first singlet 

level corresponding to the HOMO-LUMO transition which is c-polarized (polarised 

parallel to the direction of excitation laser and collection of emission, and therefore 

propagates perpendicular to it), hence by right should not be detected. However, it is 

usually observed due to some ‘leakage’ occurring when the incidence angle is not 

perfectly perpendicular to the ab-surface of the crystal [57]. 

 

The ~610 nm peak is attributed to either ab-polarised excitonic transitions [56] or a 

depolarization induced by molecular vibrations of the excitation related to the ~570 nm 

peak [57]. 

 

Though the ~650 nm and ~700 nm peaks are said to coincide with energies of weak 

vibronic replicas of the ~610 nm peak [57], it has been argued that a strong emission of 

~650 nm cannot merely be a vibronic replica. It has been attributed to a strong oxygen 

Figure 4.11 Photoluminescence from a 2x purity crystal, where the source material for 
the growth is a 1x purity crystal. This spectrum was acquired immediately after the 
spectrum in Figure 4.10. Photoluminescence acquisition settings are the same in both 
cases. 
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impurity-related transition based on studies on oxidised rubrene [19], and the ~700 nm 

peak coincides as its vibronic replica. Based on this, a simplified method to discern 

between pristine samples and those containing more oxygen-related impurities or defects 

is to compare the relative intensities of the ~650 nm and ~700 nm peaks with those of 

~570 nm and ~610 nm [52]. This method is also used in this study. Note that extensive 

analysis of the photoluminescence spectra is not performed, which requires 

deconvolution of emissions of different polarisations (the equipment was not fitted with 

polarisers for emitted light). Multiple Gaussian peak fitting was performed for 

deconvolution of the photoluminescence spectra into four individual peaks: 568 ± 1 nm 

(~2.18 eV), 609 ± 1 nm (~2.03 eV), 649 ± 1 nm (~1.91 eV) and 700 ± 1 nm (~1.77 eV), 

each with a FWHM of 0.11 ± 0.05 eV. The main purpose of peak fitting is to qualitatively 

visualise individual peak height estimates.  

 

Crystals grown using as-received rubrene powder as source material without further 

purification are referred to as 1x purity crystals. Figure 4.10 shows a photoluminescence 

spectrum from such a crystal. It was found that all the inspected 1x purity crystals 

possessed high intensities of ~650 and ~700 nm peaks, interpreted as high oxygen-related 

contamination, despite the measures taken to minimise oxygen presence such as using 

high purity argon, growth tube evacuation and overnight purge. This indicates significant 

presence of impurities including oxygen-related contamination in the source material, 

sufficient to produce crystals of less purity. 

 

To further reduce the contamination, these 1x purity crystals were used as source material 

to run a 2x purity growth, and a representative photoluminescence spectrum of these 

crystals is shown in Figure 4.11. Both 1x purity and 2x purity spectra were taken in the 

same session using the same acquisition settings, including optical setup and laser 

excitation intensity. For the 2x purity sample, the intensities of the ~650 nm and ~700 nm 

peaks have greatly reduced (by more than half), indicating the presence of much less 

contamination, due to a purer source material. Since chemical composition studies are not 

made on the bulk of these crystals the contamination reduction amount in the bulk cannot 

be quantified, however XPS studies are presented in section 4.5.4.1. 

 

The photoluminescence spectrum of a 2x purity crystal grown by Christian Kloc, a 

collaborator in Singapore and experienced crystal grower, also taken in the same session, 



Growth, modification and characterisation of organic semiconductor crystals 

 Muhammad S. Kamaludin - March 2019 78 

is plotted on the same graph. An overlap of the two spectra is observed in the range of the 

intrinsic rubrene crystal peaks, indicating excellent quality of our crystals. A noteworthy 

observation is that the ~570 nm and ~610 nm photoluminescence peaks of the 1x purity 

crystals (Figure 4.10) are less in intensity (about 40 % reduction, if we compare the 

heights of the fitted peaks) than those in the 2x purity crystals (Figure 4.11). This points 

in agreement with the study on energy transfer/trapping process [55] concluding that 

instead of all electrons deexciting only into the HOMO to produce the shorter wavelength 

emissions, some deexcitation is directed into the oxygen-induced trap state and produce 

the 650 and 700 nm emissions; because of this the intensities of the shorter wavelength 

emissions (570 and 610 nm) are reduced. In the same study, it was highlighted that 

majority (99.9%) of the ‘intrinsic fluorescence’ is quenched by singlet fission, therefore 

the steady-state fluorescence spectrum reflects only 0.1 % of the intrinsic fluorescence. 

This means that the presence of even a low concentration (~0.1 %) of impurities can 

drastically distort the spectrum. 

 

4.5.4 XPS 

4.5.4.1 Pristine / ‘as-grown’ surfaces 

 

XPS is performed on the ab-surfaces of 1x purity and 2x purity crystals. With XPS, only 

the surface region of the sample is probed (several nanometres), therefore unlike 

photoluminescence it may not necessarily represent characteristics of the bulk. First, 

survey scans are taken of the 1x purity and 2x purity crystals stored in ambient atmosphere 

(in darkness) for a week (all storage is in darkness unless otherwise specified), shown in 

Figure 4.12. In both cases only a C1s peak and very small and nearly unobservable O1s 

peak (corresponding to a trace amount of oxygen) are seen. The XPS spectra of such 

crystals are more representative of the typical storage conditions of crystals used in our 

experiments.  Samples which have been stored in darkness in ambient atmosphere for 

more than a year have been reported to show the same XPS spectra as freshly grown ones 

(supplementary information of Ref. [50]).  
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C1s and O1s scans are then performed on these crystals stored in ambient air. These scans 

are obtained over a narrower energy range and with higher energy resolution. By 

comparing peak intensities after background removal, percentage atomic concentrations 

are obtained. Since rubrene is a hydrocarbon and the survey scan only showed peaks of 

C1s and (a very weak) O1s, only C and O are included in the atomic percentage 

calculations. Figure 4.13 shows the data obtained. For 2x purity the C content is 

(99.53 ± 0.10) % and O content is (0.47 ± 0.10) % while in 1x purity the C content is 

(99.26 ± 0.10) % and the O content is still small at (0.74 ± 0.10) %, however is about 1.5 

times more than in the 2x purity crystal. These results are tabulated in Table 4.2. 

Figure 4.12 XPS survey scans of (a) 1x purity and (b) 2x purity crystals. Precise O 
content can be obtained with higher resolution scans (Figure 4.13). 

Binding Energy (eV) 

Binding Energy (eV) 
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Table 4.2 Percentage compositions of as-grown rubrene crystals obtained from XPS 
measurements. 

Storage (1 week in dark) Purity C (%) O (%) 

Ambient 1x 99.26 ± 0.10 0.74 ± 0.10 

Ambient 2x 99.53 ± 0.10 0.47 ± 0.10 

~10-2 mbar 1x 99.63 ± 0.10 0.37 ± 0.10 

~10-2 mbar 2x 99.78 ± 0.10 0.22 ± 0.10 

 

 The above experiment was repeated on 1x purity and 2x purity crystals stored 

immediately after growth in an evacuated desiccator of pressure ~10-2 mbar for a week, 

and the only other exposure to ambient atmosphere was for the transfer to the XPS 

machine. The 1x purity crystal has a C content of (99.63 ± 0.10) % and O content of 

Figure 4.13 C1s and O1s scans of the 1x purity crystal whose survey scan is showed in 
Figure 4.12(a). (a) C1s peak, (b) O1s peak. The grey line is selected as the background. 
The result was a composition of (99.26 ± 0.10) % C and (0.74 ± 0.10) % C. 

Binding Energy (eV) 

Binding Energy (eV) 
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(0.37 ± 0.10) %, while the 2x purity crystal has a C content of (99.78 ± 0.10) % and O 

content of (0.22 ± 0.10) %. These results are also tabulated in Table 4.2. These crystals 

have a reduced oxygen content than their respective counterparts kept in ambient 

atmosphere, showing that prolonged exposure to ambient atmosphere contributes to 

higher O content at the surface. 

 

At this point we analyse further the low intensity features at binding energies higher than 

the C1s peak. This is shown in Figure 4.14. The peak at about 292 eV indicated by the 

orange arrow corresponds to a shake-up peak due to the π to π* transition (bonding to 

antibonding transition). This occurs when an electron within the emitting atom is 

promoted to a higher level during photoionisation; the kinetic energy of the ejected 

electron is reduced by the amount of energy needed for this transition, causing this 

satellite peak to exist an apparently higher binding energy. The blue arrow denotes a 

possible peak at about 288 eV, which is close to binding energies of ~287.5 eV  and ~289 

eV corresponding to >C═O (carbonyl) and COOH (carboxyl) (~289 eV) groups, 

respectively [43,99,100]. Meanwhile, the green arrow points to a possible shoulder at 

Figure 4.14 C1s narrow scan of the same data seen in Figure 4.13(a); focus is placed on  
the low intensity features by selecting a narrower portion of the y-axis. The regions 
indicated by the orange, blue and green arrows are discussed in the main text. 
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about 286 eV, which is close to binding energies of ~286.5 eV corresponding to C–O–C 

(epoxide) and/or C–O–O–C (endoperoxide) [43,99,100]. The spectrum shown in Figure 

4.14, specifically the relative intensities of the highlighted features, are representative of 

all C1s spectra of 1x and 2x purity rubrene crystals, whether intentionally oxidised or 

stored in ambient conditions. This suggests that the oxygen-related XPS features at ~288 

and ~286 eV may arise from minute surface contamination that is likely to take place 

during the inevitable handling in ambient air. 

 

We now return to the discussion regarding the chemical composition of the rubrene 

crystals under study. The chemical composition of the surfaces of pristine crystals stored 

in the evacuated desiccator can be considered to be close representations of the bulk, as 

these surfaces have been least exposed to oxygen post-growth compared with other 

storage methods. Assuming 20% of ‘air’ is oxygen, and impurity of zero grade argon to 

also be ‘air’, the concentrations of oxygen would be 2.23´10-6 mol/dm3 in zero grade 

argon (in the form of impurity), 1.40´10-7 mol/dm3 in air at ~10-2 mbar and 1.59´10-2 

mol/dm3 in dry air at room pressure, therefore the storage in ~10-2 mbar exposes the 

crystals to the least oxygen. At this point, the inevitable possibility of exposure to oxygen 

in the argon gas flow during growth is acknowledged (where the oxygen concentration is 

larger than when kept the evacuated desiccator). The residual oxygen presence in PVT-

grown rubrene crystals may be attributed to a combination of (a) impurities in the source 

material (be it rubrene powder as-received from manufacturer or 1x purity crystals) and 

(b) possible oxygen impurities in the argon carrier gas, with the former i.e. (a) expected 

to be dominant. 

 

For the batch of crystals stored in a desiccator of pressure ~10-2 mbar for a week, the XPS 

data shows the 1x purity crystal surface has 1.7 times more oxygen than the surface of 

the 2x purity crystal, roughly in line with data of XPS of crystals stored in ambient 

atmosphere, though it cannot be deduced whether this relation also applies to oxygen 

content of the bulk. The overall amounts of oxygen detected on the surface of both 1x 

purity and 2x purity crystals stored in ~10-2 mbar (i.e. as much as possible removed from 

ambient air and zero grade argon) are already low; the absolute oxygen content in the 

bulk could be even lower. 
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Thus, the obvious differences in photoluminescence spectra seen in Figure 4.10 and 

Figure 4.11, specifically the 650 nm emission, show that steady-state photoluminescence 

is indeed sensitive to minute changes in absolute oxygen content (i.e. between 1x and 2x 

purity crystals). This is in agreement with the study by Ma et al. pointing to drastic 

distortions in steady-state photoluminescence when minute amounts of impurities are 

present [55]. This result also agrees with Ref. [52] that rubrene crystals of higher purity 

(i.e. with less oxygen content) can be distinguished by photoluminescence spectroscopy 

as a quick but adequate method. This is noted to be not as rigorous as industry standards 

applied on materials such as silicon wafers where 99.9999999% purity is not uncommon. 

4.5.4.2 Oxidised surfaces 

 

The next XPS acquisition was from 1x purity and 2x purity crystals ‘oxidised’ in two 

ways, namely (1) photooxidation under ambient laboratory air and light conditions, i.e. 

relative humidity (RH) of 30-40% and fluorescent light always on, and (2) heating at 100 

°C for 24 h in the dark under ambient laboratory air conditions. In both cases, the crystals 

are placed in closed containers (with ventilation) so as to not be directly exposed to open 

air and dust contaminants: for photooxidation a transparent sample container was used, 

and for heating in the dark an aluminium foil container was used, its bottom lined with a 

clean glass slide. In the photooxidation experiment, the 1x purity crystal showed a clear 

increase in the O content [C: (97.61 ± 0.24) %, O: (2.39 ± 0.24) %] but the 2x purity 

crystal did not [C: (99.51 ± 0.10) %, O: (0.49 ± 0.10) %]; in fact, its O content is similar 

to being kept in ambient humidity. Meanwhile, in the oxidation by heating experiment, 

the crystals showed a further increase in O in both 1x purity [C: (93.80 ± 0.60) %, 

O: (6.20 ± 0.60) %] and 2x purity [C: (99.10 ± 0.10) %, O: (0.90 ± 0.10) %], but the 2x 

crystal had not exceeded even 1% O content. These results are tabulated in Table 4.3. 

 

Table 4.3 Percentage compositions of oxidised rubrene crystals obtained from XPS 
measurements. 

Oxidation Purity C (%) O (%) 

Photooxidation 1x 97.61 ± 0.24 2.39 ± 0.24 

Photooxidation 2x 99.51 ± 0.10 0.49 ± 0.10 

Heating in air 1x 93.80 ± 0.60 6.20 ± 0.60 

Heating in air 2x 99.10 ± 0.10 0.90 ± 0.10 
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The XPS results indicate that not only do the 1x purity crystals inherently possess more 

oxygen, they are more susceptible to further oxidation, while the 2x purity crystals are 

less oxidised and somewhat resistant to oxidation (at least in the case of photooxidation). 

However these types of externally induced oxidation should be concentrated only at the 

surface (especially at crystallographic defects such as vacancies and dislocations, and not 

into the bulk due to the crystalline network of molecules) except at certain few places 

thought to be screw dislocations extending into the crystal as shown by our previous ToF-

SIMS studies [46]. This implies that the 1x purity crystals in general possess more 

crystallographic defects and especially so on the crystal surface. Finally, it is also unclear 

whether these oxidation processes yield the same oxygen-related defects incorporated 

during growth to which photoluminescence is sensitive.  

 

XPS depth profiling would be most suitable for confirming the vertical distribution of O 

upon oxidation, however the available etching beam (monatomic argon ion beam of 

minimum energy 500 eV) is not suitable to use since it is widely accepted that it destroys 

the investigated organic material. This has previously been confirmed by comparisons of 

depth profiles of an organic material of known thickness using argon ion beams (Ar+) and 

argon cluster ion beams (Ar+
n, where n can be up to ~2000) [101]. It is observed that the 

O1s levels drastically reduce upon bombardment of 300 eV Ar+ and then remain constant 

as the depth is probed; this was also observed by us on a trial run of depth profiling on an 

as-grown rubrene crystal (Figure 4.15). This indicates a preferential removal of O while 

etching, creating a sufficiently thick ‘damage layer’ at the crater bottom which is 

propagated as etching progresses and the XPS spectra of this is always measured instead 

of the sample. Such observations were not made in the case of Ar+
n sputtering and the 

expected depth profile was extracted. 
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Since the picture built from previous studies [19] and comparisons between 1x purity and 

2x purity crystals point to the assumption that crystallographic defects are the main source 

of enabling incorporation of oxygen-related defects, this leads to the speculation that 

some processes taking place in 1x purity crystal growth can be considered to facilitate 

such incorporation. 

 

This discussion starts with the purity level of the source material. Since it is 98.5-99% 

pure as stated by the manufacturer and used ‘as is’, it is likely to contain impurities such 

as rubrene endoperoxide (a likely rubrene oxide impurity) [42] and possibly others, that 

have significantly different configurations compared to the rubrene molecule (for 

example, in rubrene endoperoxide the backbone is bent by 49.4°)[42]. Despite the 

temperature gradient along the growth tube being known to guide the separate deposition 

of sublimated rubrene and impurities, it is apparent that the due to the larger concentration 

of impurities in the less pure source, there is accordingly a larger tendency of impurities 

to also deposit in the rubrene crystal growth zone and involve in the crystallisation. As 

such, the formation of dislocations and vacancies are encouraged due to the significantly 

different configurations of these impurities. 

 

Figure 4.15 Percentage O content as a function of sputter time of 500 eV Ar+ on an as-
grown rubrene crystal. The drastic drop of O levels is explained in Ref. [101] as 
preferential removal of O while etching, creating a sufficiently thick ‘damage layer’ at 
the crater bottom which is propagated as etching progresses, and XPS of this layer is 
measured instead of the sample. 
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The end result is believed to be an incorporation of impurities (including oxygen-related 

rubrene impurities) during initial growth, which can facilitate more locations for 

incorporation as growth proceeds further, and even post growth. 

4.5.5 Raman spectroscopy 

 

Raman spectroscopy (excitation wavelength 785 nm which is beyond the range of rubrene 

photoluminescence) was performed on a pristine rubrene crystal and is shown in Figure 

4.16. This was performed with the aim of obtaining a rubrene crystal ‘chemical 

fingerprint’ and match it with the reported values. Peaks at 1003, 1044, 1166, 1268, 1301, 

1312, 1433, 1520, 1540, 1598 and 1616 cm-1 were obtained, consistent with other Raman 

characterisations [102,103]. Some unidentified peaks present in other reported spectra 

[104] also appear on ours (e.g. 1214, 1485, 1556 cm-1). However, like photoluminescence 

spectroscopy, it was observed that Raman spectroscopy does not distinguish between 

pristine and oxidised crystals (where as discussed above the oxidation is likely to take 

place at the surface); the same spectra are acquired irrespective of sample, as has been 

observed before [12]. No comparison between 1x purity and 2x purity crystals were 

performed. 

Figure 4.16 Raman spectra of rubrene crystal within the Raman shift range 1000 to 1650 
cm-1. The spectrum is consistent with other Raman studies quoted in the main text. 
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4.5.6 Summary of rubrene crystal characterisation 

 

Rubrene crystals grown in-house were categorised according to source material. The 1x 

purity crystals showed strong photoluminescence peaks attributed to oxygen-related 

defects, while the 2x purity crystals showed much weaker intensities of the same peaks. 

According to XPS data, the 1x purity crystal surfaces possess more oxygen, and are more 

susceptible to oxidation than the 2x purity crystals. XPS depth profiling with the available 

ion beam source damages the surface to be studied and the data obtained is likely to not 

represent the chemical composition of the sample as a function of depth. Raman 

spectroscopy was used to identify the chemical fingerprint of rubrene crystals. 

4.6 Tyrian purple single crystal growth and characterisation 
 

Compared to thin films, single crystals of TP are of higher purity and possess a larger 

long-range ordering with less defects, from which fundamental properties, not masked by 

extrinsic effects, can be studied. There have been no reports of TP single crystal growth 

via ‘open’ PVT which can produce purer samples due to impurity separation during 

growth. Previously characterised single crystals were grown by vapour deposition with 

the following details: pressure of 2.67 mbar at 290 °C [105] and 1.333´10-4 mbar at 300 

°C [106]. Since no further information was provided, these growths are assumed to be 

sublimation by heating the material in reduced pressures until vaporisation and 

subsequent deposition in a cooler area of the vessel/jar. Such growth systems are referred 

to as closed tube growth, and bears similarity with ‘closed’ PVT system.  

 

Intermolecular hydrogen bonding is present in the crystalline structure of TP. Each 

molecule possesses two oxygen atoms from two carbonyl groups (C=O) and two 

hydrogens from two amine groups (H-N). Each of these atoms forms hydrogen bonds 

with different molecules, meaning in total one molecule hydrogen bonds to four different 

molecules: each oxygen forms a hydrogen bond with an amine group hydrogen of a 

neighbouring molecule, while each amine group hydrogen forms a hydrogen bond with 

an oxygen of a neighbouring molecule (see Figure 4.17). Therefore, it is interesting to 

observe the properties of PVT-grown crystals which contain intermolecular hydrogen 
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bonds, in contrast with PVT-grown crystalline rubrene which possesses intermolecular 

van der Waals bonding. 

 

A suitable sublimation temperature for PVT growth of TP was sought. In the previous 

growths mentioned above, there was no explanation provided behind the utilisation of 

290 – 300 °C, and the melting point of TP was also unknown (though calculations suggest 

a boiling point of 486.0 ± 45.0 °C)[107]. However, the higher the operation temperature 

(but before melting), the better chance of achieving a higher sublimation rate and 

subsequently a faster growth with larger crystal sizes. Therefore, a small amount (~10 

mg) of TP as-received powder from Endotherm was placed in the furnace, an Ar gas flow 

applied (30 ml/min) and the temperature explored from 250 °C upwards, being left to 

stabilise for ~5 min every 10 °C. Some minute deposition just outside the furnace was 

observed at around 300 °C and this deposition was unlike rubrene in that a much less 

intense colouration was observed, possibly indicating a lower sublimation rate that results 

in a lower deposition in the crystal growth zone. Moreover, with the naked eye no crystal 

nucleation was observed. The temperature was ramped up further beyond this. However, 

despite reaching 550 °C no melting was observed; the TP source material visibly retains 

the same powder form as at room temperature, though it had started to permanently 

Figure 4.17 Hydrogen bonding in Tyrian purple crystals. Each molecule is hydrogen-
bonded to four others. Dark grey: carbon, light grey: hydrogen, dark red: bromine, blue: 
nitrogen, bright red: oxygen. 
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darken in colour at about 330 °C. Therefore, trial growths were carried out starting with 

a temperature range similar to the previously reported values.  

 

With a base temperature set to 240 °C, growths using ~10 mg of starting material at 

sublimation temperatures of 270 °C up to 330 °C were performed for 18 hours. Again, as 

with the case of rubrene crystal growth, the aim was to grow the largest crystals. A 

schematic of the growth setup with approximate locations of crystal growth are shown in 

Figure 4.18. At 270 °C, in total very few (about 20) small crystals barely visible by eye 

were obtained. 

 

At 280 °C many crystals of larger size were grown. These crystals started to be visible by 

eye after ~2 hours of growth and grew larger as the growth progressed. After growth was 

complete, an estimate of 100 sand grain-like crystals were able to be taken out (a 

representative image of yielded crystals is shown in Figure 4.19 (Left)), of which 10-20 

are well-shaped as single blocks, with flat surfaces and sharp edges like the one displayed 

in Figure 4.19 (Right). The crystals are usually more elongated in one dimension, with 

Figure 4.18 Top: A schematic of the Tyrian purple single crystal growth setup, with 
approximate location of crystal growth indicated. Bottom: A photograph of the growth 
zone. This is an extended duration growth (~72 hours) carried out after knowing that 
crystal could be grown to limited sizes only, and a smaller diameter glass tube was placed 
in the growth zone to provide a larger surface area for more crystals to grow; most 
crystals grow on the outer and inner walls of the glass tube. 
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the length of the larger crystals around 0.15-0.20 mm. Using a slower gas flow speed of 

20 ml/min still shows the same results.  

 

For 280 °C and above, the observations of TP crystals nucleation were similar – many 

crystals very close to each other growing independently to sand grain sizes only. Fusion 

of several crystals or growing into other crystals is uncommon. Using sublimation 

temperatures of 300 °C and above, the time to start seeing the crystals is slightly 

accelerated (~1 hour) but the end result is apparently unchanged with respect to number 

of crystals (as well as number of ‘well-shaped’ crystals) and their sizes. At each 

temperature (i.e. up to 330 °C) the source material did not exhaust, though a permanent 

darkening of the source material was observed at 320 °C. No noticeable difference was 

observed when the amount of starting material is increased, as far as obtaining more 

crystals and significantly larger crystal sizes is concerned. 

4.6.1 X-ray diffraction 

 

To confirm the crystals obtained are of TP, single-crystal XRD (unit cell matching) was 

performed by Dr Caroline Knapp of the Department of Chemistry, UCL. The single 

crystals were described as showing a blue-green/purple-red pleochroism. The XRD data 

shows a 99.9% crystallographic match to the previously characterised TP single crystals 

which crystallised in the monoclinic space group P21/a. Unit cell data obtained (Table 

4.4) is a good fit to the literature values. 

 

Figure 4.19 Left: Optical microscope images of Tyrian purple crystals at 7x 
magnification. Right: a single crystal of length ~100 µm by ~50 µm. 
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Table 4.4 Crystallographic data for the grown Tyrian purple crystal compared to 
previously reported data [105]. 

Unit cell 
 

Data collected 
from Tyrian 
purple crystal 

Previously 
reported 
structure [105] 

Compound C16H8N2O2Br2 C16H8N2O2Br2 

Crystal 

system 
Monoclinic Monoclinic 

Space group P21/a P21/a 

a / Å 11.504(9) 11.50 

b / Å 4.849(4) 4.85 

c / Å 12.643(12) 12.60 

a / ° 90.01(7) 90 

b / ° 104.72(7) 104 

g / °  90.09(7) 90 

Volume / Å3 682(1) - 

 

4.6.2 AFM topography 
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Figure 4.20 Left: AFM topography of the most developed face of Tyrian purple single 
crystals. Right: Line profile along the black line across the AFM topography image on 
the left. Step heights are ~1.1 nm. Imaging mode: tapping mode in air, scan size: 4 μm by 
4 μm, scan speed: 4 μm/s, setpoint amplitude: 275 mV which is 75% of a free amplitude 
of 360 mV. 
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Next, AFM topography of the most developed crystal face i.e. on a surface similar to the 

one shown in Figure 4.19 (Right) is performed for the first time and is shown in Figure 

4.20. A line profile is taken along the black line across the AFM topography image. The 

step heights are ~1.1 nm. Assuming the most developed face (whose AFM topography is 

taken) is the bc-surface, the step height should correspond to the vertical component of 

the a-axis (which is 14.72 ° to the vertical) at 11.14 Å. For visualisation purposes, Figure 

4.21 shows the unit cell (with complete TP molecule) viewed in the ac-plane and the ac-

surface showing the 11.14 Å height between layers of TP molecules corresponding to the 

~1.1 nm step height observed in AFM topography. It should be this bc surface that 

contains certain directions in which intermolecular p-p stacking favours charge transport, 

likely in the b-direction in which molecule planes line up. 

4.6.3 Raman spectroscopy 

 

Having confirmed the crystal structure of TP by single-crystal XRD and observed the bc-

surface via AFM topography, the next characterisation was by Raman spectroscopy. 

Raman spectra were taken of the crystals (as well as new and used source material) to 

Figure 4.21 Left: Unit cell of Tyrian purple crystals with a complete molecule. Right: 
arrangement of molecules in the ac-plane and the vertical component of the a-axis 
(corresponding to heights of molecular layers). 
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identify the chemical fingerprint of TP. The sample preparation was as follows: as-

received TP powder and used TP powder (i.e. was used in growth but did not sublimate) 

were pressed flat onto separate glass slides respectively, while crystals were laid flat on 

a glass slide (i.e. Raman spectra were taken on the bc-surface). The results are shown in 

Figure 4.22. 

 

The spectra of as-received TP and TP crystals match spectra characterising TP dye 

[108,109], where the spectral region between 1580 and 1700 cm-1 is characteristic of C=C 

and C=O stretching motions and is typical of indigo molecules and their derivatives. The 

C–C stretching vibrations of the benzene rings give rise to the bands in the spectra at 
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Figure 4.22 Raman spectroscopy of as-received Tyrian purple powder (used as source 
material in PVT growth) (top), crystals (middle two) and ‘overheated’ source (bottom). 
The crystal on which Raman is performed is shown in Figure 4.19. 
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1625, 1582 and 1303 cm-1. The 307 cm-1 band is attributed to the C–Br stretching 

vibration, the signature of a compound with bromine atoms [109]. Several relatively 

broad peaks in the as-received TP are split into two peaks (or at least seem to be resolvable 

into a peak and a shoulder) in the single crystal, such as the 1700, 1625, 1580 and 307 

cm-1 bands. The differences in relative intensities among the spectra of different incident 

laser polarisations on TP single crystals (e.g. 1446 cm-1 assigned to N-H and C-H 

bonds)[108] could be due to the orientations of the bonds with respect to the incident laser 

polarisation. To our knowledge there has been no studies published on polarised Raman 

spectra of TP. 

 

The used (but not sublimated) source material shows the same spectrum as the as-received 

TP up to 280 °C. From 290 °C onwards, at some locations spectra like the ‘overheated’ 

TP shown in Figure 4.22 are observed, though at other locations the typical TP spectrum 

can still be observed. Overheated TP spectra is no longer considered to be pristine TP that 

will sublimate and contribute to crystal growth, as only chemical changes due to heating 

would have caused a change in its spectra. The presence of both TP and ‘overheated’ TP 

spectra in a single sample can be explained by the sample preparation for Raman where 

the used TP source material is pressed, therefore together with the outer layers the inner 

parts (previously unexposed in the insides or ‘bulk’ of a powder grain) are also present 

and spectra can be taken on any of these (there is no difference in physical appearance). 

There is a possibility that the outer layers react differently to the inner parts upon heating, 

with several reasons speculated: (1) some parts of the outer layers, due to prior exposure 

to ambient conditions may have been contaminated and upon heating chemically change 

at different rates to the inner parts, (2) upon heating (but before the whole sample 

chemically changes) some impurities preferentially migrate to certain areas e.g. the 

surface of the powder grains. At 330 °C, Raman spectra of TP are no longer seen; only 

the ‘overheated’ TP spectrum is observed, indicating that the whole sample has 

chemically changed. From the above discussion it is evident that (at least) partial chemical 

changes in the TP source material start to be observed at sublimation temperatures of 

290 °C. 

 

An extended duration growth with a sublimation temperature of 280 °C was performed; 

the result of the growth (with the growth tube still inside the furnace) is seen in Figure 

4.18. The extended growth does not seem to yield larger surfaces, though the thickness 
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(i.e. the dimension perpendicular to the most developed surface) may have increased, but 

this was not measured and would need many measurements of individual crystals from 

this growth and those growths that lasted significantly shorter durations. 

 

There may be physical limits to the TP growth using the PVT method, for example the 

large amount of nucleation sites that develop into many (smaller) crystals and a lower 

chance of molecular-level reorganisation between multiple adjacent crystals to grow into 

a single larger crystal or even fuse, probably due to the strongly binding hydrogen bonds 

that hinder reorganisation of molecules. 

4.7 Summary 
 

An ‘open’ PVT crystal growth setup was prepared in-house. Rubrene and TP crystals 

were grown using this setup, the latter reported for the first time to be prepared using such 

a growth setup. With a 30 ml/min argon gas flow, rubrene crystal growth was performed 

at base and sublimation temperatures of 260 °C and 310 °C respectively, while TP crystal 

growth at 240 °C and 280 °C respectively. For rubrene, centimetre-sized crystals were 

reproducibly obtained, while the size of TP crystals are only about 0.2 mm along the 

largest dimension. The crystals were characterised by single-crystal XRD and Raman 

spectroscopy, and matched previous characterisations performed with the same 

techniques. Rubrene crystals were further studied by photoluminescence spectroscopy 

and XPS. 1x purity crystals displayed strong photoluminescence peaks ascribed to 

oxygen-related defects, while 2x purity crystals displayed much weaker intensities of 

these peaks. XPS data reveals that the 1x purity crystal surfaces contain more oxygen and 

are more susceptible to oxidation than the 2x purity crystals. XPS depth profiling with 

the available ion beam source causes damage to the surface and the obtained data obtained 

is expected to not represent the chemical composition of the sample as a function of depth. 

The surface of the largest face of TP crystals was characterised using AFM topography 

for the first time, showing step-terrace structure with clean surfaces and the expected step 

height of ~1.1 nm. These crystals should be sufficiently large for short-channel devices 

on the scale of ~10 μm to be fabricated on this surface; this is envisaged as the next study 

to reveal the intrinsic charge carrier mobility [66]. 
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5 LOCAL ANODIC OXIDATION 
LITHOGRAPHY ON SINGLE 
CRYSTAL RUBRENE 

The work described in this chapter has also been published in the research article: “Local 
anodic oxidation lithography on organic semiconductor crystals: Oxide depth revealed 
by conductance tomography” in Organic Electronics (Volume 63, December 2018, Pages 

231-236), DOI: 10.1016/j.orgel.2018.09.041 

5.1 Introduction 
 

The nanoscale patterning of electrically insulating oxide lines is a possible route for the 

fabrication of future nanoscale organic devices. This work is the first demonstration of 

and a proof of concept for local anodic oxidation nanolithography (LAO) on surfaces of 

organic single crystals and was performed with organic electronic device applications in 

mind, where the drawn oxide lines can potentially be utilised to define electrically 

conducting and insulating regions of custom shapes and dimensions. This technique can 

be upscaled for large-area or mass printing by stamp patterning, and potential applications 

include increasing organic electronic device density on a shared active material by 

preventing cross-talk between adjacent devices. A single AFM setup is used to fabricate 

oxide lines of various heights by variation of AFM tip-sample parameters, and thereafter 

immediately characterising their dimensions in situ. Observing that LAO can produce 

oxide lines on rubrene single crystal surfaces, the question of how far they extend below 

the surface is a naturally interesting and essential one: a criterion for the successful 

utilisation of this technique for electronic device fabrication is that the oxide feature depth 

exceeds the device active layer thickness. Notably, the conductance tomography 

technique used to characterise oxide depths circumvents the requirement for solvent 

etchants that may destroy the rubrene crystal substrate, and is a transferable technique 

that can also be applied to other materials (organic and even inorganic). 
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5.2 Identifying areas for LAO on rubrene crystals  

Rubrene crystals are first inspected using an optical microscope (Figure 5.1) to select the 

ones with larger visibly flat surfaces having more probability of possessing large terraces, 

and mounted on a conductive sample holder using silver epoxy. Subsequently, refined 

inspection by AFM topography is also required to ensure there are sufficiently large areas 

of about 10 µm by 10 µm without a single step edge, as experiments are to be performed 

on completely flat surfaces. By restricting to flat surfaces, the dimensional analysis of the 

lines, especially of the heights and depths is simplified. Moreover, there are no 

experimental limitations or hindrances in crystal growth to obtain crystals possessing an 

abundance of flat surfaces (by ‘abundant’, it is meant that within only one or two quick 

AFM topography ‘survey’ scans of about 20 µm by 20 µm a suitable flat area can be 

identified for performing LAO). Aside from that, it is ensured that there are minimal or 

no signs of contamination, as contaminants within proximity of the LAO area (arbitrarily 

set as the scanned area) may affect the LAO process. For example, if the contaminants 

happen to be electrically charged they may be attracted to the AFM tip and affect the 

electric field intensity. 

 

After a suitable area is identified, the tip is withdrawn and the humidity levels are then 

increased by introducing water vapour into the volume under the AFM hood, where it 

usually takes about 30 min to confirm a stable RH with no fluctuations. The AFM 

Figure 5.1 Identifying areas of the rubrene crystal that are potentially free of step edges 
by optical inspection using the built-in camera of the AFM. Left: using a ‘0x 
magnification setting’. Right: the same area using a ‘3x magnification setting’. 
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cantilever is then tuned again, since a change in humidity is observed to shift the 

cantilever resonance frequency. The previously ‘surveyed’ area is then revisited at a 

smaller scan size of typically 4 µm by 4 µm up to 10 µm by 10 µm for drawing oxide 

lines. 

5.3 Command input for the LAO procedure 
 

After a single scan is made of the pristine surface on which LAO is to be performed, the 

NanoMan feature of the AFM software is accessed to issue commands for the LAO 

process (write mode), such as AFM tip lateral movement and speed, and LAO parameters 

(voltage bias and its ramp settings, and amplitude setpoint and gains during lithography 

that will dictate tip-sample proximity). The oxide features to be drawn can be defined by 

manually drawing paths using a graphical user interface (Figure 5.2), or by importing an 

image, the simplest of which is a black and white image where the tip will trace dots and 

paths corresponding to black pixels on a white background. Despite the convenience of 

the latter method, it is more suited for drawing complicated oxide patterns with non-

varying lithography parameters. For the purposes of characterising straight-lined LAO 

features as a function of lithography parameters, manual drawing is more appropriate. 

 

Figure 5.2 A screenshot of the graphical user interface for performing LAO. Paths can 
be input and visualised on the topographical image of the ‘underlying substrate’ taken 
earlier (left), while the panel on the right shows parameters that can be input and 
changed. 
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For manual drawing, the sequence adopted is to define the path (draw one single line), 

move tip to the starting point, adjust voltage and tip writing speed for that path and 

execute the LAO command. In experiments where multiple lines are to be drawn, an AFM 

topography image to inspect the result of the LAO is taken only once, after all the lines 

are drawn. This is to avoid repeated scanning which may cause changes in both the 

rubrene substrate and oxide lines. 

5.4 AFM tip-sample proximity 
 

There were indications from previous preliminary studies in our group that a very low 

feedback setting is required to realise LAO on other materials such as TiO2; setpoint 

amplitudes (in units of millivolts) less than 5 mV, and as low as 1.5 mV, were used. 

Though the free amplitude was not documented, the setpoint amplitudes are extremely 

low compared to the typical free amplitude values used on this particular AFM system 

(around 600 mV to 1000 mV). 

 

Therefore, large setpoint reduction is required for LAO that would ideally not result in 

changes or damage to the rubrene crystal. Accordingly, in this experiment, the amplitude 

setpoint for LAO was arbitrarily fixed at 5 % of the amplitude setpoint for topography 
imaging, defined as the largest amplitude setpoint possible in order to barely track the 

surface topography of rubrene crystals (typically 75-85 % of the free amplitude). Such an 

Figure 5.3 Screenshots from the AFM operating software of cantilever oscillation 
amplitude versus Z-height curves for determining amplitude sensitivity (and thus the 
amplitude in nanometres). Left: A ramp of Z-height with oscillation amplitude in millivolt 
units before applying amplitude sensitivity. Right: The ramp repeated, now in units of 
nanometres. 
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amplitude setpoint for LAO rarely changes the surface topography; in multiple tests made 

at zero voltage bias, on only one instance was there a uniform depression ∼1 nm deep, 

corresponding to 1 rubrene molecular layer. 

 

Though dealing with cantilever oscillation amplitude in units of millivolts is possible, a 

clearer physical picture can be presented if units of nanometres are used. Accordingly, 

the amplitude sensitivity, the quantity to convert from units of millivolts to nanometres, 

was obtained as follows. The Z-height is ramped on a stiff sample (e.g. sapphire or glass) 

which produces an oscillation amplitude vs Z-height graph (Figure 5.3). This graph shows 

a constant amplitude changing into a relatively linear decrease once the probe starts 

tapping on the sample. The gradient of the relatively linear part is the amplitude 

sensitivity. For the cantilevers used, a typical amplitude sensitivity is ~80 nm/V. 

 

Thus, it is found that for a relatively ‘low’ free amplitude of 300 mV (~25 nm), the 

amplitude setpoint for topography imaging is about 240 mV (~20 nm) and therefore the 

amplitude setpoint for LAO is 12 mV (~1 nm). This means a peak-to-peak oscillation 

amplitude of ∼2 nm throughout the LAO procedure, resulting in the tip being very close 

to the sample with a great likelihood of significant physical contact with the surface. 

5.5 Humidity requirement for LAO on rubrene single crystals 
 

First of all, the required RH for LAO on rubrene single crystals was determined. The RH 

was increased from ambient (~40 %) in steps of 10 %, and at each humidity level the 

system was programmed to draw short lines (~1 µm) on the surface at voltages up to -12 

V at the slowest tip writing speed used (10 nm/s). A RH of 70 % was found to be the 

lowest RH at which the onset of oxide formation occurred on rubrene single crystals; the 

study of LAO as a function of voltage at this RH is reported in the next section. Below 

this RH, AFM topography shows an unchanged surface on the path along which LAO 

should have taken place. 

 

The RH was not increased any further so as to not reach the upper RH limit of 80% for 

AFM operation [110]. Note that in increasing RH of this system, the RH of the whole 

volume under the AFM hood is increased, as opposed to other AFM modes involving 
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water, like liquid AFM where the AFM tip and sample are placed in a dedicated water-

filled cell while the rest of the AFM setup may remain in ambient atmosphere. 

 

It is noted that the required RH is much higher than for inorganic materials (e.g. RH of 

30–40% for Si). ‘Hard solids’ (strongly bonded covalent or ionic bonds) are said to 

possess higher surface energy than weak molecular crystals with intermolecular van der 

Waals bonding [111]. The tendency is for materials of higher surface energy to wet more 

easily; the “spreading parameter” S used to mathematically define partial or total wetting 

of a surface [112]: S = γS – (γL + γSL) where γS is the surface energy of the substrate, γL is 

the surface energy of the liquid, and γSL is the interfacial energy between the solid and 

liquid. If S > 0, a complete wetting takes place, while only a partial wetting happens if S 

< 0. As rubrene is van der Waals-bonded, it is likely to possess a relatively low γS. If the 

energy of a wetted surface (γL + γSL) is higher than γS the surface would prefer to be in 

the lower energy unwetted state (minimises wetting). A high RH may aid in wetting the 

rubrene surface, and this is possibly why it is required to facilitate LAO. 

5.6 Voltage bias application and LAO threshold voltage 
 

Voltage bias can be applied on two parts of the AFM setup: the AFM tip (0 to ±12 V) and 

the sample stage (0 to ±10 V). Both are independently controlled; used in conjunction, a 

maximum bias of ±22 V can be applied between the tip and the sample. Ramping up to 

maximum bias for the sample stage is instantaneous for the sample stage and the bias 

continuously applied, while the ramp rate for the AFM tip can be fixed (fastest 0.1 s per 

full voltage range) and is only applied once the AFM tip is in write mode. In this study, 

voltage biases are quoted of the AFM tip with respect to the sample; since the AFM tip 

voltage is always more negative than the sample, a negative sign is used. 

 

The threshold voltage for realising continuous LAO lines is established by writing lines 

at different tip-sample voltage biases up to -12 V as seen in Figure 5.4. This was an early 

experiment in the LAO development and it shows one of the difficulties encountered 

initially, namely the unwanted excessive oxidation induced at the onset of oxide line 

formation. From -1 V to -4 V, there were no changes to the rubrene crystal surface as 

observed by AFM topography and therefore assumed LAO does not take place. 
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At -5 V, a dot-like feature can be produced, but only at the point of initial tip-sample 

contact when write mode is initiated; this is when the amplitude setpoint for LAO is 

applied. At this moment the feedback system is yet to fully stabilise the AFM tip vertical 

position, and consequently the tip presses into the sample slightly more at this point before 

steadying at the correct vertical position. Though not ideal, if such minor ‘dot’ effects are 

encountered while drawing an oxide line, resulting in nothing more than a slightly raised 

oxide dot feature at the beginning of the line (i.e. from where the drawing was started), 

they could be considered acceptable. 

 

Such singular dot-like features are seen up to -7 V, while at -8 V five extra smaller dots 

are seen, meaning the electric field strength at the positions of the dots was sufficient to 

produce some protrusions (the AFM tip may have been in better contact with the surface 

at these points). 

 

At -9 V, a line-shaped feature starts to be observed (i.e. ‘borderline’ parameter where 

there is just sufficient electric field to form oxide lines). However, breaks (discontinuities) 

Figure 5.4 A three-dimensional render of LAO procedure performed at an AFM tip 
voltage of -5 V to -12 V (vertical and horizontal dimensions are presented on different 
scales). The white arrows indicate the direction of drawing. The abnormally large blobs 
are explained in the main text. Imaging mode: tapping mode in air, scan size: 4 μm by 4 
μm, scan speed: 2 μm/s, setpoint amplitude: 275 mV which is 75% of a free amplitude of 
360 mV. 
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are seen, indicating that as the AFM tip moves along the designated path, it temporarily 

moves upwards (probably as dictated by feedback settings), causing reductions in the 

electric field strength. At this point the feature at the beginning of the oxide line is now 

an abnormally large blob; this was observed only with this particular AFM tip. Though 

an increased oxide height at the beginning of the oxide line is connected to the effect of 

tip approach (as described above), it is now thought that there is a compounding effect by 

an external factor resulting in uncontrolled and excessive oxidation, possibly a tip defect 

or contaminant. 

 

Finally, at -10 V, a continuous uniform line is seen, and the lines become slightly taller 

as higher voltages (-11 V and -12 V) are used. The blobs are also observed at the 

beginning of these lines, possessing larger sizes. 

 

In the following experiments, a voltage of -12 V and above (i.e. more negative) is used 

to ensure all the oxide lines drawn are continuous. Therefore, the AFM tip voltage bias is 

by default set to -12 V throughout the experiment and the sample stage voltage bias 

Figure 5.5 AFM Height Sensor positions when (a) idling at normal feedback settings 
(amplitude setpoint for topography imaging), (b) at LAO feedback settings. The AFM 
Height Sensor position is 20 nm is closer during LAO (write mode) compared to when 
idling.    
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changed accordingly just before going into write mode to achieve the required tip-sample 

voltage. The sample stage being at the (required) non-zero voltage shortly before and after 

LAO does not significantly affect the experiment because the vertical position of the AFM 

Height Sensor when idle (i.e. not in write mode) is dictated by the amplitude setpoint for 

topography imaging, and for the most part of the oscillation cycle the tip is significantly 

far from the surface that the electric field is not strong enough to activate LAO. When 

idle, the Height Sensor is ~20 nm away (i.e. higher) when compared to during writing 

mode (Figure 5.5). 

5.7 Writing a 355 μm-long oxide feature 
 

To demonstrate that long oxide lines can be written, a single serpentine feature of length 

355 μm was drawn in one continuous writing (Figure 5.6), defined using the graphical 

user interface. The area taken up by the whole feature is just under 10 μm by 10 μm. A 

voltage bias of 22 V and a tip speed of 10 nm/s were used. Uniform oxide line edges are 

Figure 5.6 AFM topography of a single continuous serpentine feature of length 355 μm 
drawn inwards from the outside on a single crystal rubrene surface (voltage bias of −22 
V, tip writing speed of 10 nm/s), over an area of approximately 10 μm by 10 μm. Imaging 
mode: tapping mode in air, scan size: 11 μm by 11 μm, scan speed: 5 μm/s, setpoint 
amplitude: 275 mV which is 75% of a free amplitude of 360 mV. The white arrow points 
to the area where the line profile in Figure 5.7 is taken. The white scale-bar at the bottom 
left corresponds to a length of 4 μm. There is a test oxide blob at the centre of the 
serpentine feature. A 1.4 μm by 1.4 μm area indicated by the translucent grey box is 
magnified. 
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observed and neatly drawn corners are produced upon changing direction (in this case, 

right-angled turns) as seen in the zoomed-in image of an area near the top left corner of 

the serpentine feature. On the line profiles taken, gaps between adjacent oxide line 

segments were measured to be as small as 22 nm at the surface (Figure 5.7). Tip 

convolution effects may provide underestimates of measured lengths when they are 

comparable to the tip apex dimensions (the tip radius is quoted by the manufacturer as <7 

nm, and is considered to be 7 nm). As such, tip convolution may have underestimated the 

measurement of the gap between the two lines by up to 14 nm. This is still within the 

expected order of magnitude (sub-40 nm), a length scale for device dimensions yet to be 

routinely reached in organic nanoelectronics. 

 

There is a gradual decrease in oxide height as the serpentine feature is drawn inwards 

from the outside, which could be attributed to a gradual change of the tip, probably tip 

wear. The tip oxide height decreases from ~25 nm to ~6 nm from start to end of writing. 

Meanwhile, the width of the oxide line segments in the serpentine feature remained the 

same along its whole length, at about 100 nm (see the next section for further analysis of 

oxide line widths). Crystal orientation was observed to not affect the LAO procedure and 

oxide feature dimensions; there were no observed differences in oxide dimensions of lines 

of the serpentine feature drawn in perpendicular directions.  

5.8 Oxide feature dimensions as a function of voltage bias and tip 
writing speed 
 

Figure 5.7 A line profile extracted from the data in Figure 5.6 showing a 22 nm gap at 
the surface between two oxide features. 



Growth, modification and characterisation of organic semiconductor crystals 

 Muhammad S. Kamaludin - March 2019 106 

The effect of voltage bias and tip writing speed on oxide growth are obtained with a 

‘good’ tip of the quality typically used for the work subsequently described, presented in 

studied. Figure 5.8 shows the AFM topography of the results obtained, in a three-

dimensional render, while Figure 5.9 and Figure 5.10 depict the dependence of mean 

oxide line height and width on tip-sample voltage bias and tip writing speed. The oxide 

height increases with voltage bias and decreases with tip writing speed. The error bars for 

the oxide height are one standard deviation of the measured heights along the features, 

while those for the oxide width are based on the position interval between adjacent line 

scans. The method of determining oxide line widths from this AFM image and their 

associated uncertainties is explained here. It should be noted that variations in the oxide 

line edge are not observed, i.e. they are observed to be well-defined, and thus are 

considered to be smaller than the sampling interval in the AFM scans (which is set to 15.6 

nm in these measurements, as we considered the tip radius to be 7 nm). A mean cross-

sectional profile is taken across the width of the oxide line. From this profile, the oxide 

line edge is distinguished from the surface when the height is >0.2 nm above the flat 

surface. The uncertainty of a line edge position is taken as half the sampling interval in 

Figure 5.8 A three-dimensional render of LAO with varying tip speed from 10 to 35 nm/s 
at a constant voltage bias of −22 V (front row) and varying voltage bias from −12 to −22 
V at constant tip writing speed of 10 nm/s (back row). The vertical and horizontal 
dimensions are physically not to scale. The data is quantitatively presented in Figure 5.9. 
and Figure 5.10. Imaging mode: tapping mode in air, scan size: 3 μm by 1.8 μm, scan 
speed: 1.5 μm/s, setpoint amplitude: 275 mV which is 75% of a free amplitude of 360 mV. 
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the AFM scans of the oxide lines (7.8 nm), thus using the standard error propagation 

∆§]U@Çℎ = 	•(∆¶}Å|Ç|}Uå)� + (∆¶}Å|Ç|}U�)�, the uncertainty in the oxide line width 

is 11 nm. 

 

LAO oxide growth behaviour can be explained theoretically with oxide height variation 

as linear with voltage bias and as log (1/speed) with tip writing speed [85] (based on the 

Cabrera-Mott theory of metal thin film oxidation)[113]. Good agreement has been found 

in the case of metals such as Ti [114] and some semiconductors such as Si [85], though 

some materials such as the III-V semiconductor GaAs [115] do not show agreement. In 

the case of rubrene crystals reported in this study, an increase in oxide height with tip 

voltage is observed, while an increase in tip oxide height with log(1/speed) is observed, 

as seen in Figure 5.11. 

 

 

 

 

 

Figure 5.9 Dependence of mean oxide height and width on voltage, for the oxide lines 
shown in Figure 5.8. The red solid data points represent that of oxide height (left axis); 
the blue open data points represent oxide width (right axis). 
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The maximum tip writing speed is 35 nm/s, beyond which no protruding features are 

observed, unlike LAO in other materials such as Si where tip writing speeds above 100 

Figure 5.10 Dependence of mean oxide height and width on AFM tip writing speed, for 
the oxide lines shown in Figure 5.8. The red solid data points represent that of oxide 
height (left axis); the blue open data points represent oxide width (right axis). 
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Figure 5.11 The data of mean oxide height in Figure 5.10 plotted against 1/(tip writing 
speed). An increase in tip oxide height with log(1/speed) is observed.  
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μm/s can be used [85]. A possible reason is the water meniscus can no longer be 

maintained at higher speeds, particularly on this low energy substrate. 

 

Meanwhile, the oxide line width remained generally constant at about 100 nm (which is 

a relatively large LAO line width compared with LAO on other substrates)[85,114,115], 

independent of voltage and tip writing speed; this is contrary to studies that show a linear 

increase in width as a function of voltage. In the case of rubrene crystals, it is suggested 

that the constant width is due to the high RH requirement, aided by the low setpoint 

amplitude. For silicon nitride AFM tips (of geometry and dimensions similar to those 

used in this experiment) in contact with gold and silicon surfaces under 40–60% relative 

humidity, it was found that the water meniscus width is on the order of 100 nm–1 μm, 

while its height is on the order of 100 nm [116]. Similarly, relatively large water meniscus 

dimensions are also expected in our system, whose shape and size should be unaffected 

by the low AFM tip oscillation amplitude of ∼2 nm peak-to-peak. Thus, it is suggested 

that LAO performed on rubrene crystals in this study proceeds under a configuration 

involving a water meniscus, instead of a ‘water bridge’ [117]. 

 

In some reports of LAO on other materials, a saddle-like feature is occasionally observed 

due to the electric field distribution in the AFM tip-sample setup. Several explanations 

have been proposed, such as oxyanion exhaustion in at the tip apex, mechanical pressure 

of the AFM tip, or a shift of field maxima away from tip apex in less conductive materials 

[118]. These have not been observed in LAO on rubrene crystals, indicating that none of 

the phenomena associated with these features take place and that the electric field is 

highly concentrated in the tip apex area to produce well-formed oxide structures. 

 

Finally, we consider whether step edges affect LAO, since it has been reported that the 

step edges are locations where rubrene crystal surface evolution are observed [29] and 

that step edges are more prone to chemical reactions due to exposed acene groups [50]. 

We include results of performing LAO in two situations: on flat surfaces but in the 

vicinity of step edges, and across multiple terraces, shown in Figure 5.12. In both cases 

we do not observe notable differences in the oxide line dimensions despite being in 

proximity to, as well as crossing, the step edges.  
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5.9 Attempts to identify the LAO products 
 

The expected products of LAO are oxy- and/or hydroxy- derivatives of rubrene, where 

studies of such modified rubrene molecules indicate the introduction of deep trap states 

[45], a lowered HOMO level and unfavourable modifications of the HOMO and/or 

LUMO orbitals which destroy π-conjugation due to, for example, a bent tetracene 

backbone (as in the case of rubrene endoperoxide) [43,44]. In this study, several methods 

were explored to aid in chemical analysis of the oxide lines, but none yielded the required 

results. 

 

First, photoluminescence and Raman studies on the serpentine feature were made. In both 

cases the laser spot size was a few micrometres radius and was focussed on the serpentine 

feature with the aid of an optically visible marker (whose distance from the serpentine 

feature is known). The experiments yielded a null result; this is because the oxide features 

are localised near the surface (within few tens of nanometres) while the vertical range 

probed by photoluminescence and Raman is much larger than that (for rubrene crystals, 

at a 442 nm photoluminescence excitation, the absorption length ranges 0.6-3 microns 

depending on polarisation). Second, a trial run of small-area XPS with lateral resolution 

Figure 5.12 Left: Oxide lines drawn on terraces near step edges. Image size 2 µm by 2 
µm. Right: Continuous oxide lines drawn on multiple terraces (over step edges). Image 
size 1 µm by 1 µm. Imaging mode: tapping mode in air, scan speed: 1 μm/s, setpoint 
amplitude: 275 mV which is 75% of a free amplitude of 360 mV. 
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~20 μm (at Thermofisher East Grinstead site performed by Dr Rob Palgrave) at the 

location of the serpentine feature also showed a null result for an increased presence of 

O1s peaks. This could be due to the small area of the serpentine feature (10 μm by10 μm) 

and the oxides not significantly covering the surface (compared to the bare substrate). 

 

Though identifying the chemical make-up of the oxide lines would be advantageous, the 

overriding characteristic of the oxide lines is their electrically insulating property as 

confirmed by conductive atomic force microscopy (CAFM), that can be of benefit in 

organic nanoelectronics. An oxide line topography overlaid with CAFM data is shown in 

Figure 5.13. This particular CAFM image was taken to show electrically insulating 

behaviour displayed by the oxide line, therefore here we highlight the current contrast 

between the insulating oxide line and the conducting rubrene sample. For this, the 

illumination for viewing loaded samples in the AFM system was turned on to allow for 

photoconductivity to contribute to the current. 

5.10 Conductance tomography method 
 

After characterising the heights and widths of oxide lines, the next experiment is depth 

characterisation. This is commonly performed by selectively dissolving the oxide lines 

using etchant solvents, for example using hydrochloric acid to dissolve oxide lines made 

on GaAs [119], and thereafter obtaining oxide depths by measuring the dimensions of the 

Figure 5.13 A three-dimensional render of an oxide line overlaid by CAFM data in false 
colour. Raw data is presented and the current data zero offset was not corrected. Imaging 
mode: conductive AFM, scan size: 2 μm by 2 μm, scan speed: 1 μm/s, setpoint: 0.10 V 
above the 'free' deflection, tip-sample bias: 1 V. 
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remaining void using AFM for example. It is unlikely that this method can be successfully 

applied to organic materials as we are not aware of etchants for selective organic oxide 

removal, thus an alternative method should be adopted. 

 

Having ruled out options involving selective material removal, an approach based on 

invasive depth probing via nano-scratching using AFM is sought after, however this can 

only work if the oxide features can be tracked throughout the process. To fulfil this 

condition, conductive AFM scanning mode can be utilised since the oxide features are 

electrically insulating. This led to the adoption of conductance tomography, a recently 

developed technique loosely based on this combination of nano-scratching and CAFM 

[120]. It is essentially a tip-induced removal of the sample material (by pressing the tip 

harder into the sample during scanning) while simultaneously acquiring a series of 2D 

CAFM sections to construct a 3D CAFM tomogram (Figure 5.14). 

 

Figure 5.14 Top: A schematic of the utilisation of conductance tomography to determine 
oxide feature depth; before conductance tomography (left), after several layers are 
removed (middle), immediately after passing the bottom of the oxide feature (right). 
Bottom: Selected CAFM data obtained during the tomography process corresponding to 
Experiment 5 in Figure 5.16, in which the oxide feature was completely removed after 53 
scans as shown by the disappearance of current contrast. Raw data is presented and the 
current data zero offset was not corrected. Each scan was 500 nm by 500 nm, although 
all were cropped except scan #1. Imaging mode: conductive AFM, scan size: 500 nm by 
500 nm, scan speed: 100 nm/s, setpoint: 0.50 V above the 'free' deflection, tip-sample 
bias: 4 V. 
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The tip-induced sample material removal involves the combination of a vertically 

downward force (due to an increased AFM setpoint, typically an additional 0.5 V in the 

case of rubrene in this study) that damages the crystalline structure to initiate an 

indentation or crack, and the lateral movement of the tip as it scans the surface, which 

serves two purposes. First, the tip scratches and ploughs the surface, producing debris; 

second, the tip sweeps the debris to the edges and out of the scanned area. The tip-sample 

voltage bias could also influence this process. The production and removal of debris 

causes a crater to form in the shape of the scanned area. Throughout this process, the 

simultaneously obtained current maps show a clear current contrast between the 

electrically conducting and insulating materials. In the case of oxide lines on rubrene 

crystals, the current contrast is between the insulating oxide line and the conducting 

rubrene crystal (bottom part of Figure 5.14). 

 

Conductance tomography has previously been utilised to reconstruct the dimensions of 

conductive filament structures in an insulating medium of known vertical thickness 

(oxides of silicon 37 nm thick)[121]. The assumption of a constant etch rate was made in 

this reconstruction. Meanwhile, in this work conductance tomography is used to 

determine the unknown depths of insulating oxide lines embedded in the conducting 

rubrene crystal. The termination point for conductance tomography in this study is when 

the current contrast disappears fully i.e. not a single trace of the absence of current 

remains anywhere in the scanned area, indicating that the bottom of the oxide line has 

been reached (rightmost panel of the CAFM data in Figure 5.14). The crater depth is then 

determined by imaging over a larger scan area using normal feedback setpoint settings 

for topography imaging. A line profile is also taken perpendicular to the (now removed) 

oxide line. Examples of the crater and line profile are shown in Figure 5.15. The line 

profile is specifically taken across the location at which the final remaining segment of 

the oxide line was last observed, thus the depth of the oxide line at this very point is 

obtained. The corresponding height of the oxide line at this same location is acquired 

from the AFM topography image taken before conductance tomography was performed. 

It is emphasised that AFM is a ubiquitous technique for precisely measuring (vertical) 

heights and depths at the nanoscale. 
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5.11 Oxide depths and oxide depth-to-height ratios 
 

Conductance tomography on oxide lines of varying height are now reported. Oxide lines 

were drawn on two rubrene crystal samples in separate sessions using different new tips. 

Conductance tomography was performed on nine oxide line segments with heights 

ranging from 5 nm to 25 nm (note that the tallest reproducible oxide height using a −22 

V bias is ∼25 nm). 

 

Figure 5.16 shows the oxide line heights and their respective depths. The increase of oxide 

height above the surface as a function of increasing voltage is approximately matched by 

an increase in depth of oxide below the surface. The maximum height and depth of oxide 

line observed in rubrene are 25 nm and 40 nm respectively, compared to heights and 

depths of about 15 nm in other materials such as GaAs and GaSb [119,122] when using 

similar LAO voltages. It is surmised that such depths can be reached in rubrene crystals 

due to the van der Waals bonding nature and sufficient intermolecular spacing to facilitate 

an extended reach of oxyanions through the material. This characteristic could be 

advantageous as it can be exploited to modify deeper active layers of devices. 

Figure 5.15 (a) A three-dimensional render of the crater corresponding to Experiment 7 
in Figure 5.16. The false colour bar is terminated at 30 nm. (b) A line profile taken across 
the crater perpendicular to the oxide line, along the white dashed line in (a), from which 
the oxide line depth is measured. Imaging mode: contact mode, scan size: 3.5 μm by 3.5 
μm, scan speed: 1.75 μm/s, setpoint: 0.10 V above the 'free' deflection. 



Chapter 5: Local anodic oxidation lithography on single crystal rubrene 

Muhammad S. Kamaludin - March 2019 115 

 

Figure 5.17 shows oxide line depth-to-height ratios as a function of oxide height. In 

rubrene crystals, the overwhelming majority of oxide lines have a depth-to-height ratio 

of more than 1.6. Oxide lines taller than 10 nm have an even larger depth-to-height ratio, 

with some being greater than 2 (the maximum being 2.20). This observed behaviour of 

varying oxide depth-to-height ratios is different to other materials, where it is instead 

typically constant with no dependence on height. For example, Si and GaAs have oxide 

depth-to-height ratios of 0.6 and 1 respectively [119,123]; several materials tend to be 

within this range, such as Ge thin films [124] and WSe2 [78]. Meanwhile, there are also 

higher values reported such as in GaSb (2.1) and Ti film (∼2.5) [114,122]. 

 

At taller oxide line heights formed by higher voltages up to −22 V, specifically 

Experiments 8 and 9 of Figure 5.16, there appears to be a maximum limit to the oxide 

feature vertical extent of ∼60 nm, regardless of height above the baseline. In Experiment 

9, a protrusion 25 nm tall is produced but the depth reaches to only 36 nm, and accordingly 

the height-to-depth ratio is greatly decreased, corresponding to the encircled data point in 

Figure 5.16 Heights and depths of nine conductance tomography experiments on oxide 
features produced by LAO on single crystal rubrene. Experiments performed on oxide 
features drawn on Sample 1 are marked with an asterisk, while the rest were from Sample 
2. In producing these oxide features, the tip writing speed was kept constant at 10 nm/s 
while the voltage biases used were within −12 to −22 V. 
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Figure 5.17. Therefore, it can be inferred that the LAO process terminates at or below a 

critical electric field of about ∼3 × 106 V/cm, where the field can no longer propagate 

oxyanions across the growing oxide and further into the substrate material. This is about 

three times lower than the quoted range of ∼1 × 107 V/cm as per observations on Si and 

GaAs [85,119], again possible in rubrene probably by virtue of significant intermolecular 

spacing enabling a weaker field to still produce LAO. 

 

One anomalous data point is noted in Figure 5.17 (oxide height of 10 nm), where the 

depth-to-height ratio is unexpectedly low, in fact even less than in the case of the ‘critical 

electric field effect’ mentioned above. This is likely attributable to tip wear, since multiple 

relatively long oxide lines are drawn in this part of the study, with the tip repeatedly 

approaching and withdrawing from the surface. 

5.12 Average material removal rate 
 

Figure 5.17 A graph showing the oxide depth-to-height ratio as a function of oxide height. 
All oxide lines penetrate deeper than their height, and most have a depth-to-height ratio 
of more than 1.6. The data point encircled in red corresponds to Experiment 9 in Figure 
5.16, where the effects of a weakening electric field due to a larger oxide vertical extent 
are observed. 
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In conductance tomography, the ideal scenario is to also obtain the corresponding depths 

of each 2D section, for a more rigorous dimensional characterisation of the embedded 

oxide, but this was not performed as repeated topography scans present the risk of 

scraping off the rubrene crystal surface (baseline) causing inaccurate depth 

measurements. 

 

An alternative was attempted, by calculating the rate of material removal in each 

tomography experiment. In each experiment, the setpoint was kept at about 0.5 V above 

the minimum for topographical imaging for the whole duration of tomography, 

corresponding to an estimated ~30 nN applied force (see Experimental section for 

calculation method). A quantification is of average material removal rate (AMRR) at the 
oxide line and the rubrene crystal immediately around it is defined as the oxide line depth 

divided by the number of tomography scans (Table 5.1). 

 

Table 5.1 Average material removal rate (in units of nm/scan) for the tomography 
experiments discussed in section 5.11. 

 

 

 

 

 

The range of AMRR for this particular setpoint setting is about an even distribution 

between half to one nanometre per scan, precisely 0.43 - 1.04 nm per scan, with half the 

crystal step height (~0.7 nm) roughly at the midpoint of this range. This can be considered 

a wide range and not sufficiently precise to be utilised in predictive material removal 

models. Also, these average values do not coincide with the possibly oversimplified but 

typical assumption of removal of one layer per AFM tip ‘trace’, which would yield an 

AMRR of ~2.4 nm per scan if the assumption were true. This indicates the AMRR may 

be influenced by more complex processes like debris drag and expulsion (for example, 

larger crater depths may have affected etching rate as there is a larger vertical distance to 

overcome to expel debris from the crater), or the AFM tip wear. The platinum-iridium tip 

coating is relatively soft compared with alternative tip materials such as diamond-coated 

tips which are more wear-resistant, meaning the AFM tip wear may have had influence. 

In short, the AMRR produces less accurate results if used for dimensional characterisation 

Experiment  1 2 3 4 5 6 7 8 9 
AMRR 

(nm/scan) 
1.04 0.68 0.87 0.43 0.78 - - - 0.91 
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of the embedded oxide in place of/as an alternative to obtaining the corresponding depths 

of each 2D section. Note that Experiments 6, 7 and 8 do not show data because the 

setpoint was changed (increased) in the process since it was thought that material removal 

was happening at a slow rate due to a blunt tip. 

5.13 Summary 
 

In summary, LAO was successfully performed on single crystal rubrene to produce 

precisely drawn continuous oxide features. Oxide line height increases with voltage bias 

and decreases with tip writing speed. Gaps as narrow as 22 nm at the surface between two 

adjacent parallel oxide lines were achieved. In principle, devices with such width aligned 

along the highest mobility axis have channel widths of less than 35 rubrene molecules. 

Conductance tomography proved suitable for revealing oxide feature penetration depths. 

The oxide line depth exceeds the height, with depth-to-height ratio of more than 1.6 in 

most cases. The maximum height and depth of the oxide features obtained in this 

experiment exceed those reported on many materials. A critical electric field of ∼3 × 106 

V/cm is identified, below which the oxide ceases to grow. This corresponds to a 

maximum oxide vertical extent of ∼60 nm within the range of voltage bias used (up to 

−22 V). The successful utilisation of conductance tomography to characterise oxide 

feature depth is a major milestone in enabling the proper utilisation of LAO as a direct-

write technique for fabricating electronic devices on organic semiconductors, including 

future one-dimensional device structures, and can aid in increasing device density. 

Deeper oxides enable modifying deeper active layers and can be instrumental in making 

more multi-layered device architectures possible. Since LAO can be scaled up by stamp 

patterning there is great potential to utilise is on a large scale for organic electronic device 

mass production. 
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6 CONDUCTIVITY STUDIES ON 
RUBRENE SINGLE CRYSTALS 
AT THE SUB-MILLIMETRE 
SCALE 

6.1 Introduction 
 

The motivation for the work in this chapter is based on issues related to measurements of 

organic semiconductor electrical properties. The first issue is with regards to electrode-

surface contacts while the second focuses on the role that humidity plays on conductivity 

measurements. In fabricating devices on organic semiconductor crystals, thermal or e-

beam evaporation of metal using a mask or template [125] can be used for patterning and 

printing contacts. These present the advantages of controlled contact dimensions and 

choice of different metals for better tuning of the contact work function to the HOMO 

and LUMO of the active layer (aiding in better charge carrier injection) [126]. However, 

the highly energetic metal atoms can seriously damage the metal-crystal interface 

resulting in a large charge carrier injection barrier [127]. A suitable alternative is manual 

application of a conducting paste by hand, e.g. water-based colloidal graphite or solvent-

free silver epoxy [128,129], which however is not to a high precision. 

 

The issue of humidity is important when the utilisation of single crystalline organic 

semiconductor materials in electronics is considered, where it is likely that high mobility 

materials such as rubrene would be potential candidates. Among the envisioned 

applications based on preliminary or proof of concept studies include water-stable 

devices, where the various processes that can take place on fluid-surface interfaces play 

an important role in enabling devices such as biochemical sensors [8,9]. Organic 

optoelectronics is another appealing application due to excellent photoresponse, as 

demonstrated in organic phototransistors [130] and photodiodes [131], with applications 
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in light-induced switches, memory circuits and inverters[132]. There is indeed a 

possibility to combine these capabilities to produce devices such as water-based or 

water/electrolye-gated photodevices such as phototransistors [133]. A prerequisite would 

be to study the effect of humidity/water exposure on (photo)conductivity in rubrene to 

ensure compatibility or identify hindrances. 

 

To address these motivations, in this chapter we present a technique of directly printing 

contacts of conducting ‘paste’ or inks with submillimetre precision on rubrene single 

crystals. The contacts enable us to study dark- and photo- conductivities of pristine 

rubrene and study the response to a modification of the surface. It is highlighted that this 

truly ‘direct-write’ process is performed without the use of masks, lithography, or 

(selective) treatment of the substrate (e.g. sintering or selective coating to make certain 

parts of the surface accept or reject the ink) to direct or confine the deposited printed 

features. 

6.2 Graphite contact printing 

6.2.1 Apparatus: SonoPlot Microplotter II 

 

In this study, water-based colloidal graphite (Aquadag Colloidal graphite, Agar 

Scientific) is used to form the printed contacts, as contacts made from colloidal graphite 

have been found to be efficient injectors of p-type carriers in rubrene [31]. The typical 

size of the graphite particles in the mixture is ~1 µm and therefore a system that dispenses 

fluid with printed feature sizes ~10 µm could be utilised. The specifications of the 

SonoPlot® Microplotter II were appropriate for this and it was utilised in this experiment 

to print graphite contacts. Though only one type of contacting material is studied here as 

a proof of concept, a variety of materials can be printed using this technique, for example 

nanometallic inks prepared using water- and alcohol-based solvents, which by virtue of 

their smaller particle sizes can accordingly be printed using micropipettes of smaller 

opening sizes (~1 µm) [134]. 



Chapter 6: Conductivity studies on rubrene single crystals at the sub-millimetre scale 

Muhammad S. Kamaludin - March 2019 121 

The Microplotter is a computer-controlled fluid dispensing system that operates a 

micropipette to deposit picolitre volumes of liquid (the accompanying SonoDraw 

software is used to input patterns to be printed). A schematic of the concept is shown in 

Figure 6.1. The micropipette positioning in three dimensions is controllable to a 5 μm 

precision over a 31 x 30 x 9.6 cm3 volume. Unlike conventional inkjet printing which 

typically goes over the substrate on a line-per-line sequence and propels ink droplets at 

certain desired positions, the Microplotter depostis ink on the substrate while performing 

movements that trace the shape of the printed features. 

 

The micropipette is filled up by capillary action when placed in an ink well, and ejects 

ink when vibrated at resonant frequencies of the dispenser (i.e. the micropipette plus the 

piezoelectric element) where a pumping action occurs within the micropipette (if the 

amplitudes of vibration are high enough, fluid is sprayed out). Vibration amplitude, and 

hence rate of fluid ejection, is controlled by varying the alternating voltage applied on the 

piezoelectric element. Printing can take place when the pumping intensity is sufficient to 

cause the fluid meniscus at the tip of the micropipette to bow outward. As the dispenser 

is brought close enough to the surface, a droplet will be touched off. When the 

micropipette is moved laterally (in the x and y directions) at this vertical position, lines 

can be drawn on the surface. This is different from inkjet printing where a piezoelectric 

Figure 6.1 The SonoPlot® Microplotter II and a schematic (not to scale) showing the 
micropipette setup. Micropipettes with various opening sizes can be utilised (ranging 
from ~1 to ~40 µm. 

This material has been removed due to copyright restrictions
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element pushes drops out of a nozzle, and the substrate may be further away from the 

nozzle up to 1 mm [135]. 

6.2.2 Setup and procedure 
 

The inner diameter of the micropipette opening, from which fluid is ejected, can greatly 

influence the printed feature sizes. The micropipette is made by pulling borosilicate glass 

tubes of outer diameter 1.5 mm and inner diameter 0.86 mm using a p-97 flaming/brown 

horizontal micropipette puller. Though there are several parameters such as heating time 

and heating ‘power’, the pulling speed is considered the most influential parameter in 

defining sizes of micropipette ends. Based on the settings optimised by Dr Alice Taylor 

(London Centre for Nanotechnology) who provided guidance in making micropipettes 

for this experiment, internal diameters of within the range of ~1 to ~40 µm can be reliably 

produced (Figure 6.2)[136], and for this experiment a suitable diameter was ~20 µm. 

Though a smaller diameter could have been used (i.e. 10 µm diameter to print ~1 µm 

sized particles), micropipette ends of ~20 µm are durable and do not easily break when 

using voltages that enable reliable printing of the prepared inks.   

 

At the beginning of each printing session, a new micropipette is fixed to the piezoelectric 

element with a thin layer of superglue and then attached to the XYZ positioning 

component. A calibration is performed by determining the resonance frequency of the 

dispenser, which is usually around 440 kHz. The micropipette is replaced when it is 

visibly damaged. 

 

Figure 6.2 Micropipettes with inner diameters ranging from around 40 to 5 μm, 
respectively (left to right). These were made by varying pulling speed only. A tip with an 
inner diameter of 1.5 μm was pulled, but the SEM image is not available. Reproduced 
from Ref. [136]. 

This material has been removed due to copyright restrictions
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After positioning the micropipette close enough to the surface, the surface is then 

approached using the Microplotter’s approach algorithm, which takes vertical steps of 5 

µm. Any physical contact with the surface (or other object), even if it is with a gentle 

force, is detected via a feedback system that monitors changes in vibrations of the 

dispenser. Upon identifying the surface, the dispenser is moved slightly upwards (within 

5 µm), and this is designated as the position from which printing can be done). ‘Surface 

cant’ can also be calibrated to take into account flat surfaces at an angle to the horizontal 

of the Microplotter; the area over which this calibration is to be performed can be 

specified.  

 

Next, a suitable dilution of the water-based colloidal graphite ‘ink’ is sought that can give 

an applicable thickness/viscosity to reliably eject from the micropipette. If the ink is too 

dilute the resulting printed features can possess discontinuities, while if it is too 

concentrated clogging in the micropipette may happen. A suitable ink mixture was 

prepared of water-based colloidal graphite (as-received from Agar Scientific), deionised 

water and glycerol with a volume ratio of 5:4:1 respectively, sonicated for 2 h. The 

glycerol was added to reduce ink solvent evaporation rate and avoid the ‘coffee-ring 

effect’. This effect originates from capillary flow induced by differential evaporation rates 

across the printed ink droplet where liquid evaporating from the edge is replenished by 

liquid from the interior, resulting in a flow of liquid towards the edge that can carry a 

significant amount of dispersed material to the edge [137].  

 

Using the ink prepared as outlined above, carbon paint lines were able to be drawn on 

rubrene single crystal surfaces at a writing speed of 125 µm/s in the x and y directions. 

The voltages used for printing were within 1-2 V. The printed features were then left to 

dry in ambient air at room temperature for 72 h (though the exact drying time within this 

period was not measured). A camera focussed on the micropipette end enables live 

viewing of the micropipette approach and printing processes, as well as inspecting 

integrity of the micropipette end (an example of what can be viewed is shown in Figure 

6.4(c)). 

6.2.3 Dimensions of graphite contact lines 
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To characterise the printed graphite lines, the width and cross-sectional area of the carbon 

paint lines are taken. The width is taken to assess the precision of the drawn lines, while 

the cross-sectional area is used to calculate the resistivity. 

 

The dimensions of the graphite contact lines are measured using a Zygo NewView 200 

3D optical interferometer. It acquires topography data by comparing the phase difference 

between light (from a single source, passed through a beamsplitter) reflected from the 

sample and from a reference surface. With the configuration that was set for us by Dr 

Sarah Fearn of Department of Materials, Imperial College, who manages the equipment, 

data was acquired at at resolutions of 0.1 μm in height (acquired interferometrically) and 

0.75 μm laterally (acquired through objective lens calibration), with scan size of 250 × 

250 μm2, with the option to perform stitching of multiple images. The data is processed 

using the Gwyddion data analysis software package. Where necessary, rotation is applied 

so that the graphite line is horizontal, as required for further processing. 

 

A graphite line 700 μm long was printed and its dimensions taken using the interferometer 

(Figure 6.3(a)). The determination of the line edges and line width was performed as 

follows. First, the topography data was converted to ‘binary’ (Figure 6.3(a)), where 1 

corresponds to the surface of rubrene crystal covered by carbon paint (this was done by 

selecting data above a threshold defined as the average rubrene crystal level plus 200 nm), 

and 0 corresponds to the ‘rubrene crystal substrate’ which includes all data below this 

height threshold. Second, a mean cross-sectional slice of this binary data was taken along 

its width (Figure 6.3(b)), which represents the cumulative distribution function (CDF) of 

the graphite line edges. The derivative of the CDF is the probability density function 

(PDF) of the position of the graphite line edge. A Gaussian function is fitted on the PDF, 

providing a statistically quantified value of the position of the line edge. Finally, the line 

width is taken as the difference between the two line edges’ positions. The width of this 

line was calculated to be 22 ± 3 μm; the mean height is 3.6 μm. These dimensions are 

typical of our printed graphite lines. 

 

In Gwyddion, the built-in row/column statistical function tool can be used to calculate the 

mean cross-sectional line profile of carbon paint lines. However, the standard deviation 

of each data point which aids in error propagation is not calculated. To do this, a Python 

script was written that can process the topography data in XY matrix format. The data 
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resolution (the physical distance between data points, i.e. between elements in the matrix) 

is also input. The script calculates the mean cross-sectional line profile and the standard 

deviation of each data point on this profile. The mean cross-sectional area of the carbon 

paint line is calculated by integrating the mean cross-sectional line profile. The area of 

mean plus one standard deviation is taken as the upper uncertainty limit, while the area 

of mean minus one standard deviation is taken as the lower uncertainty limit. 

 

The cross-sectional area of the 700 μm graphite line was found to be 50 ± 20 μm2 (Figure 

6.3(c)). Thereafter, it was linked to gold bonding wires of diameter ~25 microns with 

colloidal graphite and subsequently to silver epoxy pads, enabling electrical 

characterisation using an external machine. The resistance of this line was measured to 

Figure 6.3 (a) Above: A topographical image of a 700 μm long graphite line drawn using 
the Microplotter. Below: The result of converting to ‘binary’ as the first step in 
determining the graphite line edges. (b) Red line: the cross-sectional line profile (up-
down direction) of the ‘binary’ data in (a) corresponding to the cumulative distribution 
functions of the graphite line edges, dark blue line: the probability distribution functions 
of the graphite line edges; a Gaussian function is fitted on these to provide the line edge 
positions. (c) Cross-sectional area of the graphite line. The error bars (not all are shown 
for clarity) are standard deviations of the data points. 
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be 40 ± 1 Ω on the Keithley SCS-4200 Characterization System, hence resistivity is 

calculated as (0.3 ± 0.1) ´ 10-4 Ω cm. 

 

Having confirmed that the graphite lines are sufficiently conductive, an array of graphite 

two-terminal devices of length 100 μm and width 200 μm are printed on rubrene single 

crystal surfaces (Figure 6.4). To prepare contacts for one device, two parallel graphite 

lines 200 μm long are drawn 120 μm apart (reminding that the graphite lines are 20 μm 

wide). Each graphite line is connected to a 80 μm by 80 μm pad that aids in establishing 

electrical connection. Gold bonding wires are used to electrically connect between the 

graphite contacts and silver epoxy pads. After leaving to dry in ambient air for 72 h the 

I-V characteristics of the rubrene two-terminal devices are measured. All measurements 

are performed in ambient laboratory atmosphere. For measurements under illumination, 

where photoexcitation produces excitons that contribute to a higher current, a white-light 

source is focussed using a microscope objective (20x) on the rubrene channel giving an 

intensity of ~25 W/m2 (much lower than the intensity utilised in photooxidising rubrene 

at 850 W/m2)[48]. 

Figure 6.4 (a) Printed graphite contacts that can form an array of two terminal devices 
on single crystal rubrene. Three gold bonding wires are seen. (b) A partial screenshot of 
the software used to design patterns to be drawn. Taking into account printed pattern 
width of ~20 μm, a 120 μm gap should be between the two lines that will act as contacts 
to give a channel length of 100 μm. (c) A still image grabbed from a video of the printing 
process. (d) Top view of one pair of contacts taken with an optical microscope. The white 
arrows in both (c) and (d) indicate the same crystallographic direction. 
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To inspect the contacts’ quality for each rubrene conducting channel, I-V data is obtained, 

where contacts of good current injection efficiency (i.e. not contact-limited) should show 

(a) symmetrical character about V=0, and (b) linear (ohmic) I-V curve in the vicinity of 

V=0 in the presence of thermally excited carriers [138].  

 

Where non-symmetrical character about V=0 is observed, this is indicative of charge-

carrier injection-limited behaviour due to imperfections at the interface between the 

rubrene crystal and graphite contact. This is shown in Figure 6.5, which was data taken 

from one of our samples. To analyse such data, we use the standard literature protocol 

[139–141], as follows: select I-V characteristics that best resemble ‘standard’ device 

behaviour e.g. so as to not erroneously analyse injection-limited behaviour which can be 

present on one of the electrodes. 1. Where characterisation using negative and positive 

voltages have been made, select the one giving the highest current (and invert to the first 

quadrant if required). 2. Select the data where voltage is swept from zero to high positive 

or negative voltage (i.e. forward sweep). 

 

Figure 6.5 I-V characteristics of three sets of contacts, plotted to show ideal contacts 
(Channel 5, black line), contacts with charge injection inefficiency on one side (Channel 
7, green line), and a set of contacts that can be disregarded (Channel  6, red line); ‘light’ 
denotes measurements taken under illumination. 
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In Figure 6.5, examples of conductive channels whose contacts are of varying quality (the 

lower quality ones due to contact-limited inefficiencies) for three rubrene two-terminal 

devices on one rubrene crystal. In this case, Channel 6 would be disregarded as the current 

is lower than usual; data from Channel 7 can be processed as outlined above. 

6.3 Charge transport in coplanar two-terminal devices 
 

In coplanar two-terminal devices (where both contacts are on the same side of the 

sample), the transport of charge carriers is expected to be facilitated only within a finite 

depth below the surface, where the electric field would be strongest. 

 

Under illumination, there are contributions from photoexcited carriers which are 

governed by exciton dissociation at the surface (specifically the pristine rubrene free 

surface). Excitons that are formed by photoexcitation will migrate to the surface and 

contribute to photoconductivity [26] provided that they are formed close enough to the 

surface (within the exciton diffusion length of the surface) such that they can diffuse there 

without undergoing loss processes such as annihilation. These excitonic species are 

thought to be long-lived (e.g. triplet excitons generated via singlet fission), such that they 

can reach the surface via a long-range diffusion where they can dissociate to generate 

photocurrent on the surface. The microscopic mechanism that aids in exciton splitting is 

uncertain, with various suggestions being: theoretically predicted bending of excitonic 

bands near the surface of the crystals [26,142], a fine reconstruction of the topmost 

rubrene layer [143], or on an intrinsic dissociation due to lattice discontinuity at the 

surface [58]. 

6.3.1 Humidity exposure on rubrene crystal two-terminal devices 

 

In Chapter 5 the patterning of electrically insulating oxide lines on rubrene single crystals 

was described. This process involves exposure to humidity, and therefore its effect on 

conductivity, if it exists, should be understood in order to study the effect of oxide lines 

on surface conductivity. A wetted rubrene surface should be the result of this humidity 

exposure. To study the effect of humidity on conductivity, single crystal rubrene two-

terminal devices were kept in a 99.9% RH environment for 48 h and current-voltage 
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characteristics obtained as a function of time after removal from the humid environment. 

The data is presented in Figure 6.6. 

 

Immediately after removal from humidity, both dark current and photocurrent increased 

to the same value, indicating the current passes through a water layer formed as a result 

of humidity exposure [144]. The sample was then left in dark ambient air. Consequently, 

the water evaporates due to the lower water vapour pressure. 

 

 I-V characteristics were re-measured after 24 h and 48 h. Judging from the I-V 

characteristics, most if not all of the evaporation seems to have completed within 24 h of 

removal from humidity. A return to previous current levels is observed in the dark, while 

a significant permanent reduction is seen for measurements under illumination. 

Figure 6.6 Above: A schematic of a timeline showing the procedure of humidity exposure 
and I-V measurements as a function of time. Below: I-V measurements in the dark (left) 
and under illumination (right). The colour coding of the plotted data matches the 
description shown in the schematic. 
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Subsequent exposures to humidity no longer result in drastic changes in the current when 

under illumination, as seen in Figure 6.7. 

 

As an additional note, humidity exposure does not result in any observable effect on the 

topographical features of the rubrene surface (the terraces and step edges) surfaces, as 

probed using AFM in LAO experiments (Chapter 5). 

 

Note that it is undetermined what effect (due to humidity) will be observed in a 

phototransistor, where the device design is different, in that organic field-effect transistors 

usually operate in accumulation mode and charges are electrostatically confined to the 

first few nanometres of the semiconductor near the dielectric interface, by the gate voltage 

[18]. However, it is expected that a similar result will be observed i.e. a reduction in 

photocurrent contribution; indeed, the photoconductivity contribution to total source-

drain current in phototransistors is regarded to have no dependence on gate voltage [39]. 

 

The observation of the dark conductivity returning to previous levels shows that 

conductivity in general (i.e. referring to movement of charge in the device) is not 

permanently affected by humidity, despite the expectation that charge carrier flow would 

be near the surface, which is the region of the sample most susceptible to being affected 

by the humidity exposure. As a side note, this result also indicates that the quality of the 

contacts is not compromised by the humidity exposure. 

Figure 6.7 I-V measurements after humidity doses, when ‘stable’ (48 h after removal 
from humidity). Left: measurements taken in the dark, Right: measurements taken under 
illumination. 
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Meanwhile, the 60-90% permanent reduction of photoconductivity indicates that at least 

one of the processes that lead to photocurrent generation has been affected, most likely to 

be a phenomenon that occurs at the rubrene surface. A strong candidate for this process 

would be exciton splitting, identified to be a surface phenomenon in previous studies [26]. 

 

It is unclear whether water reacted with the rubrene, or catalysed a process or reaction on 

the rubrene surface, however it is thought that some permanent chemical change has 

occurred in the conduction channel, probably the incorporation of water molecules (or its 

constituents) in the rubrene crystal surface. The effect of this chemical change (as seen in 

electrical measurements) is observed to have nearly ‘saturated’ within the first humidity 

exposure, accordingly it is thought that most if not all of the chemical changes took place 

in the first humidity exposure. To further clarify the nature of the change induced in the 

rubrene crystal, XPS is performed on rubrene surfaces exposed to humidity. 

6.3.2 XPS on humidity-exposed rubrene crystals 

 

Rubrene crystals on which XPS were to be performed were exposed to humidity (RH 

99.9%) for more than 48 h. After removing from the humid environment, one crystal was 

immediately transported to the XPS laboratory for measurements performed by Dr Robert 

Palgrave, while the other was kept in a clean opaque box at ambient humidity for six days 

before XPS measurements were taken. As performed in Chapter 4, the elemental 

compositions (C and O) are analysed. For the crystal that was measured as soon as 

possible after removal from humidity, the elemental compositions were 

C: (99.63 ± 0.10) % and O: (0.37 ± 0.10) %. This is approximately the same oxygen 

content as those kept in ambient humidity. For the sample measured after six days in 

ambient humidity, the elemental compositions were C: (99.04 ± 0.10) % and 

O: (0.96 ± 0.10) %. These values are tabulated in Table 6.1. 

 

Table 6.1 C and O percentages of rubrene crystals exposed to humidity. 

Crystal condition Purity C (%) O (%) 

> 48 h in humidity 2x 99.63 ± 0.10 0.37 ± 0.10 

> 48 h in humidity, then 6 

days in ambient humidity 
2x 99.04 ± 0.10 0.96 ± 0.10 



Growth, modification and characterisation of organic semiconductor crystals 

 Muhammad S. Kamaludin - March 2019 132 

It is evident that the chemical change does not happen during sample storage in high 

humidity, rather it takes place in the ‘transitory period’ after the sample is removed from 

high humidity (and kept in ambient humidity) while the water layer on the surface 

evaporates. It is expected of water-based and water-gated devices to undergo such 

transitory periods throughout their operational life. It is uncertain what the process of 

‘oxidation’ is and what final products are obtained, though it can be speculated to be any 

product of chemisorption predicted in Ref. [45]. A possible product is a modified rubrene 

derivative which could be seen as by-products of water dissociation reacting with rubrene, 

where H and OH groups attach to the tetracene backbone; in fact, it is more stable than 

water physisorption configurations by at least 0.2 eV. Another possible predicted product 

is just an OH group attached to the tetracene backbone [45]. Rubrene endoperoxide [42] 

(a product resulting from oxygen exposure) is not excluded among the possible products. 

 

To uncover more about the (vertical) extent of these chemical changes into the crystal, 

angle-resolved XPS was carried out on a crystal treated in the same way as the sample 

with the larger O content. As the emission angle at which electrons are collected is varied, 

electrons from different depths can be detected. At smaller take-off angles with respect 

to the surface, the XPS data is acquired closer to the surface. Figure 6.8 shows the angle-

resolved XPS result. It can be concluded from the figure that the oxygen is very 

concentrated near the surface only. From this angle-resolved data, a model can be built 

Figure 6.8 Angle-resolved XPS data: atomic percentage as a function of take-off angle 
with respect to the surface, for a rubrene crystal exposed to a dose of humidity and 
thereafter kept in ambient for six days. 
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of a rubrene bulk sample covered by an uniform oxygen-rich rubrene overlayer, whose 

thickness can be calculated. The calculations were performed by Dr Robert Palgrave 

using the built-in Multi-Overlayer Calculator in the operating software for the XPS 

machine. Briefly, it considers the changes in the experimental atomic percentages of the 

relevant elements as a function of take-off angle, and compares it with a user-defined 

model of a bulk material with an overlayer of different chemical composition, from which 

XPS spectra equivalent to the experimental data being considered should be simulated. 

 

For rubrene crystals studied here, the model is represented by a bulk crystalline carbon 

sample with an oxygen-rich crystalline carbon overlayer. The density of carbon was set 

to 6 ́  1022 atoms per cm3 as is the case in orthorhombic rubrene crystals, and the overlayer 

was set to consist of two oxygen atoms per rubrene molecule (as in the case of an 

endoperoxide or two OH groups attached to each molecule). This is considered a crude 

calculation with simplified assumptions that the ‘carbon crystal’ fully represents the 

rubrene crystal bulk, and that the density of oxygen is precisely as defined above and 

evenly distributed in the oxygen-rich crystalline carbon overlayer. It is likely that these 

assumptions mean the model does not microscopically represent rubrene crystals and 

their oxidised overlayers, and hence are sources of error. The distribution of carbon atoms 

is the overlayer is calculated to be 2.5 Å thick. This is about 20 % of a layer of rubrene 

molecules. The uncertainty in this quantity is not calculated, however it is noted that the 

overlayer thickness increases (within the same order of magnitude) as the overlayer is 

defined with a reduced density of oxygen. Given the crudeness of these calculations, we 

take this result to mean that all oxygen introduced to the surface bonds to the top layer 

rubrene molecules. 

 

Next, we estimate the concentration of rubrene molecules at the crystal surface that are 

‘oxidised’. The following numbers are required for calculating the estimates. The density 

of carbon atoms in rubrene crystals is 6 ´ 1022 per cm3, corresponding to a rubrene 

molecule number density 1.429 ´ 1021 per cm3, or 1.268 ´ 1014 per cm2 on the surface. 

 

We start by assuming the oxygen atomic percentage content to be (1.79 ± 0.18) % on the 

very surface (this is the O atomic percentage at the lowest take-off angle in the angle-

resolved XPS data, at 12.5° to the horizontal). As a reminder, the possible chemisorption 
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products due to the action of water on rubrene are: (1) H atoms and OH groups attached 

on the tetracene backbone, (2) an OH group attached to the tetracene backbone, and (3) 

rubrene endoperoxide (this is taken into consideration as a prudent measure, as there still 

remains a possibility to have this as an oxidation product). The number of oxygen atoms 

per oxidised rubrene molecule varies depending on what the assumed oxidation product 

is, and accordingly the resulting estimate of the density of oxidised molecules would then 

vary: in the case of (1) and (2) there is one oxygen atom per oxidised molecule, while in 

(3) there are two oxygen atoms per oxidised molecule. 

 

First, we consider the case of one oxygen atom per oxidised molecule – products (1) and 

(2). Here, the ratio of oxygen to carbon atoms is 1:42 (there are 42 carbon atoms per 

rubrene molecule). XPS spectra of a sample made purely of such a species should have 

an atomic oxygen percentage of 2.38%, therefore (75.2 ± 7.6) % (i.e. (1.79 ± 0.18) % ÷ 

2.38 %) of the rubrene molecules should be oxidised. This means three out of four surface 

molecules are oxidised, and more precisely corresponds to (9.54 ± 0.95) ´ 1013 molecules 

per cm2. 

 

Second, in the case of two oxygen atoms per oxidised molecule: rubrene endoperoxide 

(product (3)). Since there is double the oxygen atoms per rubrene molecule compared to 

the above case, this means there is half the amount of oxidised molecules: three out of 

eight surface molecules. Performing calculations as above gives a more precise quantity 

of (4.77 ± 0.48) ´ 1013 molecules per cm2. This is considered as the ‘lower limit’ case. 

 

We now compare these obtained concentrations with those of (photo)conductivity-

quenching surface traps. The concentrations of our oxidised molecules are much larger 

(an order of magnitude higher) than estimates of number of traps (not related to oxygen) 

introduced by the ‘gauge effect’ (109–1012 per cm2) [58,145]. According to Ref. [58], the 

gauge effect quenches both dark- and photo- conductivities on the surface; notably it 

reduces photoconductivity by nearly 100 %. Due to their relatively low concentrations 

the gauge effect is believed to not impede exciton dissociation, rather it acts as charge 

carrier traps [58]. 

 

Meanwhile, in our case of ‘oxidation by high humidity exposure’, we recall from the 

electrical measurements of a humidity-exposed rubrene device (after the transitory period 
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has passed) the dark current returns to previous levels, therefore it was surmised that this 

oxidation does not affect charge carrier movement itself. Given the relatively large 

concentrations of oxidised molecules on the surface, is plausible to posit that all such 

‘oxidised’ molecules at the surface act as hindrances to exciton dissociation; they may act 

as an exciton recombination or trapping centres, or facilitate some exciton annihilation 

process(es). Exciton dissociation is allowed to take place at pristine (unoxidised) 

molecules only. The abovementioned result of three oxidised molecules per four surface 

molecules (in the case of one oxygen per rubrene molecule) can be correlated to the 

photocurrent reduction of 60-90%. 

6.4 Physical modification of the conduction channel in two-
terminal devices 

Having understood the effect of the chemical change due to humidity exposure to be 

exciton splitting inefficiencies that reduce photocurrent, the conduction channel in two-

terminal rubrene crystal devices is modified by producing LAO lines across their widths. 

This is performed by drawing multiple joined straight oxide lines across the whole width 

of the conducting channel with an excess of ~25 µm on either end. The oxide lines were 

~5 nm tall (and hence have an expected depth of ~8 nm based on LAO experiments, see 

section 5.11).  Another type of two-terminal device was made on a separate crystal, with 

a graphite line as one contact and a conductive AFM tip as the other contact ~50 µm apart 

(‘graphite-CAFM device’), with the modification being a single continuous oxide feature 

drawn in the shape of a 20 µm by 20 µm closed square box  around the point where the 

Figure 6.9 A schematic of the square box modification of the two-terminal device. 
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conductive AFM tip touches the rubrene surface (‘square box modification’; see Figure 

6.9). 

 

The sample on which the graphite-CAFM device was made had already undergone a dose 

of humidity plus storage in ambient humidity. This means the ‘oxidation by humidity’ 

process had already taken place which in turn this means there was already a reduced 

number of photoinduced charge carriers at the beginning of this experiment. I-V 

characteristics are taken before drawing LAO lines and after drawing the LAO lines (plus 

a duration of storage in ambient humidity), on both devices. No significant change is 

observed in the I-V characteristics of either type of device, meaning all charge carriers 

(photoinduced or otherwise) had bypassed the LAO line, flowing through an alternative 

path below the LAO line with negligible change in resistance – see Figure 6.10. In such 

two-terminal devices, there is no transverse electric field to concentrate and confine the 

charge carriers into any specific region of the device, unlike in organic field-effect 

transistors where charges are electrostatically confined in the first few nanometres of the 

semiconductor, near the dielectric interface [18]. 

 

Following the null-result discussed above, the next study to carry out was to modify the 

surface further to investigate the vertical extent of charge carrier movement in coplanar 

devices with no field-effect (transverse electric field) applied. The aim was to determine 

the characteristic depth for total electrical isolation of nearest-neighbour coplanar devices 

Figure 6.10 I-V characteristics before and after performing LAO across a rubrene 
surface conduction channel (the contacts were both graphite; this was not the graphite-
CAFM device).  
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fabricated on the same crystal, operating in the absence of transverse constraints or 

confinements (be it field-effect or physical control such as using ultrathin crystals).  This 

was carried out by applying a square box modification on graphite-CAFM devices but 

this time the modification was in the form of a ‘trench box’ scratched using AFM tips. A 

typical tapping mode AFM tip was utilised in contact mode as it has a much higher force 

constant than the typical contact mode or CAFM mode tip (~40 N/m versus ~0.2 N/m) 

and so could more efficiently dig the trench. For digging each of the sides of box, normal 

contact mode imaging is performed of a rectangular area possessing a very high length to 

width ratio (~30) at a setpoint of at least 0.5 V higher than for normal topography imaging 

using a contact mode/CAFM tip. Figure 6.11 shows the experimental setup and the results 

obtained. First, three sides of the trench box are dug to a depth of at least 5 µm; these are 

the three sides of the box not facing the graphite contact. It is also noted that at this point, 

that a noticeable amount of debris has covered the surface as a result of digging the 

trenches on the three sides, which could impact photocurrent contributions. However, in 

subsequent steps in this experiment there is no increase in debris accumulation on the 

surface. Finally, the fourth side is dug. On this side, trenches are dug at increments of ~1 

µm. When depths of at least 1, 2 and 3 µm are reached, I-V characteristics of the device 

are taken inside the box as well as around it. In this experiment, the bias on the CAFM 

tip is varied (a positive voltage is applied). With a voltage of up to 5 V used and a channel 

length of ~46 µm, the applied electric field used was up to ~1.1 kV/cm. 

 

At 1 µm depth, the current under illumination, measured inside the box, has shown a 

decrease. It is apparent that some blocking of the photocurrent has taken place at this 

stage where at least some photogenerated charge carriers are not passing under the trench. 

Meanwhile, the dark current stays at about the same level as before creating a trench. A 

difference between dark current and photocurrent is the location of charge carrier 

injection/creation in the conductive channel. In the case of dark current, holes are injected 

from the CAFM tip, while for photocurrent the excitons can split into holes and electrons 

at the surface between the CAFM tip and graphite contact. A tentative speculation is that 

the surface-dependent nature of exciton splitting may affect photocurrent efficiency in 

this setup. In addition, at this point, the possibility of charge carrier generation by exciton 

splitting on trench edges is acknowledged, meaning that excitons formed near the trench 

(within distances comparable to the exciton diffusion length) may be able to dissociate 
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without the need to travel to the crystal surface, though it is not apparent if its effects are 

observed yet at this depth of 1 µm. 

 

At 2 µm depth, the current under illumination is decreased at lower voltages (0 to 3 V) 

compared to before creating the trench and at 1 µm, however beyond that voltage the 

photocurrent ‘recovers’ and matches the photocurrent levels as at 1 µm depth; it is 

Figure 6.11 The ‘trench box’ experiment. (a) In the photograph, three sides of the trench 
box indicated by the white dotted lines were made beforehand to a depth of at least 5 µm. 
After this, I-V characteristics were taken at the locations indicated by the purple, black, 
blue and orange arrows, corresponding to ‘0 µm trench depth’, shown as black lines in 
(b), (c), (d) and (e). The final side of the trench box indicated by the yellow dashed line 
was then dug. After at least 1, 2 and 3 µm depths, I-V characteristics are measured, shown 
in red, blue and green lines respectively in (b), (c), (d) and (e). No dark current nor 
photocurrent is observed at the 3 µm depth I-V measurement.  
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seemingly at an intermediate stage where photocurrent is ‘recovered’ at higher voltages. 

It is speculated that charge carriers formed on trench edges (as discussed above), coupled 

with the higher electric field at larger voltages which aid charge carrier transport, cause 

this ‘recovery’ in current. At 3 µm depth, there is no more current flowing under the 

trench, both in the dark and under illumination. It is perceived that due to the disruption 

at such vertical extents, the relevant components of the electric field between the CAFM 

tip and the graphite contact are now unable to facilitate charge transport to such a depth 

below the trench. This depth is considered large for complete blocking of current in such 

a system. It is surmised that there may be other mechanisms that have aided in ultimately 

achieving current flow up to 2 µm depth, such as diffusion of excitons (created near the 

trench, within distances comparable to the exciton diffusion length) from one side of the 

trench to the other such that they would split at locations that would favour charge 

transport. 

 

Throughout the trench box experiment, the I-V characteristics of the three locations 

outside the trench are monitored and remain as before. 

 

The results discussed show that charge carriers in rubrene (photogenerated or otherwise) 

that are introduced or generated at the surface are vertically mobile where there are no 

(transverse) confining fields or physical constraints. However, there exists a limit to this 

vertical motion (at least in the case of the two-terminal coplanar contact setup), which is 

assumed to correspond to a depth beyond which the electric field intensity is sufficiently 

weakened, and charge transport is then blocked. These results are contrary to intuition 

and assumptions made at the beginning of the experiment, as well as indications from 

literature [58], where charge carriers in rubrene (photogenerated or otherwise) that are 

introduced or generated at the surface only flow on the surface.  

 

As a final note, we estimate and compare the dark conductivity values of our two-terminal 

devices with another device reported in the literature [146]. Based on the results obtained 

above, here we consider current passing through the device up to a thickness of 2 µm 

below the surface. This work was chosen for comparison as the device contacts were in 

the same setup as used in this study (i.e. coplanar contacts on the surface); most studies 

mainly focus on field-effect behaviour and/or photoconductivity, whose values of current 
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(which are much larger) are plotted on the same graph and thus diminishes the data of 

device behaviour without field effect and/or in the dark. In Ref. [146], contacts were made 

by thermal deposition of gold onto the crystal surface. The channel length and width were 

25 µm and 300 µm respectively; dark current is below 1 nA for a 40 V bias (it is assumed 

to be 1 nA in these calculations). The conductivity estimate is calculated as 1×10-6 S/m. 

We compare these to our dark current measurement (black line) in Figure 6.6, and based 

on the device dimensions we have quoted earlier, the calculated conductivity is 5×10-6 

S/m. The conductivities are within the same order of magnitude. It is possible that the 

lower conductivity device possesses non-ideal contact effects, causing poor charge 

injection. 

6.5 Summary 
 

The direct printing of sub-millimetre-sized electrical contacts on organic semiconductor 

substrates is demonstrated. This is a direct write (no-mask, no-lithography) technique that 

also does not require surface treatment to direct or confine the printed features, and has 

been demonstrated in ambient atmosphere conditions. The lateral dimensions of printed 

features greatly depend on the size of the micropipette opening which in turn dictates the 

particle size that can be included in the ink for printing. The outlook for this technique is 

promising as this technique is versatile; the variable parameters include size of printing 

aperture sizes from ~40 µm down to ~1 µm, a variety of materials with suitable particle 

sizes (micron-sized to nanoparticles) can be printed. With a ~20 µm micropipette 

aperture, graphite contacts (particle size ~1 µm) of width 22 ± 3 µm were drawn. 

 

Modification of surfaces of rubrene conduction channels in a coplanar setup (both 

contacts on the same side of the crystal) was performed in several ways (humidity 

exposure, LAO and controlled mechanical scratching using AFM). The humidity 

exposure causes a water layer to form, but XPS measurements as a function of time after 

removal from humidity indicate that no oxygen is incorporated during the exposure itself, 

rather it takes place after that in a ‘transitory period’ during storage in ambient air 

conditions in the dark. Angle resolved XPS shows the presence of oxygen to be very 

localised near the surface. Calculations based on oxygen atomic percentage (using X-ray 

photoelectron spectroscopy) of the closest volume possible to the rubrene surface shows 
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that (75.2 ± 7.6) % of surface molecules are affected by the oxygen incorporation that 

hinder exciton dissociation (and thus obstructs photocurrent generation). This correlates 

with a permanent photocurrent reduction of 60-90% indicating that the oxygen-containing 

molecules have contributed in preventing exciton dissociation. In the case of LAO and 

controlled mechanical scratching of the surface by AFM, with applied lateral electric 

fields of up to ~1.1 kV/cm, charge carriers injected at the surface can travel vertically 

downwards and bypass the trench up to a depth of at least 3 µm. 

 

The modifications by LAO (the ‘box’ setup and line across the conductive channel width) 

as well as the trench box technique that we have shown are proof of concept experiments 

for determining the extent of depth at which conductive processes happen. Especially 

with LAO, a controlled modification of the surface can be performed without disrupting 

much of surface area especially where the surface plays an additional role on top of just 

acting as the conductive channel. Even though no gating was applied in this experiment, 

this technique can be extended to gated devices where the vertical extent of the 

conduction channel can be controlled or confined by varying the gate voltage. 
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7 CONCLUSIONS 

In the field of organic electronics, single crystalline organic semiconductors continue to 

be studied as model systems and in proof of concept studies, providing further insight and 

implications for development of future devices. The work presented in this thesis is 

regarding the growth and characterisation of organic single crystals, and modification of 

its surfaces that can be adapted in device fabrication techniques. 

 

A physical vapour transport crystal growth system was setup in-house, and rubrene and 

TP crystals were grown. The growth of TP crystals using such a setup had not previously 

been reported. With a 30 ml/min argon gas flow, rubrene crystal growth was performed 

at base and sublimation temperatures of 260 °C and 310 °C respectively, while TP crystal 

growth at 240 °C and 280 °C respectively. For rubrene, centimetre-sized crystals were 

reproducibly obtained, while the size of TP crystals were only about 0.2 mm along the 

largest dimension, however these should be sufficiently large for making devices at the 

~10 μm size. The crystals were characterised by single-crystal X-ray diffraction and 

Raman spectroscopy, and the results matched characterisation performed with the same 

techniques in previously reported studies. Rubrene crystals were further studied by 

photoluminescence spectroscopy and X-ray photoelectron spectroscopy. Rubrene 

crystals were categorised according to source material used during growth. The 1x purity 

crystals displayed strong photoluminescence peaks related to oxygen-related 

contamination, while the 2x purity crystals (grown using 1x rubrene as the source 

material) showed much weaker intensities of the same peaks. X-ray photoelectron 

spectroscopy reveals that the 1x purity crystal surfaces possess more oxygen and are more 

susceptible to oxidation than the 2x purity crystals. Raman spectroscopy was used to 

identify the chemical fingerprint of rubrene crystals. 

 

Local anodic oxidation was performed on single crystal rubrene, producing precisely 

drawn continuous oxide features. Oxide feature height increases with voltage bias and 

decreases with tip writing speed. Gaps 22 nm wide at the surface between two adjacent 

parallel oxide lines were observed. The recently developed conductance tomography 
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technique proved suitable for revealing oxide feature depths below the surface. The oxide 

line depth exceeds the height, with depth-to-height ratio of more than 1.6 in most cases. 

The maximum height and depth of the oxide features exceed those reported on many 

materials. The oxide ceases to grow below a critical electric field of ~3×106 V/cm, 

corresponding to a maximum oxide vertical extent of ~60 nm within the range of voltage 

bias used (up to -22 V). 

 

The direct printing of sub-millimetre-sized electrical contacts on organic semiconductor 

substrates is demonstrated. This is achieved using a SonoPlot® Microplotter II. It is a 

direct write technique (no-mask, no-lithography) that also does not require surface 

treatment to direct or confine the printed features, and has been performed in ambient 

atmosphere conditions. The lateral dimensions of printed features depend on the 

micropipette opening size which in turn dictates the sizes of the particles to be printed. 

This versatile technique can be used to print a variety of materials with suitable particle 

sizes (micron-sized to nanoparticles) using nozzle aperture sizes from ~40 μm down to 

~1 μm. With a ~20 μm micropipette aperture, graphite contacts (particle size ~1 μm) of 

width 22 ± 3 μm were drawn on rubrene single crystals. 

 

Modification of the surfaces of rubrene conduction channels in a coplanar setup (both 

contacts on the same side of the crystal) was performed in several ways: humidity 

exposure, local anodic oxidation, and controlled mechanical scratching using atomic 

force microscopy. The humidity exposure causes a water layer to form. XPS 

measurements as a function of time after removal from humidity indicate that no oxygen 

is incorporated during the humidity exposure itself, rather it takes place during a post-

exposure ‘transitory period’ during storage. Angle resolved XPS shows a localised 

presence of oxygen near the surface. Calculations based on oxygen atomic percentages 

of the closest volume possible to the rubrene surface shows that (75.2 ± 7.6) % of surface 

molecules are affected by the oxygen incorporation that can hinder exciton dissociation 

(and thus obstruct photocurrent generation). This correlates with a permanent 

photocurrent reduction of 60-90%. By controllable mechanical scratching the surface of 

a rubrene device, we observe that in device operation using applied source-drain electric 

fields of up to ~1.1 kV/cm (and without any gating), charge carriers injected at the surface 

are totally blocked when disruptions at least 3 μm deep are made. 
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7.1 Future work 
 

At present, the TP single crystals grown by physical vapour transport are smaller than 

single crystals of other organic materials such as rubrene. In order to increase the  size of 

TP crystals, suggestions from the literature could be explored, for example from Ref. [97] 

such as (1) rather than using the source material as is, it should be dissolved in a suitable 

solvent and then evaporated, supposedly providing a more uniform source material that 

may help improve its sublimation, (2) design, fabricate and utilise templates to guide 

crystal nucleation and improve growth in certain crystallographic directions. 

 

The product(s) of local anodic oxidation can possibly be identified using techniques that 

acquire data from a localised volume in all three dimensions such as tip-enhanced Raman 

spectroscopy. This can provide a more complete picture of the LAO process and 

chemistry in organic electronic materials. Water-gated transistors are good candidate 

devices for implementing LAO studies, as the dielectric (i.e. water) can be removed and 

reapplied. Suggested device geometries include a constriction of the active channel width 

producing a one-dimensional device (for example width of order 10-100 nm with a length 

about one order of magnitude larger), or a demonstration of total electrical isolation 

between multiple adjacent devices on a single organic electronic substrate. To this end, a 

collaboration with Dr Martin Grell, from University of Sheffield, has been initiated.  

 

In a bid to improve the contact printing precision, the ink recipe for the Microplotter can 

be refined with the aim of reliably printing electrical contacts using the smallest possible 

nozzle size (expected to be about ~1 μm wide) under ambient air conditions. It is 

suggested that nanometallic inks of a suitable viscosity be used instead of colloidal 

graphite. 

 

The effect of oxidation by humidity exposure on the photoconductivity in rubrene crystal 

two-terminal devices can be further studied by coating the surface with transparent 

exciton-quenching or exciton-splitting layers described in Ref. [26] after humidity 

exposure, and compared with devices on similarly coated crystals that do not undergo 

humidity exposure. Theoretical modelling could be used to help uncover the 

mechanism(s) by which current flowing between contacts is blocked by surface 

disruption (e.g. oxidation, scratching), as a function of depth of disruption. Charge 
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transport studies on gated devices, where the conduction channel vertical extent may be 

controlled by varying the gate voltage, can include experiments based on the concept of 

current blocking devised in this study. 

 

If the abovementioned suggestions for future work are carried out, then the processes of 

exploiting LAO for surface modification, and of performing electrical characterisation, 

will be more controllable and better understood for organic single crystals. With that 

improved knowledge we will be better placed to make working organic electronic device 

components and scale them up - that is the long-term goal of this research. In particular, 

LAO can be used to isolate device components from one another or form thin oxide lines 

that act as tunnel barriers in tunnelling devices. A multiple-cantilever approach (e.g. the 

IBM ‘millipede’ technology)[147] could be exploited for rapid wafer-scale writing, or 

more simply a stamping technology [72,148], producing the required scale-up. 
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