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Abstract 
Dynamic secondary ion mass spectrometry (SIMS) is a mature surface analytical technique 

particularly in the semiconductor industry where it has been used for process development, 

process monitoring and troubleshooting. This technique now is capable of sub-nanometre 

depth resolution, parts per billion sensitivity and lateral resolution in the tens of nanometre 

range. In the past few years, the application of SIMS has been increasing its range into 

other branches of materials including ceramic and glasses, metals, polymers and 

biomaterials. 

Currently, the processing and the development of devices of organic semiconductors are 

becoming more mature, whilst the materials characterisation has not currently been 

adapted to characterise organic semiconductors. There are a range of interesting questions 

that are still staying open. For example there are efforts made trying to determine the 

composition in blends of organic films and the roughness of interfaces between the films 

using techniques such as transmission electron microscopy (TEM). 

The motivation of this research is to extend the strengths of SIMS to organic materials and 

in particular, concentrate on the application of SIMS to analyse soft organic phthalocyanine 

thin films as a function of depth.  

There are four main research questions in this study. Firstly, time of flight secondary ion 

mass spectrometry (TOF-SIMS) was used as a surface analytical tool to quantify the degree 

of blends between metal and metal-free phthalocyanine films. The samples analysed were 

100%, 50%, 10%, 1%, 0.1% and 0% copper phthalocyanine (CuPc) to metal-free 

phthalocyanine (H2Pc). Secondly, A methodology was developed to distinguish between 

phthalocyanine molecules with very similar masses and structures, analysing composition 

in multilayer organic films and drawing 3D map of multilayer films. Lastly, TOF-SIMS was 
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used as a quantification tool to detect the presence of metal oxide formed on the surface of 

the sample after UV treatment of metal phthalocyanine films. TOF-SIMS was also used as a 

surface analysis tool, to detect metal dopants within the substrate after the UV treatment of 

metal phthalocyanine films. 

This study showed that it is possible to quantify the compositions of blends between metal 

and metal-free phthalocyanine films. The SIMS parameters developed from this study can 

be used to analyse soft organic films such as phthalocyanine films. This could be a starting 

point to characterise complex phthalocyanine heterostructures. 

Due to the TOF-SIMS parameters used in this study which are not fully optimised for the 

detection of metal dopants within the substrate, the presence of zinc dopants after UV 

degradation is not conclusive from this study. However, this study showed, by using SIMS, 

that it is possible to create metal oxide using UV degradation of metal phthalocyanine films.  
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Chapter I – Literature Review 

 
"Men educated in (the critical habit of thought)... are slow to believe. They can 

hold things as possible or probable in all degrees, without certainty and without pain.” 
- William Graham Summer, Folkways 1906 
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1 Introduction 

During the first half of the twentieth century, both research and development of electronics 

and the electronics industry grew at a rapid pace. This growth was largely motivated by the 

wartime efforts, to enhance the capabilities of communication devices such as the radio 

and telephone, and the development of radar. 

The integrated circuit was invented in 1959 and since then, the integration density of such 

circuits has doubled every 12 to 18 months. This observation is known as Moore’s Law1. 

Currently, integrated circuits are made by a photolithographic process, with multiple steps 

including metal deposition and doping of silicon to form p-type and n-type silicon to form 

components within the integrated circuit such as the gate dielectric, a silicon dioxide 

insulator. 

One consequence of increasing the integration density of silicon-based circuits is the 

reduction in the gate length2. The gate length is the distance which the source and drain in 

a transistor are separated. Peercy reported in 2000 that the state-of-the-art CMOS 

transistors have a gate oxide thickness3 of about 2nm. If silicon dioxide were to continue to 

be used for the gate insulator, tunnelling-induced leakage currents and dielectric 

breakdown will occur if the gate oxide thicknesses have been reduced to below 1.5nm and 

this will lead to unacceptable device performance. This results in the breakdown of Moore’s 

law. 

One solution to Moore’s Law is the development of molecular electronics. There are a lot of 

complex architectures involved in molecular electronics 4 , 5 , 6 , 7 . One particular area in 

molecular electronics is organic photovoltics (OPVs). OPVs have attracted a lot of attention 

in the last two decades due to their potential application as green energy devices4,8,9. Of 
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particular interest, small-molecule solar cells are among the most developed fields in 

OPVs10,11,12,13,14,15,16,17,18,19. 

Currently atomic force microscopy (AFM) and secondary electron microscopy (SEM) are 

used for morphology studies, while X-ray diffraction (XRD) is used to obtain structural 

information and spectroscopy such as ultraviolet–visible spectroscopy (UV/Vis) is used for 

chemical analysis. 

However, these techniques such as AFM, SEM and XRD only provide information of the 

surface and very little information can be specific to the microscopy or bulk depth within 

the sample. This issue has been addressed for example by doing a cross sectional cleaving 

of the sample using focused ion beam followed by microscopy 20. However, there are 

problems associated with focused ion beam preparation of the sample. 

Dynamic secondary ion mass spectrometry (SIMS) was first developed by Castaing and 

Slodzian in the early sixties 21. Since then, SIMS is a mature surface analytical technique 

used in geochemistry, metallurgy, and particularly in the semiconductor industry where it 

has been used for process development, process monitoring and troubleshooting. This 

technique now is capable of sub-nanometre depth resolution, parts per billion sensitivity 

and lateral resolution in the tens of nanometre range. In the past few years, the application 

of SIMS has been increasing its range into other branches of materials including ceramic 

and glasses, metals polymers and biomaterials. 

Currently, the processing and the development of devices of organic semiconductors are 

becoming more mature, whilst the materials characterisation has not currently been 

adapted to characterise organic semiconductors. There are a range of interesting questions 

that are still staying open. For example there are efforts made trying to determine the 

composition in blends of organic films and the roughness of interfaces between the films 

using techniques such as the TEM. 
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The motivation of this research is to extend the strengths of SIMS to organic materials and 

in particular, concentrate on the application of SIMS to analyse soft organic phthalocyanine 

thin films as a function of depth. The main three questions to be addressed in this research 

are the application of SIMS as a quantification tool to determine the composition of organic 

phthalocyanine blends, determination of the roughness of interfaces between organic 

phthalocyanine thin films and the compositional analysis for the existence of metal oxides 

on UV-treated metal phthalocyanine thin films and the existence of metal dopants within 

the substrate from UV-treatment of metal phthalocyanine thin films. 

1.1 SIMS analysis of organic films 

After the first commercial SIMS instrument were available in 1968, various strategies have 

been developed for the analysis of soft materials using the SIMS in the 

eighties22,23,24,25,26,27,28. 

In recent years, many ion beam conditions were investigated for the depth profiling of 

organic materials. Kozole et.al.29 investigated the effect of the incident angle of C60
+ ion 

beam, and found that the chemical damage, total sputtering yield and the interface width 

decreases as primary ion incident angle increases. Mine et.al.30 demonstrated in 2007 using 

Cs primary ion beam on polycarbonate, that the implanted Cs primary ion beam enhances 

the negative polycarbonate fragment ion yields. 

A novel depth profiling methodology was developed in 2009 by Mondt et.al.31 to erode 

organic layers mechanically for SIMS analysis on the sub-surface organic layers. Many 

studies32,33,34 found  great potential using molecular cluster ion beam for depth profiling 

organic materials. 

Studies on dual beam modes has been done such as in 2010, Brison et.al.35 compared 

between single beam and dual beam TOF-SIMS analysis for organic materials, and 
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introduced a dimensionless parameter to quantify the degree of sample damage to allow 

the optimisation of the operating condition in order to obtain the best results. A study on 

depth profiling various metal-free polymers using dual beam mode TOF-SIMS was done in 

2008 by Cramer et.al.36 who demonstrated that organic depth profiling SIMS is possible, 

and the optimum experimental conditions are strongly dependant on the type of sample 

system. 

In this study, depth profiling will be performed on metal and metal-free phthalocyanine films 

using improved ion beam conditions. 

 

1.2 Phthalocyanines 

Phthalocyanines are organic macrocyclic compounds composed of four isoindoline units 

linked by aza nitrogen atoms. It is a planar structure that has a central cavity which can 

contain a single metal cation37 (See Figure 1.2.1). Like the metal-free variety (H2Pc), small 

cations such as Cu2+, Zn2+, Fe2+, Mn2+, Ni2+, Co2+, and Pt2+ can fit into the cavity without 

distorting the planar structure of the phthalocyanine molecule. However, larger cations such 

as Pb2+ may distort the planar structure38. The structure of phthalocyanines is made up of 

aromatic molecules which have alternating carbon single and double bonds arranged in a 

planar ring. This forms π-bonds from the delocalised electrons over the aromatic rings 

which enhances stability of the molecule and lead to the semiconducting behaviour. 
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Figure 1.2.1: The chemical structures of (a) CuPc and (b) H2Pc molecules.39 

Phthalocyanines are widely used for applications such as industrial dyes and paints due to 

their intense colour. Copper phthalocyanine for example has the appearance of a blue 

powder (See Figure 1.4.1). It is insoluble in water and in most solvents. 

Depending on the metal ion, the molecule may contain unpaired electrons which can be 

used for spintronics applications40. 

 

1.3 Crystal Phases of Phthalocyanine films 

Several phases of phthalocyanine molecules such as copper phthalocyanine are currently 

known38,39,41,42,43,44,51. These phases of phthalocyanines are named by using Greek letters 

and are sometimes named in chronological order of discovery, but there is no set 

convention. The two most common phases of phthalocyanine molecules are the α- and β- 

phase, in which the molecules are tilted at angles of ∼25° and ∼45° with respect to the 

stacking directions respectively (Figure 1.3.1). 
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Figure 1.3.1: (a) shows the molecular orientation of copper phthalocyanine molecules in the β-phase. (b) 

and (c) shows the orientation of the CuPc molecules in the α-phase predicted by Ashida and Hoshino 

models respectvely. 

 

Figure 1.3.1 (a) is a diagram illustrating the molecular orientation of copper phthalocyanine, 

CuPc molecules in the β-phase. In the β-phase, the CuPc molecules have a greater tilt at 

an angle of 45.9° as compared to the angle of tilt when the CuPc molecules are in the α-

phase (25-26°). (b) and (c) shows the orientation of the CuPc molecules in the α-phase 

predicted by the models Ashida and Hoshino proposed respectively. 

It is possible to control the phase which the CuPc thin films adopt during growth. α-phase 

CuPc is formed when the CuPc films are grown around room temperature, whilst the β-

phase is formed when the thin films are grown at a higher temperature. The β-phase CuPc 

can also be formed by annealing the thin films after deposition45,46,47,48, or in single crystals. 
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1.4 Optical Properties of Copper Phthalocyanine, CuPc 

Ultraviolet/Visible spectroscopy (UV/Vis) was used in this study, because as discussed in 

Chapter 3.3, it is a quick technique to identify the molecule and structure adopted by the 

film. It can also be used to measure the thickness of thin films; and serve as one of the 

main tools to measure the amount of degradation of the organic thin films. 

 

Figure 1.4.1: Photograph of copper phthalocyanine, CuPc powder having a bright blue appearance.49 

 

Phthalocyanines such as CuPc have a strong optical absorption at a wavelength of around 

700nm (1.8eV), which we perceive as the colour blue (Figure 1.4.1), due to the first π-π* 

transition in the Pc2- ligand from the highest occupied molecular orbital (HOMO) singlet level 

(the ground state of the Pc ligand) to unoccupied singlet levels such as the lowest 

unoccupied molecular orbital (LUMO)38,39. This transition is known as the Q-band absorption. 

Figure 1.4.3 shows the electronic absorption spectra of the Q-band of CuPc. 
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Figure 1.4.2: Molecular orbitals showing the HOMO/LUMO50. 

A molecule in the ground state has electrons occupied in the lowest possible energy levels. 

The highest occupied molecular orbital is called the HOMO and the lowest unoccupied 

molecular orbital is called the LUMO; the difference in energy between the HOMO and the 

LUMO is known as the band gap. According to the Pauli Exclusion Principle, a maximum of 

two electrons with opposite spin states can occupy an orbital. When the molecule receives 

energy equal or larger than the band gap, an electron in the HOMO may be excited to the 

LUMO. This is called the molecule's excited state, and the excitation can be in the form of 

incoming radiation or an application of an electric field. 

 

Figure 1.4.3: Electronic absorption spectra of the Q-band of CuPc, showing the comparison between 

CuPc dissolved in 1-chloronaphthalene (dashed line) and α-phase CuPc thin film (solid line)51. 

The dilute CuPc in solution (dashed line) shows an intense sharp peak at around 690nm, 

and lower intensity peaks which are due to vibrational transitions from around 600 - 690nm. 
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The CuPc film absorption spectrum (continuous line), is much broader than the spectrum 

from the diluted CuPc in solution. There are several possible explanations that can be found 

in the literature for the double peak Q-band spectra of CuPc film as opposed to the single 

peak Q-band of diluted CuPc in solution. Despite being shifted towards lower absorption 

wavelengths, the peak at around 620nm for the CuPc film is related to single-molecule 

behaviour and the higher peak is due to aggregates52. 

The ultraviolet/visible spectra of CuPc not only provides information of the integrity of the 

CuPc film after sublimation growth methods (Figure 1.4.3 and Figure 3.2.1), but it can also 

be used to identify the phases of CuPc film grown. This is because the wavelengths, which 

the absorption peaks correspond to, are dependent on the molecular packing within the 

phthalocyanine films. The α-phase is known to absorb at ∼695nm and ∼623nm, whilst the 

β-phase absorbs at ∼719nm and ∼645nm, with different relative intensities of the two 

peaks for the two crystallographic phases39,51,53. 

 

1.5 CuPc in Molecular devices 

Phthalocyanines are one of the most promising candidates for organic thin films to be used 

in molecular devices, as they are easy to grow and they possess advantageous electronic 

properties and excellent chemical stability54,55,56. CuPc in particular has attracted a lot of 

attention for use in molecular devices57, including field-effect transistors (FET)58, multilayer 

light emitting devices59 and optoelectronics60,61. It was also reported62 that blends of CuPc 

and C-60 can be used for photovoltaic devices. 
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1.6 Current growth techniques for metal oxides and doped 

semiconductor layers 

The most common current growth techniques for growing metal oxides or doped 

semiconductor layers are liquid phase epitaxy (LPE), molecular beam epitaxy (MBE), 

metallic organic chemical vapour deposition (MOCVD), and ion implantation for introducing 

dopants into silicon. 

Liquid phase epitaxy involves drawing a crystal seed from the melt, and if the composition 

of the melt changes, then so does the composition of the atomic species of the crystal. This 

method is widely used for manufacture of very cheap devices such as lasers for bar-code 

readers and light emitting diodes (LEDs). However it is difficult to control the thickness and 

the composition. 

Molecular beam epitaxy (MBE) is a highly controlled form of evaporation where atomic 

and/or molecular beams of the elemental species are deposited on the surface, including 

the dopant species at a much lower concentration.  

Metal organic chemical vapour deposition (MOCVD) is a form of cracking of a mixture of 

gases passed over a heated substrate to induce a reaction. It can be used to grow metal 

oxides or doped silicon layers at a faster rate and lower cost than MBE. 

Although MOCVD is easier scaled for production and has a faster throughput as compared 

to MBE, the safety issues involve with MOCVD drives up the cost. MBE has a higher degree 

of control over MOCVD due to the in-situ growth monitoring but ultra-high vacuum is 

essential63,64,65. 

Ion implantation involves ions of the element to be implanted to be accelerated to energies 

between 10−500 keV into the silicon target. The main disadvantage of the ion implantation 
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technique is the creation of numerous point defects inside the silicon lattice, such as 

vacancies. This leads to a mixture of substitutional and interstitial doping within silicon 

which causes variations in electrical properties. 

Although some of the beam induced damage can be repaired with high temperature 

annealing, the high temperature involved with annealing can broaden the dopant 

distribution and be detrimental to device efficiency 66. If the energy beams used in ion 

implantation are too high, the silicon lattice can be destroyed and will be irreparable by 

annealing. 

1.7 Novel route for the formation of metal oxides and the 

inclusion of metal dopants in silicon 

It is highly desirable to have high control over the species, concentration, uniformity and 

purity of the dopants within bulk silicon for applications such as in spintronics and quantum 

computing67 where the formation of dopant-rich clusters should be avoided. Therefore, low 

temperature and rapid processes are preferred to minimise the migration of dopants to 

undesirable sites within the bulk silicon68. In addition, in order to be commercially viable, the 

dopant species should be introduced at low cost and over large areas. 

This section outlines a cheap, versatile and readily scalable for industrial use, new method 

for the formation of metal oxide and the introduction of metal species into silicon. 

Processing is performed at room temperature, with operation at cryogenic temperature 

possible, and so this method has the potential to control the positions of a wide variety of 

dopants in silicon. 

It has recently been shown that metal phthalocyanine molecules can be used as precursors 

for oxide formation69 or for metal doping into silicon if they are irradiated by UV light at 
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λ=172nm (E172nm = 7.21eV). Phthalocyanines can form ordered films onto any substrate70. 

Once deposited, these molecules remain intact, and so the ligands act to spatially separate 

the metal atoms. 

To degrade metal phthalocyanine molecules, bonds between the metal species and the Pc 

ligand must be broken. This is achieved by photo-excitation of the bonding electrons in the 

metal phthalocyanine molecule. Calculations by Liao et al.71, 72 suggest that the binding 

energy of the metal species to the Pc ligand is typically 5−10 eV. For example, the binding 

energy of the Cu species to the Pc ligand in CuPc is calculated to be 6.96 eV, and the 

binding energy of the Mn species to the Pc ligand in MnPc is 8.80 eV, i.e higher than the 

energy of the excimer lamp. This binding energy however was calculated from MnPc 

molecule in the ground state, instead of the excited state which the Pc molecules will be in 

under UV irradiation. Thus, light of wavelength 172nm (E172nm = 7.21eV, in the UV region) 

could be sufficient to degrade the M-Pc molecules in this study. 

It was reported by Gardener et al.73 that under UV irradiation, the lowest energy C–N bonds 

are the first to rupture resulting in the formation of pyrrole- and benzene-rich fragments, 

which themselves are further decomposed by the 172 nm photons74. This destabilizes the 

metal–ligand bond leading to the release of the metal atoms onto the silicon surface. Once 

the metal atoms are released from the organic macrocycle they are incorporated into the 

silicon bulk via various photo-assisted mechanisms. It was reported75 that the incorporation 

of interstitial Mn into Si typically requires ∼2.5–3.2 eV. This is less than the energy provided 

by 172nm UV lamps (E172nm = 7.21eV). 

1.7.1 What is an excimer? 

Excimers are weakly bound excited states of molecules that, under normal conditions, do 

not possess a stable molecular ground state. They are defined by J B Birks in 197576 as 'a 
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dimer which is associated in an excited electronic state and is dissociative (i.e. would 

dissociate in the absence of external restraints) in its ground electronic state'. 

1.7.2 How does an excimer lamp work? 

The first excimer laser was invented in 1970 by Nikolai Basov, V. A. Danilychev and Yu. M. 

Popov, at the Lebedev Physical Institute in Moscow, using a xenon dimer (Xe2) excited by 

an electron beam to give stimulated emission at 172 nm wavelength77.  A. Sobottka et al.78 

proposed that the mechanism for emission of photons in the VUV range from gas excitation 

and ionization is as follow. This is shown in the energy diagram in Figure 1.7.1. 

 

Excitation 
𝑅∗ + 𝑅 → 𝑅2∗ 
𝑅2∗ → 2𝑅 + ℎ𝜈 

Ionisation 

𝑒ℎ𝑜𝑡 + 𝑐𝑜𝑙𝑙𝑖𝑠𝑖𝑜𝑛𝑠 → 𝑒𝑡ℎ 
𝑅+ + 𝑅 → 𝑅2+ 
𝑅2+ + 𝑒𝑡ℎ → 𝑅∗∗ + 𝑅 
𝑅∗∗ → 𝑅∗ + ℎ𝑒𝑎𝑡 
𝑅∗ + 𝑅 → 𝑅2∗ 
𝑅2∗ → 2𝑅 + ℎ𝜈 

 
 

 

Figure 1.7.1: Simplified mechanism of the emission of xenon.79 
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With an application of an electric field containing sufficient energy across the inert gas, 

electrons in the HOMO of the inert gas undergo excitation. This results in the inert gas 

atoms to form bonds with one another, forming dimers. However these dimers are short-

lived as the electrons in the excited state relax down to the ground state, causing the 

components of the excimer to dissociate and repel each other. Energy is released in this 

process and is equal to the minimum energy needed to excite the electrons in the first 

place, in the form of photon radiation. This minimum energy is illustrated as the separation 

in energy levels between the HOMO and LUMO of the energy diagram (Figure 1.4.2) and it 

is called the band gap of the material. 

It is thus clear now that the radiative emission of the excimer lamp is dependent on the 

choice of inert gas used in the excimer lamp (Table 1.7.1). 

  

Excimer Peak wavelength (nm) 
Ar*2 126 
Kr*2 146 
F*2 157 

Xe*2 172 
ArCl* 175 
ArF* 193 

KrCl* 222 
KrF* 248 
XeI* 253 
Cl*2 259 

XeBr* 282 
Br*2 289 

XeCl* 308 
I*2 342 

XeF* 354 
 

Table 1.7.1: Excimers obtained in dielectric-barrier discharges and their respective peak wavelengths in 

nm (commercially available lamps in bold)80. 
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1.8 Secondary Ion Mass Spectroscopy, SIMS 

 

Figure 1.8.1: Photograph of the ION-TOF.SIMS5 used in this study. 

Secondary Ion Mass Spectroscopy, SIMS is a mass spectrometry which involves sputtering. 

Sputtering is the process of the emission of ionised particles. During sputtering, species 

such as electrons, neutral species, atoms or molecules or atomic and cluster ions can be 

emitted. Although the vast majority of species emitted are usually neutral but it is the 

secondary ions that are detected and analysed by a mass spectrometer. It is this process 

which provides a mass spectrum of a surface and enables a detailed chemical analysis of a 

surface or solid to be performed. The photograph of the secondary ion mass spectrometer 

used in this study, ION-TOF.SIMS5 is shown in Figure 1.8.1. 
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The basic SIMS equation is as follows: 

𝐼𝑠𝑚 =  𝐼𝑝𝑦𝑚𝛼±𝜃𝑚𝜂 
 

Where 𝑰𝒔𝒎 is the secondary ion current of species m, Ip is the primary particle flux, ym is the 

sputter yield, α± is the ionization probability to positive or negative ions, θm is the fractional 

concentration of m in the surface layer and η is the transmission of the analysis system. 

1.8.1 Sputtering 

The sputter yield, ym is the yield of sputtered particles of species m, neutral and ionic, per 

primary particle. It increases with primary particle mass, charge and energy, but not 

linearly81. The crystallinity and topography of the bombarded material will also affect the 

yield. John C. Vickerman82 reported that the threshold for sputtering occurs at about 20 to 

40eV primary particle energy and the sputtering yield tends to maximize with energy at 

around between 5 and 50keV. Beyond this energy the yield drops away as the primary 

beam penetrates deeper into the solid and less energy returns to the surface region. For 

amorphous or polycrystalline materials the sputter yield increases monotonically with 

increasing incident angle relative to the surface normal to a maximum at about 60 to 80°. 

The angular distribution of sputtered material tends to have a cosine distribution around the 

angle of incidence of the primary beam. 

1.8.2 Mass analyser 

The three most widely used mass analysers are the quadrupole RF mass filter, the magnetic 

sector and the time-of-flight. The quadrupole analyser was initially an attractive instrument 

for static SIMS because it was easily incorporated in a UHV system due to its small size. 

However it is a low transmission device because it is a scanning instrument, it only allows 
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the sequential transmission of ions. All other ions being discarded resulting in a very high 

information loss. 

Type Resolution 
Mass 
range 

Transmission 
Mass 

detection 
Relative 

sensitivity 
Quadrupole 102-103 <103 0.01-0.1 Sequential 1 
Magnetic 
sector 

104 <104 0.1-0.5 Sequential 10 

Time-of-flight >103 103-104 0.5-1.0 Parallel 104 

Table 1.8.1: Comparison of mass analysers for SIMS 

 

1.8.2.1 Time-of-flight Mass Spectrometer 

In time of flight analysis, pulses of secondary ions, generated by pulses of primary beam, 

are accelerated to a potential such that all ions possess an approximately identical kinetic 

energy; they are then allowed to drift through a field free space before striking the 

detector83. From the equation of kinetic energy, heavier masses travel more slowly through 

the ‘flight tube’. From this, the measured flight time, t, of ions of mass-to-charge ratio, m/z, 

accelerated by a potential, V down a flight path of length, L provides a simple means of 

mass analysis. 

𝑡 = 𝐿 �
𝑚

2𝑧𝑉
�
1
2
 

According to Vickerman, the basic requirements for a time-of-flight mass spectrometer are 

a precisely pulsed primary ion source, a highly accurate computer clock, a drift tube and 

considerable computing power for data acquisition. The flight times of all the ions to the 

detector are electronically measured and related to ion mass. Thus a mass spectrum of all 

the ions is generated from the flight time spectrum. Mass resolution is critically dependent 

upon the pulse length of the generated secondary ion pulse which should be precisely 

defined and very short. This in turn is dependent on the pulse length of the primary beam 
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which is of the order of nanoseconds. The energy distribution of secondary ions will also 

affect the mass resolution. This initial energy spread will cause ions of the same mass to 

enter the drift tube with slightly different velocities and thus degrade the resolution in the 

final spectrum. This is usually compensated for by an energy analyser in the flight tube. The 

most commonly used device is an ion mirror which consists of a series of precisely spaced 

rings to which a gradually increasing retarding field is applied. The more energetic ions will 

penetrate further into the mirror before they are reflected, whilst the less energetic ions will 

take a slightly shorter path. When tuned correctly all ions of the same mass will arrive at the 

detector at the same time, despite their small energy differences when leaving the sample 

surface. The detector is a microchannel plate detector. This is a flat plate device whose 

surface contains a multitude of miniature channel electron multipliers. When bombarded by 

secondary ions, large cascades of the electrons are generated at the inner surface of the 

channels. Introduction of an accelerating voltage immediately prior to detection may be 

needed for the detection of the heaviest ions, as they may be travelling so slowly that they 

do not register an impact on the detector. One of the biggest advantages of the time of 

flight mass analyser is that it is a non-scanning device; no ions are discarded during 

analysis. Hence the wide (in theory limitless) mass range of time of flight analysers are 

particularly useful for analysing complex organic materials.  
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Chapter II – Instrumentation 

“Those that know, do. Those that understand, teach.” 
 - Aristotle (384 BC – 322 BC) 
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2 Instrumentation 

In this chapter the various instruments used in this study will be introduced and discussed. 

The instruments used can be subdivided into three categories. 

1. Thin film growth instrument, 

2. Chartacterisation methods, 

3. Post-growth processing instruments. 

Material is grown in a controlled manner using the purpose built organic molecular beam 

deposition, OMBD, in a vacuum chamber provided by Kurt J. Lesker. Characterisation 

instruments which form the largest part of this chapter consist of Ultraviolet–visible 

spectroscopy, UV/Vis, which measures the amount of light transmission through a material; 

Secondary Ion Mass Spectroscopy, SIMS, which is an extremely sensitive analytical and 

imaging tool; Atomic Force Microscopy, AFM which measures topographical features of a 

sample’s surface in the nanoscale; Scanning Electron Microscopy, SEM, an imaging tool 

capable of imaging nanosize features; coherence scanning interferometry which measures 

height differences on a material’s surface; Dektak surface profiler which is used to measure 

the depth of the crater formed by the TOF-SIMS. The Ultraviolet Excimer Lamp by Heraeus 

Noblelight GmbH, which is mounted on a “home-made” high vacuum chamber is used in 

the degradation of the material. SRIM was also used in this study to calculate the ion 

ranges of various primary ion beams and energy used in the TOF-SIMS measurement, and 

the sputtering yield of possible organic fragments which may be generated during the SIMS 

measurement. 
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2.1 Thin Film Growth  

2.1.1 Organic molecular beam deposition (OMBD) 

 

Figure 2.1.1: Photograph of the purpose built organic molecular beam deposition, OMBD by Kurt J. 

Lesker. 

The organic molecular beam deposition (OMBD) method is a technique used to grow thin 

films of phthalocyanine (Pc) under high vacuum conditions. It is a Physical Vapour 

Deposition (PVD) process in which the atoms or molecules travel from a thermal 

vaporisation source to a substrate without collisions with residual gas molecules in the 

deposition chamber 84 . The photograph of the organic molecular beam deposition 

instrument used in this study is shown in Figure 2.1.1, and a schematic diagram of the 

OMBD is shown in Figure 2.1.2. 
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This method allows the reproducible growth of thin organic films with a defined thickness, 

and even complex layer of various organic semiconductors85. This is achieved by subliming 

organic compounds from a Knudsen cell. A typical Knudsen cell contains a crucible, 

heating filaments, water cooling system, heat shields and a shutter. The organic compound 

evaporate, travel upwards towards the substrate where nucleation of the organic thin films 

occurs.  The OMBD used in this study uses a quartz crystal to control the thickness of the 

material as it is grown. 

2.1.1.1 Thickness control and the operations of the OMBD 

Before deposition, the crucible containing the source material is being preheated by a 

resistance heater to a temperature known as the setpoint temperature. The setpoint 

temperature is dependent on the source material and is usually chosen to be slightly below 

the source material’s sublimation temperature. The temperature of the source crucible is 

monitored by an in-situ thermocouple.  

When the setpoint temperature is reached, the shutter on the crucible will open, but the 

substrate shutter remains closed, mechanically interrupting the beam to the substrate. This 

allows a direct free path from the source material to the Quartz crystal microbalance (QCM) 

(Figure 2.1.2). A closed loop control system monitors and controls the rate of the deposition 

until it is stable before the substrate shutter opens, allowing deposition on the substrates. 

The rate of deposition is directly related to the temperature of the Knudsen cell and the 

deposition rate increases as the temperature of the Knudsen cell increases. 

Once the substrate shutter is open, the QCM continues to monitor and control the growth 

rate and the thickness of deposited film grown on the substrate. The growth rate and the 

thickness of material deposited can be calculated from the known density of the source 

material, and the flow rate can be controlled from the feedback of the QCM to adjust the 
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power of the heating element on the crucible. Both the crucible and the substrate shutters 

shut once the desired film thickness is achieved. During deposition, the substrate holder is 

being rotated to ensure an even distribution of deposition. 

 

 

Figure 2.1.2: Schematic diagram of the OMBD illustrating the position of the source, shutters, sensor and 

the substrates. 

 

2.1.1.2 Thickness Calibration 

The QCM must be calibrated before accurate indication of the film thickness can be 

obtained. The QCM consists of a quartz acoustic resonator which resonates at a fixed 

frequency when a current is applied. During deposition, this resonance of the quartz 
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acoustic resonator will be dampened by the addition of mass on its surface from the film 

deposition. The change in frequency of the QCM is proportional to the change in mass on 

the surface. This is shown by the relationship below. 

∆𝑓 ∝ ∆𝑚 

Where frequency of the resonance = f, mass = m. Since the density of a material is defined 

as the mass per unit volume, the change in frequency is proportional to the change in 

volume. Therefore with a fixed area on the surface of the QCM, the change of frequency of 

resonance is proportional with the change in height of the material deposited. 

2.1.1.3 High vacuum 

If the deposition of thin films is carried out at atmospheric pressure, sublimed molecules 

from the evaporated source material may collide with the air molecules which hinder the 

deposition. It is therefore important to use a suitable pressure for the deposition. The 

average distance travelled by gas molecules between collisions is termed the mean free 

path and the approximated value of the mean free path can be estimated using the 

following equation. 

𝑚𝑒𝑎𝑛 𝑓𝑟𝑒𝑒 𝑝𝑎𝑡ℎ =
0.007
𝑝

𝑐𝑚 

High vacuum is defined by the pressure range from 10-3mbar to 10-8mbar86. The pressure 

used during deposition for this study was 10-7mbar. By substituting the high vacuum 

pressure into the equation above, the mean free path of gas molecules in high vacuum is 

700m. This exceeds the distance from the crucible to the substrate, which is about 1m, by 

far. This pressure of 10-7 mbar is therefore suitable for the deposition of thin film in the 

OMBD. A rotary pump was used to provide initial pumping followed by a cryopump to 

achieve the deposition pressure. 
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2.1.1.4 Outgassing 

The release of gas from the internal surface of the vacuum wall and the surfaces of 

components inside the chamber is termed outgassing. This not only limits the degree of 

vacuum which the chamber can achieve, but also forms the principle source of gas. 

When a vacuum system such as the OMBD is vented back up at atmospheric pressure, 

direct adsorption from the gas phase leads to complete coverage of up to several layers of 

adsorbed gas. Large amounts of water vapour, oxygen, nitrogen and other atmospheric 

gases are adsorbed on the interior surface of the OMBD. It is noted that the condition of the 

interior surface of the OMBD is not well known due to the vast variety and complexity of the 

processes which occur in the course of operating the system. In addition, the interior 

surfaces will be microscopically rough and oxidised; containing many surface flaws which 

increase the surface area for adsorption of gasses. Some of these adsorbed gases will 

migrate into the interior near-surface region to become absorbed. Since nitrogen is 

bounded less strongly to the walls of the OMBD which is made of stainless steel than water 

vapour, it desorbs more readily in subsequent pumping down. It is therefore important to 

minimise water vapour adsorption by venting the OMBD chamber with dry nitrogen gas. 
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2.2 Chartacterisation methods 

2.2.1 Ultraviolet–visible spectroscopy, UV/Vis 

Ultraviolet–visible spectroscopy (UV/Vis) is electronic absorption spectroscopy in the 

ultraviolet-visible spectra region, typically of wavelengths between 200nm and 900nm. This 

absorption spectroscopy measures electronic transitions from the ground state to the 

excited state or higher order transitions87. The absorption in the visible range directly affects 

the perceived colour of the chemicals involved, and all atoms absorb in the ultraviolet (UV) 

region because these UV photons are energetic enough to excite outer electrons. 

2.2.1.1 Beer–Lambert law 

The Beer-Lambert law can be written as 

𝐴 = log10
1
𝑇

= log10
𝐼0
𝐼

= 𝜀𝑏𝑐 

Where A = absorbance, T = transmission, I0 = intensity of the incident beam, I = intensity of 

transmitted beam, ε = molar absorbtivity (L mol-1 cm-1), b = path length of sample which the 

beam travels through, c = concentration of sample. 

The law states that the amount of absorption at a given wavelength by an absorbing 

compound in a non-absorbing solvent is found to be dependent upon the concentration, c 

of the compound and upon the path-length, b of sample which the beam travels through. 

Although the Beer-Lambert law is more commonly used for dilute solutions, H.F. Xiang et 

al.88 showed that the Beer-Lambert law can be used for measuring the densities of organic 

thin firm. Since density is related to the dimensions of the thin film, the Beer-Lambert law 

can be modified to measure thicknesses of thin films. 
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2.2.1.2 Ultraviolet–visible spectrometer 

Figure 2.2.1 below shows the components of a typical UV-Visible spectrometer. A beam of 

light with components covering from the ultraviolet (200 to 400 nm) to the entire visible 

spectrum (400 to 800 nm) is separated into monochromatic light (single wavelength) at the 

diffraction grating. Each monochromatic beam is in turn split into two equal intensity beams, 

the sample beam and the reference beam, by a half-mirrored device. The sample beam 

passes through the sample while the reference beam passes through any material other 

than the sample which might be present in the path of the sample beam. This includes the 

cuvette containing the solvent which the sample is suspended in, or substrates on which 

the sample is grown. The intensities of the sample beam, I and the reference beam, I0 are 

then measured by electronic detectors and compared. The quotient of the sample beam 

intensity and the reference beam intensity would be the transmittance, T; 

𝑇 =  
𝐼
𝐼0

 

Therefore, the absorbance, A can be expressed as; 

𝐴 = log
𝐼0
𝐼
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Figure 2.2.1: A diagram of the components of a typical UV-Visible spectrometer89. 

 

The UV-Visible spectrometer used in this study is the Perkin Elmer lambda 25 UV-Vis 

Spectrometer. A UV/Vis spectrum not only can provide information about the integrity of the 

organic thin film after growth, but it can also be used as a quick tool to give an indication of 

the thickness of the films. This is possible because of the Beer-Lambert law discussed 

earlier. As the law states that the amount of absorption of a given wavelength by an 

absorbing material is proportional to the concentration of the concentration of the 

absorbing material. Hence the intensity of the absorption of a thin film is proportional to the 

measure amount of molecules excited, which is related to the thickness of the film. 
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2.3 ION-TOF.SIMS5 instrument 

 

Figure 2.3.1: Photograph of the ION-TOF.SIMS5 instrument used in this study. 

Figure 2.3.1 shows the instrument TOF.SIMS5 from ION-TOF used for the SIMS analysis in 

this study. TOF.SIMS5 is a very sensitive surface analytical instrument. It is able to perform 

time-of-flight analysis, surface spectroscopy, surface imaging depth profiling and 3D 

analysis. 

One of the features of the TOF.SIMS5 is the dual beam mode (Figure 2.3.2). Dual beam 

instruments were originally developed in Benninghoven’s group at Münster90. Dual beam 

mode is particularly suitable for dynamic TOF-SIMS as it allows parallel detection of 

secondary ions across a wide mass range. 
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Figure 2.3.2: Schematic diagram of the dual beam mode for depth profiling.91 

Dynamic SIMS is a very destructive process whereby the target material is being sputtered 

away during analysis, exposing deeper regions within the sample, by the sputtering beam. 

The other beam is known as the analytical beam, which uses a very low primary particle flux 

density (<1nA cm-2). Statistically, no point on the surface of the target would be impacted 

more than once by the analytical beam during an analysis. 

 

2.3.1 Timing scheme for dual beam mode TOF-SIMS analysis 

The beams in the dual beam mode TOF-SIMS analysis operate in a pulsed fashion. Figure 

2.3.3 shows the timing scheme for the interleaved operations of the sputtering and 

analytical beam in dual beam TOF-SIMS. 

 

Figure 2.3.3: The timing scheme for the interleaved operations of the sputtering and analytical beam in 

dual beam TOF-SIMS. 
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During the dual beam mode, the sputtering beam with a high flux density and a long pulse 

length is interleaved with the analytical beam with a dose per cycle in the static SIMS range 

and a short pulse length. The time-of-flight mass spectrometer is gated so that it only 

collects secondary ions from the analytical beam pulse. 

In this study, an oxygen ion beam and a bismuth ion beam were used as the sputtering 

beam and analytical beam respectively. During analysis, a pulse from the sputter gun is 

being turned on in the range of microseconds, while a short pulse from the analysis gun is 

being turned on in the range of nanoseconds. Much of the material on the target surface is 

retained as only about 10% of the species are being ejected from the surface by the 

analytical beam. The mass spectrometer starts collecting secondary ions as soon as the 

analytical beam is turned off. While this is happening, an extraction voltage is being applied 

to accelerate the secondary ions to a potential such that all ions possess an approximately 

identical kinetic energy; they are then allowed to drift through a field free space before 

striking the detector. After the sputter gun is turned off, the mass spectrometer continues to 

collect secondary ions of higher masses over a period of time. This parameter is typically in 

the range of 5-10 microseconds, but this can be adjusted to vary the mass range of 

secondary ions collected by the mass spectrometer. After this is complete, both the 

sputtering and analytical beam is turned on and the whole cycle repeats again. 
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2.4 Stopping and Range of Ions in Matter (SRIM) 

Stopping and Range of Ions in Matter (SRIM) is a group of computer programs which 

calculate the interaction of ions with matter. The programs were developed by James F. 

Ziegler and Jochen P. Biersack around 198392. SRIM is based on a Monte Carlo simulation 

method, namely the binary collision approximation with a random selection of the impact 

parameter of the next colliding ion. 

SRIM was used in this study to calculate the ion ranges of various primary ion beams and 

energy used in the TOF-SIMS measurement in this study. SRIM was also used to calculate 

the sputtering yield of possible organic fragments which may be generated during the SIMS 

measurement. 

However SRIM does not take into account the decrease in material due to sputtering, 

specifically the interface position does not move as a function of time, unlike in real systems 

where the uppermost material is removed by the sputter beam. Also, SRIM does not take 

into account molecular structural information of the sample. It assumes the atoms which 

makes up the sample is homogenously distributed. 

Figure 2.4.1 shows the screenshot of Transport of ions in matter (TRIM), the primary 

component of the SRIM program, where the parameters used in to calculate the ion range 

of 750eV O2
+ primary ions into CuPc is shown. 
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Figure 2.4.1: Parameters used in SRIM to calculate the ion range of 750eV O2
+ primary ions into CuPc. 
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2.4.1 Atomic Force Microscopy, AFM 

 

Figure 2.4.2: Photograph of the Veeco Dimension 3100 Atomic Force Microscopy. 

Atomic Force Microscopy, AFM is part of the Scanning Probe Microscopy, SPM family. The 

photograph of the atomic force microscope used this this study is shown in Figure 2.4.2. 

Scanning probe microscopy is a vast branch of microscopy that forms images of surfaces 

using a physical probe to scan the specimen. The most established techniques within SPM 

includes the Scanning Tunneling Microscopy, STM which measures the tunneling current 

between the tip of the probe and the surface of the specimen, Scanning Near-Field Optical 

Microscopy, SNOM which measures the electromagnetic field and the atomic force 

microscopy which measures the force between the cantilever tip and the surface of the 

sample. Depending on the situation, forces that are measured in AFM include mechanical 

contact force, van der Waals forces, capillary forces, chemical bonding, electrostatic 
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forces, magnetic forces, solvation forces, etc. The cantilever can easily be modified to 

address other specific interactions. 

2.4.1.1 Basic principles of the AFM 

The basic components of the AFM are shown in Figure 2.4.3. The AFM is a table-top 

instrument which is mounted on a rigid base of high damping capacity. This is to prevent 

external mechanical vibrations from the surrounding which will affect the operations of the 

AFM. The probe of the AFM consists of both the probe cantilever and the sub-nanometer 

precision piezoelectric position control system for the probe tip. 

The main component of the atomic force microscope is the cylindrical, piezoelectric 

position control system. Movement in the z-direction is achieved by applying a voltage 

across the piezoelectric tube wall which will contract or expend the axial length of the tube. 

Movement in the x-y plane is achieve by applying voltages of opposite sign across diagonal 

segments of the tube, causing it  to deflect by bending in either the ±x or ±y directions. 

Interatomic forces between the probe tip and the sample surface cause the cantilever to 

deflect, tracing the change in height in the z-direction of the sample surface. A laser light 

reflected from the back of the cantilever to a 4-quadrant photodiode which measures the 

deflection of the cantilever (Figure 2.4.3). This information is fed back to a computer, which 

reconstruct a 3-dimensional image of the sample surface topography. 

Silicon tips, which are integrated into a single crystal silicon cantilever, were being used in 

this study. They are prepared by focused ion beam milling93 and they provide a higher 

resolution as the nominal tip radii are typically less than 10nm. 
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Figure 2.4.3: Schematic illustration of AFM. The tip is attached to a cantilever, and is raster-scanned over 

a surface. The cantilever deflection due to tip-surface interactions is monitored by a 4-quadrant 

photodiode sensitive to laser light reflected at the tip backside. For microscopy applications, the position 

of the reflected beam is kept centred in the diode through feedback-controlled z-changes in the stage.94  

The two most common modes of operation in AFM are the contact mode and the tapping 

mode. In the contact mode, the probe is lowered onto the sample until a surface repulsion 

is detected as a position deflection in the cantilever. At this point either the changes in the 

repulsive force may be measured by the deflection of the cantilever, while keeping the 

height of the piezoelectric assembly fixed, or a constant repulsive force may be set as a 

fixed elastic deflection of the cantilever, while the changes in height that are needed to 

maintain this constant force are monitored. However, this can damage soft samples (such 

as Pc films) when used in air, as a significant force must be applied in order to overcome 

the effects of surface moisture and other contaminants. In the tapping mode, the probe 

cantilever is oscillated at or near its resonant frequency. Tapping mode uses the amplitude 

of oscillation for feedback control. As the lateral forces are small in tapping mode, tapping 

mode is more suitable for use to image soft samples such as the organic thin films used in 
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this study. The resolution of the tapping mode is limited by the tip apex, which is the height 

between the tip and the sample surface. As well as providing topographical images, 

tapping mode can also provide phase images as surface inhomogeneity can cause a phase 

shift by dampening of the cantilever oscillation. 

2.4.1.2 Advantages and disadvantages of the AFM. 

Advantages of the AFM over the Scanning Electron Microscope, SEM includes a three-

dimensional surface profile instead of a two-dimensional image of a sample provided by the 

electron microscope. Unlike the SEM which requires a coating of conductive material such 

as gold or platinum to image insulating samples, the AFM do not need a coating which 

might damage samples to image insulating materials. The AFM is a suitable technique for 

imaging insulating, conductive, hard and soft surfaces. While the SEM requires a vacuum 

environment, the AFM can operate in vacuum, solvent environments and even air. This is 

particularly useful for studying biological macromolecules and even living organisms. In 

theory, the AFM can provide higher resolution than SEM. It has been shown to give true 

atomic resolution in ultra-high vacuum, UHV and in very low temperatures to minimize 

thermal vibrations. High resolution AFM is comparable to scanning tunneling microscopy 

and transmission electron microscopy in terms of resolution. 

As well as having many advantages over the SEM, the AFM has its disadvantages when 

compared to the SEM. One of which is the inferior image size of the AFM. The SEM can 

image an area on the order of square millimeters with a depth of field on the order of 

millimeters. Whereas the AFM can only image a maximum height on the order of 10-20 

microns and a maximum scanning area of about a hundred square microns. Another 

drawback of the AFM is the slow scanning speed to produce an image as compared with 

the SEM. The relatively slow rate of scanning during AFM imaging often leads to thermal 

drift in the image making the AFM microscope less suited for measuring accurate distances 
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between topographical features on the image. However, several methods have been 

introduced to eliminate image distortions induced by thermal drift95, 96. It also has been 

reported97 that AFM images can also be affected by hysteresis of the piezoelectric material. 

In AFM, having an unsuitable tip, a poor operating environment, or even by the sample itself 

could produce undesirable image artifacts. Due to the nature of AFM probes, they cannot 

normally measure steep walls or overhangs. However, specially made cantilevers and AFMs 

can be used to modulate the probe sideways as well as up and down (as with dynamic 

contact and non-contact modes) to measure sidewalls, at the cost of more expensive 

cantilevers, lower lateral resolution and additional artifacts. 

2.4.1.3 Why use AFM? 

Despite having some disadvantages, one of the main motivations of using the AFM is the 

very high height and lateral resolution. This is particular useful to measure the amount of 

degradation of the organic thin films by UV irradiation. The effect of UV irradiation can be 

determined by measuring the difference in height between an area exposed to UV 

irradiation and an area of the organic thin firm which is not. Having the ability of imaging 

without the need of an additional coating on the sample surface is a strong advantage the 

AFM has over other techniques such as the SEM and coherence scanning interferometry. 

Additional coating of material on the sample surface increases the error margins of height 

measurements due to factors such as uneven coating. 

The morphology from the very high lateral resolution of the AFM can also give an indication 

if the organic thin film has been fully degraded, as the morphology of the organic thin film 

differs from the morphology of substrate used such as glass or silicon wafers. 
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2.4.2 Scanning Electron Microscopy 

A scanning electron microscope (SEM) is an electron microscope which produces images 

using a high-energy beam of electrons in a raster scan pattern, by scanning a 1-20 kV 

electron beam focused to a small spot (<5nm)98. The beam of electrons is passed through a 

number of lenses and interacts with the sample surface, which gives rise to various signals 

(secondary electrons, x-rays and backscattered electrons) from the sample material. These 

signals contain information about the sample's surface topography, composition, and other 

properties such as electrical conductivity. 

SEM can produce very high-resolution images of a sample surface, revealing details about 

less than 1 to 5 nm in size. Due to the very narrow electron beam, SEM micrographs have a 

large depth of field yielding a characteristic three-dimensional appearance useful for 

understanding the surface structure of a sample. Figure 2.4.4 shows the schematic diagram 

of a typical SEM. 

SEM images were obtained using secondary electrons using a LEO Gemini 1525 FEGSEM. 

The SEM chamber was generally operated at high vacuum x10-6 Torr. Organic samples are 

not very conductive and prone to charging so a ~10nm chromium layer was deposited on 

the samples by sputtering. An accelerating voltage of 5 kV and a working depth <10mm 

was used. 
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Figure 2.4.4: Schematic diagram of the basic components in a SEM.99 
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2.4.3 Coherence Scanning Interferometry 

Coherence scanning interferometry is based on constructive and destructive interferences 

observed in waves. Assuming two waves of the same amplitude are in phase, the result 

would be the sum of the two waves. When the two waves are out of phase by 180°, the two 

waves cancel each other out. Coherence scanning interferometry results in the appearance 

of light and dark bands known as interference fringes when viewed on the screen of the 

coherence scanning interferometer, and this can be used to construct a 3-D image of the 

sample surface with an accuracy of a few nanometers. 

2.4.3.1 Coherence Scanning Interferometer 

Figure 2.4.5 shows the schematic diagram showing the various components which makes 

up the coherence scanning interferometer used in this study. It consist of a white light 

source which shines light through the filter, which adjust the wavelengths of light for 

measuring and focusing functions, onto the objective. The objective consists of a beam 

splitter and a reference surface. The beam splitter splits the incoming light beam from the 

light source into two separate beams. One beam is directed towards the sample and the 

other beam is directed towards the reference. The two beams recombine and this 

recombined light is sent to the detector. Because of this setup, interference will only be 

observed on areas of the sample surface with the same distance to the beam splitter as the 

reference surface to the beam splitter. Thus when the objective is moved vertically in a 

controlled manner towards or away from the sample surface, each pixel detected by the 

detector will observe interference whenever the particular point on the sample surface is at 

the same distance to the beam splitter as the reference surface to the beam splitter. This 

information together with the known distance moved by the objective can be used to 

construct a 3D image of the sample surface. 
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Figure 2.4.5: Schematic diagram showing the various components which makes up the coherence 

scanning interferometer used in this study100. 
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2.4.4 Dektak 150 stylus Surface Profiler 

 

Figure 2.4.6: Photograph of the Dektak 150 stylus surface profiler 101. 

The Dektak 150 stylus surface profiler shown in Figure 2.4.6 is an advanced film step height 

measurement tool capable of measuring steps below 1 nm (10Å) 102 . It is a contact 

profilometer where a diamond stylus is moved vertically in contact with the sample and 

then moved laterally across the sample for a specified distance and specified contact force. 

The height position of the diamond stylus generates an analog signal which is converted 

into a digital signal which is stored, analyzed and displayed. The radius of diamond stylus 

ranges from 20 nanometres to 25 μm, and the horizontal resolution is controlled by the 

scan speed and data signal sampling rate. The stylus tracking force can range from less 

than 1 to 50 milligrams. 

The profilometer is used in this study to measure the depth of the crater formed by the 

TOF-SIMS. The stylus force used is 1 milligram. Figure 2.4.7 shows an example of one of 

the craters used in this study measured using the Dektak 150 stylus surface profiler. 
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Figure 2.4.7: An example of a crater depth from the TOF-SIMS measured by the Dektak 150 stylus 

surface profiler. This particular crater is around 770nm deep. 
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2.5 Degradation Process 

2.5.1 BlueLight Compact Excimer System Heraeus Noblelight GmbH 

 

Figure 2.5.1: Photograph of the UV Excimer Lamp in operation under high vacuum (length = 120mm, 

diameter = 40mm). 

 

 

Figure 2.5.2: Emission spectra of the BlueLight Compact Excimer System by Heraeus Noblelight 

GmbH103. 
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The ultraviolet, UV light source used in this study is the BlueLight Compact Excimer System 

by Heraeus Noblelight GmbH (Figure 2.5.1). It consists of an excimer lamp and the power 

supply unit. It is a xenon gas excimer lamp and has an irradiance intensity of 50mW/cm2. 

Figure 2.5.2 shows the emission spectra of this UV lamp and has a peak wavelength of 

172nm. 
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2.5.2 “Home-made” Ultra-High Vacuum Chamber 

 

Figure 2.5.3: Photograph of the “Home-made” High Vacuum Chamber used in this study. 

The high vacuum, HV chamber serves as the main platform for the degradation studies of 

Pc films as it houses the UV lamp for the degradation processes. Figure 2.5.3 shows the 

photograph of the “Home-made” high vacuum chamber which houses the UV lamp used in 

this study. The development of this chamber is continuous with the aim of achieving an in 

situ film growth and degradation chamber. This is advantageous as oppose to the current 

method of using a separate growth system (as discussed in 3.2 Organic molecular beam 

deposition) since vacuum has to be broken when transferring sample from the growth 

system to the degradation chamber. The main body of the chamber and the manipulator 

were obtained from a decommissioned HV growth system, but most other parts were 

purchased ad hoc. At present, the HV chamber comprises the following parts. 
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• The main vacuum chamber with fast-entry door and UV shielding viewport. 

• Knudsen cell 

• HV manipulator 

• Sample substrate heater with thermocouple 

• Rotary pump (Oerlikon Leybold Vacuum TRIVAC D8B, two-stage rotary vane) 

• Turbo pump (Oerlikon Leybold Vacuum TURBOVAC TW 10H) 

• Vacuum gauge with pressure meter.  

• UV degradation lamp (BlueLight Compact Excimer System by Heraeus Noblelight 

GmbH) 

• Shutter system to shield the UV lamp during growth (shutter plate currently not 

installed.) 

• Nitrogen supply 

2.5.2.1 Sample Substrate Heater 

 

Figure 2.5.4: Photograph of the sample holder with the substrate heater on the end of the manipulator. 

Figure 2.5.4 shows a photograph of the sample holder with the substrate heater on one end 

of the manipulator. A substrate heater on the sample holder is important as it has been 
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reported in 1999 that the phase of the Pc films grown can be controlled by the substrate 

temperature in which the Pc films are grown. 104 The spatial distribution of the metal 

dopants in the thin films can be controlled by controlling the phase of the Pc films. 

Kanthal is the trademark for iron-chromium-aluminium (FeCrAl) alloys which are used in a 

wide range of resistance and high-temperature applications, and Kanthal resistance wire is 

used as the material used for the heating element of the substrate heater.  Kanthal is 

chosen because it has a protective layer of aluminium oxide, alumina which allows the 

resistance wire to be stable in air at elevated temperatures. 

Figure 2.5.5 shows the schematic diagram, only highlighting the components related to the 

growth system, of the HV chamber in the vertical position. 

 

 

Figure 2.5.5: Schematic diagram of the new orientation of the HV chamber (showing parts only relating to 

the growth system) 
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2.5.2.2 Possible add-ons for the HV chamber 

The building of the HV chamber is an on-going process as various components are to be 

installed to the system. One of such is the shutter plate which will shield the UV lamp from 

having material deposited on during film growth. Currently, the manipulator is being used to 

control the UV exposure time by rotating away from the UV lamp. Factors in choosing a 

suitable shutter material includes a high-vacuum compatible material which does not reflect 

UV when it is in the upright position above the UV lamp as this may affect the intensity of 

UV light the sample is being irradiated on. 

2.5.2.2.1 Quartz Crystal Microbalance, QCM 
A quartz crystal microbalance, QCM would be a useful addition to the HV chamber as it 

would provide a much greater control of the growth rate and an indication of the growth 

thickness of the film. 

2.5.2.2.2 Overpressure relief valve 
An overpressure relief valve would prevent accidental over pressuring of the HV chamber, 

which can damage the viewports, during venting with a gas supply such as nitrogen. An 

overpressure relief valve can also be used as an outlet for gas when flushing the HV 

chamber with a gas supply 

2.5.2.2.3 UV power meter 
An installation of a UV power meter would directly measure the intensity of UV light the 

samples are receiving and it would be very useful for monitoring the lifetime of the UV lamp 

and if the intensity of the UV lamp is evenly distributed along the length of the lamp. 

2.5.2.2.4 Residual gas analyser, RGA 
A residual gas analyser, RGA is a mass spectrometer. It is usually a quadrupole mass 

spectrometer and used for monitoring contamination in vacuum systems. It can also be 

used to monitor the quality of the vacuum and can easily detect traces of impurities present 

in the vacuum environment. 
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Residual gas analysers can also be used as sensitive in-situ helium leak detectors; to check 

the integrity of the vacuum seals and the quality of the vacuum which might be affected by 

air leaks, virtual leaks and other contaminants. 

In addition, residual gas analyser can also be used for detecting gas species which are 

given off, such as the pyrrole- and benzene-rich fragments (discussed in Chapter 4.4), 

during UV irradiation of the sample. 
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Chapter III –  

Molecular Film Growth 

"Some people see the glass half full. Others see it half empty. I see a glass that's 
twice as big as it needs to be."  

— George Carlin (1937 – 2008) 
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3 Experimental 

This chapter discusses the sample and substrate preparation used in this study by 

deposition using the OMBD introduced in Chapter 2.1.1. Different types of samples were 

used for different parts of this study. 

In the first part of this study, diluted phthalocyanines (Pc) films were used. These diluted Pc 

films were prepared by co-evaporation which will be discussed into more detail below. The 

diluted Pc films used were copper phthalocyanines (CuPc) diluted with metal-free 

phthalocyanines (H2Pc). Throughout this study, the degree of the dilution of CuPc with 

H2Pc will be expressed in percentage of CuPc to H2Pc which makes up the organic film 

grown. For example, 10% Cu means 10% CuPc : 90% H2Pc in mass. 

In the second part of the study, heterostructures of Pc films were analysed using TOF-SIMS. 

These heterostructures were grown using the OMBD by layered deposition. Apart from the 

multilayered sample which will be introduced later, the bilayer samples are named using “/” 

to distinguish the layers. For example 50Cu/50H2/Si would mean 50nm CuPc deposited on 

50nm H2Pc which is in turn deposited on silicon substrate. 

The third part of the study uses single layer zinc phthalocyanine (ZnPc) films. ZnPc films 

were grown using the same technique as the CuPc films, and these ZnPc films will then 

undergo UV degradation. TOF-SIMS will be used to characterise the degraded and non-

degraded ZnPc films. 
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3.1 Sample preparation 

All of the substrates used in this study are silicon substrates unless specified for example 

Pc films grown on microscope glass slides purchased from VWR were used for UV/Vis 

studies of the Pc films. The silicon substrates were 1.5cm x 1.5cm and were prepared by 

cleaving the silicon wafer along and perpendicular to specific crystal plane. The glass slides 

were cut to size 2 x 1.5 cm using a diamond glass cutter. Both glass and silicon substrates 

undergo the same thorough cleaning procedure of sonication in an acetone bath for 10 

minutes and then transferring to an Isopropyl alcohol (IPA) bath for a further 10 minutes of 

sonication to remove organic compounds such as grease and dust which might affect the 

optical and physical properties of the deposited Pc thin films. They were then dried using a 

nitrogen gun and mounted onto the purpose-built copper deposition plates. The cleaned 

substrates were then secured onto the deposition plate using carbon tape. 

3.2 OMBD Deposition of Phthalocyanines 

Copper, Zinc and metal-free phthalocyanines powers used in this study were purchased 

from Sigma-Aldrich. The organic thin films were deposited using a purpose built OMBD 

from Kurt J. Lesker (Figure 2.1.1). The setpoint used was 270°C which is lower than the 

sublimation temperature of Pc of around 400°C to 580°C105. A growth rate of 1 Å/s was 

used for depositing films thicker than 20nm and a growth rate of 0.1 Å/s was used for films 

less than 20nm in thickness. 

The Pc films were grown at room temperature and at a base temperature of about 10-7mbar. 

After the deposition was completed, the source was allowed to cool down to a temperature 

of about 160°C before venting the chamber with nitrogen. This prevents oxidation on the 

heating element of the source should the chamber be vented at a higher temperature. 
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Figure 3.2.1: Photograph of CuPc samples grown on glass substrates taken just before UV irradiation. (1) 

shows a piece of clean bare quartz, (2) and (3) are clean bare glass pieces, (4) and (5) shows 20nm CuPc 

and 100nm CuPc grown on glass substrates respectively. 

Figure 3.2.1 shows the photograph of 20 and 100nm CuPc samples, (4) and (5) 

respectively, grown on glass substrates. (1) shows a piece of clean bare quartz, (2) and (3) 

are clean bare glass pieces. The piece of clean bare quartz is included in this experiment to 

demonstrate that quartz is UV transparent and hence, quartz will not have an effect on the 

UV/Vis spectra of the thin films after UV irradiation. Glass on the other hand is known to 

absorb ultraviolet light and is included in this setup to be degraded under ultraviolet light so 

that the UV/Vis spectra of the irradiated glass can be used as a reference, and the 

difference before and after UV irradiation of the glass can be subtracted from the UV/Vis of 

the CuPc UV/Vis spectra. 
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3.2.1 Coevaporation 

Coevaporation is a technique of subliming two sources simultaneously to produce a film 

consisting of a mixture of the two source material used to form a blend. 

The diluted CuPc: H2Pc Pc films were prepared by sublimation of CuPc and H2Pc 

simultaneous in the OMBD. The rate of deposition of these individual organic species 

governs the degree of dilution of the organic film (Table 3.2.1), and was monitored and 

controlled by in-situ quartz crystal closed loop feedback monitor. The CuPc films were 

grown over a range of percentage CuPc: H2Pc (100%, 50% 10%, 0.1% and 0%). Table 

3.2.2 shows the growth parameters used to grow the second batch of samples over a 

range of percentage CuPc: H2Pc (100%, 50% 10%, 1%, 0.1% and 0%). 

 

% CuPc:H2Pc Rate (Å/s) Thickness (nm) Tooling Factor Sensor life (%) 
CuPc H2Pc CuPc H2Pc CuPc H2Pc CuPc H2Pc 

100 1  400  32  98.3  
50 1 1 400 400 32 32 97.9 94.5 
10 0.1 0.9 40 400 32 32 94.8 98.0 
0.1 0.05 5 0.4 400 320 32 97.9 97.7 
0  1  400  32  98.0 

Table 3.2.1: Growth parameters of the first batch of samples. 

 

% CuPc:H2Pc Rate (Å/s) Thickness (nm) Tooling Factor Sensor life (%) 
CuPc H2Pc CuPc H2Pc CuPc H2Pc CuPc H2Pc 

100 1  400  32  96.3  
50 0.5 0.5 200 200 32 32 97.2 97.1 
10 0.1 0.9 40 360 32 32 94.5 96.2 
1 0.1 1 4 396 320 32 98.4 98.2 

0.1 0.05 5 0.4 400 320 32 98.4 96.5 
0  1  400  32  98.3 

Table 3.2.2: Growth parameters of second batch of samples. 
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3.3 Thickness Measurement 

Being able to measure the thickness of the film accurately is one of the key elements in this 

study. A few techniques were used, namely the ultraviolet/visible spectroscopy (UV/Vis) 

using the Beer-Lambert law, atomic force microscopy (AFM) by measuring the difference in 

height of the substrate and the surface of the film, and the scanning electron microscopy 

(SEM) by imaging the cross-section of the film. 

The UV/Vis not only provides preliminary evidence for the chemical integrity of the Pc film 

after growth in the OMBD, it can be also used to determine the thickness of the film by 

using the Beer-Lambert law. As already discussed earlier, the Beer-Lambert law states that 

the amount of absorption at a given wavelength by an absorbing compound in a non-

absorbing solvent is dependent upon the concentration of the compound and upon the 

path-length of sample which the beam travels through. 

By assuming the Pc films have a uniform concentration throughout the film, the Beer-

Lambert law can be used to determine film thickness. It is useful to note that the Beer-

Lambert law is well obeyed for thin films106, which is very useful for this study. 

Firstly UV/Vis was performed on a range of CuPc samples with thicknesses ranging from 

2nm to 500nm. Then the thickness of a sample of 100nm ZnPc on quartz substrate was 

measured using the AFM by scratching the film to produce a ‘step’ feature which allows the 

difference in height of the substrate and the surface of the film to be measured. Finally SEM 

was used to image the cross-sectional thickness of a 500nm CuPc film. These findings also 

gave preliminary results that there is no difference between a CuPc and ZnPc film. 
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Figure 3.3.1: UV/Vis spectra of 2nm, 5nm, 10nm, 20nm, 30nm, 50nm, 100nm & 500nm thick CuPc film on 

glass substrate. 

 

Figure 3.3.2: Plot of UV/Vis area versus film thickness (nm) for 2nm - 500nm given by the QCM. 
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Figure 3.3.1 shows the UV/Vis spectra of CuPc films deposited on glass substrate with 

thicknesses 2nm, 5nm, 10nm, 20nm, 30nm, 50nm, 100nm & 500nm, after subtracting the 

background. The area under the curve between the points, around 480nm, where the 

absorption of the UV/Vis is zero and 900nm was calculated by integration. The calculated 

areas of the UV/Vis with respect to each film were then plotted against their QCM 

thicknesses respectfully to produce Figure 3.3.2. The Beer-Lambert law was included in 

this plot to show where the data points would lie if the Beer-Lambert law was obeyed. 

From Figure 3.3.2, it appears that the Beer-Lambert law is only obeyed for films below 

thickness of 100nm (Figure 3.3.3 and Figure 3.3.4). This suggests that the error from the 

QCM in the OMBD is increasing from thicknesses 100nm and above. 

 

Figure 3.3.3: UV/Vis spectra of 2nm, 5nm, 10nm, 20nm, 30nm, 50nm & 100nm CuPc on glass substrate 
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Figure 3.3.4: Plot of UV/Vis area versus QCM thickness (nm) for 2nm - 100nm 

 

Figure 3.3.5: AFM profile of a scratch on a 100nm ZnPc film, creating a “step” profile to determine the 

film thickness. 
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Figure 3.3.6: AFM image of a scratch on a 100nm ZnPc film, creating a “step” profile to determine the film 
thickness. 
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Figure 3.3.7: AFM image of the morphology of a 100nm ZnPc film deposited on quartz. 

The thickness of a 100nm ZnPc film was measured using the AFM. The sample was 

prepared by the procedure outlined in Chapter 3.1, except with a quartz substrate. The 

sample was scratched with the sharp edge of a glass slide to physically remove the 

deposited film, so a ‘step’ feature would be formed. This which would allow determination 

of the film thickness by measurement of the height difference of this ‘step’ feature on the 

AFM to produce an image shown in Figure 3.3.5 and Figure 3.3.6. The height difference in 

the ‘step’ was measured to be 89.2nm. There is a good correlation between the 

thicknesses shown in Figure 3.3.5 and Figure 3.3.6 from the AFM and the thickness given 

by the QCM of the OMBD. Figure 3.3.5 is an AFM profile of a scratch on a 100nm ZnPc film, 



76 
 

creating a “step” profile to determine the film thickness, and Figure 3.3.6 is an AFM image 

of the area of the scratch on a 100nm ZnPc film, used for the thickness measurement in 

Figure 3.3.5. 

Various methods of masking the film during growth were tried and they proved to be 

challenging as masking the film with a thicker mask would produce a shadow effect which 

would result in a gradient of the film growth instead of a step. This makes locating the film 

and the glass difficult under the AFM microscope. 

Figure 3.3.7 shows the AFM image of the morphology of a 100nm ZnPc film deposited on 

quartz.  

The root-mean squared roughness (Rq) was used and it is based upon least-squares 

calculations. This is the standard deviation of the height values within the area of the 

sample the measurement was made and a value of 6.00nm was calculated using the 

following equation. 

𝑅𝑞 = �∑(𝑍𝑖)2

𝑁
 

Where Zi is the current height value and N is the number of points within the area of the 

sample the measurement was made. 

The roughness of the film which can be measured by the AFM can be used to provide a 

value to the error associated with the film thickness grown using the OMBD (Figure 3.3.2 

and Figure 3.3.4). 
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Figure 3.3.8: Cross sectional SEM image of 500nm CuPc. 

 

Figure 3.3.9: Cross sectional SEM image of 500nm CuPc. 
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Figure 3.3.10: Cross sectional SEM image of 500nm CuPc. 

Figure 3.3.8 - Figure 3.3.10 show the cross sectional SEM image of a 500nm CuPc film. 

This sample was again prepared by the procedure outlined in Chapter 3.1, and the 

substrate used is silicon. After deposition in the OMBD, the sample was cleaved and was 

mounted on a SEM holder with the cross section of the film facing up. 

The sample was then coated with a 10 nm chromium layer using a sputter coater before 

loading into the SEM for imaging. 

From the cross-sectional images, the thicknesses of the 500nm CuPc film are about 

350nm. However, this sample may have problems during growth. But more measurements 

needs to verify this as measurements from the UV/Vis and AFM from earlier in this section 

and measurements from the Dektak throughout Chapter 4 are consistent with the thickness 
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given by the QCM. From Figure 3.3.10, it is possible to see the grains formed by CuPc 

during growth are columnar. 
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Chapter IV – Results & Discussion  
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4 Results and Discussions 

In the following sections, TOF-SIMS will be used as the primary analytical tool to address 

the following three main research questions. 

1. Detect levels of copper in various diluted copper phthalocyanine films using 

secondary ion mass spectrometry quantitatively. (Section 4.2) 

2. Using SIMS as an analytical tool to determine the sharpness of interface between 

phthalocyanine films. (Section 4.3) 

3. Using SIMS as a quantification tool to detect the presence of metal oxide formed on 

the surface of the sample and metal dopants within the sample after UV treatment of 

metal phthalocyanine films. (Section 4.4) 

First in section 4.1, the best parameters and conditions to analyse phthalocyanine films are 

established.  Those conditions will then be used for the remainder of the thesis to study 

phthalocyanine samples. 
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4.1 Determination of the “Best” Parameters 

To determine the best SIMS parameters to analyse phthalocyanine films, the following 

analysis parameters can be varied: 

1. Analytical beam type 

2. Sputtering beam type 

3. Energy level of the incident beam  

4. Analytical area 

 

4.1.1 Analytical Beam Type 

The three types of analytical beam available are Bi+, Bi3+ and C60
+. In this section, SIMS will 

be performed using these three beams on the same sample. The best analytical beam type 

would be determined by the beam which produces the highest counts of secondary ions. 

The experiment was performed on an 800nm thick 50% Cu film on silicon substrate, which 

was prepared by organic molecular beam deposition. First Bi+ primary ion beam was used 

and then the experiment was repeated with Bi3+ as the primary ion on the same piece of 

sample. Figure 4.1.1 shows the result from both of these runs, and Table 4.1.1 summarises 

the SIMS parameters used. Appendix (1 - 3) shows the mass spectra of 50%Cu by using 

the Bi3
+ beam. 
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Figure 4.1.1: Comparison of intensity of signal between analytical beam Bi+ @25keV (a) and Bi3
+ @25keV (b). 
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Beam type Bi+ Bi3
+ C60

+ 
Sample 50% Cu, 800nm 50% Cu, 800nm 50% Cu, 800nm 
Energy 25keV 25keV 10keV 
Current 0.9pA 0.38pA 0.11pA 

Incident angle 45° 45° 45° 
Area 100x100 µm2 100x100 µm2 500x500 µm2 

Table 4.1.1: Static SIMS parameters used on the 800nm 50% Cu sample. 

Both runs using the bismuth beam were performed over an area of 100x100 µm2 on the 

same piece of sample and were stopped when the total incident ion dose reached 1013 ions. 

It was noted that the current of the Bi+ primary ion beam used in this SIMS run is higher 

than the Bi3+ primary ion beam. This means that there is a higher flow of Bi+ primary ions as 

compared to Bi3+ primary ion and less time is taken for the Bi+ primary ions to achieve the 

dose of 1013 ions. From the equation below, the sputtering rate is proportional to the 

primary ion beam current. 

𝑧′ =
𝑆 ∙ 𝐼𝑝
𝜌𝑀𝐴𝑒

 

Where z’ is the sputtering rate of material with concentration of matrix atoms, ρM, and the 

sputtering yield, by a primary ion beam of current Ip, over an area, A is S. While e is the 

elementary charge on the electron. 

Figure 4.1.1 shows that the Bi3+ cluster ions produce higher intensity of secondary ions as 

compared to Bi+ single ions. This is because the ion cluster disintegrates when it arrives at 

the sample surface thus all its energy is dissipated into the top few surface layers, resulting 

in more secondary ions being generated from the surface. Furthermore, the incident ion 

range of Bi3+ is less than the ion range of Bi+. This is because the energy of the ion cluster is 

equally divided out between the individual ions making up that cluster. In this case, each 

incident ion from the 25keV Bi3+ cluster is a third less energetic as every incident ion from 
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the Bi+ beam. In order to quantify this statement, the simulated profiles of ion ranges of 

25keV Bi+ and 25keV Bi3+ into CuPc at incident angle of 45°, were calculated using the 

SRIM programme (Figure 4.1.2 and Figure 4.1.3). The ion range of Bi+ is 17.2nm while the 

ion range of Bi3+ is 9.9nm. 

The intensity of the whole organic phthalocyanine molecule decays with time even after the 

copper signal has reached steady state sputtering. This is because the dose used in this 

experiment exceeded the static limit. Benninghoven et.al. demonstrated in Münster that by 

using very low primary particle flux density (<1nA cm-2) mass spectral data could be 

generated in a timescale that was very short compared to the lifetime of the surface 

layer107,108,109. The information so derived would be characteristic of the chemistry of the 

surface layer because statistically no point on the surface would be impacted more than 

once by a primary particle during an analysis. Traditionally a dose of 1013 ions/cm2 has been 

regarded as the static limit. Therefore because the static limit was exceeded in this analysis, 

the integrity of the surface is not preserved. Part or whole of the Pc molecules, making up 

the subsequent layers beneath the impacted area by an incident ion within the damage 

cross-section, will be effectively destroyed. This concept of the removal of intact molecules 

and bombardment induced chemical damage is known as the disappearance cross-

section110. The range of this damage cross-section from the surface of the sample is shown 

by the ion range calculated using the SRIM programme in Figure 4.1.2 and Figure 4.1.3. 

The experiment was repeated on the same sample using 10keV C60
+ as the analytical beam 

to produce the static SIMS profile shown in Figure 4.1.4. Although it has been reported111,112 

that by using C60
+ ions, there is a drastic enhancement of the parent and fragment ion 

yields in static SIMS of organic materials, this is not the case in this study as the secondary 

ion intensity produced is higher when the bismuth beam is used. 
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In summary, the Bi3+ beam is the most suitable analytical beam out of the three compared 

for this study. It has a stable beam current and it produces high secondary ions signals. 

 

 

Figure 4.1.2: SRIM ion range calculation of 25keV Bi+ into CuPc. 

 

 

Figure 4.1.3: SRIM ion range calculation of 25keV Bi3
+ into CuPc. 
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Figure 4.1.4: Static SIMS of 50% CuPc: H2Pc using C60
+ as the incident ion beam. Total dose = 4x105 

ions/µm2. 

 

 

Figure 4.1.5: SRIM ion range calculation of 10keV C60
+ into CuPc. 
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4.1.2 Sputtering Beam type 

In this section, 25keV Bi3+ is kept constant as the analytical beam while the sputtering beam 

is varied and compared. The best beam type will produce the correct depth profile shape, 

and relatively high secondary ions intensity for useful information to be extracted from it. 

The three sputter beams compared are Cs+, C60
+ and O2

+. 

The analytical area was kept constant at 100x100 µm2 and the current of the analytical 

beam is very stable at 0.39pA. One shot per pixel was used for the caesium and oxygen 

sputtering beam and two shots per pixel are used for the C60
+ sputtering beam. Shots per 

pixel are the number of pulses the analytical beam fires at a particular spot on the sample 

to collect secondary ions before moving on to the next spot. This increases the intensity of 

secondary ion produced. The SIMS parameters used are shown in Table 4.1.2. 

Primary 
Ion 

Beam 

Beam Energy (keV) Area (µm2) Current Analytical 
Beam 

Shots/Pixel 

Sample 
(800nm) Sputter Analytical 

(Bi3
+) Sputter Analytical Sputter 

(nA) 
Analytical 

(pA) 
Cs+ 1 25 300 100 106 0.38 1 50% Cu 
C60

+ 10 25 200 100 0.4 0.39 3 50% Cu 
O2

+ 2 25 350 100 522 0.39 1 50% Cu 

Table 4.1.2: SIMS parameters used to determine “best” parameters for the sputter beam. 

The ideal SIMS depth profile plot for a quantitative analysis of CuPc films deposited on 

silicon is shown in Figure 4.1.6. The features of the ideal SIMS depth profile are: 

1. Instantaneously high and stable intensity of Cu+ from the start of the measurement. 

2. A relatively high and flat Cu+ trace until the silicon interface. 

3. A sharp interface between the Pc film and the silicon where there is no broadening 

of the interface due to measurement technique such as uneven etching of the crater 

and beam induced mixing. 

4. A high and flat Si+ intensity, but below the saturation limit of the instrument. 
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Figure 4.1.6: Schematic of the “correct” SIMS depth profile obtained from copper phthalocyanine 
deposited on silicon substrate. 

 

Figure 4.1.7 (a - c) shows the comparison of TOF-SIMS depth profile of 50% Cu using Cs+, 

C60
+ and O2

+ sputter beams respectively. 

First, the caesium beam was investigated. The depth profile “shape” produced by the Cs+ 

sputtering beam is similar to the “ideal shape” shown in Figure 4.1.6, except for the 

increasing 63Cu+ intensity over the depth of the film. This could be due to either due to 

imperfections during the growth of the Pc film or due to an artefact in the measurement 

technique. 

The ratio of the CuPc growth rate: H2Pc growth rate and the pressure during growth in the 

OMBD of the 50%Cu sample was combined with the TOF-SIMS depth profile in Figure 

4.1.7 (a) in Figure 4.1.8. The growth rate of the CuPc and H2Pc are monitored using an in-

situ quartz sensor (QCM) in the OMBD during simultaneous deposition of the film. 

  



90 
 

 

 

 

Figure 4.1.7: Comparison of SIMS depth profile of 50% CuPc: H2Pc using sputter beams (a) Cs+, (b) C60
+ 

and (c) O2
+.  
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Figure 4.1.8: SIMS depth profile of 50%Cu SIMS using 1keV Cs+ Sputtering beam, plotted with the ratio of 

CuPc and H2Pc growth rate and the pressure during growth in mbars. 

From Figure 4.1.8, the ratio of the CuPc growth rate: H2Pc growth rate is constant at 1. This 

shows that the Pc film was deposited over a steady rate and therefore the sloping intensity 
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copper atoms deeper into the film as the measurement is taking place, resulting in an 

accumulation of copper atoms nearer to the silicon interface of the sample. 

The C60
+ sputtering beam produces a SIMS plot where the 63Cu+ secondary ion start off 

with a high intensity at the start of the measurement and the intensity decreases rapidly 

until a point where it decreases at a steady rate into the background noise region. There 
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carbon on the surface of the film. One way of verifying this is to stop the SIMS 

measurement using the C60
+ sputtering beam half way and use a different sputtering beam, 

possibly an inert gas cluster ion beam, to get the depth profile of the crater formed by the 

original C60
+ sputtering beam. 

The SIMS depth profile from the oxygen beam shown in Figure 4.1.7 (c) has the closest 

resemblance to the ‘correct shape’ shown in Figure 4.1.6 out of all the three beams used. 

There is a low intensity of 63Cu+ at the start of the measurement before rising sharply to the 

steady sputtering state regime. Although there is a sharp interface between the Pc film and 

the silicon substrate, there is still some broadening of the interface due to beam induced 

mixing of the film. 

There is a high intensity of the 63Cu+ secondary ions detected from the sample using the 

oxygen sputter beam. This is particularly essential for any quantification studies of the Pc 

films. The 63Cu+ intensity of secondary ions from using the Cs+ primary sputtering beam 

were the lowest out of the three beams used. However, the advantage of using a Cs+ beam 

as the sputter beam is the ability to use a relatively high atomic weight species, caesium for 

mass calibration. 

Although the intensity of 63Cu+ started off very high at the start of the measurement for the 

C60
+ sputtering beam, the 63Cu+ intensity decays sharply then steadily into the background 

noise, Figure 4.1.7 (b). To explain the 63Cu+ intensity being the lowest for the case of the 

caesium beam followed by the oxygen beam then the C60
+ sputtering beam, SRIM was 

used to calculate the sputtering yield of 63Cu+ secondary ions in CuPc under the parameters 

used for the respective sputter beams (Table 4.1.3). 
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Sputtering Beam Sputtering yield of 63Cu+ (atoms/neutrals) 
Cs+ 0.0174 
C60

+ 0.339 
O2

+ 0.0234 

Table 4.1.3: Sputtering yield of 63Cu+ secondary ions in CuPc calculated using SRIM, using the parameters 

used from the respective sputter beams. 

The C60
+ sputtering beam produces the highest sputtering yield of 63Cu+ secondary ions 

followed by the oxygen and caesium sputtering beam respectively. This explains the order 

of intensity level from the three sputtering beams. However, there are no signals from the 

whole organic phthalocyanine molecule. 

From the comparison of the different sputter beams, it can be concluded that O2
+ is the 

most suitable sputter beam out of the three for analysis of organic phthalocyanine films. 

However, it must be noted that the O2
+ sputter beam is not suitable for analysing copper 

implants within silicon as J.A. Kilner et al. reported that copper segregates in silicon under 

oxygen ion beam bombardment113. 

Subsequently in Section 4.2, it was found that by reducing the sputter beam energy, 

increasing the shots per pixel and the analytical area would further improve the copper 

secondary ions signal.  
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4.2 Diluted phthalocyanine films 

The objective of this chapter is to develop a methodology using TOF-SIMS as a 

qualification tool to determine ratios of molecules with very similar masses and structures 

making up an organic film. 

In this study H2Pc was used to dilute CuPc films through coevaporation, and the intensity 

of CuPc detected from the TOF-SIMS was then used as a quantitative analytical tool to 

quantify the amounts of CuPc with respect to the degree of dilution in other CuPc:H2Pc 

blends. Throughout this chapter, the percentage of dilution would be expressed as 

percentages of CuPc. For example, 10% Cu means 10% CuPc : 90% H2Pc in mass. Table 

4.2.1 shows the conversion of mass percentage to molecular percentage of CuPc/H2Pc. 

However throughout the thesis, mass percentages are used, unless specified. 

Mass % of CuPc/H2Pc 100 50 10 1 0.1 0 
Molecular % of CuPc/H2Pc 89.3 44.7 8.93 0.893 0.0893 0 

Table 4.2.1: Conversion of mass percentage to molecular percentage of CuPc/H2Pc. 

The calculation of the molecular percentage from mass percentage is shown below. 

𝑀𝑜𝑙𝑎𝑟 𝑚𝑎𝑠𝑠,Μ =
𝑔
𝑚𝑜𝑙

 , 𝑔 = Μ ∙ 𝑛 

∴ 𝑀𝑎𝑠𝑠 𝑟𝑎𝑡𝑖𝑜 (%) =
𝑔𝐶𝑢𝑃𝑐
𝑔𝐻2𝑃𝑐

=
Μ𝐶𝑢𝑃𝑐

Μ𝐻2𝑃𝑐
∙
𝑛𝐶𝑢𝑃𝑐
𝑛𝐻2𝑃𝑐

 

Rearranging, 

𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 =
𝑛𝐶𝑢𝑃𝑐
𝑛𝐻2𝑃𝑐

=
𝑔𝐶𝑢𝑃𝑐
𝑔𝐻2𝑃𝑐

∙
Μ𝐻2𝑃𝑐

Μ𝐶𝑢𝑃𝑐
 

Where g = mass and n = number of molecules. 
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All Pc films were grown on silicon substrates and were then placed into the TOF-SIMS for a 

quantitative analysis. 

The films were analysed with depth in the SIMS using 25keV Bi3
+ as the analytical beam 

over an area of 100x100 µm2 and 2keV O2
+ as the sputter beam. The SIMS depth profile 

showed the correct shape for Cu+ in the higher percentages of CuPc, but the intensity of 

Cu+ for the 0.1%Cu film was within the background noise of the measurement (Figure 4.2.1). 

A new batch of samples were then grown on silicon substrate with a range of percentage 

CuPc:H2Pc (100%, 50% 10%, 1%, 0.1% and 0%) with a standard thickness of 400nm and 

were then placed into the SIMS instrument for a quantitative analysis. 

The films were analysed with depth in the SIMS using 25keV Bi3
+ (3shots/pixel) as the 

analytical beam over an increased area of 150x150 µm2, and 750eV O2
+ as the sputter 

beam. These changes increases the intensity of 63Cu+ secondary ions for the lower 

percentages of CuPc/H2Pc films above the background noise of the measurement (Figure 

4.2.5). 

An area under the 63Cu+ signal within the steady state sputtering was chosen to be 

integrated and plotted against the percentage of CuPc: H2Pc. This produces a linear 

relationship which shows that the number of counts of Cu+ is proportional to the amount of 

copper present in the film. 

Figure 4.2.1 shows the SIMS profile of (a) 100%Cu, (b) 50%Cu, (c) 10%Cu, (d) 0.1%Cu, (e) 

0%Cu with thickness of 400nm Pc films using 2keV O2
+ sputter beam and 25keV (1 

shot/pixel) Bi3+ as the analytical beam. 

The oxygen sputter beam was used because as discussed in the previous chapter, it was 

shown to produce a SIMS profile with a correct shape and produces Cu+ signal with the 

highest intensity. 
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The whole molecules of CuPc and H2Pc were not detected because they were broken 

down with every ion impact from the oxygen primary ion beam. Figure 4.2.2 and Figure 

4.2.3 show the SRIM calculation for the ion range of 2keV O2
+ into CuPc and H2Pc films 

respectfully. The ion range of 2keV O2
+ into CuPc at an angle of 45° is 3.6nm and the ion 

range of 2keV O2
+ into H2Pc at an angle of 45° is 3.3nm. 
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Figure 4.2.1: SIMS profiles of (a) 100%Cu, (b) 50%Cu, (c) 10%Cu, (d) 0.1%Cu, (e) 0%Cu Pc films using O2
+ sputter beam @2keV. 
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Figure 4.2.2: SRIM calculation for the ion range of 2keV O2
+ in CuPc. 

 

 

 

Figure 4.2.3: SRIM calculation for the ion range of 2keV O2
+ in H2Pc. 
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As the intensity of Cu+ for the lower percentage of CuPc: H2Pc, such as the 0.1%Cu film, 

was within the background noise of the measurement, a new batch of samples with 

constant thickness of 400nm were then grown on silicon substrate with a range of 

percentage CuPc: H2Pc (100%, 50% 10%, 1%, 0.1% and 0%) and were analysed in the 

SIMS with lower sputter beam energy and increased shots per pixel. The analytical area 

was also improved to further improve the copper secondary ions signal. 

These samples were then loaded into the SIMS instrument and were analysed using the 

parameters shown below to produce SIMS depth profiles shown in Figure 4.2.5. The depth 

of the crater formed was then measured using Dektak 150 Surface Profiler by Veeco after 

the SIMS analysis (Figure 4.2.4). The sputter rates of all the samples were then calculated 

and tabulated in Table 4.2.2. As the sputter rate is similar, this shows that the sputter rate is 

not dependant on the percentage of CuPc present in the film. 
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Figure 4.2.4: Crater depth of the 50%Cu sample measured by the Dektak 150 stylus surface profiler. 

 

 

%Cu Crater depth (nm) Time taken 
(s) 

Sputter rate 
(nm/s) 

100 358 1450 0.247 
50 402 1340 0.301 
10 412 1420 0.291 
1 414 1380 0.299 

0.1 395 1480 0.267 
0 415 1360 0.305 

Table 4.2.2: Calculated sputter of the new batch of samples. 
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Figure 4.2.5: SIMS profiles of 400nm of (a) 100%Cu, (b) 50%Cu, (c) 10%Cu, (d) 1%Cu, (e) 0.1%Cu, (f) 0%Cu using 750eV O2
+ primary 

beam. 
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Beam Energy (keV) Current Shots/pixel Area (µm2) 

Analytical Bi3+ 25 0.58 pA 3 150x150 
Sputter Beam O2

+ 0.75 60.13 nA 1 300x300 

Table 4.2.3: SIMS parameters for new batch of samples. 

 

 

Figure 4.2.6: SRIM calculation for the ion range of 750eV O2
+ in a CuPc film. 

 

 

Figure 4.2.7: SRIM calculation for the ion range of 750eV O2
+ in a H2Pc film. 
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The intensities of Cu+ produced from this new batch of samples are significantly higher than 

the previous batch. This is because the number of shots per pixel used for the analytical 

beam has been increased from 1 to 3. The high 28Si+ secondary ion intensity throughout the 

film will be discussed in Chapter 4.4.2. 

The average of the 63Cu+ secondary ion intensity (counts) between 100-300 nm of the old 

and new batch of samples, and the ratios between them is tabulated in Table 4.2.4. The 

amount which the 63Cu+ secondary ion intensity, increases with the new SIMS parameters, 

is relatively consistent except for the case of the 10%Cu sample. It is unknown why this is 

the case. But it should be taken note that these are different batches of samples, prepared 

and analysed in the SIMS on different days. The shots per pixel parameter of the new batch 

of samples was increased from one to three, this accounts for the increase in intensity of 

the secondary ion three times. Other possible factor which contributes to the remaining 

increase in intensity includes the lower sputter beam energy and the increase in the sputter 

and analytical areas. 

63Cu+ average intensity (counts) between 100-300 
nm 

 Old 
Samples 

New 
Samples 

63Cu+
New/63Cu+

Old 

100%Cu 2080 50100 24.1 
50%Cu 965 27200 28.2 
10%Cu 169 8600 50.9 

0.10%Cu 2.47 69.2 28.1 
0%Cu 0.0417 3.47 83.4 

Table 4.2.4: 63Cu+ average intensity (counts) between 100-300 nm of the old and new batch of samples 

and the ratios between them. 

This is particularly useful as the intensity of Cu+ for the lower percentage of CuPc: H2Pc is 

now above the noise level and is distinguishable from the background noise of the SIMS 

measurement. 
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The energy of the oxygen sputtering beam used in this second batch of the samples was 

significantly lower as compared to the previous run. This would decrease the damage 

region within the sample as shown in SRIM calculations (Figure 4.2.6 and Figure 4.2.7) 

where the ion range of O2
+ was lower as compared to the previous SIMS measurement 

(Figure 4.2.2 and Figure 4.2.3). 

The isotope 65Cu+ was included in the SIMS depth profile to show that the intensity of 63Cu+ 

and 65Cu+ were following the ratio of the isotopic abundance, 69.17% and 30.83% 

respectively. This is preliminarily evidence to show the copper’s chemical integrity. The 

second reason for including the isotope 65Cu+ is because the 63Cu+ intensity for the higher 

percentage of CuPc:H2Pc, such as 100%Cu and 50%Cu, has gone above saturation of the 

SIMS instrument. The inclusion of the 65Cu+ trace is to act as a cross check that the 

intensity of the 63Cu+ remains accurate even after going into saturation. 

There are three distinct regions in the SIMS depth profile. One is at the beginning of the 

measurement, before steady state sputtering of the Pc film is reached, the steady state 

sputtering, and the other at the interface of the Pc film and silicon. 

The sharpness of interfaces in the SIMS depth profile can be attributed to the measurement 

technique or parameters of the sample growth. In terms of the SIMS measurement 

technique, factors limiting the sharpness of interface can include uneven etching of the 

sample by the primary beam and/or beam induced mixing. The magnitude of beam induced 

mixing would be related to the primary beam ion range as calculated by SRIM in Figure 

4.2.6 and Figure 4.2.7. These effects contribute to the broadening of interface as seen in 

the SIMS plots in Figure 4.2.1, and Figure 4.2.5. 

At the start of the measurement, the intensity of the copper signal follows a trend where by 

it starts off at a high intensity before dropping to a minimum and then increasing to a 

steady state regime. This trend is currently unknown for Pc films but for the silicon SIMS 
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studies, this observation is well understood as the high signals of Si+ at the beginning of the 

measurement being associated with the silicon atoms in the layer of SiO2 native oxide at the 

surface. This leads to a maximum as oxygen enhances the silicon signal. When the SiO2 

layer is etched away, the enhancement is reduced and the silicon intensity drops. This can 

be termed the transient region. As the measurement progresses, O2
+ atoms from the 

incident sputter beam are being implanted further into the sample. Eventually at the crater 

base, SiO2 is being formed, which increases the intensity of Si+ again. In the case of the 

silicon SIMS studies, the transient region usually only takes place over a region similar to 

the ion range of the oxygen which is a few nanometers. But in the case of the Pc film this 

region seems to take place over 50nm. 

One possible explanation for the decrease in the 63Cu+ intensity at the beginning of the 

measurement is the effect of segregation. As the oxide layer at the base of the crater is 

building up, the copper atoms will be rejected from that oxide layer into the bulk interface. 

So the initial decrease of the Cu+ signal may be due to the copper atoms being kicked out 

towards the bulk interface and the increasing Cu+ signal may corresponds to the time it 

takes to amorphise the material to reach a steady state sputtering condition. 

One way of determining the chemistry at the base of the crater is by doing a low energy 

depth profile using an inert gas primary ion beam, such as argon, through the oxide into the 

Pc film. This would locate the positions of the copper rich regions with respect to the 

oxygen ion signatures and Pc+ signatures. 

The SIMS measurement was stopped when the bottom of the crater has reached the silicon 

substrate. Due to this, normalising to the maximum intensity of the 28Si+ trace in the steady 

state sputtering regime was not possible. 

Instead, the point where by the silicon trace deviates from the linear regression at the 

interface was chosen to be the normalisation point. 
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The area under the 63Cu+ trace was integrated between boundaries 100nm to 250nm. It is 

possible to use a constant depth for this quantitative study as it was established earlier that 

the sputter rate is not dependant on the percentage of CuPc present in the diluted film 

(Table 4.2.2). This region was chosen because it lies within the steady state sputtering 

regime. The normalised intensity was then plotted against the percentage of CuPc: H2Pc to 

produce the graph shown in Figure 4.2.8. 

The fluctuations of the Cu+ signal from depth 100nm to 250nm were used as the error bars 

in Figure 4.2.8. But they are smaller than the symbol used to represent the data point. 

The linear relationship showed in Figure 4.2.8 shows that the number of counts of Cu+ is 

proportional to the amount of copper phthalocyanine present in the film. The SIMS equation 

shows that the number of atoms in the matrix is proportional to the intensity. This shows 

that the OMBD used in this study is well calibrated and it is possible to produce diluted 

CuPc:H2Pc films in percentages as low as 0.1%. 
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Figure 4.2.8: Normalised intensity of 63Cu+ against %CuPc in the film. 
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4.3 Interfaces of phthalocyanine films 

The objective of this section is to develop a methodology to distinguish between molecules 

with very similar masses and structures, analyse composition in multilayer organic films and 

to draw a 3D map of multilayer films. 

The scientific motivation for producing CuPc/H2Pc multilayers is to create isolated spin 

layers for use in future spintronic devices, such as shown in Figure 4.3.1. 

The material used here was a heterostructure of 200nm of CuPc film deposited on to 

200nm H2Pc which was deposited on a silicon substrate. The film thickness was ensured 

to be large enough for steady state sputtering to be achieved during the SIMS 

measurement. 

In this chapter, the first attempt was done with the sample shown in Figure 4.3.1 (a). Two 

sputter beams were compared, the Cs+ sputter beam and O2
+ sputter beam over an area of 

450μm2, to establish a suitable beam type for this exercise. The SIMS depth profile of that 

sample proved to be very challenging with the SIMS parameters used. 

In the next attempt, the challenges faced from the first attempt were considered. The 

sputter area was increased to 500x500 μm2 from 300x300 μm2 to reduce the sputter rate 

and a new simpler sample of 50nm CuPc and 50nm H2Pc film was used, instead of the 

heterostructure used in the first attempt. However, with the SIMS parameters used, the 

sample was found to be too thin for the copper secondary ion intensity to reach steady 

state sputtering. 

The last attempt in this section addresses the problems faced in the second attempt by 

using a thicker films, 200nm CuPc and 200nm H2Pc, lowering the primary beam energy to 

750eV to reduce the damage range caused by the incident primary ion, increasing the shots 
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per pixel to 3 to increase the intensity of secondary ions detected, and increasing the area 

where secondary ions are collected on the sample to 150x150 μm2 from 100x100 μm2. 

4.3.1 5x (1Cu/10H2) phthalocyanine films 

Figure 4.3.1 (a) shows the schematic cross-sectional diagram of the 5x (1Cu/10H2) sample 

grown using the OMBD on silicon substrate. Alternating layers of 1nm CuPc and 10nm 

H2Pc were deposited on top of one another at the rate of 0.1 Å/s. Figure 4.3.1 (b) shows the 

schematic diagram of the expected SIMS depth profile of the 5x (1Cu/10H2) sample, where 

the Cu+ intensities are of equal height and equally spaced with equal thickness, each 

reflecting the thickness of each CuPc layer. 

 

Figure 4.3.1: (a) Schematic cross-sectional diagram of the 5x (1Cu/10H2) sample grown on silicon 

substrate, showing the alternating layers of 1nm CuPc and 10nm H2Pc. (b) Shows the schematic diagram 

of the expected SIMS depth profile of the 5x (1Cu/10H2) sample. 

Figure 4.3.2 shows the SIMS depth profile of the 5x (1Cu/10H2) sample using 1keV Cs+ as 

the sputter beam, and Figure 4.3.3 shows the SIMS depth profile of the 5x (1Cu/10H2) 

sample using 1keV O2
+ as the sputter beam over the same area of 450μm2. 

In Figure 4.3.2, the Cu+ signal is in the background noise region and there is no sign of Si+, 

indicating that the interface between the Pc film and silicon has not been reached. This 

result shows that Cs+ is not a suitable sputter beam for analysing 5x (1Cu/10H2) Pc films.  
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The sputter beam was then switched to O2
+ to analyse the same sample at the same 

energy of 1keV over the same area of 450μm2 as shown in Figure 4.3.3. There are five 

distinct features of this SIMS depth profile. At the start of the measurement, there is a high 

intensity of copper secondary ions. This is likely to be due to surface contamination on the 

surface of the sample such as the surface oxidation of the Pc film which would cause an 

oxygen enhancement of the secondary ion signals. The next region, between 10 and 100 

seconds, the copper secondary ions intensity drops sharply and increases gradually over 

this region. This could be due to the energetic incident oxygen primary ion beam pushing 

the copper atoms further into the sample, and beam induced mixing. The third region, from 

around 100 to 260 seconds, shows the copper secondary ion intensity increases to a 

steady sputtering regime. This could be explained by the disintegration of the CuPc 

molecules from the first half of the film, resulting in fragments of copper-rich species 

saturated at the lower half of the film. The increase in the Cu+ intensity also coincides with 

the appearance of the CuO+ trace. The copper-rich matrix at the lower half of the film results 

from the second region where the copper atoms were pushed into the film towards the 

interface, where there is a build-up of copper atoms. There is a slight “bump” in the 

intensity of the copper secondary ions at the Pc film/silicon interface from about 260 – 300 

seconds. This is caused by the layer of native silicon oxide on the silicon substrate which 

produces an effect of oxygen enhancement of the copper signals. There is a gradual decay 

of copper secondary ion intensity within the silicon substrate from 300 seconds to the end 

of the measurement. This is caused by copper segregation in silicon from diffused copper 

atoms into the silicon substrate. When under oxygen bombardment, SiO2 will form and the 

copper will tend to segregate out of the bombardment induced oxide. The consequence of 

this segregation is that the copper will not be sputtered efficiently, resulting in a long decay 

in the copper signal. It took about 260 seconds for the 1keV O2
+ beam to sputter through 

the film to the interface. The 28Si+ trace has the correct expected shape as it increases 
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sharply at the interface, and the intensity is high. The intensity of the Cu+ trace is high, but 

the shape of the trace does not reflect the cross-sectional integrity of the 5x (1Cu/10H2) film. 

 

Figure 4.3.2: SIMS depth profile of the 5x (1Cu/10H2) sample using 1keV Cs+ as the sputter beam over an 
area of 450μm2. 
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Figure 4.3.3: SIMS depth profile of the 5x (1Cu/10H2) sample using 1keV O2
+ as the sputter beam over an 

area of 450μm2. 

 

The SRIM calculations shown in Figure 4.3.4 and Figure 4.3.5, of 1keV O2
+ ion range into 

CuPc and H2Pc at an angle of 45° respectively indicates the extent of beam induced mixing. 

The ion range of 1keV O2
+ into CuPc is 2.3nm and the ion range of 1keV O2

+ into H2Pc is 

2.1nm. These ion ranges are greater than the thickness of the CuPc layer itself. 
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Figure 4.3.4: SRIM calculation shows that the ion range of O2
+ at 1keV into CuPc is 2.3nm. 

 

 

Figure 4.3.5: SRIM calculation shows that the ion range of O2
+ at 1keV into H2Pc is 2.1nm. 

 

Due to these challenges to resolve the interface between the organic Pc films, a simpler 

bilayer system of 50nm CuPc and 50nm H2Pc film was analysed. Once the best parameters 

have been established for the bilayers system, the parameters can then be imported back 

to analysis the 5x (1Cu/10H2) systems. 
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4.3.2 Bilayer, 50nm CuPc and 50nm H2Pc 

Two new samples were prepared. One is 50Cu/50H2/Si, (50nm CuPc film deposited on a 

50nm H2Pc film which is deposited on a silicon substrate). The other is the inverse 

50H2/50Cu/Si, (50nm H2Pc film deposited on a 50nm CuPc film which is deposited on a 

silicon substrate). These two combinations of film provide an interesting approach to 

resolving the interface of the organic Pc films. 

Firstly, the 50Cu/50H2/Si sample was analysed with parameters shown in the table below.  

 
Beam Energy (keV) Current Shots/pixel Area (µm2) 

Analytical Bi3+ 25 0.482pA 1 100x100 
Sputter Beam O2

+ 1 180nA 1 500x500 

Table 4.3.1: SIMS parameters used when analysing the 50Cu/50H2/Si sample. 

The SIMS plot in Figure 4.3.6 shows the SIMS depth profile of the 50Cu/50H2/Si sample 

using 1keV O2
+ as the sputter beam over an area of 500x500 μm2. It shows an initial high 

intensity of Cu+ signal which rises to a peak and decays off steadily. This decay of Cu+ 

signal is due to segregation of the copper atoms throughout the H2Pc film and into the bulk 

silicon. This effect conceals the interface between the metal-free Pc and metal (copper) Pc 

film. The bump on copper signal, at around 260 seconds, is due to oxygen enhancement of 

the Cu+ signal from the native silicon oxide layer on the surface of the silicon substrate. As 

described before, the long copper intensity decay in the silicon substrate is caused by 

copper segregation in silicon from diffused copper atoms into the silicon substrate. When 

under oxygen bombardment, SiO2 will form and the copper will tend to segregate out of the 

bombardment induced oxide. The consequence of this segregation is that the copper will 

not be sputtered efficiently, resulting in a long decay in the copper signal. 
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Figure 4.3.6: SIMS depth profile of 50Cu/50H2/Si using 1keV O2
+ as the sputter beam over an area of 

500μm2. 

Figure 4.3.7 shows the SIMS depth profile of 50H2/50Cu/Si sample using 1keV O2
+ as the 

sputter beam over an area of 500μm2. In contrast to Figure 4.3.6, the interface of the metal 

(copper) Pc and metal-free film can be easily resolved where the copper signal increases 

between the surface of the Pc film and the silicon interface. This agrees with the bilayer 

structure of the Pc film where the metal (copper) Pc film is deposited beneath the metal-

free Pc film. The difference in slope between the Cu+ signal and the Si+ signal in Figure 4.3.7 

is due to beam induced mixing and the roughness of the interface. 
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Figure 4.3.7: SIMS depth profile of 50H2/50Cu/Si using 1keV O2
+ as the sputter beam over an area of 

500μm2. 

However there was not enough time for the Cu+ signal to reach steady state sputtering 

before reaching the interface of the film. This was achieved by growing a new thicker 

sample and lower sputtering beam energy was used. This is a good strategy to improve the 

copper signal intensity and the interface sharpness. 
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4.3.3 Bilayer, 200nm CuPc and 200nm H2Pc. 

New samples of 200nm CuPc and 200nm H2Pc were grown using the OMBD at 1Å/s on 

silicon substrates, where on one sample CuPc was deposited on H2Pc (200Cu/200H2/Si) 

and the other H2Pc deposited on top of CuPc (200H2/200Cu/Si). The samples were loaded 

into the TOF-SIMS and analysed using the parameters shown in the table below. 

 
Beam Energy (keV) Current Shots/pixel Area (µm2) 

Analytical Bi3+ 25 0.58pA 3 150x150 
Sputter Beam O2

+ 0.75 60.13nA 1 300x300 

Table 4.3.2: SIMS parameters used when analysing the 200H2/200Cu/Si sample. 

Comparing to the previous SIMS run, the energy of the oxygen sputter beam has been 

decreased to 750eV. This decrease in the energy decreases the damage region of CuPc 

and H2Pc to 1.9nm and 1.7nm respectively, and decreases beam induced mixing which will 

sharpen the film interfaces in the depth profile. This is shown by the SRIM calculation above 

(Figure 4.3.8 and Figure 4.3.9).  

The shot per pixel of the analytical bismuth beam was increased to 3. This increases the 

intensity of secondary ions produced per data point. The area of the analytical beam was 

also increased to 150x150μm2 to increase the number of secondary ions collected from the 

sample surface. 
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Figure 4.3.8: SRIM calculation shows that the ion range of O2
+ at 750eV into CuPc is 1.9nm. 

 

 

 

Figure 4.3.9: SRIM calculation shows that the ion range of O2
+ at 750eV into H2Pc is 1.7nm. 
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Figure 4.3.10 shows the SIMS profile of the 200Cu/200H2/Si sample. This SIMS 

measurement was stopped when the base of the crater has reached the silicon substrate. 

In this SIMS plot, the Cu+ signal has attained steady state sputtering before it decays 

steadily through the H2Pc layer into the silicon substrate interface. There is still indication of 

copper segregation throughout the H2Pc film. The depth of the crater was measured using 

the Dektak 150 Surface Profiler by Veeco (Figure 4.3.11). When the crater depth was 

calibrated to the SIMS plot, the copper signal starts to decay off at where the interface of 

CuPc and H2Pc film is supposed to lie (Figure 4.3.10) based on the thickness of the film 

grown. 

 

Figure 4.3.10: SIMS depth profile of the 200Cu/200H2/Si sample.  
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Figure 4.3.11: Crater depth of the 200Cu/200H2/Si sample measured by the Dektak 150 stylus surface 

profiler. 

Figure 4.3.12 is a 3D render image of 200Cu/200H2/Si, where the blue dots shows the 

regions within the sample where signals of secondary ion of the whole CuPc molecule, 

CuPc+ signals were collected. From this image, it is clear that the CuPc is evenly distributed 

through the top half of the sample, and there is no CuPc present at the lower half of the 

sample. 
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Figure 4.3.12: 3D render image of 200Cu/200H2/Si, where the blue dots shows the regions within the 

sample where CuPc+ signals was collected. 

Figure 4.3.13 shows the SIMS depth profile of the 200H2/200Cu/Si sample. Again, the 

CuPc film was thick enough to achieve steady sputtering rate and the measured thickness 

of the films corresponds to the SIMS plot where the copper signal raises up. The depth of 

the SIMS crater was measured using the Dektak 150 Surface Profiler by Veeco (Figure 

4.3.14), and the measured depth was used to depth calibrate the SIMS plot. The interface 

of the H2Pc/CuPc layer in the 200H2/200Cu/Si sample (Figure 4.3.13) is sharp as compared 

to the interface of the CuPc/H2Pc layer in the 200Cu/200H2/Si sample (Figure 4.3.10). This 

because the CuPc molecules forming the upper layer of the sample were broken down due 

to the incident oxygen ion beam and the copper atoms were then pushed deeper through 

the CuPc/H2Pc interface, into the H2Pc layer of the sample. Therefore, the region of mixing 

at the interface of the 200Cu/200H2/Si sample is large. What is interesting about the SIMS 

plot using the new SIMS parameters is that although in the background noise, the CuPc+ 
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signal is now distinguishable from the H2Pc+ molecule (Figure 4.3.10 and Figure 4.3.13). 

The CuPc+ and H2Pc+ signals fall in the correct regions of the film and are of correct 

thicknesses. 

Figure 4.3.15 shows the 3D render image of the 200H2/200Cu/Si sample. The green and 

blue dots shows the regions within the sample where H2Pc+ and CuPc+ signals were 

collected. There is a distinct contrast between the CuPc and H2Pc regions. 

In conclusion, the low sputtering beam energy together with the increased shots per pixel 

used in the last SIMS measurement is suitable for analysing soft organic films such as 

phthalocyanine films. This could be a starting point to analyse the complex heterostructure 

Pc film which was not achievable in the previous SIMS measurements. 
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Figure 4.3.13: SIMS depth profile of the 200H2/200Cu/Si sample. 

 

Figure 4.3.14: Crater depth of the 200H2/200Cu/Si sample measured by the Dektak 150 stylus surface 

profiler. 
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Figure 4.3.15: 3D render image of the 200H2/200Cu/Si sample, where the green and blue dots shows the 

regions within the sample where H2Pc+ and CuPc+ signals were collected. 
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4.4 Quantification study of UV degraded Pc films 

This section describes a novel chemically versatile, minimal thermal budget route for the 

formation of metal oxides and the inclusion of metal dopants in silicon as introduced in 

Section 1.7. 

There are two main research questions in this section, although the experimental methods 

are similar and the samples used are the same. The first part is to use SIMS as a 

quantification tool to detect the presence of metal oxide formed on the surface of the 

sample after UV treatment of metal phthalocyanines films. The second part also uses SIMS 

as a surface analysis tool, but to detect metal dopants within the sample after the same UV 

treatment. The samples used here are ZnPc films. There have been many research 

interests114,115,116 in zinc oxide over the years, and it is therefore desirable to be able to grow 

zinc oxide using this new method.  

4.4.1 UV Degradation 

The samples were grown on silicon substrates which undergo the same cleaning process 

as described in Chapter 3.1. In the first part, 100 nm thick ZnPc films were deposited on 

silicon using organic molecular beam deposition (OMBD) before being irradiated with UV 

light of wavelength 172 nm for 90 minutes, in an oxygen rich atmosphere. The thickness of 

the 100nm ZnPc film was measured using SEM (Figure 4.4.1). The UV degradation chamber 

was evacuated to a base pressure of 1.0 x 10-2 mbar, and then refilled with nitrogen and 

oxygen, 1.8 mbar and 1.2 mbar respectively to form an environment of 40% oxygen and 60% 

nitrogen, before UV degradation for 90 minutes. 

Figure 4.4.2 shows the UV/Vis absorption spectrum of 100nm ZnPc films after 20, 40, 60 

and 90minutes of UV irradiation. UV/Vis can be used as a quick tool to measure the 

thickness of the degraded film as explained in Chapter 1.3 and shown in Chapter 3. After 
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90 minutes of UV irradiation, the absorption spectrum of the film disappears, suggesting 

that the phthalocyanine molecules are broken down. Jules et al. reported the presence of 

metal oxides forming on the surface of the silicon substrate and metal dopants within the 

silicon substrate bulk after UV irradiation of metal phthalocyanine films. 

Therefore, a sample of 50nm thick ZnO deposited on silicon substrate was prepared by 

pulsed laser deposition (PLD) to be used as a reference sample in this quantitative SIMS 

study. 

Figure 4.4.3  (a – c) shows the photograph of a 20nm ZnPc film grown on 1.5x1.5cm quartz 

substrate, the 20nm ZnPc film after 30 minutes of UV irradiation, and after 60 minutes UV 

irradiation respectively. The loss in colour of the sample coincides with the disappearance 

of the UV/Vis absorption spectrum in Figure 4.4.2. 

 

Figure 4.4.1: SEM cross section of 100 nm ZnPc film as deposited, taken by Leonardo Gonzalez Arellano. 

The SIMS instrument used in this study is ToF-SIMS5 by IonToF. The primary ion beam 

used was 1 keV O2
+ at 170-200 nA over an area of 450 x 450 µm2 and the analytical beam 

used is 25 keV Bi3+ with a current of 0.53pA over an area of 100 x 100 µm2. Both beams 

have an incidence angle of 45° and the base pressure of the chamber during 

measurements was 1.6 x 10-8 mbar.  The positive ions followed in the depth profile 
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were 28Si+, 12C+, 64Zn+, 66Zn+, ZnO+, H2Pc+ and ZnPc+. The depth of the craters was 

measured using a Dektak 150 surface profiler. 

 

Figure 4.4.2: UV/Vis absorption spectrum of 100nm ZnPc films after 20, 40, 60 and 90minutes of UV 

irradiation (Taken by Leonardo Gonzalez Arellano). 

 

 

Figure 4.4.3: Photograph of (a) 20nm ZnPc grown on 1.5x1.5cm quartz substrate, (b) after 30 minutes UV 

irradiation and (c) after 60 minutes UV irradiation (Image taken, by Leonardo Gonzalez Arellano). 
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4.4.2 The formation of metal oxides and the UV degradation of Pc films. 

Dynamic time of flight SIMS was used as a quantitative tool to assess the formation of ZnO 

on the substrate surface after UV treatment of the ZnPc films.  The SIMS depth profile of a 

100nm thick ZnPc film deposited on silicon is shown in Figure 4.4.4. 

 

Figure 4.4.4:  SIMS depth profile of 100nm ZnPc film deposited on silicon before UV treatment. 

Figure 4.4.4 shows the SIMS depth profile of 100nm ZnPc film deposited on silicon before 

UV treatment. The sputter and analytical beam current used were 180nA and 0.482pA 

respectively. This SIMS measurement was stopped shortly after the ZnPc to silicon 

interface was reached. 

The steady trace of the 64,66Zn+ signal indicates a constant distribution of zinc with depth 

into the film, which is expected as the deposition rate of ZnPc was constant during the 

growth of ZnPc film in the OMBD. The relatively high intensity of 28Si+ from the start of the 
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measurement is not due to porosity of the film as shown in Figure 4.4.5, which is the SEM 

image of a homogeneous 100nm ZnPc film on silicon substrate. The chemical integrity 

of 28Si+ was determined by the addition of the isotope 29Si+ to the SIMS depth profile shown 

in Figure 4.4.4. This is shown in Figure 4.4.4. The ratio between 28Si+ and 29Si+ agrees with 

the ratios of the isotopic abundance of 28Si and 29Si (92.2297% and 4.6832% 

respectively117). This is preliminary evidence that the high level of 28Si+ secondary ions is not 

due to mass interference of species with similar masses (Figure 4.4.4 and Figure 4.4.6). 

Possible explanations for the high intensity of 28Si+ are silicon contamination in the form of 

silicon dust incorporated during the cleaving of the silicon substrates which are buried in 

the Pc film during growth, and contamination by silicon in the SIMS instrument. Although 

there is still no explanation for this, one possible way to verify is to run the SIMS again to 

produce an ion image of the silicon secondary ions. 

 

 

Figure 4.4.5: SEM image of 100nm ZnPc film deposited on silicon, taken by Leonardo Gonzalez Arellano. 
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As mentioned in previous sections, sharpness of interfaces in the SIMS depth profile can be 

attributed to the measurement technique, such as uneven etching of the sample by the 

primary beam and by beam induced mixing or imperfections during the growth of the 

sample. The magnitude caused by beam induced mixing would equate to the primary beam 

ion range as calculated by SRIM in Figure 4.4.7. 

Also mentioned in previous sections, the small increase of the zinc secondary ions intensity 

at the silicon interface is due to the effect of oxygen enhancement from the native oxide on 

the silicon substrate. 

 

Figure 4.4.6: Mass spectra of the 28Si+ secondary ion signal detected. 
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Figure 4.4.7: SRIM calculation of the ion range of 1keV O2
+ incident beam into ZnPc. 

 

 

Figure 4.4.8  SIMS depth profile of 100nm ZnPc film deposited on silicon after 90mins UV treatment at 3 

mbar, 40% O2 partial pressure. 
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Figure 4.4.9  SIMS depth profile of 50nm ZnO film deposited on silicon. 
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Figure 4.4.10: 3D render image showing the distribution of the bulk Si (green) and ZnO at the surface 

regions in the degraded ZnPc.  

The quantification of ZnO formation after UV treatment of ZnPc film can be assessed by 

comparing the ratio of 64Zn: ZnO obtained during the depth profiling of the reference 

sample (Figure 4.4.9) and the same ratio calculated in the treated film (Figure 4.4.8).  It was 

assumed that there was an equal kinetic energy distribution of 64Zn+ and ZnO+ secondary 

ions leaving the surface of the sample through the ion optics into the mass spectrometer. 

Delcorte and Bertrand did a study 118  in 1996, on the kinetic energy distributions of 

secondary molecular ions from thin organic films under ion bombardment, and reported 

that the kinetic energy distribution of an atomic secondary ion from a metal will generally be 

broad which is typical of collisional sputtering, whereas that of cluster ions will be much 

narrower because they can lose energy by fragmentation or vibrations and rotations of the 

secondary ions. 



133 
 

As the mass spectrometer has a band-pass filter, it collects secondary ions over a fix range 

of energies. The band pass can be tuned up and down the energy scale depending on the 

tuning of the instrument, but not the entire energy range of secondary ions. As a result, 

because as Delcorte and Bertrand showed, the energy of cluster ions will be much 

narrower, more of it will fall within the band-pass and thus go through the ion optics into the 

mass spectrometer as compared to atomic ions. In this case, more ZnO+ ions were 

collected by the mass spectrometer as compared to Zn+. But for simplicity, the effect of the 

band-pass filter was ignored. 

The 64Zn+: ZnO+ intensity ratio of the reference sample of ZnO film was used as a 

quantitative fingerprint for the presence of ZnO. The 64Zn+:ZnO+ intensity ratio of the 

degraded sample will be then compared with the 64Zn+:ZnO+ intensity ratio of the ZnO 

reference sample as a quantitative analysis (Figure 4.4.11). 

Let RUV, Rref and RZnPc be the ratio of 64Zn+: ZnO+ intensity of the degraded sample, the ZnO 

reference sample, and the 100nm ZnPc sample respectively. These relationships are shown 

in equation [1] - [3]. 

𝑅𝑢𝑣 =
[64𝑍𝑛+]𝑈𝑉
[𝑍𝑛𝑂+]𝑈𝑉

 [1] 

𝑅𝑟𝑒𝑓 =
[64𝑍𝑛+]𝑟𝑒𝑓
[𝑍𝑛𝑂+]𝑟𝑒𝑓

 [2] 

𝑅𝑍𝑛𝑃𝑐 =
[64𝑍𝑛+]𝑍𝑛𝑃𝑐
[𝑍𝑛𝑂+]𝑍𝑛𝑃𝑐

 [3] 
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There are three possibilities. 

1. Ruv = Rref 

When the ratio of 64Zn+: ZnO+ of the UV degraded sample and the ZnO reference 

sample is equal to one another, that data point on the sample where the 64Zn+ and 

ZnO+ signal was collected from comes from the presence of ZnO. 

2. Ruv > Rref 

In this case, because of the presence of ZnO+ which was not detected in the ZnPc 

film, it was assumed that were two components present contributing to the high Zn+ 

intensity. One component would be ZnO and the other would be other Zn containing 

species. The Zn containing species here is likely to be Zn containing organic 

fragments left behind by the broken remnants of the organic ZnPc structure. 

3. Ruv < Rref 

For this scenario to happen there must be either a loss of material during the UV 

treatment and posterior measurements or new species that has a lower sputter yield 

(i.e. more resilient to dissociate), and therefore 64Zn+ ions are more scarcely detected. 
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Figure 4.4.11: Plot of the ratio of 64Zn+: ZnO+ ratios of a 100nm ZnPc film and the ZnO reference sample 

against their corresponding depth. 

Figure 4.4.11 shows the ratios of 64Zn+: ZnO+ for the 100nm ZnPc film and the ZnO 

reference against their corresponding depth. 

The result above shows the second possibility, Ruv > Rref , so Ruv must consist of one 

component from ZnO and another component of zinc containing species. For simplicity, it 

was assumed that during the UV degradation, ZnPc is directly converted to ZnO and no 

other species are present. From this assumption we can write the equation [4]. 

[64𝑍𝑛+]𝑈𝑉 = 𝑥[64𝑍𝑛+]𝑍𝑛𝑂 + (1 − 𝑥)[64𝑍𝑛+]𝑍𝑛𝑃𝑐 [4] 

By substituting [64𝑍𝑛+]𝑟𝑒𝑓  and [64𝑍𝑛+]𝑍𝑛𝑃𝑐  from equations [2] and [3] respectively into 

equation [4], we can get equation [5]. 
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[64𝑍𝑛+]𝑈𝑉 = 𝑥𝑅𝑟𝑒𝑓[𝑍𝑛𝑂+]𝑟𝑒𝑓 + (1 − 𝑥)𝑅𝑍𝑛𝑃𝑐[𝑍𝑛𝑂+]𝑍𝑛𝑃𝑐 [5] 

After rearranging the equation [4], 𝑥 can be solved by the equation shown below in equation 

[5]. 

𝑥 =
[64𝑍𝑛+]𝑈𝑉 − 𝑅𝑍𝑛𝑃𝑐[𝑍𝑛𝑂+]𝑍𝑛𝑃𝑐

𝑅𝑟𝑒𝑓[𝑍𝑛𝑂+]𝑟𝑒𝑓 − 𝑅𝑍𝑛𝑃𝑐[𝑍𝑛𝑂+]𝑍𝑛𝑃𝑐
 [6] 

 

 

Figure 4.4.12: SIMS depth profile of 100nm ZnPc film deposited on silicon after 90mins UV treatment at 3 

mbar, 40% O2 partial pressure with the boundaries whereby the equation is valid (𝟎 ≤ 𝒙 ≤ 𝟏). 

To solve the equation for the fraction which ZnO is formed, 𝑥, the values which forms the 

equation must be calculated. 𝑅𝑍𝑛𝑃𝑐 is the ratio of 64Zn+: ZnO+ intensity of the 100nm ZnPc 

sample. An average of  𝑅𝑍𝑛𝑃𝑐 was taken over a region of the steady state sputtering (20-
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80nm). An average over the steady state sputtering (20-80nm) of the intensity of ZnO+ from 

the 100nm ZnPc sample, [𝑍𝑛𝑂+]𝑍𝑛𝑃𝑐 was taken (Figure 4.4.4). 

Likewise, an average for both 𝑅𝑟𝑒𝑓 and [𝑍𝑛𝑂+]𝑟𝑒𝑓 was calculated using a region of steady 

state sputtering (10-30nm) (Figure 4.4.9). 

The values calculated are tabulated in the table below. 

𝑹𝒁𝒏𝑷𝒄 [𝒁𝒏𝑶+]𝒁𝒏𝑷𝒄 𝑹𝒓𝒆𝒇 [𝒁𝒏𝑶+]𝒓𝒆𝒇 
174 5.57 13.8 1009 

It was calculated that 𝑥 = 0  when  [64𝑍𝑛+]𝑈𝑉 = 971 , and 𝑥 = 1  when  [64𝑍𝑛+]𝑈𝑉 = 13900 . 

This can form the boundaries whereby the equation is valid. This boundaries was included 

in Figure 4.4.12 to show the region which [64𝑍𝑛+]𝑈𝑉 must be in to satisfy 0 ≤ 𝑥 ≤ 1. This 

means that this method of quantification suggests that, at the depth within the sample 

whereby 𝑥 = 1, 100% of the 64Zn+ secondary ions arises from ZnO. Likewise, at the depth 

within the sample whereby 𝑥 = 0, 0% of the 64Zn+ secondary ions arises from ZnO, but from 

other zinc containing species. 

However, It is noted that this method of quantifying the ZnO formation is an approximation 

with many assumptions made, including ZnPc is directly converted to form ZnO under UV 

light and the remaining ZnPc is not broken down during the UV treatment, although it has 

been shown that Pc films can be broken down under UV light of sufficient energy119 and 

there is no signal due to ZnPc absorption in degraded films (Figure 4.4.2). 

The remaining zinc containing species here is likely to be zinc containing organic fragments 

left behind by the broken remnants of the organic ZnPc structure. The sputter yield of 64Zn+ 

from possible matrix, such as organic fragments from the Pc molecule, with decreasing 

mass was calculated using SRIM and was tabulated below together with the sputter yield 

of 64Zn+ from ZnPc and ZnO  matrix (Table 4.4.1). 
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Material 
Sputter Yield 

of 64Zn+ 

ZnPc 0.016 
ZnO 1.21 

C2H6N2Zn 0.091 
C16H2N2Zn 0.056 

CH5NZn 0.137 

Table 4.4.1: Sputtering yield of 64Zn+ from possible matrix of the degraded film. 

 

It is clear that sputter yield is inversely proportional to the mass of the organic fragments. 

Different sputter yields of 64Zn+ results in different intensities of 64Zn+ secondary ions 

produced. To do a more accurate quantification, the sputter yield of the possible fragments 

should be considered. 
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4.4.3 The detection of metal dopants from metal phthalocyanine films 

within silicon after UV treatment. 

In this second part of this section, TOF-SIMS was used to detect metal dopants from metal 

phthalocyanine films within the silicon substrate after UV treatment. 

A 5nm thick metal phthalocyanine film is the preferred film thickness for the inclusion of 

dopants as to minimise the formation of thick metal oxides which could inhibit further 

degradation of the metal phthalocyanine films which could in-turn inhibit the inclusion of 

metal dopants within the silicon substrate. This is consistent with the observations of J A 

Gardener et al.. 

The samples were grown on silicon substrates which undergo the cleaning process as 

described in Chapter 3.1. Before the silicon substrates were placed in the OMBD for film 

deposition, the native oxide layer of silicon is removed. In the semiconductor industry, the 

most common method for the removal of the native oxide of silicon is to submerse the 

silicon substrate in hydrofluoric acid, HF120. The HF etches away the native oxide layer of 

silicon, leaving behind a clean Si surface which is terminated with H atoms121. 

The silicon substrates were held in a Teflon dipper and immersed in HF (VWR, 50%, VLSI 

selectipur grade) for 30 seconds and then rinsed in high purity de-ionised water for one 

minute. After treatment, the wafers were observed to be hydrophobic (Figure 4.4.13), as 

expected for a H-terminated surface. The excess water was removed by drying using a 

nitrogen gas stream. The samples were then immediately transferred to the OMBD growth 

chamber to minimise any oxide re-growth. 
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Figure 4.4.13: Photograph of the hydrophobic surface of the HF treated silicon surface (left) with the 

untreated silicon. 

Three 5nm thick ZnPc films were deposited on silicon using organic molecular beam 

deposition (OMBD). Two of them were then being irradiated with UV light of wavelength 172 

nm for 3mins, in an oxygen rich atmosphere. The chamber was evacuated to a base 

pressure of 1.0 x 10-2 mbar, and then refilled with nitrogen and oxygen, 1.8 mbar and 1.2 

mbar respectively to form an environment of 40% oxygen and 60% nitrogen. The remaining 

5nm ZnPc sample was kept in a vacuum desiccator to be loaded into the TOF-SIMS 

machine for reference. After the two samples were removed from the UV chamber after UV 

irradiation, one of the samples was then submersed in piranha solution to etch away any 

remaining organic and oxide species left on the surface of the sample. The piranha solution 

was prepared by a mixture of 3:1 concentrated sulfuric acid to 30% hydrogen peroxide 

solution. This is to be sure that any Zn+ traces from the piranha treated sample in the TOF-

SIMS plot is from within the bulk silicon. 
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Figure 4.4.14 shows the SIMS depth profile of 5nm ZnPc before and after UV irradiation. (a), 

(b) and (c) is the SIMS depth profile of a 5nm ZnPc, 5nm ZnPc after UV treatment, and 5nm 

ZnPc after UV treatment and piranha treatment respectively. (d), (e) and (f) are the 

corresponding normalised SIMS profile. 

The SIMS plots were normalized to the average of a region whereby the Si+ trace was in the 

steady sputtering regime. For (a) ZnPc, the region was from 75-200 secs, (b) ZnPc after UV 

treatment was 200-550 secs and (c) ZnPc after UV and piranha treatment was from 400 to 

1200 secs. 

The SIMS profile of the 5nm ZnPc, Figure 4.4.14 (a), shows a slight increase in intensity of 

Zn+ before decaying off into the background noise. The Si+ intensity increases slightly 

before increasing rapidly to the steady sputtering regime. There was no clear interface 

between the ZnPc film and the silicon substrate. This is expected from the SRIM calculation 

of the incident primary ion range is 2.3nm (Figure 4.4.7) which is about half the thickness of 

the Pc film. This results in the effect of beam induced mixing to be very significant. 

Furthermore under this SIMS conditions, the 5nm ZnPc film was not thick enough to 

achieve steady state sputtering regime to do an accurate quantification study. 

In the SIMS profile for the ZnPc after UV treatment, Figure 4.4.14 (b), there is a high 

intensity of Si+ from the start of the measurement, while the intensities of C+ and Zn+ shares 

the same decay profiles. A possible reason for this includes a non-homogenous film where 

there is no 100% coverage of organic film after UV treatment and there are regions where 

the silicon substrate is exposed. 

Figure 4.4.14 (c) shows the SIMS profile of the 5nm ZnPc film after UV and piranha 

treatment. At the start of the measurement, the intensity of the Si+ trace decreases slightly 

before increasing to the steady sputtering state regime. This is a typical observation for 

silicon samples and it is is well understood. The high signals of Si+ at the beginning of the 
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measurement are associated with the silicon atoms in the layer of SiO2 native oxide at the 

surface. As the measurement progresses, O2
+ atoms are being implanted further into the 

sample. Eventually at the crater base, SiO2 is being formed, which increases the intensity of 

Si+. There is this transient region where the crater base and the altered layer are building up 

SiO2 and it usually only takes place over a depth similar to the ion range of the oxygen of a 

few nanometers. 

There is a sharp decay in the Zn+ and C+ intensities during the start of the measurement 

before going into the background noise. This high intensity at the beginning takes place 

over a depth similar to the transient region of the Si+ trace. This is a region where a layer of 

silicon oxide is present and the high intensity of Zn+ may be due to oxygen enhancement of 

the signals. 
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Figure 4.4.14: (a), (b) and (c) is the SIMS depth profile of a 5nm ZnPc, 5nm ZnPc after UV treatment, and 5nm ZnPc after UV 

treatment and piranha treatment respectively. (d), (e) and (f) are the corresponding normalised SIMS profile. 
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Although the quantities of 64,66Zn+ detected in Figure 4.4.14 (c) is low, there are still presence 

of Zn within the sample; as no zinc was detected within a silicon substrate shown in Figure 

4.4.15. This shows that there may be presence of zinc dopants, but the current TOF-SIMS 

parameters used in this study is not fully optimised to produce a higher intensity of zinc. 

More experiments are needed to detect the metal dopants. Perhaps using a low energy 

inert gas primary cluster ions sputter beam, which is not available in this study, and using a 

higher number of shots per pixel is needed to detect and quantify the metal ions. In addition, 

a reference of sample of doped silicon with zinc of known concentration is required for a 

quantitative study for the zinc dopants. 

 

 

Figure 4.4.15: SIMS depth profile within a silicon substrate using 1keV O2
+ as the sputter beam over an 

area of 500μm2. 
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5 Conclusion 

SIMS is a suitable technique for analysing organic thin films such as phthalocyanine. It is 

possible to quantify the degree of blends between metal and metal-free phthalocyanine 

films. The linear relationship between the number of counts of 63Cu+ and the percentage of 

CuPc in the film by the QCM shows that SIMS can be used to calibrate organic films 

deposition systems. 

The SIMS parameters developed in this study is suitable for analysing soft organic films 

such as phthalocyanine films. This could be a starting point to analyse the complex 

phthalocyanine heterostructures. Although future work needs to be done to understand the 

features of the SIMS depth profile seen at the start of the measurement. This can be 

achieved by using an inert gas sputter beam such as argon clusters sputter beam to 

analyse the crater base formed by the oxygen sputter beam. It has been shown that by 

using Cs+ sputter beam, the Cs implantation results in an ionisation enhancement of 

negative ion yield of organic molecules. Therefore, the SIMS experiments can be repeated 

using Cs+ sputter beam and following 𝑀𝐶𝑠𝑛+ clusters, where 𝑀 is a molecular fragment of 

the metal/metal-free Pc molecule. 

It was also found by using SIMS, that it is possible to create metal oxide using UV 

degradation of metal phthalocyanine films. However, there are many assumptions made in 

this quantification study. Such as a homogenous layer of zinc oxide was formed and no 

other species were created during the UV degradation of the phthalocyanine films. To prove 

that the zinc oxide was not formed by the 16O2
+ sputter beam, the SIMS experiment should 

be repeated using 17O2
+ sputter beam. For future work, it is possible to try other metal 

phthalocyanine films to grow other metal species oxides. It is also possible to try to grow 

oxides with films of different thicknesses. 
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Other techniques such as TEM studies may be done on the degraded films to check if the 

degraded film is homogeneous and Energy-dispersive X-ray spectroscopy (EDX) as a 

secondary technique to verify the presence of oxides. 

Electronic measurements can be performed on the metal oxides formed by this degradation 

method to created devices. Also, other morphologies such as nanowires of phthalocyanine 

may be degraded to produce complex structures of oxides. 

There may be presence of zinc dopants after UV degradation, but the current TOF-SIMS 

parameters used in this study is not fully optimised to produce a higher intensity of zinc. 

More experiments are needed to detect the metal dopants. Perhaps using a low energy 

inert gas primary cluster ions sputter beam, which is not available in this study, and using a 

higher number of shots per pixel is needed to detect and quantify the metal ions. Also, a 

reference sample of doped metal ions with known concentration is essential for a true 

quantification study of the metal dopants. It is also possible to try using different metal 

phthalocyanine films to produce different metal dopants. 
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