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Abstract 
 

Metal oxide thin films have a wide range of applications, for example in so-called 
“plastic electronics” as semiconductors and contacts.  However, their synthesis traditionally 
involves a high temperature step which is not compatible with plastic substrates, and the 
morphology can be difficult to tailor to different applications.   

Recently a new method to form oxide films from molecular precursors using only 
processes close to room temperature has been developed.  The procedure relied on 
irradiating metal phthalocyanines (MPcs) using vacuum ultra-violet (VUV) radiation produced 
by an excimer lamp (=172 nm).  In this thesis, we extend the procedure to the fabrication of 
functional oxides and aim to elucidate the mechanisms of degradation at the nanoscale. 

The first chapter explores the degradation mechanisms of MPcs. The influence 
atmosphere is assessed by varying the O concentration and overall pressure in the irradiation 
process. The existence of O radicals and excited species are found to play a major role in the 
kinetics of the reaction. An optimized atmosphere for the degradation of the films is 
obtained. 

The second chapter explores whether the technique is applicable to new 
morphologies. Films with flat topography like zinc porphyrin highlight the importance of 
grain boundaries and the diffusion of reactive species between grains as one of the main 
reasons to promote film degradation, while nanowires show shape retention. Blends of Zn1-

XCoXPc show similar degradation mechanisms to pure films. The CoPc concentration in the 
blend influences the reaction rate. 

The final chapter is a study of the elemental composition of irradiated films with 
energy-dispersive X-ray spectroscopy and secondary ion mass spectrometry. It shows 
formation of a thin layer of metal oxide as a result of exposure to VUV light on the 
phthalocyanine thin films. 
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1. Introduction	and	literature	
review	

 

 

This chapter covers the overview of the work reported on the literature relevant to this thesis. The 
current use of phthalocyanine thin films and their applications are discussed. The use of ultraviolet 
light for photo-induced modification of surfaces is presented. Particular attention is paid to the 
excimer UV light generation process and applications. Lastly, a short review of the current status of 
transparent conductive oxides, and its use for the formation of diluted magnetic semiconductors, 
challenges and applications are presented.  

 
 

The study of functional oxides has become a topic of intense research. Most 
optoelectronic devices such as flat panel displays, energy efficient windows,  use transparent 
electrodes such as transparent conductive oxides (TCO) [1]. The most popular TCO is indium-
tin oxide (ITO) which is deposited on glass substrates, however the high demand and scarcity 
of indium is driving the price of ITO up, therefore alternatives with good electrical 
conductivity and wide optical band gap have been intensely investigated. In hybrid devices 
combining inorganic-organic layers the organic phase is deposited on top of the TCO to 
avoid processing damage [2]. Inorganic-organic hybrid optoelectronic devices have been 
investigated for applications such as solar cells [3] and light emitting diodes [4]. In these 
applications TCOs are typically deposited at temperatures ranging between 200 and 600°C, 
which can be damaging to the organic layers and/or flexible substrates. 

Oxides have also recently become of great interest in the area of spintronics, a 
relatively young field concerned with the utilisation of the spin of the electron, rather than 
just the charge, for device applications. The great interest in Spintronics was triggered by the 
discovery of GMR [5, 6] - awarded the 2007 Nobel prize in Physics - which dramatically 
improved the sensitivity of magnetoresistive sensors; finding particularly widespread 
application in magnetic disk drives – a multi-billion dollar industry. 
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With spintronics, a new generation of electronics is currently in development with the 
introduction of diluted magnetic semiconductors. These materials are hybrids between the 
semiconductors currently used for integrated circuits or telecommunications, which rely on 
electron charge transport, and the ferromagnetic materials that use the spin of the electron 
e.g. to store and transmit information in classical spin valves.   

The combination of these two concepts into one single semiconductor offers the 
possibility of mass storage and processing of information at the same time [7]. There are 
many difficulties in the production of 100% efficient semiconductor spintronics, such as loss 
of spin polarization caused by large density of dopants in semiconductors, short optical 
lifetimes, and one of the main challenges is related with the spin injection from a 
ferromagnetic material into a semiconductor and spin detection.  

Recently, the use of metal phthalocyanines (MPcs) as a precursor material for the 
formation of transition metal oxides has been reported [8]. The process described relies on 
the irradiation of ultra-thin layers of metal phthalocyanine with vacuum ultraviolet light 
(VUV) at a wavelength of 172 nm (E=7.21 eV).  Crucially, it operates at room temperature, 
and would therefore provide an attractive synthesis route for the production of TCOs in 
plastic electronics. 

Metal phthalocyanines are a family of organic molecules which host a metal ion at 
the centre of the molecule. The metallic centre can be selected from a wide variety including: 
Mn2+, Fe2+, Co2+, Ni2+, Cu2+, Zn2+, among others. Among the advantages that these molecules 
offer are (i) that they are thermally and chemically robust and can be deposited in a variety 
of nanostructured forms, from nanowires to thin films, using vacuum deposition, (ii) their 
structure can be manipulated by controlling the deposition temperature or the surface where 
they are being grown and by adding functional groups to the periphery of the molecule, (iii) 
since they are isostructural they can be co-evaporated from multiple sources to produce 
mixed thin films containing different transition metals which do not suffer from phase 
segregation.  
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The effect of the irradiation on the film is the scission of the atomic bonds in the 
organic macrocycle and consequently the release of the transition metal which becomes 
available to form new bonds with the surrounding O. However the understanding of the 
degradation mechanisms of the films and the factors that affect them are not fully 
understood and the study of these parameters are important for the production of functional 
oxides that can be used in future applications. 

This project assesses the influence of the VUV photon energy and O background on 
the reactions. Time-dependent studies give an insight into the kinetics of the reaction. The 
findings allow the development of a mechanistic understanding of the degradation 
processes and oxide formation from molecular precursors. 

The degradation mechanisms of these films is studied by characterising the effect of 
five main parameters, the geometry of the irradiation setup, the atmosphere at which the 
irradiation takes place, in particular the role of O, the photon dose, the energy of the bonds 
between the transition metal and the organic ring, and the morphology and structure of the 
precursor films. Zinc phthalocyanine (ZnPc) has been used to characterize the homogeneity 
of the irradiation lamp, and to obtain an optimized set of parameters for the degradation of 
the film.  

Subsequently it has been compared against cobalt phthalocyanine (CoPc) and zinc 
tetraphenylporphyrin (ZnTPP). CoPc has one of the stronger bonds between the organic 
macrocycle and the transition metal in phthalocyanines, its UV treatment resulting in longer 
lifetimes for CoPc. Amorphous ZnTPP films showed that grain boundaries are one of the 
most important factors in the degradation mechanisms of the organic films, since they serve 
as starting sites for the degradation process. Phthalocyanine nanowires have been employed 
to evaluate the influence of surface topography in the films.  
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The formation of oxides as a result of direct irradiation of the films was assessed 
using chemical and surface analysis techniques. Energy dispersive X-ray studies revealed Zn-
rich formations at the surface. Depth profile secondary ion mass spectrometry showed metal 
oxide formation on the surface of the material. Finally the study of molecular blends 
prepared by the co-evaporation of ZnPc and CoPc, showed a first step towards the use of 
phthalocyanine blends treated with VUV light to produce functional oxides that host 
magnetic transition metals and constitute and step toward the formation of diluted magnetic 
semiconductors using organic molecules as precursors.   

In summary, this work has shown that VUV irradiation of phthalocyanine 
nanostructures is not entirely a photolytic process, since it depends on the environment 
conditions during the process. In addition, it has been found that one of the major factors 
affecting the photo-induced degradation is the topography in the starting nanostructures, 
which allows us to derive a mechanism for the degradation process. Lastly, UV irradiation of 
organic films can be used to produce metal oxide films that correspond to the transition 
metal in the precursor. The selection of the starting film could lead to transition metal doped 
functional oxides. 

 

1.1 Phthalocyanines   

The use of organic molecules for the fabrication of materials that exhibit 
optoelectronic properties is an attractive field nowadays. Organic electronics is a branch of 
electronics based on conjugated molecules and macromolecules that can provide an 
alternative to silicon technology in some cases, given that organic semiconductors are more 
flexible, lighter, and cheaper. Metal-organic molecules offer a way to obtain semiconducting 
[9] and magnetic properties for spintronics [10, 11]  and have great potential because they 
can be easily deposited in thin films of the order of few nanometres with chemical and 
structural purity. 
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In this project metal phthalocyanines (MPcs), polyaromatic molecules that can 
accommodate a range of atoms or groups of atoms in their central cavity, are used. The 
chemical formula of the metal free phthalocyanine anionic macrocycle is (C32H16N8)2- and 
since it has a 2- oxidation state it can accommodate a wide range of metallic ions such as: 
2H+, Cu2+, Fe2+, Ni2+, Mn2+, Co2+, Zn2+ which form a planar molecule depicted in Figure 1-1, 
where the metallic centre is shown in purple surrounded by the organic macrocycle which 
consists of 8 N atoms in blue and 32 carbons in grey.  

 

 

The chemical structure of a typical metal phthalocyanine (MPc) molecule. 
Carbon (grey), Nitrogen (blue), Metal (purple). 

 

The uses of these molecules are varied since they form structures that have 
semiconducting behaviour along with optoelectronic and magnetic properties that have 
been readily exploited, in applications that range from organic gas sensors [12], to solar cells 
and photovoltaic devices [13, 14], thin film transistors (TFT) [15] and spintronics [10, 16]. One 
of their main advantages is their ability to form thin films, as has been successfully proved 
with the use of organic molecular beam deposition (OMBD) in high vacuum which allows the 
creation of MPc thin films with a high degree of control and versatility. 

 

Figure 1-1 
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1.1.1 Morphology and structure of phthalocyanines 

MPc films can be obtained in different morphological phases determined by their 
stacking angles, depending on the deposition conditions. The films obtained by deposition 
at room temperature form the α-phase which is characterised by molecules arranged in a 
brick stack outline in neighbouring columns according to Hoshino et al. [17] with one 
molecule per unit cell with lattice constants of a=12.9 Å, b=3.8 Å, and c=12 Å, α=96.22° β= 
90.62° =90.32° and tilt angle of 24.9°, as shown in Figure 1-2a. However there is another 
structure proposed by Ashida [18] stacked in a herringbone fashion with cell constants a= 
25.92 Å, b=3.79 Å, c=23.92 Å, α=90° β=90.4° =90°. The β-polymorph shown in Figure 1-2b is 
commonly obtained by post-growth annealing of the α-CuPc film at 320 °C [19, 20] with an 
stacking angle at 45° and herringbone arrangement.  

The topography of the films depends on the morphology of the deposited film, which 
in turn is influenced by the interaction with the substrate.  When the phthalocyanine thin 
films are deposited at room temperature on weakly interacting substrates such as glass the 
-phase polymorph is obtained. It is characterised by small spherical crystallites 
characteristic of planar molecules as shown in Figure 1-2a. The annealing of the films leads 
to the formation of elongated crystallites as the ones shown in Figure 1-2b that are a result 
of the more compact structure due to the bigger stacking angle [10]. 

The distance between metal centres in the crystal structure can be manipulated by 
increasing the size of the original Pc molecule by adding substituents in the periphery of the 
ligand [21], this alters the electronic structure and therefore the properties of the molecular 
films [22]. The distance between the metal and the N in FePc, CoPc and NiPc are similar to 
one another (1.92 Å), however they are shorter than in CuPc (1.98 Å) or ZnPc and MgPc (2.01 
Å) [23]. 
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a)  b) 

 
 

Top: Morphology of metal phthalocyanine thin films. a) CuPc film of 60 nm 
in the α-phase. b) The β-phase polymorph of CuPc is obtained after 
annealing for 2 h at 320 °C. Bottom: Schematic illustration of α-
phthalocyanine and β-phthalocyanine crystal stacking in two of the possible 
arrangements: a) α-Pc brick-stack, ∅=24.9°, b) β-Pc herringbone 
arrangement ∅=45° [10].   

 

This fact is crucial in the strength of the binding energy between the metal centres 
and the ligand, thus has a high impact on the subject being studied in this thesis. Liao et al., 
has studied the electronic structure and bonding in different metal phthalocyanines and has 
reported that the binding energy of the metal-nitrogen bond is CoPc > CuPc > ZnPc [23]. 
Table 1 summarizes the calculated M-Pc binding energies for a range of phthalocyanine 
metal centres. 

Figure 1-2 
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MPc M=Co M=Ni M=Fe M=Mg M=Cu M=Zn 

Ebind -10.49 -9.9 -9.81 -8.14 -6.96 -5.66 

 

Table 1 Calculated M-Pc binding energies (eV) for different phthalocyanine 
molecules [23]. 

 

1.1.2 Electronic absorption of phthalocyanines 

The electronic absorption of MPc is one of the key subjects treated in this thesis. The 
absorption spectra of phthalocyanines have been widely studied in solution, vapour phase 
and in the solid state [24-26]. Absorption in phthalocyanine molecules in the visible range is 
a result of the excitation of electrons in a -* transition from the highest occupied 
molecular orbital (HOMO) in the ground state S0 of the organic ligand to the lowest 
unoccupied molecular orbital (LUMO) S1 in the visible region of the spectra for the Q-band 
or S2 towards the UV region for the Soret or B-band, see Figure 1-3. 

Engelsma et al. [27] reported the spectrum of MPc in pyridine solution between 320 
and 1000 nm, resulting in the location of the B or Soret band at 320 nm, and the Q-band at 
660 nm.  In comparison a film spectrum exhibits a broad Q-band as shown in Figure 1-4a. 
The broadening of the spectra and shift of the max has been linked to vibronic peaks [28] 
and extensive exciton coupling between adjacent rings [29].   
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The energy levels of the electronic absorption transitions on MPcs in the 
visible and UV region. Arrows directed upwards represent absorption 
events, whilst downwards arrows denote non-radiative (dotted) or emission 
(solid) paths. The thickness of the solid arrows serves as a guide to the 
relative intensities of the transitions. 

 

In the case of ZnPc and CoPc films, the Q band is split into two distinct peaks. The 
higher energy peak corresponds to the first -* (S0 to S1) transition on the phthalocyanine 
macrocycle the lower energy peak has been attributed to the excitionic transition [30] and 
occurs characteristically in the wavelengths 500 to 850 nm as shown in Figure 1-4b. In the UV 
region (250 to 400 nm) the B-band or Soret band is attributed to electronic transitions from 
-* (S0 to S2) [31]. Both Q and B bands originate from -* transitions from orbitals within 
the aromatic 18-electron system and from overlapping orbitals on the central metal [32]. 

Some Pc (-2) species such as Co(II)Pc, Mn(II)Pc, and Fe(II)Pc, exhibit a small band 
around 500 nm (2.6 eV) as shown in Figure 1-4c. These transitions in are typically assigned in 
terms of charge transfer (CT) [24, 31]. The number and energies of CT transitions depends on 
the initial and final states for both the metal and the Pc ring. Transitions in both directions 
are possible for a single ion, but the energies will be different. For ligand to metal charge 
transfer (LMCT), the ring oxidation is coupled with reduction of the metal, whilst for metal to 
ligand charge transfer (MLCT), the ring reduction is coupled with metal oxidation. 

Figure 1-3 
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  a) 

 

b)  

 

c) 

 

Electronic absortpion spectra of different MPcs. a) CuPc in solution (dashes) 
and film (solid line) [33]. b) ZnPc film [34]. c) CoPc film (circles) and solution 
(solid line) [35].    

Figure 1-4 
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There have been recent reports of one-dimensional phthalocyanine structures known 
as nanowires or nanoribbons. Tong et al. [36] report an absorption spectra of CuPc 
nanowires very similar to that of thin films as shown in Figure 1-5, however in some cases it 
has been reported with a broader Q-band [37] due to a more extensive electronic interaction 
between the molecules in the nanowire. A new polymorph -CuPc has been recently 
discovered using organic vapour phase deposition [37].   

 
 

 

 

Electronic absortpion spectra of different MPcs nanowires [36].  

 

1.2 Porphyrins 

Porphyrins and metalloporphyrins have received attention for many years as they 
play important roles in photosynthesis [38, 39], oxygen transport [40], and have been 
proposed as model compounds to mimic the behaviour of the metal centre in heme proteins 
due to their ability to co-ordinate one or more axial ligands. Other applications include uses 
as gas sensors [41], semiconductors [42] and in photodynamic therapies to detect and treat 
tumours [43].  

Figure 1-5 
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Porphyrins are a type of macrocyclic organic molecule which has an extensive system 
of delocalized  electrons. They can be modified by connecting different peripheral 
substitutes, changing the central metal or expanding the size of the macrocycle [44]. Their 
closeness with phthalocyanines makes them relevant for comparison purposes in the 
degradation mechanisms of organic films.  

 
 

 

 

The molecular geometry of metalloporphyrins: porphine (upper left), 
tetraazaporphyrin (upper right), tetrabenzporphyrin (lower left), and 
phthalocyanine (lower right) [24]. 

 

Geometrical differences as those shown in Figure 1-6 have an impact on the atomic 
distances within the molecule, for instance the diagonal N-N distance is smaller in 
phthalocyanines (396 pm) than in most porphyrins (402 pm). This has an impact on the 
bonding energy between the metal and the ligand. For example in ZnTPP the N-Zn bond 
energy is 1.93 eV [45] which is much smaller than the value of 5.66 eV in the ZnPc case [23].  

 

 

Figure 1-6 
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1.2.1 Electronic Absorption of porphyrins 

The spectroscopic properties are also affected by these geometrical changes. 
Porphyrins molecules have an extended -conjugation system with 24- electrons leading to 
a wide range of wavelengths for light absorption. Their absorption spectra are well-known, 
and their bands in different spectral regions are denoted as Q, B, N, L and M as shown in 
Figure 1-7. The band at 420 nm is assigned to the Soret band arising from the transition 
from S0 to S2 -* transition, and the other four absorption peaks at 515, 550, 590 and 
650 nm are attributed to the Q bands corresponding to the S0 to S1 -* transition [46, 47].   
 

 

 

Optical absorption spectra of zinc tetraphenylporphyrin (TPP) in cloroform  
solution (3.3 mg mL-1) and thin films [48]. 

 

The contrast in the electronic absorption spectra of phthalocyanines and porphyrins 
occurs due to a reduced energy gap between the homo orbitals in many porphyrins as 
compared with a higher energy separation in phthalocyanines which results in a more 
extensive configuration interaction. Thus phthalocyanines exhibit a red shift in the energy 
and an intensification relative to the B band of the lowest energy -* transition compared 
with any of the normal porphyrins [24]. 

Figure 1-7 
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1.3 Ultraviolet excimer lamp 

The use of ultraviolet light in thin film processing and surface modification has many 
advantages, such as low thermal budgets, lack of ionisation, chemical selectivity, and high 
cleanliness levels resulting in new chemical pathways to facilitate processing at reduced 
geometries.  Furthermore, the relatively low cost lamp systems have demonstrated to be 
capable of providing low temperature alternatives for large-scale materials processing in a 
wider range of nano-scale applications such as, low-temperature oxidation of Si, SiGe and Ge 
[49-51], surface cleaning [52], surface modification [53], photochemical vapour deposition 
[54],  photochemical micropatterning [55, 56], decomposition of organic molecules [57], and 
controlled doping of semiconductors [58].  

There are many types of lamps that depend on the material used to obtain the UV 
photons. The most common low and medium pressure discharge lamps produce resonant 
radiation, which have a low intensity but are highly efficient. Mercury is the preferred metal 
used for these lamps due to its low ionization energy required for sudden increase in the 
flow of electrical current known as the avalanche effect to be obtained readily, its ability to 
retain vapour pressure at ambient or near ambient temperatures and is chemically inert to 
the electrode materials and encasing. 

The use of mercury lamps has decreased over time given the toxic nature of Hg [59].  
The use of inert gases is desirable in discharge lamps since they exist in atomic rather than 
molecular form, and therefore do not have vibrational, rotational or dissociative processes to 
dissipate energy, are chemically inert which is required to preserve the electrodes and glass 
or quartz envelope and there is no need for warm-up periods like in the mercury lamps. 
Xenon has the lowest ionization energy and the lowest thermal conductivity of inert gases; 
furthermore it has the highest conversion efficiency from electrical energy into light which 
makes it highly attractive for its use in many UV lamps [60]. 
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Modern excimer lamps emit incoherent and almost monochromatic radiation in the 
UV or VUV range of the electromagnetic spectrum depending on the type of filling gas or 
gas mixture; see Table 2 [61].  Excimers (excited dimers) can be generated in many different 
ways, some examples include: dielectric barrier discharges, capacitive discharges, microwave 
excitation, high-energy electron beams, X-rays, synchrotron radiation, protons,  particles 
and heavy ions [62]. 

 
Rare gas (Rg)    He  Ne  Ar  Kr  Xe 

Halogen (X2)             

    74 nm  83 nm  126 nm  146 nm  172 nm 

F  157 nm    108 nm  193 nm  248 nm  354 nm 

Cl  259 nm      175 nm  222 nm  308 nm 

Br  289 nm      165 nm  207 nm  282 nm 

I  342 nm        190 nm  253 nm 

 

Table 2 Matrix of excimers (X2* and Rg2*) and exciplexes (RgX*) obtained from 
halogens and rare gases and their emission maxima [61].  

 

The pumping mechanism involved in the generation of rare gas excimers in particular 
xenon is described by the schematic in Figure 1-8. The schematic summarises the following 
operations: in 1 and 2, the atomic Xe is excited by the electrons generated by the micro-
discharges generating either Xe+ ions or Xe* excited species. Through the interaction of the 
atomic ions with the existing Xe atoms formation of molecular ions occurs rapidly, followed 
by the formation of excited neutrals, 3 and 4. Finally the excited dimer ∗ can be generated 
by the interaction between Xe* and two Xe in the ground state as reflected in 5. The excited 
dimer or excimer dissociates into two Xe atoms in the molecular form and in the process a 
photon with wavelength 172 nm is generated. 
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→ ∗ 2   (1) 

→  (2) 

2 →   (3) 

→ ∗∗   (4) 

∗ 	 → ∗   (5) 

∗ 	→ 2 172   (6) 

  

 

 

 

Simplified pumping scheme for xenon exciter dimer generation [63]. 

	

	

	

Figure 1-8 
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1.3.1 Degradation of organic thin films by high energy irradiation 

Photo-degradation has been studied in polymers to pursue durability of commercial 
polymeric products. Sunlight was recognized as an important factor of the deterioration of 
polymers due to the wavelength range at the earth’s surface spans from above 700 nm, the 
visible spectrum and into the ultraviolet below 400 nm. This led to the consideration was that 
primary photo-reactions induced changes in the polymeric chains by chain-scission, 
crosslinking and oxidative processes.   

The use of ultraviolet radiation to promote a chemical change has been exploited for 
many years. In the semiconductor industry it has been used for the removal of photoresist 
from wafers with photo masks and for the activation of surfaces. In liquid crystal display and 
plasma display panel manufacturing, the wettability of the glass is increased for subsequent 
wet cleaning, coating and etching, for sanitary cleaning of water.  

The photons generated by a VUV Xe lamp provide enough energy to break the 
bonds in many organic structures. Table 3 provides a reference of some common binding 
energies in a series of functional groups compared with the photon energy of VUV light at 
172 nm in wavelength. This fact opens the door to many other applications where organic 
molecules can be further processed after obtaining them in many different nanostructures 
such as films or nanowires.  

Recently VUV processing has been used for patterning of self-assembled monolayers 
(SAMs) [55] or nanowires in defined arrays [56]. A similar behaviour is expected when 
phthalocyanine thin films are subjected to UV irradiation processes, given that the molecule 
is formed mainly by C-C and C-N bonds and the energy provided by the excimer UV lamp is 
sufficient to break the organic ring. An important factor that could determine the ease of the 
degradation process is related to the strength of the bond between the metallic ion and the 
organic ring. In different phthalocyanine molecules this would play an important role in the 
degradation mechanism of phthalocyanine thin films given the different binding energies 
found as a function of the metallic centre. In some Pc molecules the energy required to 
break these bonds exceed that of the incoming UV photons, as described in section 1.1.1.  
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In order to obtain the degradation on such thin films it would be necessary to rely in 
different mechanisms. Therefore it is important to emphasize at this point that the 
degradation process can happen in more than one way and area of the molecule. One of the 
proposed routes that would allow the degradation of CoPc thin films, is through the 
degradation of the outermost part of the molecule where the C-C bonds are found, once 
these bonds are broken the degradation subsequently extends to the molecule’s core. This 
process would effectively change the total energy in the molecule and therefore further 
degradation with the same incoming energy is expected.  

Moreover, it is important to consider the environment during treatment, which can 
cause an acceleration of the degradation process due to bond scission by reactive species 
generated by the highly energetic photons. References to thin film degradation in CoPc and 
MnPc describe loss of thickness and detection of oxides corresponding to the transition 
metal in the molecular precursor [64, 65]. 

 

 
 

Table 3 Photon energy and bonding energy of common molecular structures [66] 
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1.4 Transparent conductive oxides 

Nowadays optoelectronic devices are being used extensively in everyday life, from 
light emitting diodes (LEDS), to solar cells.  For many of these devices it is essential to use a 
transparent electrode, as in the case of flat panel displays. These electrodes consist of thin 
films of transparent conductive oxides (TCO). TCO have an average transmittance above 80% 
due to their wide band gap above approximately 3 eV and resistivity of the order of 10-3 
·cm.  The electrical conductivity of TCO films as in metals depends on the mobility and 
carrier density.  This combination of conductivity and transparency is not common in intrinsic 
stoichiometric oxides, but it can be achieved by the introduction of dopants or by producing 
oxides in non-stoichiometric composition. In a doped TCO, if the dopant concentration is 
increased, the amount of conduction electrons will grow yielding higher conductivity. Most 
of the research to develop TCO thin films has focused on n-type semiconductors.    

The most popular is tin-doped indium oxide (ITO), due to its low resistivity of the 
order of		10 	Ω	 ∙ cm combined with its band gap above 3.5 eV which yields its high 
transparency. SnO2:F is also commonly used on glass for energy efficient windows, given that 
it provides good thermal insulation [67]. However, the production of ITO films is endangered 
due to the high demand of transparent electrodes and the scarcity and high cost of indium.  
As a consequence, extensive research has been made to find a substitute that can offer the 
same combined characteristics of low resistivity and high transparency.   

The TCO in these applications are typically deposited or post-treated at high 
temperatures, near 200 to 600° C.  However, these processing temperatures are not optimal 
for deposition of TCO on transparent plastics. Therefore considerable research has been 
done to try to reduce the deposition temperature maintaining the conductivity and 
transparency properties of the films. Reports of ITO deposited at room temperature on PET 
showed a decrease in conductivity with respect to high temperature deposition [68]. The 
reasons are varied, from mechanical mismatch of the ITO with the plastic substrate to lack of 
defects such as oxygen vacancies or interstitial dopants which result in lower conductivity. 
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In recent years low resistivity values have been achieved by the introduction of 
intrinsic or extrinsic dopants to the oxide film or by oxygen vacancies which provide 
electrons by acting as doubly charged donors. Various n-type TCO semiconductors 
consisting of binary compounds are now available and some of them have shown resistivity 
close to that of ITO, such as doped SnO2 and ZnO to produce SnO2:Sb, ZnO:Al (AZO) and 
ZnO:Ga (GZO). In addition to binary compounds, ternary compounds such as Cd2SnO4, 
CdSnO3, CdIn2O4, Zn2SnO4, MgIn2O4, CdSb2O6 and In4Sn3O12 have been developed [69].  
Despite the diversity of attempts, only few of the above compounds have a resistivity 
comparable to that of ITO.  The most promising candidates to replace ITO are binary 
compounds of doped ZnO. In Figure 1-9 the tendency in the past years shows a continuous 
decrease in resistivity for doped-binary films.  ZnO compounds are still decreasing in 
resistivity, with values reaching 10-5 on AZO films [70], while SnO2, In2O3 resistivity levels 
appear almost unchanged for the last 15 years. 

Excess doping can lead to a net loss in conductivity. Analysis of variation of resistivity 
with carrier concentration has shown that the increase in resistivity can be due to scattering 
of the electrons by the ionised impurities, resulting from adding dopants beyond a limit thus 
degrading the film due to additional scattering centres [71]. 

 
 

 

Reported resistivity of impurity-doped binary compound TCO films. SnO2 
(squares), In2O3 (triangles) and ZnO (Circles) [63]. 

 

Figure 1-9 
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Mizoguchi et al. [72] point out that an electronic structure where the lowest energy 
conduction band both disperse and split off from the rest of the conduction bands is 
necessary for transparent conductivity.  They found out that the anion dictates the dispersion 
of the conduction band, given that if the anion coordination environment is symmetric and 
cation-anion bonding is reasonably covalent, the conduction band would be disperse.  The 
anion coordination environment form many binary oxides such as CdO, ZnO and SnO2 are 
fairly symmetric, which would explain why these oxides are more suited for TCO applications. 

Minami et al. [1] showed that the variation of mobility is not only explained only by 
ionized impurity scattering as would be the case for most impurity doped conductive oxide 
films.  Studies made on AZO films of different thicknesses, gave as a result that the carrier 
concentration was relatively independent of the thickness whilst the mobility increased as 
the thickness increased.  This thickness dependence showed that the mobility is not solely 
dominated by ionized impurity scattering but is also affected by crystallinity of the material.   

There are fewer reports of p-type semiconductor TCO in comparison with the n-type. 
Some of the first attempts of NiO and In2O3-Ag2O were prepared by magnetron sputtering 
[73, 74].  The first p-type semiconducting oxide with conductivity of approximately 1 S cm-1 
was CuAlO2 in 1997 opening a window for the eventual development of optoelectronic 
devices. Other p-type oxides demonstrated since then include: CuFeO2, AgCoO2, CuYO2, 
CuGaO2, CuInO2. With the incursion of p-type oxides such as CuAlO2 in 1997 [75] with a 
conductivity of approximately 1 S · cm-1, the development of p-n junctions was 
demonstrated [76, 77]. Several transparent oxide p-n junctions have been attempted to date 
like ZnO-p-InP heterojunctions [78]. The advances in this field make it promising for the 
development of transparent junction-based devices, such as transparent diodes and 
transistors. 
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1.4.1 Deposition techniques 

Several deposition techniques have been used to obtain TCO films such as zone 
confining [79], pulsed laser deposition [80], spray pyrolysis [81], and magnetron sputtering 
[82]. The best results reported, have been obtained at higher temperatures and by using 
pulsed laser deposition method.  

The selection of the deposition technique has also a big influence on the O content 
of the films as is the case of ZnO films.  To obtain doped ZnO thin films with carrier 
concentrations lower than 1021 cm-3 is much more difficult than in ITO films, this is because 
the O absorption on the surface and grain boundaries is affected by the oxidizing 
atmospheres during deposition. 

Evaporation technique offer one of the simplest methods. Its main drawback is the 
fact that O must be provided to form the oxide and a low pressure needs to be kept during 
the process, typically ~10-4 mbar which limits the surface reaction rate. Ion plating or plasma 
activation might be used to increase the reaction rates and reduce substrate temperature 
requirements.  

Pulsed laser deposition (PLD) yields some of the highest conductivities for several 
TCO such as AZO with 8.54 x 10-5  cm [70] and ITO 7.2 x 10-5  cm [83]. However one of the 
major drawbacks of PLD is the lack of industrial scalability for coating of a large area, making 
it too cost-effective. 

Sputtering techniques have resulted in superior microstructure compared with 
evaporated films and have the advantage of producing films with atomic composition that is 
approximately equal to that of the target. DC magnetron sputtering is the most commonly 
used commercial ITO deposition method due to ability to scale in length making possible 
deposition on large substrates, compatibility with temperature sensitive substrates, and the 
ability to achieve high control on the composition of the deposited film [67]. 
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1.4.2 Diluted magnetic semiconductors 

One of the aims of spintronics, leading to the sub-discipline of semiconductor 
spintronics, is for the unification of the magnetic disk drive and semiconductor processing 
technologies, allowing for reprogrammable, non-volatile logic devices. In order to realise 
such devices spin polarised carriers need to be efficiently injected into conventional 
semiconductors: this is where oxides are of great interest. Efficient spin-polarised injection 
can only be achieved through the use of a highly, almost 100%, spin-polarised material, 
much higher than conventional metallic ferromagnets; a tunnel barrier; or through a 
magnetic material with a similar conductivity to conventional semiconductors. Oxides are 
attractive in spintronics as they are able to satisfy each of these criteria: many oxides, such as 
Fe3O4, are predicted to be half-metallic at room temperature; tunnel barriers such as MgO or 
EuO which is itself magnetic, so acts as a spin filter have been shown to enhance spin 
injection efficiencies; and doping semiconducting oxides, such as ZnO or TiO2, with magnetic 
elements allows for the production of dilute magnetic semiconductors (DMS) see see Figure 
1-10, overcoming the conductivity mismatch. The formation of oxides is therefore of great 
importance across a wide range of technologies [84]. 

 

 

Different types of semiconductor. a) Non-magnetic semiconductor which 
contains no magnetic atoms. b) Dilute magnetic oxide where only a small 
fraction of the host semiconductor sites are substituted for by transition 
metal dopants. c) A magnetic semiconductor, with carrier mediated 
alignment ferromagnetism of a periodic array of impurity transition metal 
dopants. Adapted from ref [85].   

Figure 1-10 
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Many DMS of III–V or II–VI types have been obtained by doping semiconductors with 
magnetic elements; typical examples of DMS are In1‐xMnxAs and Ga1‐xMnxAs. One of the main 
challenges of DMS is to achieve low Curie temperatures. Oxide-diluted magnetic 
semiconductors (O-DMS) have achieved of room temperature ferromagnetism in Co:TiO2 
[86] which resulted in intensive research on O-DMS. Co doped ZnO is one of the most highly 
researched DMS alloys given that Co atoms have a similar radius to Zn, resulting in a high 
solubility of Co into ZnO and most importantly it has room temperature ferromagnetic 
behaviour. Films of Co-doped ZnO have been obtained by chemical solution [87, 88], pulsed 
laser deposition [89, 90] and molecular-beam epitaxy [91].  

Experimentation has been made to understand the effects of the [Co]/[Zn] ratio on 
the properties of the thin films [92], which shows that the electrical resistivity of ZnO changes 
from values above 1  cm for the un-doped films to low values as the Co concentration 
increases as shown in Figure 1-11a. One of the main challenges in these nanostructures is to 
achieve above room temperature Curie temperature which has been demonstrated in Co-
doped ZnO by Ueda et al. [90]. The variation of the magnetic moment with Co concentration 
is shown in Figure 1-11b, with magnetic moments reaching measured moment is 5.9 B/Co 
for low concentrations of Co [89]. 

Research on this topic has yielded a good number of approaches departing from 
films including the growth of ZnO:Co nanowires [93]. Reports of nanowire growth have 
shown that the incorporation of Co into the nanowires does not change dramatically the 
wurtzite crystal structure of ZnO [94].  The push for these nanostructures along with thin 
films will be important for the development of novel electronic and optoelectronic devices.  
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  a) 

 

b) 

 

Variation of the properties of Co-doped ZnO films as a function of the 
[Co]/[Zn] concentration. a) Electrical resistivity changes in the starting 
solution for ZnO:Co films deposited at different substrate temperatures 
[92]. b) Magnetic moment change, with the moment expressed as μB/Co.  

 

 

 

Figure 1-11 
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2. Characterization	techniques	
and	experimental	methods	

 

 

This chapter details the experimental procedures followed for the growth of the organic thin films 
and nanowires, and the equipment used to prepare them the Organic Molecular Beam Deposition 
system (OMBD) and the Organic Vapour Phase Deposition System (OVPD). It also describes the 
equipment used for the different characterization techniques used in this thesis, namely UV-VIS 
spectroscopy, Atomic Force Microscope (AFM), Scanning Electron Microscope (SEM), Transmission 
Electron Microscope (TEM), and Secondary Ion Mass Spectrometry (SIMS).   

 

 

2.1 Film Deposition techniques 
The versatility of the organic precursor used in this work allows the growth of 

different nanostructures by varying the deposition conditions. Two kinds of nanostructures 
are used in this work, namely organic thin films from a single precursor, from two different 
precursors in the mixed films case and organic nanowires from a single precursor. The 
organic thin films are deposited on a high vacuum deposition chamber where the deposition 
rate and final thicknesses can be controlled with a good degree of precision.  

The organic nanowires are obtained using a low pressure, carrier gas system where 
parameters like the carrier gas flow rate and the maximum and minimum temperatures in 
the reaction tubes can be controlled to obtain the desired results. 
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2.1.1 Organic Molecular Beam Deposition 

Zinc (II) phthalocyanine (ZnPc, Sigma-Aldrich, 97%), cobalt (II) phthalocyanine (CoPc, 
Aldrich, 97%) and zinc (II) meso-Tetraphenylporphyrin (ZnTPP, Porphyrin-systems, 98%) thin 
films are grown with a nominal thickness of 100 nm on quartz, Si (100) and Ni microgrids 
(from Agar) at a base pressure of 10-7 mbar using a purpose built organic molecular beam 
deposition chamber (SPECTROS, by Kurt J. Lesker Ltd.) The source material is loaded into a 
high purity alumina oxide crucible or Knudsen cell which is heated to a maximum 
temperature of 420ºC to obtain a deposition rate of 1Å/s. Prior to growth the substrates 
where sonicated in successive baths of acetone and isopropanol for 10 minutes, then dried 
with compressed air.  

 

 

 

Schematic drawing of the organic molecular beam deposition chamber. The 
alumina crucible at the bottom holds the precursor material and is heated 
to the sublimation tempreature of the powder. The substrate holder is 
located at a vertical distance of 0.5 m from the crucibles and the deposition 
rate and thickness is monitored by a quartz crystal monitor. 

 

Figure 2-1 
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In the deposition chamber the samples are placed facing down approximately 0.5 m 
above the material source to allow a uniform molecular beam in the deposition area and 
above a quartz crystal microbalance (QCM) used to monitor the deposition rate, this 
particular deposition setup is important to obtain the tooling factor explained in section 
2.1.1.1.  

 

The system is vacated to obtain a uniform molecular flow and allow lower 
sublimation temperatures using a roughing pump in the first cycle until an approximate 
pressure of 10-2 mbar is achieved; the high vacuum is then obtained by opening a valve that 
gives access to a cryopump to achieve the final deposition pressure of 10-7 mbar. 

Once the desired pressure has been obtained, the source material is preheated to a 
temperature slightly below the sublimation point of the source material, for Zn and Co 
phthalocyanine a set point of 300°C is typically used. For materials with lower sublimation 
points like the zinc tetraphenylporphyrin the preheat set point is 200°C. This step is 
performed in order to degas impurities in the precursor material and to reduce the ramp up 
time so the PID values of the closed loop system can be reached sooner. The temperature of 
this Knudsen cell is monitored by an in-situ thermocouple and a closed control feedback 
loop maintains the correct temperature during deposition.   

The sublimed metal phthalocyanine (MPc) molecules are monitored by a QCM.  This 
device senses the amount of material being deposited on it by determining the frequency 
shift of a crystal oscillator over time, given that the amount of material deposited on it is 
directly proportional to the change in the frequency in the microbalance.  The use of the 
QCM allows monitoring of the flow rate of the organic beam with a good accuracy at very 
low concentration levels.  A closed loop control system monitors the flow rate of the beam 
until it is stable and then it opens a substrate shutter located under the deposition surface to 
start the deposition process.   
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For MPc films with a desired final thickness of 100 nm a common deposition 
temperature is in the order of 400 to 450 °C at the organic source. All films presented in this 
work are deposited at room temperature. When the desired thickness is achieved the system 
closes the substrate shutter preventing further deposition on the substrates. After deposition 
is complete the source is allowed to cool down to a temperature of 160°C prior to venting 
the chamber. 

2.1.1.1 Thickness calibration 

The thickness of the films deposited in the OMBD system needs to be calibrated 
every time a new material is used. The evaporation process and the deposition rate depends 
on the properties of the material to be evaporated, in particular depends on the ability of the 
material to be evaporated. However with a fixed evaporation rate the main factor affecting 
the final thickness of the film is related with the geometry setup of the evaporation system. 

The tooling factor (TF) is a geometric factor that takes into account the ratio of the 
distance between source and QCM and the distance between the source and sample. A 
schematic of an evaporation chamber reflecting the variations suffered by the TF depending 
on the position relative to the substrates is shown in Figure 2-2.  The tooling factor is 
adjusted to take into account the difference between the amount of material deposited on 
the quartz sensor and on the substrate.  It can be less than or greater than 100% depending 
on the position of the sensor relative to the substrates. 
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Schematic drawing of the organic molecular beam deposition system 
showing the tooling factor considerations with respect to the positioning of 
the sensor, source and substrate. 

 

 

The experimental way to adjust the value of the TF is expressed in Equation 1, where 
 is a estimation made by the user the first time the material is evaporated; 

 is the thickness measured on the deposited film as obtained with the 
estimated value;  corresponds to the value read by the QCM as the final 
thickness of the calibration evaporation using the estimated TF. The  is the new 
tooling factor corrected for the geometry and setup of the chamber. Generally the TF needs 
to be calculated once for each material, however the process can be iterated to obtain a 
refined value.  

 

 Equation 1 

 

Figure 2-2 
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The tooling factor used for phthalocyanine and tetraphenylporphyrin precursors has 
been calculated to be 32. The thickness calibration curve for a typical MPc film is obtained by 
using the integrated area over the curve of the absorption spectra of each film in the main 
absorption band located between the wavelengths 500 to 900 nm and employing Beer-
Lambert’s law to correlate it with the thickness measured with a Dektak profilometer as 
shown in Figure 2-3. 

In order to obtain a calibration curve that can be used to quickly evaluate the 
thickness of a film, a series of ZnPc thin films with different thicknesses are prepared in the 
OMBD and the obtained thickness is physically measured using the Dektak profilometer and 
correlated to the absorption spectra of each film. Figure 2-4a shows the progression of the 
increase of absorption intensity relative to the increase in film thickness.  

  

  
 

 

Profile of a 100 nm ZnPc film scanned with a Dektak 150 stylus across a 
scratch made on the film using the tip of a ceramic blade. 

 

Figure 2-3 
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Employing Beer-Lambert law to correlate the absorption of each film to the thickness 
reading obtained from the QCM yields as a result the calibration curve presented in Figure 
2-4b. From this figure a linear trend for the relationship between the measured thickness and 
the intensity of the UV-VIS spectrum can be observed for phthalocyanine thin films of 
thicknesses up to 100 nm.    
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a) 

 

 

b) 

 

 

Thickness calibration of ZnPc films. a) Electronic absorption spectra of a 
range of films evaporated in the OMBD. b) Intensity of the area under the 
curve of the Q-band of the films (see section 3.2.2) plotted as a function of 
the measured physical thickness using a Dektak profilometer. 

Figure 2-4 
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2.1.2 Organic Vapour Phase Deposition 

The metal phthalocyanine nanowires presented in this thesis are obtained in a 
separate system which does not require high vacuum pressures. These nanowires are 
obtained using organic vapour phase deposition (OVPD), which consists of a quartz tubular 
chamber inserted in a three zone Elite furnace where the temperature can be controlled 
independently for each zone see images and schematic in Figure 2-5.  

The nanowire growth occurs in a secondary quartz tube inserted in the chamber; this 
tube contains the precursor material which is placed in an alumina crucible in the middle of 
zone 1 (sublimation zone). A carrier gas, N in this case, is connected to one of the ends of 
the quartz tubes and is used to transport the evaporated precursor molecules towards the 
substrates located at the opposite end of the deposition tubes where nucleation occurs.   

	

 

Schematic of the organic vapour phase deposition system consisting of a 
three zone furnace. Zones 1 and 2 are heated to 480 °C to promote 
sublimation of the precursor; zone 3 temperature is set to 250 °C to create an 
abrupt decrease of temperature. The nanowires nucleate approximately 10 cm 
outside the furnace. 

 

Figure 2-5 
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The OVPD deposition process is controlled by three main parameters, the 
temperature at which the precursor is heated, the carrier gas flow rate, and the pressure 
maintained in the chamber during growth. The parameters that have shown to be optimal 
for nanowires growth are a flow rate of the N carrier gas kept constant at 1 L /s. The 
temperatures of the three zones are set to 480°C, 480°C and 250°C for zones 1 to 3 
respectively. The nucleation of the longest nanowires is obtained typically at 10 cm outside 
the furnace due to the rapid thermal change suffered by the molecules. 

 

2.2 Sample preparation 

The substrates used in these experiments are Si (100) N, phosphorus doped, with a 
resistivity of 1.2 – 1.6  ∙ cm, 200 mesh Ni micro-grids from Agar, and microscope glass 
slides.  The sizes of the samples are 1 x 1 cm and 2 x 1 cm respectively.  Prior deposition the 
samples are cleaned by sonic bath using acetone and isopropyl alcohol as solvents. The 
samples are cleaned in a sonic bath of acetone and isopropyl alcohol (IPA) for 10 min 
respectively to dissolve organic compounds that might be deposited on the surface. 
Afterwards the substrates are dried using a nitrogen gun.   

The samples are mounted in the purpose built deposition plates, as shown in Figure 
2-6 where an example of the typical layout of a series of substrates like Si, glass, organic field 
effect transistor (OFET) structures and TEM micro-grids have been attached to the copper 
plate using double sided tape. The substrates are attached to the plates using small pieces of 
carbon tape in the back of the sample, and mount the deposition plate in the sample holders 
to load them in the ultra-high vacuum (UHV) chamber. 
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Example of typical layout of substrates mounted in the purpose built 
deposition plate 

 

2.3 Vacuum ultraviolet reactor and irradiation process 

The purpose built vacuum reactor used for the irradiation of the organic thin films 
and nanowires is shown in Figure 2-7a. It consists of a chamber of approximately 30 litres of 
capacity. The excimer UV light is inserted laterally in one of the Conflat (CF) flanges at a 
distance of 7 cm above the substrate holder. 

The substrate holder consists of an aluminium plate which is mounted in a retractable 
arm that has three degrees of freedom, it can move in and out of the reaction chamber, it 
can flip upside down and in can rotate. However to ensure reproducibility of the irradiation 
experiments the position of the arm is fixed to a single position with the substrates and the 
films facing up in a way that the UV lamp crosses the plate diagonally as illustrated in the top 
view image in Figure 2-7b. 

Figure 2-6 
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For the irradiation experiments labelled as vacuum in Chapter 3, the chamber is 
vacated with the samples of interest inside to a base pressure of 10-2 mbar using a roughing 
pump for approximately 10 minutes and subsequently the pressure is further lowered to 10-5 

mbar using a turbo molecular pump. Once a stable pressure is reached, the UV lamp is 
ignited for the period of time required by the individual experiment, typically 60 min. 

For the experiments requiring a mixture of N and O the UV chamber is also vacated 
to a base pressure of 10-2 mbar using the roughing pump. Once the system has reached a 
stable pressure the N is allowed inside the chamber. To obtain a partial pressure of O 
equivalent to 20% at 3 mbar, the chamber is filled to 2.4 mbar with N and then with 0.6 mbar 
of O. For the experiments with a partial pressure of O of 40%, N is allowed in the chamber 
until a pressure of 1.8 mbar is reached, then the O valve is opened to complete 1.2 mbar so 3 
mbar of total pressure are reached. The same procedure is followed to achieve 40% of partial 
pressure of O at 5, 7 and 9 mbar total pressure reported in this work. 
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a) 

 

b) 

 

Vacuum UV reactor setup. a) Lateral view of vacuum chamber. b) Top view of 
vaccum chamber with the UV lamp and substrate holder plate mounted in 
position for irradiation. 

 

2.3.1 Vacuum UV lamp 

The irradiation of the organic films and nanowires is performed using a Xe excimer 
vacuum ultraviolet (VUV) lamp. Common Xe excimer lamps consist of two concentric tubes 
separated by an insulator; the excitation of the rare gas occurs in an emission process known 
as barrier discharge. Barrier discharge is the emission principle of these excimer lamps and 
consists of a metal electrode mounted within the inner tube, while the metal mesh electrode 
is mounted on the outer tube, see Figure 2-8.  The quartz tubes are filled with a discharge 
gas, Xe in this particular case.  A high AC voltage is applied to the electrodes, and a number 
of fine-wire discharge plasmas (dielectric barrier discharge) are generated between the two 
dielectrics.   

Figure 2-7 
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The discharge plasma excites the gas atoms to instantaneously produce the excimer 
state (Xe2*).  When the excited state of atoms returns to the ground state, the spectra 
peculiar to the excimer are emitted, this is called excimer emission.  The emitted spectrum 
can be set by the emitted gas as described in Chapter 1, if the lamp is filled with xenon gas it 
emits a monochromatic light with the central wavelength of 172 nm.  This wavelength is 
desirable because it has an absorption coefficient approx. 20 times greater than that of the 
185 nm UV light in comparison, thus allowing generation of a high-concentration of active O 
species. Moreover, its energy is large enough to break common bonds of molecular 
structures. 

 

 

Schematic drawing of the geometry of the cylindrical excimer UV source. 

 

A Hereaus BlueLight Compact 172/120 Z xenon excimer lamp is used for the photo-
degradation of organic molecules. A schematic of the geometry of the lamp is presented in 
Figure 2-8. It consists of a tubular quartz bulb of 12 cm in length and 4 mm in diameter. It is 
powered by an electrical input of 20 W and produces an irradiance of 50 mW/cm2. The 
temperature during irradiation at the substrate position is measured by an in-situ 
thermocouple and observed to remain between 25 and 80°C through an entire irradiation 
process of 120 min. 

Figure 2-8 
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2.4 UV‐VIS spectroscopy 

The typical UV-Visible spectrometer consists of a dual beam system that has a visible 
and a UV light sources. The light beam from each source passes through a monochromator 
and then is directed towards two cells or samples and a detector that measures the amount 
of light that has passed through each of them. Modern basic spectrometers can scan a range 
of wavelengths selected by the user in the UV-visible range, or can be set to a specific 
wavelength. 

 In the double beam spectrometers such as the one used in this thesis, the light is 
split into two parallel beams which pass through the substrate that contains the film or a cell 
with the sample in solution and the second beam passes through a reference sample without 
film or through the solvent alone. This way the detector compares the light intensity that 
passes through the reference (  and compares it against the intensity through the sample 
of interest ). The absorbance ( ) is then calculated using Equation 2 [95, 96]. 

  

 Equation 2 

 

The fundamental relationship between UV spectral response and concentration is 
described by the Beer-Lambert law.  The absorbance of a measured absorption band is a 
function of the measurement wavelength, the thickness of the sample and the concentration 
of the absorbing species being measured.  This is expressed as follows: 

 

 Equation 3 
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Where b is the length of the optical path, c is the concentration of the absorbing 
species and ε is the molar absorption coefficient, which is a characteristic constant for a 
certain compound at a certain wavelength. The application of this concept to the solid state 
is a modification of Equation 3 where the absorbance is proportional to the absorptivity (  
and the film thickness (L) as described below: 

 

 Equation 4 

  

Visible-ultraviolet spectroscopy in this thesis is performed using a Perkin-Elmer 
Lambda 25 UV/VIS spectrophotometer.  The wavelength range used is from 300 to 900 nm, 
using a slit with of 1 mm.  The samples analysed are commonly microscope glass slides or 
fused silica with MPcs films deposited on them. 

 

2.5 Atomic Force Microscopy 

Atomic force microscopy (AFM) is a technique of the family of instruments termed 
scanning probe microscope (SPM). These instruments use a sharp probe to scan the surface 
of the sample being analysed.  The interaction of the probe with the surface generates high 
resolution images of the topography of the sample. AFM can be used to study non-
conducting materials, such as insulators and semiconductors, as well as electrical conductors, 
and even biological samples. This is done using a sharp tip which can have different sizes; a 
standard tip is of approximately 2 m long and 20 nm in diameter.  Another important 
feature is that it is possible to perform AFM measurements in different environments, from 
ultra-high vacuum (UHV) to ambient air, or with the sample and tip immersed in liquid, 
which is very useful for biological studies. 
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The tip of the AFM is in the edge of a cantilever that will bend according to the 
measured forces between the tip and the sample force.  A laser beam is directed to the 
cantilever and a detector in a way that the deflection of the cantilever will be translated as 
information from the scanned surface, see Figure 2-9. 

  
 

 

Schematic drawing of the atomic force microcopy operation principle. 

 

The AFM can operate in two different modes.  The first is called contact mode, where 
the repulsive forces between the tip and the sample dominate.  The AFM provides 
information on the topography and defect structure of a surface over distances close to the 
atomic scale.  Besides to the electrostatic repulsive forces described above, other forces are 
presented during contact-mode AFM operation, an example of these is a capillary force 
coming from the moisture in the environment that can form a very thin water layer on top of 
the sample surface [97, 98]. 

Figure 2-9 
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The second is called tapping mode, in this method Van der Waals potential and/or 
electrostatic forces are measured. In tapping mode, the cantilever is vibrated close to its 
resonant frequency to perform the measurement during which the probe is engaged and 
disengaged with the sample’s surface restricting the oscillation amplitude. A feedback 
mechanism connected to the z-height piezoelectric system controls the distance between 
the specimen and the probe and maintains it constant as the topography of the scanned 
surface changes. This way the surface is scanned in a similar fashion as in contact mode but 
the lateral forces are greatly reduced therefore making it more suitable for analysis of soft 
materials such as organic films [99].    

The Atomic Force Microscopy measurements are obtained from a Veeco Dimension 
3100 AFM, at room temperature and ambient conditions.  The measurements are performed 
using tapping mode using NSC15/AIBS 325Khz 46N/m tips from MikroMasch which have a 
typical radius of 8 nm, and operated with a drive frequency in the order of 300 kHz.  Typically 
the images obtained are of 1m in size and have an aspect ratio of 1:1, the scan angle is kept 
to 0°. The reported roughness and grain size is obtained from the average value of 5 
different positions scanned on the same sample and the error is the statistical standard 
deviation of these measurements. 
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2.6 Dektak profilometer 

The Dektak 150 stylus surface profiler is used for measuring steps or trench depths 
on a surface which can be used to measure steps below 1 nm. It works as 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 analogue signal which is converted into a 
digital signal which is stored, analysed 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 main advantage of this technique over AFM is the ability to measure the 
topography of large areas in a shorter amount of time, however it does not offer the degree 
of resolution of AFM, therefore is more suited for to measure the depth changes in steps or 
craters on the analysed substrate. In this work the thickness calibration and crater formed by 
the TOF-SIMS are cross checked with this technique using a force of 1 milligram. 
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2.7 Scanning Electron Microscope 

The scanning electron microscope (SEM) is a technique employed for imaging the 
surface microstructure of the sample.  In the SEM, an electron beam with an typical 
acceleration voltage between 1 and 30 kV is directed to the sample and focused by objective 
lenses which focus the electron beam onto the specimen.  The beam is then scanned across 
the surface of the sample in a two-dimensional raster, producing secondary electrons, 
backscattered electrons or X-rays which are detected by a monitor as they are emitted from 
the scanned surface, see Figure 2-10.  At the same time, a beam is scanned across the 
recording monitor, and then the intensity of each pixel is controlled and amplified in 
correlation with the corresponding point being scanned. 

 
 

 

Schematic diagram showing some of the signals that may be detected in a 
SEM 

 

The electron beam will induce the emission of secondary electrons from the surface 
of the studied sample.  To detect them a detector is placed in the vicinity of the sample in 
the chamber.  A grid is placed surrounding the detector to function as a Faraday cage which 
has a small positive bias to attract the low- energy secondary electrons.   

Figure 2-10 
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The signal from other electrons emitted by the sample surface such as, high- energy 
backscattered is relatively low since the detector usually has a small collection angle.  When 
imaging nanostructures with the SEM  the most commonly used signal is from secondary 
electrons because it yields a high signal level and a good lateral and depth resolution [97].  

The SEM system used in to image the cross sections presented in this work is a LEO 
GEMINI 1525 FEGSEM which operates with a field emission gun and has an optimum 
resolution of ~3nm. The system operates at a high vacuum (~10-6 Torr). The images collected 
are formed using the secondary electrons. A conductive layer of chromium is deposited on 
the films to prevent surface charging and using an Emitech K-575X sputter coater. 

 

2.8 Transmission Electron Microscope 

Transmission electron microscopy (TEM) is a technique in which the information from 
the specimen is obtained by using the transmitted electrons that pass through the sample, 
and it gives information about the internal microstructure of ultrathin specimens. 

The basic TEM instrumentation is depicted in Figure 2-11. One of the main 
differences with the SEM is the higher acceleration voltage in the electron column which 
typically goes between 80 to 400 kV. The existence of the long voltage range is because a 
higher acceleration voltage increases the resolution of the images due to a decrease in the 
wavelength of the electrons. The electron beams can be generated with different electron 
guns; examples include tungsten hair-pin filament, LaB6 tip and tungsten field emission tip. 
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Schematic diagram of the diffraction and image formation in the 
transmission electron microscope. 

  
   

Figure 2-11 
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2.8.1 Electron diffraction 

The selected area diffraction (SAD) aperture pictured above allows the selection of a 
sample area of approximately 0.1 m for electron diffraction. Smaller areas can be selected 
employing a technique known as convergent beam electron diffraction (CBED), in which a 
focused probe is used instead of an aperture. 

Amorphous specimens render diffuse diffraction rings that are a consequence of the 
average interatomic separations and have a radial distribution function as shown in Figure 
2-12a. When the analysed specimen is crystalline the periodic arrangement of atoms scatters 
the electrons in angles defined by Bragg’s law. Given that the wavelength of the electron 
beam is small then  therefore 2  which makes that the diffraction occurs only 
when the planes of atoms are closely parallel to the incident beam. 

Given that the specimens are very thin is possible to observe reflections even when 
the Bragg’s law is not fully satisfied. When the beam is parallel to a major zone axis there will 
be a large number of (hkl) planes in the zone close to the Bragg angles giving rise to a large 
number of diffracted beams. 

When the sample is polycrystalline the electron diffraction produced is a patern of 
concentric rings of radii r which represent the d-spacings of the randomly oriented 
crystallites in the specimen as shown in Figure 2-12a. The relationship ⁄ 2 /  allows 
the analysis of the diffraction pattern, where L is the term known as camera length. The 
distance between reflections r, is proportional to 1/ , the constant of proportionality  is 
known as the camera constant. A single crystal has a diffraction pattern that consists of 
points, spaced at a distance proportional to 1/  aligned in an direction perpendicular to the 
orientation of the planes (hkl) as shown in Figure 2-12c. 

The diffraction pattern represents a section of the reciprocal lattice normal to the 
electron beam. Its analysis in different beam directions allows the extraction of the real space 
lattice and therefore the unit cell of the material. 
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  a) 

 

b) 

 

c) 

 

 

Schematic diagram of the diffraction pattern for a) amorphous, b) 
polcrystaline and c) single crystal sample regions. 

 

 

 

Figure 2-12 
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2.8.2 Imaging  

The interactions of the electrons with the specimen produce three types of contrast in 
the images. Mass-thickness contrast, diffraction contrast and phase contrast. The mass- 
thickness contrast occurs due to electron scattering. If an amorphous specimen is 
considered, when the electron beam passes through the specimen there is elastic scattering 
that gives rise to an envelope of transmitted intensity that varies with the scattering angle 
according to an approximate  law. The intensity scattered out of the direct line of the 
electron beam depends on the energy of the beam, the density and thickness of the 
specimen.  

The probability of an electron being scattered depends on the atomic scattering 
factor, which increases with the atomic number and total number of atoms in the path of the 
beam.  Samples that are thicker or of higher density will scatter the electrons more strongly 
and these areas appear darker in the image. This simple mass thickness contrast is exhibited 
by both crystalline and amorphous specimens   

The second type of contrast is known as diffraction contrast. It occurs in crystalline 
samples when the electrons are scattered by the crystal planes whose Miller indices hkl 
satisfy the Bragg condition, this generates beams at discrete angles 2  to the direct 
transmitted beam. When an aperture is inserted at an image plane of the electron source 
beneath the specimen, a bright-field image can be formed using the directly transmitted 
beam or a dark-field image when one of the diffracted beams is selected to pass through the 
aperture. 

The phase contrast can be obtained if a larger aperture is inserted to admit several 
diffracted beams simultaneously into the imaging system. The interference pattern of these 
beams in the image plane give as a result a lattice image that reflects the periodicity in the 
crystal in the plane normal to the optic axis of the microscope.  
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2.8.3 Sample preparation 

Two different techniques have been used in this work to prepare the specimens 
analysed in the transmission electron microscope. The first corresponds to the direct 
deposition of the organic thin films on TEM micro-grids using the organic molecular beam 
deposition system described earlier. For the deposition of these films minimal preparation is 
necessary, the TEM micro-grids obtained from Agar scientific are placed on a custom made 
sample holder with the shiny side facing in the direction of the molecular beam. Posterior 
deposition the specimens are stored in a micro-grid box. 

For the imaging of the cross sections presented in this thesis an ion milling technique 
is employed to obtain an electron transparent lamella. The process to obtain an electron 
transparent specimen suitable for cross section analysis is outlined in Figure 2-13 where a FEI 
Helios dual beam system is employed to create trenches at the sides of a thin pre-selected 
section which is coated with a layer of Cr and Pt to protect the organic film from the 
aggressive ion bombardment. The trenches are further cut at an angle with the ion beam to 
liberate the lamella from the silicon substrate, followed by the cutting of one of the edges 
generating a micrometric cantilever, the cantilever is then attached to a needle that is used 
to transport the obtained lamella to the micro-grid where it is mounted after cutting the 
remaining edge of the silicon. Once the lamella is mounted to the micro-grid, thinning 
process in steps takes place in order to make the specimen electron transparent. 
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Process followed to obtain a suitable sample for cross section TEM 
analysis using FIB. *Images and ion milling process performed by James 
Gilchrist.  

 

2.8.4 Experimental 

The TEM images in this work are obtained in a Jeol 2010 TEM with an acceleration 
voltage of 200 kV. All the images presented are bright field imaging at a 0° tilt angle unless 
otherwise stated and have been obtained with the objective aperture inserted. 

 

2.9 Energy Dispersive X‐ray 

2.9.1 X‐ray generation 

The interaction of the electron beam with the matter in the specimens produces 
ionization of the interaction area and one de-excitation process is X-ray emission. This 
happens when an outer electron drops to an inner shell hole as depicted in Figure 2-14 . The 
energy difference between the two states involved produces a characteristic X-ray photon for 
each atomic species in the specimen. Therefore EDX is an X-ray technique used to identify 
the elemental composition of the specimen. 

Figure 2-13 
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Energy dispersive X-rays (EDX) is an analytical technique that produces spectra of 
counts vs Energy of the area of interest using the characteristic Energy of the X-rays 
produced by the interaction of the electrons in the TEM and the specimen.  

 
 

 

Schematic of the de-excitation process by X-ray emission. 

 

2.9.2 X‐ray detection 

The X-rays are collected by a detector where thousands of electron-hole pairs are 
generated the quantity of which is proportional to the energy of the incoming X-rays thus 
the detector can identify the signal from the different elements present in the specimen and 
converted into electronic signals which is then analysed and displayed as the X-ray data. 
There are different types of detectors, the Si(Li) are traditionally used. They are made using a 
process where Lithium (n-type) is applied to the surface of (p-type) silicon and caused to 
diffuse into the crystal forming a small p-n junction [100].  

Figure 2-14 
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The X-ray photons from the sample travel through a thin window isolating the 
specimen chamber environment from the detector into a cooled, reversed bias p-i-n type 
Si(Li) crystal. Absorption of each individual X-ray photon leads to the ejection of a 
photoelectron, which forms electron hole-pairs. A charge pulse is generated with the 
electrons by applying a bias, this pulse is then converted into a voltage pulse, amplified, and 
passed to a computer X-ray analyser where the data is displayed as a histogram of intensity 
by voltage. One of the limitations is the need for cooling of the detector to obtain sufficiently 
low conductivity, and liquid-nitrogen must be used for the best resolution [101]. 

Modern detectors such as silicon drift detectors (SDD) illustrated in Figure 2-15, offer 
several advantages over the traditional Si(Li). They offer improved energy resolution, high 
count rate capability and convenient experimental conditions like operation at room 
temperature.  

The SDD is a fully depleted detector in which an electric field is applied parallel to the 
surface.  This drives the signal charges towards a collecting anode. On the p+ rings the 
negative bias progressively increases from the ring next to the anode to the farthest, 
outmost one, the maximum negative voltage of the outmost ring is about two times the 
voltage of the back contact.  

To take full advantage of the small anode the front end FET of the amplifying 
electronics is integrated into the detector chip and directly connected to the anode resulting 
into a total signal capacitance of less than 100fF. This feature allows measuring much better 
energy resolution at shorter shaping times compared to conventional PIN diodes and Si (Li) 
detectors. 
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Circular SDD with uniform radiation entrance window schematic [102]. 

 
 

2.9.3 Matrix corrections 

When performing quantitative analysis there are a series of factors that affect the 
final measurement, from the energy and number of electrons incident on the specimen to 
properties of the sample called matrix effects. The matrix effects refer to the interaction of 
the X-rays with the sample. The concentration Ci of an element i  in the specimen generates 
a certain intensity of X-rays. However it is very difficult in practice to measure this generated 
instensity. If we know a the composition of a standard Cs for element s, then we can measure 
the ratio between the intensity generated by the analysed specimen Ii and the intensity 
generated by the standard Is, the approximation proposed is:  

	

 /  Equation 5 

 

Figure 2-15 
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In this approximation K is a sensitivity factor that takes into account the difference 
between the generated and measured X-ray intensities for both the standard and the 
unknown specimen. The contributions to K come from three effects: the atomic number (Z), 
the absorption of X-rays within the specimen (A) and the fluorescence of X-rays within the 
specimen (F). 

Castaing originally suggested use of the depth distribution of ionization, termed 
(z) where z is the mass depth with dimensions g/cm2. The (z) curve is usually 
normalized by rationing the number of ionizations produced in this layer to the number 
which would be generated in an isolated layer of the same thickness suspended in a vacuum. 
The (z) curve shown in Figure 2-16 describes that not all the X-rays generated will be 
detected due to absorption through the sample. The measured intensity can be described as 
I and the generated intensity at a particular depth z as I0, the expression that describes their 
relationship is 

 

 ∝  Equation 6 

 

 

Where ∝ is the mass absorption coefficient,  is the density and t  is the path length 
the X-rays have to travel to exit the surface. 
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Electron interaction and X-ray production volumes [103]. 

  

The mass absorption coefficient is a function of the energy of the X-rays and the 
composition of the material they have to traverse. When the analysis is done in bulk 
specimens the degree of absorption is different for different X-ray lines and is generally the 
most significant effect which must be accounted for in quantitative analysis. 

If a thin electron-transparent specimen is used, then the correction procedure can be 
simplified because, the absorption and fluorescence factors could be ignored and only the Z 
correction would be necessary. Another advantage of thin specimens is the small analysed 
volume which gives a much better spatial resolution compared with analysis of bulk samples. 

Cliff and Lorimer [104] showed that quantification is possible using a simplification of 
Castaing’s original equation (Equation 6), where there is no need to incorporate data from a 
standard. In this approach they simply ratio the intensities gathered from two elements 
simultaneously in the EDX, IA and IB, simultaneously and assuming that the specimen is thin 
enough so that any absorption or fluorescence can be ignored, which is known as the thin 
foil criterion. 

 

Figure 2-16 
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  Equation 7 

 

 100% Equation 8 

 

 

Where CA and CB are the concentrations of elements A and B and KAB is a correction 
related to the atomic number correction factor (Z). 

There are several approaches to matrix correction, in the software routine used for 
this analysis the XPP matrix correction developed by Pouchou and Pichoir is used, this 
technique uses a phi-rho-Z approach in combination with the Cliff-Lorimer technique and 
enables the calculation of matrix correction terms for samples that are tilted with respect to 
the incident electron beam. 

The XPP uses exponentials to describe the shape of the (z) curve. The 
concentrations in the specimen are derived using an iterative procedure. The apparent 
concentrations are used to calculate correction factors which then are used to derive more 
precise estimates of the concentrations, this iterative process is carried on until a self-
consistent set of concentrations and correction factors are obtained with estimates in 
weight% differing by less than 0.1%. 
 

2.9.4 Experimental 

EDX microanalysis is done on the Oxford Instruments INCA EDS 80mm X-Max 
detector system, which employs a SDD detector and is capable of light-element (Z>5) 
analysis with SemiSTEM capability. The map scans obtained in this work are obtained with 
the sample tilted 20° and using a focused probe with the condenser lens or spot size number 
3. All spectra are obtained in the range of 0 to 10 keV. 



66 | P a g e  
 

Even when the electron beam in the microscope is very stable a quant optimization 
routine is performed prior measurement. The quant optimization is achieved by measuring 
the position of one known peak so the system can be optimized to determine the positions 
of all the other peaks. Here, quant optimization is performed using an edge of the Ni micro-
grid. Due to the configuration of the detector and microscope assembly the sample is tilted 
to 20° in order to maximize the effective number of counts arriving to the detector and the 
magnification at the moment of the data collection is set to 20,000x. 

 

2.10 Secondary Ion Mass Spectrometry (SIMS) 

Secondary ion mass spectrometry (SIMS) is a technique that uses a high energy 
primary ion beam, to sputter the surface of a material in a destructive process.  This high 
energy bombardment causes that fragments leaving the surface such as atoms and 
molecular are ionized. These ions are the secondary ions and they can be detected using a 
mass spectrometer to analyse them on a mass-to-charge ratio basis (m/z).  

It is possible to have different modes of SIMS analysis to assess the sample 
composition, such as, mass spectra of the surface composition, the analysis of the 
composition with relation to the depth of the sample, or images of how the composition is 
distributed in the sample surface.  In this project we are interested in the composition of the 
bulk semiconductor to study the amount of metal impurities implanted inside its lattice, and 
the distance that they have diffused. 
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2.10.1 Sims depth profiling of semiconductors 

Secondary ion mass spectrometry (SIMS) is a technique that uses high energy 
primary ion beam to sputter the surface of a material in a destructive process.  Most of the 
species which are given off during sputtering are neutrals. Other species given off includes 
electrons and secondary ions. It is these secondary ions which are detected using a mass 
spectrometer on a mass-to-charge ratio basis (m/z).  

SIMS can be used to produce a mass spectra of the sample to give information of the 
surface composition, and also to give the composition with depth. SIMS can also be used to 
provide ion images to show the distribution of elemental species in the sample surface.  In 
this project we are interested in the composition of the bulk semiconductor to study the 
amount of metal impurities implanted inside its lattice, and the distance that they have 
diffused. 

SIMS depth profiling is a surface analysis technique capable of determining the 
elemental concentrations of dopant and impurity atoms within a material as a function of 
depth. The technique is normally used to determine concentrations in the range of 1013-1020 
atoms cm-3 lying at depths of up to 10 m.  

To generate a SIMS depth profile, a mono-energetic beam of mass filtered ions called 
the primary ion beam is scanned over the sample surface in a raster scan. Each primary ion 
that penetrates the solid generates an intense but short-lived collision cascade which 
involves the breaking of bonds and the displacement of many target atoms from their lattice 
sites. Some of the displaced atoms are ejected from the sample as low-energy secondary 
species and the sample surface is gradually eroded. Whilst most of the sputtered atoms are 
(usually) neutral, small fractions are rejected as positive or negative ions. These ions are then 
detected in a mass spectrometer where after mass filtering are quantified. Since the material 
is being continuously eroded it is possible to build up chemical information as a function of 
depth. 
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 The technique has very high sensitivity of dopant and impurity atoms within the 
matrix, together with the good depth resolution. It should be noted that the conditions that 
will favour high sensitivity, namely high primary beam current and energy and large area 
analysis, are the conditions to be avoided if good depth resolution is required. High 
sensitivity and good depth resolution are, therefore, mutually exclusive. This problem is due 
to the destructive nature of the analytical technique; a finite volume of material has to be 
removed per data point.  In addition to good sensitivity, the technique can follow changes in 
concentration of many orders of magnitude in a single depth profile, due to the high 
dynamic range. 

SIMS depth profiling is quantitative; converting from raw data (count-rates as a 
function of time) to quantified data (concentrations as a function of depth) involves the use 
of ion-implanted standards and crater depth measurements. Quantification can be made 
accurate to better than 5 % for both concentration and depth scale, provided the dosimetry 
of the ion-implanted standard is accurate and rate of sputtering throughout the profile is 
known. One of the main parameters in SIMS is the fraction of atoms that are sputtered as 
ions (positive or negative). The ionization probability or ion fraction  is very sensitive to a 
number of factors.   

Depth resolution is the ability to resolve abrupt interfaces and multilayer structures. It 
is the precision with which a particular dopant distribution can be resolved, for example, an 
abrupt doping interface. The depth resolution can often be improved by changing some of 
the experimental parameters, for example, the beam energy and type and the angle of 
incidence of the primary ion beam. 
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2.10.2 Parameters influencing quantification and depth 

resolution 

There are various problems associated with quantification and depth resolution. It 
should be noted that there are many sources of profile distortions in SIMS depth profiling, 
including beam-induced, broadening effects, chemical effects, surface changing effects, and 
instrumental drift. Two basic limitations to the depth resolution arise from the statistical 
nature of the sputtering process and the depth of origin of the secondary ions. The base of 
the crater can never be perfectly flat since removal of some atoms form the top monolayer 
exposes the underlying layer to the primary ion beam. This and the fact that the secondary 
ions are believed to originate from the top few monolayers would limit the depth resolution 
of the technique to few nm.   

Moreover, the process of sputtering involves a mixing or randomization of the target 
atoms over a depth similar to the range of the primary ions, involving two distinct mixing 
processes, random atomic mixing and recoil implantation.  Other “fundamental” mixing 
effects that can reduce the depth resolution include segregation and radiation-enhanced 
diffusion. Finally, there are a variety of “instrumental” effects which reduces depth resolution  
includes uneven etching across the sample plane [105, 106]. 

 

2.10.3 Experimental 

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 were: Si, C+, Zn+, 66Zn+ and 
ZnO. The depth of the craters was measured using a Dektak 150 surface profiler. 
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3. Influence of VUV light irradiation on 
the morphology and structure of 
metal phthalocyanine thin films 

 
 

This chapter covers the results obtained from the investigations of the influence that VUV 
irradiation at 172 nm (7.2 eV) has on the morphology and structure of phthalocyanine thin films. 
The conditions to obtain maximum degradation rate in films of 100 nm in thickness are explored 
by changing the environment on the reaction chamber. The thickness loss is assessed using 
electronic absorption and the morphology and structure of the films is assessed using AFM, SEM 
and TEM. The influence on the bonding energy of the metal centre influences the degradation 
rate but the overall mechanism of degradation suggests that the film erosion is started in a grain 
by grain basis. 

 
 

 

3.1 Phthalocyanines 

The phthalocyanine molecule presented in Figure 3-1 consists of an organic ring 
composed by 32 C atoms, 8 N atoms, and a metallic ion located at the centre of the 
molecule, which can be selected at the moment of synthetizing. The range of metals centres 
available is broad, examples include Cu2+, Fe2+, Ni2+, Mn2+, Co2+, Zn2+ [29] which makes it 
promising for the formation customized metal oxides because by selecting from the variety 
of different metal centres.  
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Phthalocyanines can be readily sublimated in vacuum systems such as the organic 
molecular beam deposition (OMBD) system used in this thesis, this offers another advantage 
in the preparation of films, since it allows the evaporation of multiple precursors making 
possible the growth of molecular blends. Moreover, MPc thin films do not present phase 
segregation which is useful for applications where the separation of the metal ions is 
important, for example in spintronics applications; adding to that the separation of the metal 
centres in the crystal structure can be further controlled by changing the structural phase of 
the film as detailed in Chapter 1 or by adding functional groups in the periphery of the ring 
[22].  

 

 

The chemical structure of a typical metal phthalocyanine (MPc) molecule. 
Carbon (grey), Nitrogen (blue), Metal (purple). 

 

The formation of metal oxides using phthalocyanine thin films as a precursor has 
been proposed by Gardener et al. [8]. In this chapter the effect on the degradation 
mechanism of thicker films of 100 nm is investigated by irradiation of zinc and cobalt 
phthalocyanine thin films. These films are deposited using the organic molecular beam 
deposition (OMBD) system and then transferred to a purpose built irradiation chamber for 
VUV treatment.  

Figure 3-1 
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The formation of oxides proposed occurs as a consequence of photo-decomposition 
of the organic ring induced by applying VUV light to the film. This process promotes the 
breakage of the bonds in the organic ring and between the ligand and the metal at the 
nucleus of the phthalocyanine molecules.  

For the photo- scission of these bonds the energy applied should be superior to that 
of the binding energy between its constituent atoms. The most energetically favourable 
wavelength within the commercially available lamps for the cleavage of the atomic bonds in 
the phthalocyanine molecule is at 172 nm which corresponds to 7.2 eV. This energy is high  
enough to break the bonds of the organic ring, given that the C-N and C-C bond 
dissociation energies of common aromatic molecules such as pyridine and benzene are 3.55 
± 0.11 eV and 4.41 ± 0.09 eV respectively [16] and the bonding energy between the Zn and 
N in the centre of the Pc molecule has been calculated to be 5.6 eV [23].  

There are a number of factors that affect the photo-degradation of the thin films, 
namely, the total pressure in the reaction chamber where the partial pressure of O in the 
reactive atmosphere plays a major role, the distance of the samples to the light source, and 
the total photon dose applied to the films. Therefore the characterisation of the VUV system 
is carried out, studying the homogeneity of the process and the influence of different 
environments during irradiation in order to set the standard conditions for the photo-
degradation process. 
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3.2 Zinc phthalocyanine films 

Zinc phthalocyanine films have been prepared using organic molecular beam 
deposition (OMBD) at room temperature and exhibit the common morphology of other 
metal phthalocyanines, conformed by approximately spherical polycrystalline grains with a 
diameter that has been estimated to be around 40 to 60±10 nm according to the thickness 
of the film, where thicker films result in bigger grains [107]. Since the films are prepared on 
weakly interacting substrates at room temperature the polymorph obtained is α-phase [20], 
according to Hoshino [108] the lattice parameters of the unit cell are: a= 12.9 Å, b= 3.8 Å, c= 
12.1 Å, and the angles between the planes are α 96.2°,  90.6° and  90.3°.  

In a ZnPc film deposited at room temperature, using the unit cell in Hosino’s model 
the density of Zn is 2 x 109 atoms/m3. In a wurtzite ZnO structure the density of Zn is 4.2 x 
1010 atoms/m3, approximately 20 times the density of Zn in the phthalocyanine film. The 
implication is that if the starting thickness of ZnPc is 100 nm a layer of 5 nm of ZnO would be 
expected in a 100% efficient conversion. The study of thicker films would be ideal, however 
experience shows that the amount of irradiation time increases greatly with thicker films 
which makes the process less affordable with the VUV system in place, but can be done by 
increasing the photon dose on the films which can be achieved by increasing the number of 
VUV lamps, or their output power. 

 

3.2.1 Structure and morphology 

Figure 3-2 shows a series of images from different microscopy techniques depicting 
the morphology of a 100 nm film of ZnPc. These films are deposited on different substrates; 
silicon has been used for AFM and SEM samples while the TEM specimen has been prepared 
on a nickel micro-grid that has a uniform C film layer where the phthalocyanine film rests.  
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a) 

         

c) 

 

b) 

 

d) 

 

Figure 3-2 100 nm thick ZnPc film as-deposited. a) Tapping mode AFM image. b) Top view 
SEM image. c) Bright field TEM image, inset shows FFT of the full image. d) 
Schematic of the stacking order of phthalocyanine molecules on a 001 surface. 
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Atomic force microscopy imaging reveals this spherical crystallite structure 
characteristic of the α-phase as shown in Figure 3-2a. Particle of analysis of the image reveals 
that the average diameter of these spheres is about 40 ± 10 nm, these grains are found in 
the surface of the sample with a density of 179 m-2 which reflects uniformity of the grain 
size across the scanned area. The roughness of the film has been calculated by measuring 
the root mean square average of the standard deviation in height within a box of 300 x 300. 
The box was moved to five different places on the image and the resulting values for each 
area were averaged to obtain a final value of 3.0 ± 1 nm. 

A direct comparison of the results obtained by AFM can be made in Figure 3-2b 
which shows a typical top view image obtained by scanning electron microscopy (SEM). The 
image confirms the spherical grain morphology of the as-deposited film shown in the AFM 
images and presents a homogeneous surface with grains of sizes about 40 nm in diameter. 

Figure 3-2c shows a top view transmission electron microscope (TEM) image of the 
100 nm ZnPc films, where it is possible to distinguish a grain structure with number of dark 
and bright areas of about 30 nm. This array of grains is typical of the polycrystalline structure 
observed in Pc films. Hoshino et al. [108] determined  that the α-phase CuPc crystallites lie 
preferentially oriented perpendicular to the substrate. The interplanar distance in this 
polymorph shown in the bright field image is 1.2 nm corresponding to the (001) plane 
represented schematically in Figure 3-2d, which lies perpendicular to the substrate 
accordingly. The observed lattice fringes arise from phase contrast in crystalline samples due 
to scattering of electrons and coherent interference, thus producing a series of dark and 
bright lines with a periodicity equivalent to the interplanar distance. 
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3.2.2 Electronic absorption  

The absorption spectra of ZnPc films in the UV-Visible range is shown in Figure 3-3 
and compared with the absorption spectrum of ZnPc dissolved in chloronaphtalene. In 
solution the main absorption band in the visible spectrum known as Q-band arises from * 
transitions. It is characterized by a narrow Q-band at 678 nm and vibrational peaks at 610 
nm and 640 nm. In the solid state the Q-band is observed between 500 and 800 nm and 
consists of two peaks due to Davydov coupling at 600 nm and 706 nm. The broadening of 
this band with respect to the solution spectrum is a result of extensive exciton coupling 
between the adjacent rings. The absorption band near the UV region between 300 and 400 
nm is known as B-band and is also originated from * transitions. 

 
 

 

Typical absorption spectrum of ZnPc. (Black) 100 nm thick ZnPc film. (Red) 
500 ml of ZnPc disolved in chloronaphtalene. 

Figure 3-3 
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In this work the thickness of the films is assessed using their absorption spectra, 
given that the thickness is proportional to the absorption following Beer-Lambert’s law 
detailed in chapter 2. This correlation is obtained by integrating the area under the Q-band 
of the film in question, given that this band represents main electronic transitions of the 
molecule. The obtained values for different thicknesses are compared with physical 
measurements made on the films using a Dektak profilometer as a way to corroborate the 
thickness obtained as explained in chapter 2. 

 

3.3 Characterization of the VUV chamber 

This section describes the setup of the UV experiment. Important parameters such as 
the pressure and atmosphere in the reaction chamber, as well as the distribution of the light 
in the sample holder are detailed. The absorption spectra of the phthalocyanine thin films 
are used to characterise the impact of these parameters and the setup of the UV chamber. 
Upon exposure to VUV light the changes in the absorption spectrum of the ZnPc film are 
followed to determine the degree of decomposition of the organic film. The absorption 
spectrum gives information about the film integrity and it can be related to the thickness 
present using the Beer-Lambert law as detailed in section 2.4. 

In order to evaluate the degradation of the phthalocyanine thin films as a function of 
the position the have on the sample holder with respect to the light source, 15 samples of 
ZnPc with a nominal thickness of 20 nm are placed in the sample holder that consists of a 10 
x 10 cm aluminium plate, the setup is shown in Figure 3-4. During irradiation the lamp is 
located above the samples in a way that it covers the diagonal length of the plate. This setup 
allows tracing each sample individually in a way that is possible to correlate the degree of 
degradation to the position on the plate, thus determining whether the degradation is 
uniform under the VUV light.  
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  a) 

 

  b)  c) 

 

Setup of the VUV system. Samples are placed under the lamp in 3 rows of 5 
samples, starting to count from left to right and top to bottom as shown in 
the annotated numbers. a) Top view image of the chamber, showing the 
geometry of the VUV lamp with respect to the sample holder plate and the 
gas input. b) Top view schematic of the sample holder with the lamp overlaid. 
c) Lateral view of the lamp and the sample holder. 

  

Figure 3-5a shows the results obtained after exposing 15 samples of ZnPc to VUV 
light for 60 minutes under a vacuum atmosphere. The maximum degradation point observed 
is in the sample in position 5 which is located exactly below the tip of the lamp. Conversely 
the sample that shows less degradation is in position 11 in the opposite corner; this position 
corresponds to the base of the lamp. Laterally, the samples 1 and 15 show certain symmetry 
and in general the case is the same for two samples equally distant from the central axis of 
the lamp.  

Figure 3-4 
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Following Beer-Lambert’s law integration of the area under the curve of the Q-band 
in the phthalocyanine absorption spectrum indicates the percentage of film left after 
treatment when compared to an as-deposited sample, given that this absorption band is 
representative of the whole molecule. The contour plot in Figure 3-5b is generated using the 
values of the integrated area of each of the 15 samples and is mapped to represent the 
degree of degradation with respect to the position on the plate. Blue means more film loss 
and red means that the films presented less degradation.  

 
  a) 

 

b)  

Influence of position of the sample under the VUV light on the degradation. a) 15 
samples of 20 nm ZnPc on an aluminium plate. b) Contour plot for degree of 
degradation in different zones of the sample holder plate.  

 

Figure 3-5 
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From this setup it is expected to obtain a radial distribution of the irradiation intensity 
and therefore a radial decrease in the degradation of the films as the sample is located 
further away from the light source. From the figure it is possible to appreciate that the 
maximum degradation of the samples seems to take place at the top of the plate near the 
tip of the lamp regardless of the distance of the lamp, which for positions 5 and 11 is the 
same at 8 cm as shown in the schematic in Figure 3-4. Therefore, given that the irradiation of 
the lamp is found to be not homogeneous in the length of the lamp, the following results 
presented are from samples that have been irradiated in the position where the maximum 
degradation has been observed, namely position 5. 

 

3.3.1 Influence environment conditions during irradiation 

To assess the effect of the environment in the photo-degradation process, a series of 
ZnPc films with a nominal starting thickness of 100 nm are deposited under identical 
conditions on quartz substrates and are irradiated for 60 minutes in vacuum (10-5 mbar) and 
in a combination of O and N. The total pressure in the chamber when the mixed gases are 
present is kept to 3 mbar and the partial pressure of O used is set to 20% and 40%. 

The blue dashed line in Figure 3-6 shows a small decrease in the absorption of the 
film with reference to the as-deposited film when irradiated under vacuum conditions of 
approximately 5.0 x 10-5 mbar. This indicates that the integrity of the Pc is mostly preserved 
during the irradiation process in vacuum conditions.  
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When a mixture of N and O is allowed inside the chamber, the results clearly show a 
higher degradation rate as the presence of O increases. This suggests that the presence of O 
is one of the main driving forces behind the disintegration of the film is a photochemical 
process in agreement with reports in the literature [55]. Atmospheric O molecules can 
accelerate the oxidation reactions in the film by the formation of OH radicals which are 
thought to be strongest oxidant of the O radical family [54].  Also, VUV-light of 172 nm 
wavelength excites atmospheric O molecules resulting in the generation of ozone and/or O 
atoms in the singlet and triplet states O(1D) and O(3P) [57, 109], as expressed in Equation 6. 

 

 O → O 1D O 3P λ 172nm  Equation 9 
 

Ozone is formed from the released O atoms by the reaction in Equation 10. The 
ozone is decomposed by the VUV light to produce excited state atoms as show in Equation 
11 

 

 O O 3P → O  Equation 10 

 O 	 λ 172nm → O O 1D  Equation 11 
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Electronic absorption spectra of a 100 nm ZnPc film before and after 60 min 
exposure to VUV light, in vacuum (blue/dashes), 20% O partial pressure 
(green/dots), 40% O partial pressure (red/dash-dot). 

 

Following the procedure detailed in section 2.1.1.1, the percentage of film present 
after treatment is obtained from the absorption spectra. Figure 3-7 shows the comparative 
results of the different environment conditions, it shows that the thickness of ZnPc remains 
above 90 nm when the film is irradiated in vacuum. Conversely when O is introduced to the 
chamber the degradation rate increases dramatically halving the thickness at 20% partial 
pressure of O and further decreasing it almost to 20 nm when the O partial pressure is 
doubled to 40%. 

  

Figure 3-6 
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Calculated percentage of film present before and after exposure to 
VUV light for 60 minutes in vacuum at 20% and 40% partial pressure of O. 

 

In the results above the O content plays an important role in the degradation rate of 
the film. To evaluate the response of the ZnPc films to different pressures under the reactive 
environment the chamber is filled with the combination of N and O that produced most 
thickness loss of 40% partial pressure of O. Each film is then exposed to VUV light for 60 min 
with a base pressure of 3 mbar, 5 mbar, 7 mbar and 9 mbar respectively always maintaining 
the O to N ratio. The resulting absorption spectra of the films after exposure are shown in 
Figure 3-8a. 

The spectra show that there is a trade-off between the total pressure and the 
degradation rate of the films. As the total pressure inside the reaction chamber increases, the 
total degradation rate diminishes. In Figure 3-8b the absorption spectra of oxygen and 
ozone is shown [110] and reflects that the excess of oxygen in the reactive atmosphere 
might generate the opposite effect by absorbing the VUV photons since both oxygen and 
ozone absorb light in the 172 nm wavelength. This effect is not as pronounced as in other 
wavelengths but can dampen the reaction rate as the amount of O molecules grows.   

 

 

Figure 3-7 
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a) 

 

b) 

 

Electronic absorption spectra of: a) A 100 nm ZnPc film before and after 60 
min exposure to VUV light at different total pressures using 40% O partial 
pressure. b) Oxygen and ozone [110]. 

 

Figure 3-8 
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Following the procedure used for Figure 3-8 the percentage of film that remains on 
the sample is estimated from the absorption spectra before and after exposure to VUV light 
at different pressures, the results are presented in Figure 3-9. The variation between the 
conditions is of nearly 40 nm, being the lowest pressure condition at 3 mbar the most 
successful in degrading the organic film. The error bars are calculated from standard 
deviation between measurements and reflects a higher reproducibility on the higher 
pressure values. 

 
 

 

Estimated percentage of ZnPc present on the samples after exposure to 
VUV light for 60 minutes at different total pressures, using  the a mixture 
of O and N at 40% partial pressure of O. 

 

Based on these results it is possible to conclude that the parameters that this the 
faster degradation rate in ZnPc films is with a mixture of N and oxygen at a total pressure of 
3 mbar, keeping the partial pressure of O at 40%. Therefore, this will be considered the 
standard parameter for further experiments thereafter. 

 

 

Figure 3-9 
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3.3.2 Influence of the photon dose in the degradation rate of ZnPc 

films 

The irradiation time has a direct impact on the degradation of the ZnPc films as 
shown in Figure 3-10 where the resulting absorption spectra of a number of ZnPc films with 
a starting thickness of 100 nm is presented after being exposed to VUV light for 90, 60, 40 
and 20 minutes under the standard environment conditions. The progressive reduction of 
intensity in the Q-band of each film indicates a reduction of the amount of film in remaining 
on the sample and therefore can be related with a loss of thickness, which is attributed to the 
rupture of the molecular bonds in the organic ring.  Here is shown that a total irradiation 
time of 90 minutes results in the total decrease of absorption, suggesting the complete 
removal of the phthalocyanine film from the quartz surface as shown in Figure 3-10.  

Irradiance is defined as the radiant flux incident upon a surface per unit area, in units 
of watts per square meter (W/m2). Given that the UV lamp used has an irradiance of 50 
mW/cm2 is possible to calculate the dose delivered by the light source as a function of time 
with Equation 12.   

 

  Equation 12 

 

Where  I  is the intensity of the irradiated light and t  is the irradiation time in seconds.  
Therefore, the longer the exposure time to the VUV light the greater the dose applied to the 
film. The dose received by the films in ideal conditions would be calculated as, 1000, 2000, 
3000 and 4500 (mW/cm2) ∙ s, for 20, 40, 60 and 90 minutes respectively. 
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Electronic absorption spectra of ZnPc films with a starting thickness of 100 
nm as a function of irradiation time under standard irradiation conditions. 

 

 
 

 

Photodegradation kinetics between the thickness of the ZnPc film and the 
irradiation time. The  first 60 minutes show a linear degradation trend (blue 
dashes) 

 

 

Figure 3-11 

Figure 3-10 
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Figure 3-11 displays the relationship between the irradiation time and the amount of 
film left on the substrate. A progressive increase of irradiation time follows a linear trend 
allowing anticipating the full disintegration of the phthalocyanine film to happen in the 
neighbourhood of the 70 min of irradiation since the data reveals that the rate of 
degradation of the film is 1.12 nm/min. The absorption of the sample that has been 
irradiated for 90 minutes has decreased to a minimum value suggesting the total 
degradation of the film. 

There is a relationship between the total dose received by the sample and its distance 
from the irradiation source.  The larger the distance the lower the total dose at the sample 
surface, this effect will change depending on the atmosphere in the reaction chamber, since 
the mean free path of the VUV photons is different according to the gases present. 
According to Kim et al. [111] direct irradiation of the sample surfaces with VUV photons is 
not expected to occur under an air layer of 30 mm, and only the VUV-light generated active 
oxygen species could participate in the surface modification.  

For the vacuum reactor with 1.2 mbar of O the number of molecules per unit volume 
can be determined from Avogadro's number and the ideal gas law 

  

  Equation 13 

 

Where P is the pressure in the vessel, V is the volume, R is the ideal gas constant, T is 
the temperature, NA is Avogadro’s number and n is the number of moles of gas. 

From this expression is possible to derive the mean free path of the O molecules 
inside the chamber 
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√2

 Equation 14 

Where d is the diameter of the molecule. For room temperature conditions and 1.2 
mbar of O (diameter=1.2Å) the mean free path is calculated to be 0.53 m. So it can be 
concluded that the longer the distance between the light source and the sample, the weaker 
the effect of the induced photons due to radiation absorption, air scattering and light 
efficiency [112]. 

By combining these two results is possible to obtain the intensity of light absorbed as 
a function of time for the different O partial pressures. This is obtained using Beer-Lambert’s 
law in the form 

 

  Equation 15 

 

Where α is the absorption coefficient of O at 172 nm and l is the distance from the 
light source to the samples. The absorption coefficient is obtained from Equation 16 and the 
absorption cross section  is obtained from the plot in Figure 3-12. 

 

 

  Equation 16 
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High resolution absorption spectrum of the absorption cross section of O, 
data obtained from [113]. 

 

Solving for I  in Equation 15 the calculated irradiance reaching the samples at 
different O concentrations and considering a distance of 8 cm from the light source is 
plotted in Figure 3-13. This graph shows that an increase in the total pressure and hence in O 
concentration produces an absorbing layer that reduces the intensity of the light at the 
sample position, therefore reducing the photolysis effect.  

  

 

Irradiance at sample position for different O concentrations as a function or 
irradiation time. 

Figure 3-12 

Figure 3-13 
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3.3.3 Influence of VUV light irradiation on the morphology of ZnPc 

films 

To understand the degradation mechanism of the phthalocyanine films it is important 
to study the morphology changes that the film suffers during irradiation. Techniques such as 
atomic force microscopy (AFM), scanning electron microscopy (SEM) and transmission 
electron microscopy (TEM) allow the study of changes in some critical areas such as the grain 
size of the film. 

In Figure 3-2a the AFM of an untreated ZnPc film with a thickness of 100 nm has 
been presented. This image can be compared to the resulting AFM image of a 100 nm ZnPc 
film that has been irradiated for 90 min in a partial pressure of O of 40% shown in Figure 
3-14a. The comparison between the as-deposited and the treated film reveals a change in 
the uniformity of size and height of the grains across the surface; moreover, there are small 
areas where a higher concentration of material is found and other where the grains have 
been eroded, which is reflected in the height of the features.  

Figure 3-14b shows a line profile of the scanned area that corresponds to the dotted 
line in the image. This profile shows an important roughening of the film’s surface and 
illustrates the formation of hills and valleys, some of the features found in the film appear as 
15 nm in height given the erosion of the neighbouring areas. The quantification of the 
roughness of the film after being subjected to VUV light treatment indicates that the 
roughness of the film increases with reference to the as-deposited case as the image 
suggests. By measuring the root mean square roughness (Rq) in five different places in the 
image and averaging the result from each position a value of 4.4 nm ± 1 nm is obtained, 1.4 
nm higher than the value obtained in the as-deposited reference.  
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a) 

   

b) 

 

Figure 3-14 AFM image of a 100 nm thick film of ZnPc. a) After exposure to VUV light for 
90 min under the standard pressure conditions. b) Line profile of the scanned 
area correspondingo to the dotted line in the image  

 

0.0 0.2 0.4 0.6 0.8 1.0
0

5

10

15

20

H
ei

g
ht

 (
n

m
)

Distance (µm)



93 | P a g e  
 

    Particle analysis reveals that there are groups of grains that stand out among the 
rest on the film. In Figure 3-15 a threshold of 5 nm is applied in this analysis to isolate the 
grains by height. From this selection it is possible to divide the features found in the surface 
in three categories, the first category corresponds to those grains that are not selected which 
in consequence have a height below 5 nm, these grains occupy most of the surface of the 
film with a density of 92.8 m-2 and have an average size of 24 ± 15 nm which implies a 
tendency of the grains to shrink. This reduction of the grain size is an expected result of the 
VUV treatment since the film thickness is decreased and it is known that thinner films 
produce smaller grain sizes [107]. 

The second category corresponds to the grains selected in light blue, these features 
tend to have a bigger size of 65 ± 7 nm and occupy the surface in lower quantities with a 
density of 14 m-2. The third category corresponds to bigger features like the ones 
highlighted in dark blue where the area quantified for a single feature is twice the regular 
area of a single grain. The diameter of these double grains ranges from 80 to 100 nm and 
they are found in the sample with a density of nearly 10 m-2. This third category helps to 
interpret the existence of these bigger features on the surface, since it is possible that the 
features that are above the threshold height in the analysis correspond to a situation where 
there is more than one grain involved. This merging of grains is the reason of the observed 
formation of small islands next to areas where the erosion of the film is more evident. 
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Figure 3-15 ZnPc film of 100 nm starting thickness after 90 min of VUV irradiation. For 
particle analysis purposes the features in the image are selected in three 
categories. The first one corresponds to the grains that appear in orange or 
non-selected which have a height below 5 nm. The second category is 
comprised by the grains highlighted in light blue which are medium sized and 
are found scattered across the surface. The third category corresponds to 
groups of grains that under the particle analysis setup appear as a single 
grain, these are highlighted in dark blue.  
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In Figure 3-16 a SEM image of the top view morphology of the film after the film has 
been exposed to VUV light for 90 minutes is presented. It shows a preserved grain structure 
in some areas with an average grain size of approximately 24 nm in diameter, examples 
representative of these grains are: no. 26, 35, and 39, 149 signalled with an arrow. The 
neighbouring areas show smaller grain sizes of nearly 12 nm in diameter indicating that the 
film has been perturbed more strongly eroding de surface. 

In summary these two techniques allowed the analysis of the particle sizes of the 
surface of the film. Both techniques are in close agreement and reveal that the uniform 
granular morphology of the organic film is replaced by a less uniform landscape where the 
average grain size is reduced to almost half its original size, this is accompanied by the 
presence of bigger features that correspond to the apparent merging of two or more grains. 
The resulting morphology is then described as a series of islands of material formed by the 
remaining grains that start grouping together and are surrounded by less dense areas where 
the film has been eroded. 

Analysis of the exposed film under the same ambient and time conditions using 
transmission electron microscopy (TEM) is carried out to identify the potential structural 
damage on the film as well as another way to identify the patterns that the erosion process 
follows. The resulting image of the film deposited on a Ni micro-grid shows signs of erosion 
as high contrast areas as can be observed in Figure 3-17. 

The contrast in the bright field TEM image in Figure 3-17 is attributed to a mass-
thickness effect, where the darker areas represent sections of the film with a higher density 
of material. Accordingly the lighter areas indicate thinner film or less dense material on the 
surface. This mesh-like structure can be compared with the observations made on the 
surface morphology techniques where groups of grains are found in small islands and are 
surrounded by areas of lesser density of material. 
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  a)  

 

 

b) 

 

Scanning Electron Microscopy of a ZnPc film. a) After 90 minutes of VUV 
irradiation. b) Particle analysis of the SEM image. 

 

 

 

 

Figure 3-16 
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   a) 

 

 

b) 

 

 

Bright field TEM image of a ZnPc film of 100 nm starting thickness. a) 
After exposure to VUV light for 90 min under the standard pressure 
conditions. b) Contour plot obtained from the particle analysis showing 
some of the most representative features on the film. Arrows indicate 
eroded areas that correspond to typical grain sizes of Pc films. 

Figure 3-17 
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Particle analysis is performed in the highlighted area of the Figure 3-17a in order to 
understand the nature of the selective degradation in certain areas of the film, the 
correlation between the bright contrast areas which correspond to the eroded film and the 
grain sizes of the original film. The threshold range for the particle analysis performed on the 
image has been set to find features with an area of 300 to 1500 nm2 which roughly 
corresponds to 19 to 43 nm in diameter and results in the contour plot shown in Figure 
3-17b. The distribution of particle sizes reveals that the most common particle size are  22 ± 
6 nm, examples of these features are labelled 91, 95, 97, and 101 in  Figure 3-17b. These 
features correspond in size to the smaller grains that can be found in a phthalocyanine film, 
but also correspond to the amount of loss observed in the AFM measurements, where the 
original grain size is of the order of 40 to 50 nm and is reduced to an average size of 20 nm.  

Bigger eroded areas can be also found across the mesh-like film such as the ones 
labelled 117 and 122 which are equivalent to grain sizes of 45 ± 2 nm in diameter. This result 
is consistent with the values obtained from the most common grain sizes in the original Pc 
film, suggesting that most probably the degradation happens in a gran to grain basis and 
expands to neighbouring grains leading to an eventual merging of the degraded area, thus 
producing areas with bigger loss of material.  

From these results it is possible to infer that degradation of the thin film happens in a 
selective manner, suggesting the existence of certain preferential sites in which the organic 
molecule is degraded at a faster rate. These starting sites could be linked back to the original 
grains in the film, where potentially some crystallites interact more strongly with the reactive 
environment during irradiation producing a hole that propagates to neighbouring grains.  
Furthermore once this process is started in a particular region the degradation continues to 
be favoured in these sites promoting further degradation in the same area, thus producing 
the island effect observed in the AFM.  

In order to understand the behaviour of the interfaces of the film under the influence 
of VUV light, the ZnPc film has been deposited on a Si substrate and a cross section has 
been prepared using focused ion beam (FIB) using the process described in chapter 2.  



99 | P a g e  
 

The resulting cross section is shown in Figure 3-18, where the two top layers 
correspond to the coating material used for the specimen preparation, the brighter layer 
underneath is formed by the lighter elements of the phthalocyanine film, whereas the Si 
substrate is observed at the bottom of the image. To ensure a perpendicular view with 
respect to the film the specimen orientation is guided by the Si zone axis [001] as illustrated 
in the inset. 

 

 

 

 

Bright field TEM of a 100 nm thick ZnPc film cross section before VUV 
treatment. Inset shows the orientation of the specimen to the Si zone axis 
[001]. 

 

A ZnPc film that has been VUV irradiated for 90 minutes at a pressure of 3 mbar with 
a partial pressure of O at 40% has also been prepared using FIB milling. The resulting cross 
section in Figure 3-19 reveals a set of layers corresponding to the remaining material left on 
the substrate and it depicts how the interfaces change upon treatment.  

Figure 3-18 
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The bright field image in Figure 3-19a shows from top to bottom the two coating 
layers of Pt and Cr used during FIB preparation as protective and conductive layers for SEM 
imaging, followed by a layer labelled “a” that correspond to the residual material from the 
organic film and finally the Si substrate with a thin layer of the native SiO2 highlighted with 
the parallel dotted lines. It is important to highlight at this point that the two coating layers 
have been deposited on the film posterior to VUV treatment. 

The main question to be answered in “a” is the composition of this layer. One 
possibility is that it can be formed by unreacted ZnPc. Its thickness is measured to be about 
50 ± 3 nm depending on the selected point where the measurement is performed given the 
high roughness of the interface. This approximation is consistent with the AFM results 
obtained on the measurement of a step obtained by removing the film from the surface and 
where the total thickness of the film is 57 ± 5 nm, see Figure 3-20. It has been previously 
discussed in section 3.3.2 that 90 minutes of irradiation under the standard conditions would 
yield a total reduction in the absorption spectrum of the film which suggested that the Pc 
film has been removed from the substrate, based on the decrease of the absorption 
spectrum of the treated film. However, the evidence provided by the cross section shows 
that there is residual material on top of the substrate.  

The existence of the layer of material on the substrate after irradiation of the 
phthalocyanine film can be accounted by residual organic fragments that are left behind 
after treatment. In this case layer “a” would be formed by residual organic fragments which 
in consequence would not have the same electronic interactions, therefore the UV-vis 
spectrum of this layer would appear as if the film is degraded by lowering the absorption 
intensity. However, traces of the constituent material of the Pc would be found in the region. 
Another possible scenario involves the transformation of the phthalocyanine film into a 
metal oxide layer. 
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  a)  

 

 

b) 

** 

 

Cross section of ZnPc after exposure to VUV for a period of 90 min under 
the standard pressure conditions. a) Bright field TEM, b) High-angle 
annular dark-field image. **Image obtained by Prof. David McComb. 

Figure 3-19 
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At the interface between layer “a” and the Cr coating layer holes created by the VUV 
exposure seem to provide a route for Cr to enter during coating, the migration of material 
from the coating layer occurs in some cases as a series of columns, this effect can be seen in 
Figure 3-19b which is a high-angle annular dark-field (HAADF) image that allows resolving 
differences in atomic number in the sample. HAADF refers to an imaging technique in which 
the annular detector has a very large central aperture with the objective of reducing the 
detection of Bragg scattered electrons, the image is then obtained from the very high angle, 
incoherently scattered electrons and produce a high Z-contrast as a result. 

The atomic number distinction between layers highlights the fact that layer “a” is a 
light matrix of elements, presumably made of C fragments from the organic ring, and it is 
followed by a heavier material ie. Cr that pierces in certain areas inside the lighter elements. 
Furthermore the image shows that the heavier element Pt finds a migration path through 
which it diffuses inside layer “a”. This irregular pattern and migration pathways can be 
correlated back to the mesh-like structure observed in the top-view image presented above, 
the uncharacteristic way Cr coating layer appears compared to a film that has not been 
subjected to VUV treatment suggests that the heavier nanoparticles from the coating layers 
interacted with the low density material producing a series of patches of material instead of 
a continuous uniform film, hence producing the migration patterns discussed above. The 
elemental composition of these layers are further studied using energy dispersive X-rays and 
the results are detailed in section 5.1.2  
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a) 

  

b) 

 

Figure 3-20 AFM of ZnPc after being subjected to irradiation for 90 min under the 
standard atmospheric conditions. a) Image of a scratch made on a sample, 
the box indicates the area where the profile in (b) is obtained. b) Average 
profile of the area in the box shown in (a), the dotted lines are boundaries 
used for the calculation of the average height in that range. 
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3.4 Cobalt phthalocyanine films 

One of the main advantages of the process proposed in this project is the flexibility 
to change the precursor material that is being studied. This becomes important since the 
method for production of oxides proposed here can be expanded to different transition 
metals by simply changing the metallic centre in the organic molecule. Metal 
phthalocyanines (MPcs) are thus an excellent material for the study of the transformation of 
organic thin films to metal oxide thin films since they offer a wide range of different metal 
centres, which can be potentially transformed into oxide layers by means of VUV irradiation. 

Among the organometallic complexes that have a magnetic transition metal which 
Cobalt Phthalocyanine (CoPc) is one that has received much attention due to potential 
applications in thin films in gas sensors, optoelectronics and low dimensional molecular 
magnets. In this work, it is used to establish the relationship between the degradation rate 
and the metal centre in the phthalocyanine molecule and provides more information 
towards the understanding of the degradation mechanisms of the Pc thin films.  

One of the key differentiators of CoPc with respect to other phthalocyanine 
molecules is the stronger binding energy observed between the Co atom and N atoms 
surrounding it. It has been observed that the 4 N atoms that are directly linked to the metal 
in phthalocyanine molecules have a shift in energy away from the other 4 N atoms linked to 
the pyrolle C in CoPc of about 0.48 eV [114]. This observation is made using the copper 
phthalocyanine (CuPc) molecule as reference, were the 8 N atoms have a very similar energy, 
thus they are treated as degenerated types of N. Furthermore, the calculated binding energy 
is 10.5 eV for CoPc confirms that the binding energy increases with this shift and is 
considerably larger compared to the measured binding energy of 5.66 eV for ZnPc.  

The stronger bonds of the Co to the organic ring in CoPc surpass the energy of the 
incoming photons from the VUV light in the system used in this work which has a 
wavelength centred at 172 nm (7.2 eV). Therefore, the study of the influence that the VUV 
treatment has on the films will produce a deeper understanding of the degradation 
mechanisms of the films. 
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3.4.1 Structure and morphology    

For comparison purposes the standard thickness of the CoPc films is 100 nm since it 
is the same used in ZnPc described before. The CoPc thin films are deposited on silicon and 
glass substrates.  

Figure 3-21a shows the AFM image of a film of CoPc with a thickness of 100 nm 
which is characterised by a smooth surface formed by grains of about 25 to 35 nm in 
diameter as is common in other phthalocyanine thin films. In Figure 3-21b a bright field 
image of a 100 nm thick CoPc film directly deposited on a Ni micro-grid displays 
homogeneous polycrystalline morphology, the contrast in the image is formed by areas with 
slightly different density depicting a granular surface. In some cases these grains show a set 
of lattice fringes, these crystallites of sizes of about 20 to 30 nm define the granular structure 
observed in AFM.  

Figure 3-21b is a high magnification image of one of these crystallites, shows the 
periodic structure of the film which is formed by stacks of molecular columns. The grains are 
defined by these stacks of molecules growing in different orientations during the deposition 
process. The interplanar spacing of the film obtained from these images results in 1.2 nm 
characteristic of the α-phase polymorph of phthalocyanine films as shown in the Fast Fourier 
transform in Figure 3-21c. 
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a) 

  

 

b) 

 

c) 

 

Figure 3-21 A 100 nm thick film of CoPc as deposited, showing the granular morphology 
of phthalocyanines. a) Tapping mode AFM image. b) Bright field 
transmission electron microscopy image. c) Fast Fourier transform (FFT) of 
the image shown in (a) and reconstruction of the image with the inverse Fast 
Fourier transform (IFFT) of one grain. 
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3.4.2 Electronic absorption spectrum 

The absorption spectrum of CoPc in the solid state shares many similitudes with 
other spectra of the phthalocyanine family. In the UV-Visible range it exhibits a well resolved 
Q-band between 500 and 900 nm and a B-band at 330 nm in agreement with reports from 
the literature [24, 35] as shown in Figure 3-22 below. All transitions in both Q- and B-bands 
are -* in nature associated with the organic macrocycle.  

Transitions from and to the central Co2+ atom have been predicted because it has a 
partially occupied 3d subshell between the HOMO () and LUMO (*) orbitals. However 
these charge transfer transitions are located in areas with strong allowed absorption 
transitions which makes their identification difficult [35]. A transition can be observed 
between the Q- and B-bands near 450 nm which has been predicted by density functional 
theory to be a ligand to metal charge transfer (LMCT) between Q and B bands, which has 
been also observed in other phthalocyanine molecules such as CrPc [25], FePc [115] and 
MnPc [28].    

 
 

 

Figure 3-22 Electronic absorption spectra of a film of Cobalt phthalocyanine with a 
nominal thickness of 100 nm deposited on glass.  
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3.4.3 Influence of the photon dose in the degradation rate of CoPc 

films 

The treatment of CoPc films is achieved by exposing the films to VUV light in a range 
of conditions and exposure times. Figure 3-23 shows the evolution of the electronic 
absorption spectra as a function of irradiation time. The figure shows a series of 100 nm films 
deposited on glass substrates that have been exposed to the VUV light in increments of 30 
minutes, under the standard atmosphere conditions established in section 3.3.1 consisting of 
a mixture of N (60%) and O (40%) at a constant pressure of 3 mbar. Each sample has been 
measured individually on the UV-VIS spectrometer immediately after treatment to avoid the 
influence of further degradation due to contact with air and sunlight and other ambient 
conditions. 

 
 

 

Figure 3-23 Electronic absorption spectra of cobalt phthalocyanine as a function of 
irradiation time, under the standard pressure conditions. 
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 As in the ZnPc case discussed earlier the exposure to VUV light in the presence of a 
mixture of N and O, results in the degradation of the film. In Figure 3-24 the gradual 
decrease in absorption observed in the treated films as the film is increasingly exposed to 
the reactive environment depicts a loss of material and a deterioration of the organic 
structure of the dye. 

The absorption intensity of CoPc is found to decrease slower as a function of 
irradiation time, in comparison with the ZnPc case. Figure 3-24 shows the progression of the 
photo-degradation kinetics as a function of irradiation time measured by integrating the 
area under the curve of the Q-band in each of the spectra above, since the Beer-Lambert’s 
law describes that this is equivalent to the film thickness or the concentration of material 
available, it is possible to estimate the amount of film present in the film after treatment.  

The figure shows that the highest drop of intensity suffered by the films occurs in the 
first 30 minutes of exposure to VUV light, where about 40% of the original film has been 
degraded. Further irradiation results in a lowering of the total thickness of the film, however 
it does not reflect another steep change as in the first minutes. After 120 minutes of 
exposure to VUV light, the intensity of the main absorption band (500 nm to 800 nm) in the 
UV-Vis spectrum has decreased about 80% with respect to the original film. In contrast, the 
100 nm ZnPc films presented in the previous chapter showed that 90 minutes are enough to 
decrease the main absorption band almost entirely under the same conditions. 

The behaviour of the degradation of the CoPc film has been modelled as an 
exponential decay given that the film decreases in a non-linear way with a faster rate in the 
starting minutes of the irradiation process. The decay of the film can be fitted with the 
exponential decay function in Equation 17 

 

 /  Equation 17 
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Where y is the amount of remaining film, A is fixed to be 100 % film, t is the exposure 
time and  represents the time at which the film is reduced to 1/  and is calculated to be 
74.7 ± 32 min, the reciprocal of this value yields a reaction rate of k=0.01 min-1. 

 
 

  

Figure 3-24 Photo-degradation kinetics between the amount of CoPc film present and the 
irradiation time. 

 

From the result is possible to learn that the photo-degradation of phthalocyanine 
thin films is sensitive to the metallic centre of the phthalocyanine molecule. Moreover, the 
slower degradation rate on CoPc films could be linked to the stronger bonds between Co 
and N.  

The more rapid decrease in thickness in the first minutes indicates a faster 
deterioration of the organic molecules at the beginning of the process. Therefore a second 
possibility of the degradation behaviour of CoPc is that the process is composed by two 
steps. The first step corresponds to the first 30 minutes in the graph, where the highest 
change is observed, and could be related to the degradation of individual grains as can be 
shown in the AFM images and this is complemented by a secondary process where the film 
is rougher and degrades in a more linear behaviour. 
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The morphology of the film as a function of irradiation time is measured using atomic 
force microscopy (AFM). Upon 60 minutes of exposure to VUV light at a pressure of 3 mbar 
with a partial pressure of O at 40%, the film morphology starts to present changes observed 
as the formation of patches or areas where the film is no longer uniform, as can be 
appreciated in Figure 3-25b. In the image one can distinguish areas where the grains have 
decreased in height and produced a depression and conversely grains that have retained 
their round shape and height, both groups are found in closed groups suggesting that the 
areas where the degradation starts expands in neighbouring grains and the trend continues 
after 90 and 120 minutes of exposure to the reactive atmosphere. 

These observations resemble the results in the ZnPc case in the previous chapter, 
where the granular morphology of the original phthalocyanine films is mostly retained after 
treatment and the formation of small islands of material happens in a very similar fashion. In 
both cases the roughness of the films increases during the first minutes of irradiation, but in 
the ZnPc case it reaches an inflection point where it starts to decrease to a smoother surface 
after a lengthier period of time. A similar effect is observed in the image in Figure 3-25d 
which has been irradiated for 120 minutes where the surface of the CoPc film appears to 
become more even.   
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a) 

   

c) 

   

b) 

 

d) 

 

Atomic force microscopy of CoPc before and after exposure to VUV light under the 
standard pressure conditions. a) Before, b) after 60 minutes, c) after 90 minutes, d) after 
120 minutes. 

 

Figure 3-25 
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In Figure 3-26 the root mean square roughness obtained from five different areas of 
300 nm2 on the films of CoPc is plotted against irradiation time and it shows the trend 
described above. The first 30 minutes of irradiation do not change dramatically the surface of 
the film; however after the first 60 minutes of irradiation it is possible to appreciate a much 
bigger change from the original 2.5 nm to 3.7 nm. Further increase in exposure time to 90 
minutes registers a greater difference in height between the features on the surface, thus 
increasing the total roughness of the film to 4.1 nm.  

This suggests that the reactive species and high energy photons continue to erode 
the film and increase the depth of degradation in the surrounding areas of the starting holes, 
which is consistent with the observation of the island and valley formation in Figure 3-25. 
Increasing the irradiation time to 120 min revealed that the decomposition of the film is 
reaching its maximum point, from the perspective of the roughness of the surface. At this 
point in time the degradation reaches a plateau and stabilizes. This effect could be caused 
due to a reduction of the influence of the reactive environment in the zones that have been 
eroded of the film and conversely an increase in the erosion of the areas that have been left 
behind in the form of small islands. 

    
 

  

Figure 3-26 Root mean square roughness measured in films of CoPc as a function of 
irradiation time. 
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The decline of the rate of change in roughness in the figure above is in agreement 
with the previous observations in ZnPc films and with the degradation trends obtained using 
the absorption spectra of CoPc films. It describes a degradation process that starts whit a 
sharp reaction in the surface which affects the integrity of the film, but as the irradiation time 
expands the reactive species seem to decrease the effect on the areas where the film has 
been eroded, this could be a consequence of a limit in the interaction area due to the 
distance from the highest features to those at the bottom. At this point the islands of 
material start to decrease in thickness and provide a new site for the reactive species to act 
upon.  

Other important aspect with respect to the morphology of the CoPc films is the 
change of the grain size as the irradiation time increases. The effect that the VUV photons 
and the reactive species have on the average grain size and the grain density has been 
obtained in a series of samples of CoPc with a starting film thickness of 100 nm is presented 
in Figure 3-27. 

  

 

 

Figure 3-27 Series of histograms showing the grain diameter changes in the surface of 
CoPc as a function of irradiation time.  
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This figure shows that the starting film has a distribution of grain sizes that span over 
a big range. However grain size with the highest frequency is situated around the 30 nm. The 
total count of grains within this area is of 262 grains/µm2. Upon exposure to VUV light is 
possible to notice that there are two maximums after 60 minutes, in consistency with the 
previous observations of the reduction of grain sizes and the retention of size of a second 
group. The lower diameter size averages 25 ± 5 nm after 60 min. The total grain count on 
the film’s surface is 207 grains/µm2. After 90 minutes of VUV treatment the average grain 
size is 26 ± 9 and the density drops to 191 grains/µm2. It is noticeable that the second 
maximum around 30 nm has decreased considerably at this point. 120 minutes of irradiation 
produces a distribution of grain sizes that span from 10 nm to 30 nm without a definite 
maximum, but rather a number of them in this range, after this point the grain density is 159 
grains/µm2. 

The grain density in each time step reflects a decrease in the total number of grains. 
This decrease can be explained with island formation and grain merging which reduces de 
number of individual grains quantified, furthermore it is evident that the number of grains, in 
particular the bigger sizes disappear as a function of irradiation time.  

The AFM images show that after a certain period of time there are areas where there 
are grains that have not degraded at the same rate than the rest of the film. This can be a 
consequence of the partial degradation of two neighbouring grains that start to merge to 
form one, for this reason it is possible to also observe grains that have lost their 
characteristic roundness and look elongated along one or two directions as the examples 
highlighted in light blue in Figure 3-28. This behaviour has been also observed in ZnPc films 
and suggests that one of the primary factors that affect the degradation of these films is the 
existence of grains. The effect of neighbouring grains merging as the degradation of the film 
progresses could potentially accelerate the degradation rate in certain areas and therefore 
produce the patches observed in the different samples. 

 



116 | P a g e  
 

 

 

Figure 3-28 Particle analysis of a CoPc film after 120 min of exposure to VUV light under 
the standard pressure conditions. In dark blue are the grains considered for 
the measurement, in light blue are a subset of those grains highlighted to 
show cases where there is a merging of the grains causing the effective size of 
the grain to look bigger. 

 

The morphology of the CoPc films discussed above has been also characterised by 
transmission electron microscopy (TEM). The bright field image presented in Figure 3-29a 
shows that the film starts to break in certain areas during these initial minutes. The 
morphology of the film changes compared to the one observed in Figure 3-21 for the as-
deposited film. The areas with brighter contrast in Figure 3-29a depict a mesoporous surface 
similar to the one observed in treated ZnPc films. 
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One of the characteristic features of the pores being formed is the localization of 
areas of higher impact recognized by the brighter contrast, these areas of the film have 
suffered more deterioration, and the shape of these features is characteristically rounded and 
has a diameter of 24 nm in average, suggesting that the degradation can be happening in a 
grain by grain basis. Some of these features look more elongated as a result of the 
degradation of a group of neighbouring grains, like the area marked by the arrow where it is 
possible to distinguish a faint delimitation between the three grains forming the more 
elongated shape. This characteristic of the degradation of the film has been pointed out in 
the AFM analysis and appears to be one of the underlying mechanisms that govern the film 
erosion in the initial stages of treatment.  

The lattice fringes remain after exposure to VUV light as can be appreciated in Figure 
3-29b where a higher magnification image of this film shows in more detail the erosion sites. 
This image also reveals that unlike the ZnPc case, the structure of the phthalocyanine crystal 
has not been affected greatly by the influence of the light, the separation between the 
planes measured in the FFT of this image is 1.2 nm as depicted in the IFFT reconstruction of 
an individual grain in the inset of Figure 3-29c, revealing that they correspond to CoPc 
crystallites rather than the formation of a new crystal structure on the surface of the film.  

This is an interesting observation in the context of the slower degradation rate 
compared to ZnPc films with the same starting thickness, it suggests that the energy of the 
VUV photons is not being enough to induce the scission of the bonds of the organic 
molecule, given that the binding energy between N-Co exceeds that of the incoming 
radiation by 1.46 eV. However, this does not impede in its totality the degradation of the film 
because other factors such as the existence of exited species of O, ozone and free radicals 
play an active role in the degradation of the film during the treatment.  
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a) 

 

c) 

 

b) 

d) 

Figure 3-29 Bright field image of a 100 nm thick film of cobalt phthalocyanine. a) After 
exposure to VUV light for 30 min under the standard pressure conditions. b) 
High magnification image shows that the film retains some of the crystal 
periodicity from CoPc even after being exposed to the reactive environment. 
c) FFT of the image shown in (b); the inset is the IFFT of one crystallite 
showing the spatial separation between planes corresponds to 1.2 nm. d) 
After exposure to VUV light for 60 min under the standard pressure 
conditions. 

d(001)

1.26 nm
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According to these observations the erosion of the film is happening in certain areas 
due to the effect of the reactive species, given the size and shape of the holes it can be 
deduced that this process is taking place in a grain by grain basis. In Figure 3-29b it is 
possible to see that some of the crystalline structures cut across areas of bright contrast 
previously described as areas with lesser density or holes but also extending across the 
darker regions. This invites to the conclusion that when some grains have been partially 
eroded the stability of the granular structure changes giving a new degree of freedom to the 
remaining crystallites on the surface, which in some cases could experience a short 
displacement towards the lower density zones of the film.  

The degradation of some areas will also uncover other grains that lay beneath the 
surface and in those cases it would be expected to see the crystalline structure of the 
underlying grains given that the same degradation principles apply.  An increase in the 
treatment time to 60 minutes revealed that some crystallites still survive and preserve the 
same periodicity as can be appreciated in Figure 3-29d, reinforcing this notion. 

 

3.5 Mechanism of degradation of ZnPc films 

The interpretation of the degradation mechanism of the phthalocyanine films is 
described by the schematic in Figure 3-30. The first instance of the degradation process is 
represented by Figure 3-30a, where the film is represented as grains on the substrate.  The 
UV photons along with the reactive species in the chamber act on the film breaking the 
bonds in the organic ring in some preferential areas, these areas are presumably of the size 
of the spherical crystallites common in -phase films. As the process continues some grains 
appear to be decreasing in size. More exposure time results in a further reduction of the 
grain sizes of the Pc film, and also in a more extensive separation between features on the 
surface.   

 



120 | P a g e  
 

Grain boundaries are expected to play a crucial role in the process due to a big 
surface area that is more prone for bond breaking, therefore they act as starting sites for the 
degradation as represented in Figure 3-30b.  

The formation of an oxide layer on top of some grains would have as a consequence 
the reduction of the speed of degradation since the available O in the area is used to form 
oxides rather than to form excited species and the UV photons cannot reach as easily the 
film given that the new layer absorbs light in the UV range. This could act as a stopping 
mechanism that prevents further degradation in certain areas of the film therefore forming 
small islands of material. 

 
  a) 

 

b) 

 

Schematic diagram of the degradation mechanism in phthalocyanines films 
when subjected to UV treatment. a) Final structure when the system 
reaches an equilibrium state. b) Top view of the final structure showing the 
decrease in grain sizes and increase in roughness of the film. 

Figure 3-30 
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3.6 Conclusions 

In summary these set of experiments are a first glimpse to understand the 
mechanism that govern the way phthalocyanine thin films interact with a reactive 
atmosphere generated by the exposure to high energy VUV light (172 nm). The experimental 
setup is described and the results show that there is a close relationship between the partial 
pressure of O and the degradation rate of the films. The optimal operation conditions are 
found to be with a combination of inert gas N and O at a ratio of 60:40. These experimental 
conditions are thus established as the standard for further measurements. 

The degradation mechanism in both phthalocyanine films appear to be very similar. 
The reaction rate is influenced by the stronger bonding energy between Co-N in CoPc films 
by dampening the speed of degradation of the film. This effect is reflected in the structural 
integrity of the film throughout the degradation process as observed in the TEM studies. The 
stronger nature of the CoPc shows in the resistance of the crystallites to break or deform 
opposite to the case of ZnPc where exposure to VUV light produces an immediate loss of the 
integrity of crystallites. The degradation rate changes throughout the irradiation process as a 
function of time, one possible explanation for this change is the formation of an oxide layer 
on top of the film which prevents further efficient degradation of the layers beneath. In 
Chapter 5 the elemental composition of the films before and after being subjected to UV 
light are studied revealing the formation of metal oxides as a consequence of the irradiation 
process. 

The morphology of the films behaves similarly for both materials producing a 
rougher surface as the irradiation time is increased, this roughening is closely related to the 
formation of islands on the surface which shows that the film does not degrade in entire 
layers but rather it is eroded in preferential sites, the evidence recollected here suggests that 
these sites have a close relationship to the film grains. 
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4. Influence of UV light irradiation on 
different morphologies: Amorphous 
thin films, nanowires and blends 

 

 

This chapter covers the results obtained from the investigations of the influence that UV irradiation 
at 172 nm has on a series of different nanostructures ranging from amorphous films like zinc 
tetraphenylporphyrin, Zn- and CoPc nanowires and finally films obtained by the mixture of ZnPc 
and CoPc. The aim is to provide evidence of the need of granular morphology for the degradation 
of the films. Additionally by incorporating a new nanostructure in the form of nanowires is possible 
to further explore the degradation mechanisms of the phthalocyanine structures. The 
phthalocyanine blends are included in this chapter to investigate the effect of having 
phthalocyanine thin films with multiple transition metals in the degradation mechanisms of the 
films. The degradation rate is assessed using the electronic absorption of the nanostructures, while 
TEM and AFM are employed to determine changes in structure and morphology. 

 
 

 

The study of the degradation mechanisms of organic films in this work has been 
carried out using metal phthalocyanines as the precursor material. These films have been 
deposited on a variety of substrates such as glass, quartz, silicon, and transmission electron 
microscope micro-grids, and so far it has been shown that these molecules form 
polycrystalline films when deposited on these substrates. It has been shown that the 
presence of O during irradiation affects the degradation rate and the photon dose received 
by the samples. However from those experiments it is not clear where is the starting point of 
the degradation. The questions to be solved now are if the O radicals generated by the VUV 
irradiation need to diffuse into the structure, in such a way that the morphology of the films 
influences its degradation.  
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The aim of this chapter is to explore response to UV light treatment of a different set 
of morphologies. To achieve it a conjugated symmetrical macrocycle that resembles 
phthalocyanines is used. The particular molecule is Zinc tetraphenylporphyrin (Figure 4-1) 
which has a basic structure consisting of four pyrrolic subunits linked by four methane 
bridges with a metal ion located at the centre of the molecule bonding with the pyrrole rings 
[116].  

Metalloporphyrins have generated active research as molecular semiconductors [117] 
in areas such as optoelectronics [118]. Tetraphenyl derivatives are of interest in this study 
due to their morphology given that when deposited on glass the resulting film is expected to 
be amorphous as is reported in literature for other members of the porphyrin family [26].  

 

 

Figure 4-1 Schematic of the Zinc tetraphenylporphyrin molecule 

  

Phthalocyanine thin films have been used so far to characterize the degradation 
mechanisms of the organic layers. However metal phthalocyanines (MPc) can be grown in a 
variety of morphologies including 1-dimensional structures or nanowires [119], see Figure 
4-2. Nanowires have been proposed for many applications such as field effect transistors 
[120, 121], solar cells or photodetector devices [122, 123]. 
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The phthalocyanine nanowires are grown using organic vapour phase deposition 
(OVPD) and can be obtained in lengths that range from 10 nm to 1.4 cm, and are highly 
directional. The polymorph obtained does not correspond to the known α, β,  phases found 
in films but adopts a new structure [37]. The long crystalline structure of these 
nanostructures makes them a very interesting alternative to MPc thin films, from the 
perspective of the understanding of the degradation mechanisms of the organics but also 
form the point of view of production of 1-dimensional oxide nanowires that can be 
deposited directly on devices and with a wide range of transition metals to choose from. 

 
 

 

 

Metal phthalocyanine nanowires during growth in the organic vapor phase 
deposition system. Nanowire bundles of up to 5 cm can be osberved across 
the tube leght.  

 

Semiconductors have played a major role in the way information technology is used 
today. Integrated circuits and high frequency devices base its function in the electron charge 
transport in semiconductors. In recent years a new type of semiconductors known as diluted 
magnetic semiconductors (DMS) has been extensively explored. Diluted magnetic 
semiconductors are formed by introducing magnetic elements into non-magnetic 
semiconductors to make them magnetic. This category of semiconductors would offer the 
ability to enhance the performance of current devices by being able to inject spin-polarized 
current into them to control the spin state of carriers, which would allow the transport of 
charge and quantum information at the same time [124]. 

Figure 4-2 
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The last section of this chapter explores the possibility of creating mixed films with 
metal phthalocyanine molecules on the organic molecular beam deposition (OMBD) system, 
then expose them to the UV treatment proposed in this project. The aim of these set of 
experiments is to generate diluted magnetic semiconductors (DMS).  

The proposed route to obtain the DMS in this section is by irradiating ZnPc and CoPc 
blends in different concentrations to transform them into Co doped ZnO, which has proven 
to be a promising combination to obtain ferromagnetic behaviours with Curie temperatures 
above room temperature [89, 90].  

The degradation mechanisms of these three different nanostructures and 
morphologies is optically characterised with UV-Vis spectroscopy, and morphologically with 
atomic force microscopy and transmission electron microscopy. 

 

4.1 Zinc tetraphenylporphyrin films  

 

Zinc meso-tetraphenylporphyrin (ZnTPP) has been chosen for this section as it shares 
a similar organic macrocycle with ZnPc and can be readily deposited using the OMBD 
system.  ZnTPP is reported to be amorphous when deposited on glass or quartz substrates 
[26], this characteristic is a key aspect of this study when comparing the morphology of the 
films, given that the amorphous nature of the ZnTPP film causes the absence of the granular 
structure characteristic of phthalocyanine thin films. The study of the degradation behaviour 
on metalloporphyrin films can improve the understanding of the role that such 
characteristics play in the photo-degradation process. 
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The spectra in Figure 4-3a show three films of ZnTPP with different thicknesses (20 
nm, 50 nm, 100 nm) grown using OMBD. The absorption spectrum of the porphyrin films is 
well-known and is composed mainly of five bands distributed in the spectral regions 
denoted as Q, B, N, L and M. Similarly to the phthalocyanine case the Q band is the most 
representative band, which arises from  - * electronic transitions, however in 
metalloporphyrins is a weak absorption in this region due cancelation of the electric dipoles 
leading to low intensity absorption in this band [125]. The closer the degeneracy of the 
HOMO and LUMO configurations, the weaker the Q band which compares to a higher 
energy gap in phthalocyanines with stronger Q band absorption [24]. 

 There are four peaks attributed to the Q band (523, 559, 598 and 658 nm). The Soret 
band or B band occurs in the near UV region showing the more intense absorption centred 
at 437 nm and a small shoulder in the lower wavelength and at 360 nm side of the 
absorption band could correspond to the Bx peak reported in the literature [126]. This 
broadening of the band could be related to strong molecular interactions in the film 
prepared by OMBD. The splitting of the peaks has been explained by a number of factors 
such as the distance between the molecules, the angle of the transition dipole moments with 
the aggregate, the angle of the transition dipole moments between neighbouring molecules 
and the number of the interacting molecules [47, 125]. 

The thickness calibration curve shown in the inset of Figure 4-3a is obtained using 
the absorption spectra of the films deposited on glass.  The integrated area under the Q-
band, representative of the entire molecule as in the case of phthalocyanines, is obtained 
from each film and plotted as a function of thickness, which is the reading obtained from the 
quartz crystal monitor in the evaporation system. These values are cross-checked with a 
Dektak profilometer to calibrate the thickness and obtain the error measure. 
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a)  

 

b) 

 

Figure 4-3 Electronic absorption spectra a) Zinc meso-tetraphenylporphyrin (ZnTPP) with 
different film thicknesses. Inset shows the calibration curve for the thickness of 
the films using the integrated Q-band as reference vs the measured thickness 
of the films. b) X-ray diffraction of a ZnTPP film as-deposited on Si1. 

 
                                                            
1 XRD data obtained by Jasvir Bhamrah 
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In comparison with phthalocyanine films where the spectra is composed by broad 
bands, ZnTPP has characteristically sharper absorption peaks that resemble those obtained 
in solution based studies. The amorphous structure of the film is evidenced by decrease in 
broadening of these films. This is a result of the lower order in the molecular arrangement 
which results in less orbital overlapping thus weaker interaction between the molecules 
within the film. This is confirmed with X-ray diffraction shown in Figure 4-3b where the film 
deposited on a glass slide has been scanned in the range 5 to 80 of 2  and does not show 
any crystallinity. 

The amorphous morphology of ZnTPP is evidenced using microscopy techniques to 
image the surface of the film. In Figure 4-4a the AFM image of the ZnTPP film as deposited 
on a glass substrate is shown. In the image the film forms an amorphous structure in 
agreement with the XRD data in Figure 4-3b where the film presented has been deposited 
on Si and only the substrate peaks can be observed. The surface does not show grains and 
has a very low roughness of 0.28 ± 0.02 nm depicting a very smooth surface. The features on 
the image lack of any particular order but it is observed that there are areas or islands with 
slightly higher concentration of material, height above 0.5 nm, shown in brighter contrast 
surrounded by valleys. 

The bright field image of the ZnTPP film as deposited on a nickel grid presented in 
Figure 4-4b shows a uniform film, the lack thickness or phase contrast observed arises from 
the even density of the film and its amorphous structure as shown in the inset that shows the 
fast Fourier transform (FFT) where concentric rings characteristic of an amorphous layer can 
be seen. 
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a)  

  

b) 

 

Figure 4-4 Top view microscopy images of ZnTPP films of 100 nm. a) AFM image of a 1m2 
area showing the flat topography of the film b) Bright field image of a 100 nm 
thick film of zinc tetraphenylporphyrin, the inset shows the fast fourier 
transform of the full image as a difuse ring characteristic of amorphous 
material.  

 

4.1.1  Influence  of  the  photon  dose  in  the  degradation  rate  of 

ZnTPP films 

 

ZnTPP films with a nominal thickness of 100 nm are used for the irradiation 
experiments. The film grown on glass is exposed to UV light (172 nm) at a base pressure of 3 
mbar and a partial pressure of O of 40%. The absorption of the treated samples shows that 
there is a decrease in the absorption peaks intensity with increasing irradiation time. The 
photo-degradation process reduces the total intensity of the main absorption band by more 
than 90% of the original film in 120 min, see Figure 4-5.  
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Figure 4-5 Electronic absorption spectra of a 100 nm ZnTPP film before and after UV 
irradiation (172 nm) under the standard pressure conditions.  

 

The glass background of these absorption spectra has been subtracted to account for 
the fact that upon exposure the glass substrates are found to undergo a damage process 
which changes its original optical properties. Figure 4-6 shows the absorption spectra of bare 
glass slides that have been exposed in separate experiments under the same conditions as 
the films. It is possible to appreciate the photo-bleaching effect that the UV light treatment 
has on each substrate, making them progressively less transparent as the wavelength 
decreases. In the physical substrates this is reflected as a yellowing of the glass slide. 
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Figure 4-6 Electronic absorption spectra of the irradiated bare glass exposed next to the 
films which undergoes damage under UV light. 

 

The degradation rate of the films is determined by integrating the area under the 
curve in the Q-band (500 to 700 nm) as it is representative for the molecular electronic 
interactions as well as for consistency with the studies done in phthalocyanine films. Using 
the calibration curve presented in the inset of Figure 4-3a it is possible to estimate the 
thickness of the film based on the percentage of film present. The error bars are calculated 
from repetitions of the experiment and from the physical measurement of the thickness 
using the profilometer on the degraded films. 

Given that a longer amount of time required to reach 0% of film present it can be 
concluded from the photo-degradation kinetics curve shown in Figure 4-7b that the ZnTPP 
degrades at a slower rate when compared with ZnPc, see Figure 3-11 for reference. Based on 
the binding energy between the metal and N the expected degradation rate should be much 
faster in the porphyrin case, given that the energy of the Zn-N bond in ZnTPP is 1.93 eV [45] 
compared to 5.64 eV for ZnPc. However this comparison must be drawn with care since the 
values obtained for phthalocyanine molecules are theoretical calculations, whereas for ZnTPP 
the value has been obtained by experimental methods. 
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The exponential function used in Chapter 3 for CoPc films is used to calculate the 
degradation rate of ZnTPP films, the data and yields a 76 28 min and a degradation 
rate 0.01 min-1 for ZnTPP, which compares to 31.9 5.1 min with a 0.03 min-1 for 
ZnPc films with a starting thickness in both cases of 100 nm. 

However this fitting approach yielded a result similar to that observed in CoPc films, 
where the first 30 minutes of irradiation appear as an outlier of the fit. Therefore, an 
alternative possibility is considered where the degradation process occurs in two steps. In 
the first 30 minutes the surface of the film is very shallow and the lack of grain boundaries 
results in a slow degradation of the film. In the second part of the process the surface 
becomes rougher as will be shown with surface studies, this promotes higher interaction of 
the reactive species with the surface and therefore the film starts to degrade at a quicker 
pace following the exponential decay fit shown in green. The degradation rate obtained for 
this fit is closer to the results obtained for ZnPc with 37 0.09 and 0.027. 

This suggests that a secondary mechanism is promoting the faster degradation of the 
ZnPc film, there is reason to believe that this could be related to the surface topography of 
the phthalocyanine film since it offers a higher surface area in contact with the reactive 
species through its granular morphology. 
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  a) 

 

 

b) 

 

Photodegradation kinetics between the thickness of the ZnTPP film and the 
irradiation time. a) Residual thickness is estimated using a calibration curve 
from reference films of known thickness. b) Photodegradation kinetics of 
ZnTPP thin films.  

 

 

Figure 4-7 
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4.1.2 Influence of the morphology of ZnTPP on the degradation of 

the films 

 

The notion that the degradation mechanism might be influenced by the granular 
morphology of the organic films has been introduced in Chapter 3. The results show 
evidence that the grains serve as starting sites for the erosion of the organic films. Zinc 
tetraphenylporphyrin (ZnTPP) films produce a characteristically smooth surface and do not 
present a granular area where the UV photons and reactive species could easily react and 
therefore it offers a way to study the reaction of an organic film within an amorphous work 
frame. 

 Figure 4-8a shows a typical view of the topography of a 100 nm ZnTPP film as-
deposited on a glass substrate, it shows a flat, featureless surface with small islands of less 
than 1 nm in height surrounded by grooves. In contrast the AFM image of the film after UV 
treatment for 60 minutes under the standard atmospheric conditions presented in Figure 
4-8b shows an increase in the height of the features as is evidenced by the scale bar at 7.5 
nm. This is effectively reflected in the RMS roughness of the film that has increased to 1.02 ± 
0.15 nm. The islands observed in the as-deposited film have been retained with the change 
that they become more granular. This could be a consequence of permeation of O radicals 
and excited species generated by the VUV light which breaks up the islands.  

The change on the topography of the film is evident as depicted by the profiles of 
both films shown in Figure 4-8c which shows the line profile obtained from the films before 
and after irradiation across de middle of the image. In the profile of the treated film it is 
possible to appreciate the deeper grooves that have been formed in the surface which 
oscillate with features of 2 or 3 nm in height. The lack of selection sites like grains in this film 
produces a profile with irregular shapes that lack a defined size or structure. Furthermore, it 
is not possible to distinguish from the profile a trend in the selected area that suggests that 
the degradation of the film takes place in a particular preferential site. 
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a) 

  

b) 

 

c) 

 

Figure 4-8 AFM of a zinc tetraphenylporphyrin thin film of 100 nm. a) As deposited on a glass 
b) After being exposed to UV light for 60 min under the standard pressure 
conditions. c) Linescans taken from the images in a and b, from the area highlighted 
by the blue dashed lines. 
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Complementary to the information collected by the AFM surface studies, 
transmission electron microscopy provides a way to identify degradation patterns and the 
density of the film in the different areas.   

The standard UV treatment of 60 minutes of exposure at a total pressure of 3 mbar is 
applied to a ZnTPP film with starting thickness of 100 nm. The influence of the UV treatment 
on the TEM specimen is shown in Figure 4-9b. The image shows areas with different 
contrasts reminiscent of what has been observed in other organic films, the contrast arises 
from the formation of small holes across the surface generating a porous morphology.  

From the different contrast mechanisms that can be obtained in TEM the mass-
thickness contrast is the most possible explanation for the results observed in the degraded 
film since there are no crystalline areas to obtain diffraction or phase contrast. Those areas 
with lighter contrast represent a lower density of material in agreement with the 
observations made using AFM where the formation of small clusters and valleys is observed. 
The patches of lower thickness represent areas where the film has been eroded and have 
irregular shapes across the imaged area, the size of these holes is in some cases of nearly 
100 nm across its longest axis, however most of the observed holes range in size between 10 
and 20 nm and present slightly rounded shapes. These patches could be related with the 
grooves observed in the AFM images.   

Based on these observations is possible to argue that the way that ZnTPP degrades 
does not differ greatly from the results obtained in phthalocyanine films. In both cases the 
film does not peel off layer by layer but rather it breaks down in small concentrated areas. 
The main difference between the phthalocyanine and the porphyrin degradation patterns is 
the definition of the shapes where erosion has occurred on the surface.  
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Both phthalocyanine films showed a characteristic order in the way the surface 
breaks, the particle analysis of the holes revealed that the size of most holes is equivalent the 
size of the grains in each film. In contrast the porphyrin thin films do not offer this possibility 
given the amorphous nature of its surface, the bright field TEM image of the ZnTPP film after 
treatment shows a collection of irregular shapes that do not closely relate to those observed 
in the precursor films. However, the size of granular islands in the degraded films roughly 
correspond to higher features (z ≳ 0.5 nm) in the precursors. 

 
a) 

 

b) 

 

Figure 4-9 Bright field image of a 100 nm thick film of zinc tetraphenylporphyrin a) As 
deposited. b) After exposure to UV light for 60 min under the standard 
pressure conditions. The arrow shows areas where the film has been eroded 
and merged with other erosion sites. 
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The deterioration of the film does not have a particular order of progression, but 
rather a random generation of new degradation sites, when those sites come in contact with 
each other tend to merge, similar to what happens in phthalocyanine films, an example of 
this situation is highlighted in Figure 4-9b with an arrow, where it is possible to appreciate 
that a bigger hole has been formed as a result of the sum of several damaged areas, 
furthermore inside this hole is possible to appreciate the new rupture of the film in small 
pieces of film that eventually result in further degradation of the film in that area. 

This set of results lead to the conclusion that the surface morphology plays an 
important role in the degradation of the films. The lower energy bond between the metal ion 
and the organic ring in ZnTPP molecules compared to its phthalocyanine counterpart 
suggested a lower barrier for the UV photons and reactive species to break the molecular 
bonds.  

The reaction rate showed that the porphyrin film degrades at a slightly slower rate 
compared to ZnPc therefore a secondary mechanism such as topography of the films 
influences the rate and shape of the reaction. This observation can be related in the photo-
degradation kinetics curve in Figure 4-7b where in the first 30 minutes the reaction is slow 
but then increases after 60 minutes when the features are more defined and provide a more 
favourable topography for the O and excited species to diffuse and react.    
 

4.2 Zinc and Cobalt phthalocyanine nanowires 

So far the degradation mechanism of phthalocyanine and porphyrin structures has 
been conducted in thin films. These films offer two dimensional arrays of crystallites in the 
case of phthalocyanines that generate a granular surface. Presumably this offers an 
advantage for the reactive species to act upon the film’s structure eroding it around grain 
boundaries. Depending on the growth conditions metal phthalocyanines can form a variety 
of structures such as α and β phase films [20] and more recently nanowires and nanoribbons 
[37, 119].  
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Wang et al. [37] have performed studies to grow different copper phthalocyanine 
nanowires, which present high density and aspect ratios and range from few microns to 
centimetres in length and have a typical diameter between 10 to 100 nm. In this work the 
same methodology using organic vapour phase deposition (OVPD) has been followed; the 
growth methodology is explained in Chapter 2.  

The nanowires are formed on the walls of the quartz tubes of the system and directly 
on the substrates. The tube walls are covered with a flexible polyimide (Kapton) which is used 
to collect the nanowires that accumulate on the walls of the tube. Subsequently it is possible 
to collect the wires on different substrates by simply pressing the substrate against the 
Kapton. This collection technique is used to characterize the optical properties of the wires 
by pressing quartz substrates and performing UV-Vis measurements on them. 

The absorption spectra of the nanowires have been obtained from the samples 
shown in Figure 4-10a, where the nanowires have been collected on quartz substrates by 
pressing them against the Kapton film. The image shows nanowires obtained from three 
different phthalocyanine molecules namely ZnPc, CoPc and FePc which has been included as 
a reference for future studies but will not be analysed in depth since is out of the scope of 
this work. The samples are then mounted in the irradiation plate in the standard position and 
are exposed to UV light for 60 minutes at a base pressure of 3 mbar with an O partial 
pressure of 40%. 

The results of the exposure to UV light can be observed in Figure 4-10b, where can 
be appreciated that there is a clear loss of material. However, the treated samples show 
some residual material on the ZnPc and FePc case, the CoPc nanowires are imperceptible to 
the naked eye. In the case of nanowires a direct conclusion cannot be made from these 
results since the initial thickness or density of the nanowire fibre is unknown and difficult to 
quantify and reproduce with the pressing technique. Variations such as the density of wires 
could play a major role in the degradation rate as can be observed in the Zn- and FePc 
samples where the areas with material left also stand out in the sample before irradiation as 
shown in the highlighted area in the ZnPc sample. 
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a) 

 

b) 

 

Figure 4-10 Metal phthalocyanne nanowire fibre collected by pressing down a quartz 
substrate onto the fibrous wire film deposited on the kapton film where the 
nanowires are grown. a) Before exposure to UV light. b) After exposure to 60 
minutes of UV light in the standard conditions. 

 

The comparison of the absorption spectrum of the ZnPc and CoPc nanowires2 and 
thin films obtained by OMBD is shown in the black line in Figure 4-11. The comparison of the 
spectrum of each set of nanowires against the spectra of the α and β polymorphs in the solid 
state shows that nanowires have a broader Q-band in general. The nanowires spectra show 
two broad peaks near 600 nm and 760 nm for the ZnPc and 600 nm and 748 nm for the 
CoPc. The intensity of the peaks is reminiscent of the β–phase films, however the peak 
positions of the films and nanowires does not match entirely, the increase of splitting of the 
peaks can be due to enhanced intermolecular interaction in the new structure as suggested 
by Wang et al. [37], where is also indicated that the nanowires are forming a new polymorph. 
   

                                                            
2 Cobalt phthalocyanine nanowires have been kindly provided by Michele Serri and Luke Fleet. 
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  a) 

 

 

b) 

 

Comparison of the normalised electronic absorption spectra of metal 
phthalocyanine nanowires and thin films of the different polymorphs. a) α-
ZnPc film (red) and ZnPc nanowires (black) b) β-CoPc obtained by post 
annealing of α-CoPc (green)3, α-CoPc (red) and CoPc nanowires (black). 

 

                                                            
3 ) β‐CoPc films have been prepared by Michele Serri. 

Figure 4-11 
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4.2.1 Influence of VUV light on the absorption spectra of nanowires 

The absorption spectra of the Zn- and CoPc nanowires have been obtained before 
and after UV irradiation. Figure 4-12a shows the Q-band of the ZnPc nanowires fibre, the 
spectrum of the irradiated nanowires shows some residual absorption from the 
phthalocyanine molecules particularly in the peak at 650 nm which dominates the new shape 
of the spectrum. This behaviour has been observed already in phthalocyanine thin films, 
where it has been suggested that the main contribution for the formation of this peak comes 
from monomeric molecules [24], therefore in the case of ZnPc nanowires a similar 
mechanism could be operating.  

In the irradiated ZnPc wires is also noticed a slight increase in intensity at the lower 
wavelengths near 500 nm which could potentially be related to the formation of zinc oxide 
on the nanowire, given that this process has been reported to generate metal oxides from 
the metal ion on the starting phthalocyanine molecule [65]. The formation of such oxide 
nanowires could have potentially a wide range of applications such as low-voltage and 
short-wavelength optoelectronics, photonics, actuators, and solar cells [127]. In contrast, the 
CoPc nanowires absorption spectrum in Figure 4-12b appears to be completely degraded as 
expected from the observed results in the image in Figure 4-10b. 

The absorption spectra of nanowire fibres are thus a useful indication of the 
behaviour of this new nanostructure under the UV light treatment. However given the 
variability of the factors that exist in the collection of the nanowires such as the thickness, 
density, covered area on the substrate, it is not possible to perform a more quantitative 
analysis of the degradation rates and mechanisms from it. 
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  a) 

 

 

b) 

 

Electronic absorption spectra of metal phthalocyanine nanowires as 
deposited and after exposure to UV light for 60 minutes in the standard 
pressure conditions. a) ZnPc nanowires before (black) and after 
irradiation (red). b) CoPc nanowires before (black) and after irradiation 
(red) 

 
   

Figure 4-12 
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4.2.2 Influence  of  VUV  light  on  the  structure  of  metal 

phthalocyanine nanowires 

Transmission electron microscopy offers a good way to identify the changes in 
morphology of the nanowires as they are exposed to UV light, since the nanowires can be 
directly grown on the TEM micro-grids and therefore individual wires can be analysed. In 
order to obtain suitable specimens for TEM, a set of Ni micro-grids is placed on top of 
scaffolds made of glass slides inside the quartz tube of the OVPD. The nanowires nucleate in 
the C film of the micro-grid and grow in different directions as shown in Figure 4-13. There is 
a wide diversity of shapes and sizes of nanowires which range in length from 10 nm to a few 
microns and in width from 20 nm up to 200 nm. 

 
 

 

Bright field TEM image of the entangled ZnPc nanowires as deposited on 
the surface of a Ni-microgrid.  

 

 
   

Figure 4-13 
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With this technique it is possible to find individual nanowires that are few hundred 
nm in length and these are the ones where the morphology changes can be appreciated 
more clearly. Examples of these nanowires are shown in Figure 4-14 which corresponds to 
the ZnPc specimen before and after exposure to UV light. Figure 4-14a shows a typical ZnPc 
nanowire with a width of 50 nm. In some areas of the nanowire the lattice planes can be 
identified, the red square shows a selected area from where the FFT in the inset is obtained. 
From the FFT the lattice spacing has been calculated as 1.03 ± 0.05 nm which could be 
related to the plane (20-1) [37]. 

The nanowire imaged after exposure to UV light for 60 minutes under standard 
conditions presents a larger width given that thinner nanowires are observed to be severely 
damaged which makes them more unstable under the electron beam, see Figure 4-14b,c. 
One of the characteristics observed in the irradiated nanowire is the general retention of the 
shape in straight line. It is interesting to observe the degradation pattern of the structure 
which occurs from the edges of the nanowire and moving towards the middle where which 
to have a stronger core. The original thickness of the wire is presumed to be of 200 nm but 
after irradiation the denser part of the structure is in the range of 80 nm. Furthermore, upon 
irradiation the nanowire undergoes a crystallinity loss as observed from the FFT on the inset 
of Figure 4-14c where a diffuse ring characteristic of amorphous structures is shown. 
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a)  

 

b) 

 

c) 

 

Figure 4-14 Bright field TEM image of isolated ZnPc nanowires as deposited and after 
exposure to UV light. a) ZnPc nanowire before exposure to UV with a nominal 
thickness of 50 nm. The cristallinity of the ZnPc nanowire is evidenced in the 
inset which shows the FFT of the selected area highlighted in red, where the 
lattice separation of the nanowire is measured to be 1.03 nm corresponding 
to the (20-1) plane of the α-ZnPc polymorph. b) ZnPc nanowire after exposure 
to UV light for 60 min in the standard conditions, shows stronger degradation 
on the edges of the nanostructure, c) Lower magnifiation image of the 
nanowire,  the inset is the FFT of the entire image and shows the loss of 
crystallinity of the nanowire. 
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CoPc nanowires4 have also been analysed in the TEM, Figure 4-15a,b shows the non-
degraded structure of the nanowire. From the image it is possible to observe a very straight 
long wire that presents a series of lattice fringes, the lattice spacing is indicated in the IFFT 
obtained from the selected area highlighted in red and has a value of 1.09 ± 0.05 nm, 
corresponding to the plane (20-1) which is the same plane as the ZnPc case. The typical 
width of the CoPc nanowires in the specimen oscillates between the 20 and 50 nm, with 30.5 
nm presented here. 

Figure 4-15b presents the bright field images of the CoPc nanowires after being 
exposed to UV light for 60 minutes under the standard conditions. In contrast with the ZnPc 
case it is possible to observe a variation in the final shape of the nanowire, in particular the 
damage has occurred in the lower end of the structure where there are some thinner areas 
of about 27.5 nm followed by thicker sections of 45 nm. There is also the presence of a more 
dense area; however this is not located at the middle of the nanowire as opposed to the 
ZnPc example. The FFT of the image shows that CoPc nanowires also lose their crystallinity 
after exposure to UV light which reflects that the structure of the phthalocyanine is 
compromised, which can explain the quick loss of the optical properties in the absorption 
spectra of the fibres. 

The degradation of the structure seems to follow the same behaviour observed in 
ZnPc where the edges are affected more readily than the core of the nanowire, revealing that 
boundaries are important factors that trigger the degradation of the Pc structures. Moreover, 
there is no identification of a dramatic change in shapes on the degraded nanowires, but in 
ZnPc it is observed that the nucleus of the nanowire is denser compared to the edges. A 
possible explanation is the lateral degradation of the nanostructure starting from the edges, 
another possibility would be the merging of nanowires that are close enough during 
irradiation. 

  

 
                                                            
4 Cobalt nanowires have been kindly provided by Luke fleet 
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a) 

     

b) 

  

Figure 4-15 Bright field TEM image of isolated CoPc nanowires as deposited and after 
exposure to UV light. a) CoPc nanowire before exposure to UV, the left 
inset shows the FFT of the selected area highlighted in red, the right inset 
shows the reconstructed image from the isolated frequencies in the FFT 
where the lattice separation of the nanowire is measured to be 1.09 ± 0.05 
nm,  b) ZnPc nanowire after exposure to UV light for 60 min in the 
standard conditions, shows a not uniform degradation around the edges 
of the nanowire, the inset is the FFT of the entire image and shows the 
loss of crystallinity of the nanowire. 
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4.3 Zinc and Cobalt phthalocyanine blends   

Recent experimental work has shown that Co-doped ZnO can present ferromagnetic 
behaviour at room temperature employing different methods like chemical solution [88], 
pulsed laser deposition [90] and molecular-beam epitaxy [91]. The distribution and 
concentration of the Co ions in the oxide structure play a key role in the ferromagnetic 
behaviour of the DMS. One of the challenges in the formation of DMS is the aggregation of 
the constituent metals.  

Organic molecular beam deposition offers the ability to grow thin films from two or 
more sources of material at once which facilitates the intermixing of the materials as they are 
being deposited. Furthermore, since the phthalocyanines are nearly isomorphous different 
transition metal derivatives do not undergo phase segregation and will randomly intercalate 
in the structure. This opens the possibility of growing films of ZnPc with a diluted 
concentration of CoPc to obtain Zn1-xCoxPc, which then can be treated using the UV process 
described in this work with the aim of producing Zn1-xCoxO DMS. 

This section describes the fabrication process of these thin films and the experimental 
results obtained from their characterization after being subjected to UV treatment. The 
electronic absorption of the resulting films is used to monitor the amount of film present 
after treatment. The morphology of the films is assessed with AFM and the structure of the 
crystallites analysed using TEM.  
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The diluted phthalocyanine films are prepared by subliming two sources 
simultaneously in the OMBD chamber. The molecular concentration in the final film is 
controlled by adjusting the deposition rate on each source, in this case ZnPc and CoPc 
respectively, to obtain a final film thickness of 100 nm which has been used as a standard in 
other thin films in this work. In order to study the effect of the concentration of Co ions in 
the final result, two ZnPc:CoPc blends are presented in this study where the relative 
concentration of ZnPc to CoPc is 90:10 and 80:20 respectively. These quantities are measured 
in the OMBD system by the QCM which determines the mass being evaporated; the atomic 
ratio of Zn in each blend should not be very dissimilar due to the similarity of the transition 
metals yielding a Zn = 0.9 at% and Zn = 0.8 at% respectively. This dilution is obtained using 
a sublimation rate of 0.9 Å/s for the ZnPc source and 0.1 Å/s for the CoPc source. Similarly in 
the case of the second diluted films a rate of 0.8 and 0.2 Å/s are used for ZnPc and CoPc 
respectively. The films are deposited on silicon, glass, quartz and Ni micro-grids. 

The electronic absorption spectrum of the blend has been obtained from a film 
deposited on a quartz substrate. The absorption spectra of the resulting films is shown in 
Figure 4-16 where the data has been normalized around the highest peak of the Q-band 
situated at 617 nm in order to compare the peak shifts on the blends with respect to films of 
the individual precursors as well as the calculated spectrum of the blend. The simulated plot 
of the blend film is calculated by doing a weighted sum of the ZnPc and CoPc spectra which 
are multiplied by the respective concentration of the molecular precursor in each film. 
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a) 

 

b) 

 

Figure 4-16 Comparison of the normalized electronic absorption spectra between films of 
ZnPc, CoPc and Zn1-xCoxPc blends, all with a nominal thickness of 100 nm. a) 
Shows the Zn0.8Co0.2Pc blend, b) Shows the Zn0.9Co0.1Pc blend.  
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The Zn0.8Co0.2Pc blend gives as a result an absorption spectrum that is reminiscent of 
that of ZnPc as shown in Figure 4-16a where the red dashed line corresponds to a film of 
ZnPc and the blue dotted line corresponds to a film of CoPc both with a nominal thickness of 
100 nm, similarly the black solid line and green dashed lines are the experimental and 
simulated spectra of the 100 nm mixed film respectively. Both the calculated and 
experimental results yield a spectrum that shifts towards the lower wavelengths by 3 nm in 
the peak situated at 703 nm and by 2 nm in the peak situated at 621 nm with respect to the 
ZnPc film of the same thickness. This shift can be attributed to the influence of the CoPc film 
which has a narrower absorption band with both of peaks blue shifted with respect to the 
ZnPc spectrum by 11 nm in the 700 nm region and by 8 nm in the 620 nm region.  

In Figure 4-16b the Zn0.9Co0.1Pc film is shown. The theoretical and experimental plots 
overlap each other closely and both share the same shape of the ZnPc film, this could be 
regarded as a consequence of the lower CoPc content in comparison with the plot in Figure 
4-16a. Both peaks of the blend shift 1 nm towards the lower wavelengths with respect to the 
ZnPc spectrum, as in the previous case this shift is likely to be a consequence of the CoPc in 
the mixture but the lower concentration reduces the impact on the optical properties of the 
film which are like those of the ZnPc film. 

The notion of a relationship between crystallinity and degradation can be further 
reinforced with the study of the morphology of the surface of the films. The AFM images in 
Figure 4-17 show the morphology of the surface of the films before being exposed to UV 
light. In general the films do not differ greatly from what has been observed in pure 
phthalocyanine films, the morphology of the starting film shows a uniform surface composed 
of individual grains with a diameter of 38 ± 14 nm for the Zn0.9Co0.1Pc and 40.9± 16.5 nm for 
the Zn0.8Co0.2Pc case, see Figure 4-17a,b. This value of grain size in both blends corresponds 
closely to the measured grain size observed in pure phthalocyanine films. The roughness of 
the films also resembles the one observed for pure thin films with values of 2.9 ± 0.15 nm for 
Zn0.9Co0.1Pc and 2.7 ± 0.14 nm for Zn0.8Co0.2Pc. 
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a)  

  

c) 

 

b) 

 

d) 

  

Figure 4-17 AFM images of a 100 nm thick mixed films before and after being exposed to 120 
min UV light. a) Before UV Zn0.9Co0.1Pc  b) Before UV Zn0.8Co0.2Pc. The line 
indicates the section where a line profile has been taken. Bright field TEM 
images of a 100 nm thick mixed film formed by c) Zn0.9Co0.1Pc. d) Zn0.8Co0.2Pc. 

 



154 | P a g e  
 

As in the case of pure phthalocyanine films the grains observed in the surface of the 
film are formed by small crystallites as shown in Figure 4-17c and Figure 4-17d, where the 
bright field images show the 100 nm thick films of the blends Zn0.9Co0.1Pc and Zn0.8Co0.2Pc 
respectively. The specimens have been deposited on the C film of a nickel micro-grid and 
have not been subjected to treatment before imaging. The electron micrographs show the 
characteristic lattice fringes of phthalocyanine thin films, the lattice spacing in both cases 
corresponds to the (001) plane as the spacing between planes is measured to be 1.2 ± 0.06 
nm from the respective FFT shown in the insets. 

 

4.3.1 Influence  of  the  photon  dose  in  the  degradation  rate  of 

phthalocyanine blends 

 

A series of samples prepared for both blends with a nominal thickness of 100 nm are 
exposed to UV light treatment under the standard irradiation conditions of a total pressure 
in the chamber of 3 mbar composed by the mixture of N at 60% and O at 40%. The different 
samples have been exposed in increments of 30 minutes to investigate their degradation 
behaviour. To monitor the resulting thickness of the films the integrated area under the Q-
band of the films has been used, which corresponds to the absorption in the range between 
500 and 900 nm shown in Figure 4-16. The error bars are obtained from multiple films. 

As it has been discussed in Chapter 3, CoPc degrades more slowly compared to its 
ZnPc counterpart, this behaviour is mainly attributed to a stronger bond between the Co ion 
and the organic ring, therefore the incorporation of CoPc in the mixture with ZnPc is 
expected to yield a slightly slower degradation rate.  The photo-degradation kinetic curves in 
Figure 4-18 confirm this behaviour, even when the absorption spectra of the film  behaves in 
a very similar way to that of a ZnPc film, the degradation of the layers does not occur at the 
same rate but instead the film starts to behave more like the minority constituent in the 
mixture.  
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With a concentration of 10% of CoPc in the mixture the degradation rate is obtained 
from the exponential decay fit of the blend with the equation shown in Chapter 3. It shows a 
trend very close to what has been measured for a pure CoPc film with a mean life time of 
=74.9 + 7.3 min corresponding to a degradation rate of 0.01 min-1 which compares to 
=74.7 + 32 min with 0.01 min-1 for the pure CoPc film. After exposure to UV light for 
120 minutes there is approximately 24% of the film left. 

Further increase in Co concentration to 20% of the mixture results in an even more 
dramatic departure from the behaviour of a pure ZnPc film, the mean life time further 
increases to =119+3.7 min. After 90 minutes of exposure the mixed film has lost less than 
half of its original concentration while in contrast the ZnPc film shows a very low signal. After 
120 minutes the concentration of the blend has decreased to 38%, based on this trend it can 
be calculated that it would take 822 minutes to degrade the film to 1% of its original 
thickness which is 9 times longer compared to the time it takes to degrade a pure ZnPc film. 

 

 

Figure 4-18 Kinetic curves of the mixed films Zn0.9Co0.1Pc  (squares), Zn0.8Co0.2Pc  (circles), 
ZnPc film (triangles) and CoPc film (inverted triangles) as a function of 
irradiation time as calculated from the integrated area of the Q-band in the 
electronic absorption spectra of each film. 
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These two results combined lead to the conclusion that the inclusion of CoPc in the 
mixture has reduced the total degradation rate of the film, furthermore it enhances the 
resistance of the film to be degraded when compared to a pure CoPc specimen. These 
results suggest that the conditions created in the mixed film of isolated CoPc molecules act 
as a mechanism that prevents the chain reaction initiated in the surface of the films. The 
grains on the surface of the organic films have been shown to act as a seed for the 
degradation of the top most layers and function as a way to open paths toward the bulk of 
the film. The scattered more resistant CoPc molecules are slowing down the effect of the 
reaction. 

  

4.3.2 Influence of VUV irradiation on the structure and morphology 

of the blends 

The analysis of the degraded films under the conditions described earlier in this 
section results in patterns that resemble ZnPc or CoPc films as can be observed in Figure 
4-19c,d where the films have been exposed to UV light for 120 minutes. The distribution of 
grain sizes if found to increase with irradiation time, having a more even frequency of grain 
sizes as has been observed in CoPc films. However, the highest frequency remains at values 
of 38.5 ± 14.6 nm for Zn0.9Co0.1Pc and 40 ± 17.3 nm for Zn0.8Co0.2Pc. This greater distribution 
of grain sizes comes from smaller grains in the eroded areas and the retention of size of 
other grains for longer periods of time. 
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a)  

  

c) 

  

b) 

 

d) 

  

Figure 4-19 AFM images of a 100 nm thick mixed films before and after being exposed to 120 
min UV light. a) Before UV Zn0.9Co0.1Pc  b) Before UV Zn0.8Co0.2Pc c) After UV 
Zn0.9Co0.1Pc d) After UV Zn0.8Co0.2Pc. The blue line is the reference where line 
profiles are taken. 
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 The increase of roughness is also noticeable on the degraded films. This is due to the 
formation of small islands of grains and valleys across the surface, the formation of these 
contrasting areas of rich and low density of material is in agreement with the results 
obtained in the bright field TEM images in the following section where the contrast arises 
from the thickness distribution on the film. The roughness of the treated films after 120 
minutes of exposure to UV light increases to 5.06 ± 0.43 nm and 4.00 ± 0.49 nm for the 
Zn0.9Co0.1Pc and Zn0.8Co0.2Pc respectively. 

The line profiles on Figure 4-20 depict changes on the roughness of the films by 
showing the cross sections from the areas shown in blue dashes in Figure 4-19. These line 
profiles compare the films before and after irradiation and facilitate the understanding of the 
change in the relative height and depth of the features on the films. Originally the features 
tend to have a very uniform height but after irradiation both cases show the formation of 
deep grooves and the loss of grains across the cross section and show that the size of the 
features does not change greatly after irradiation of the films. 

Comparing the grain sizes of pure phthalocyanines with those obtained in the mixed 
films, it is possible to appreciate a retention of grain sizes in the blends. This causes a 
reduction of the degradation rate as the number of grain boundaries decreases. Similarly in 
the case of Zn0.9Co0.1Pc the line profile shows topography with many grains and as a 
consequence many grain boundaries. When compared against the line profile from the 
Zn0.8Co0.2Pc film it is evident that the features in the later are much wider, therefore less grain 
boundaries are available which in consequence results in a slower degradation as shown in 
the kinetic curves.  

It could be said that to start the degradation process it is favourable to have surface 
morphology, however once the process has started it follows an exponential decay that is 
governed by other factors. The absence of lattice planes in the TEM images suggests that the 
crystallinity of the films is lost with the exposure to UV light and it could be the case that 
when the crystallinity is compromised the degradation rate slows down. 
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  a) 

 

 

b) 

 

Line profiles showing the cross section of the AFM images of a 100 nm thick 
mixed films before and after being exposed to 120 min VUV light.  
a) Zn0.9Co0.1Pc  b) Zn0.8Co0.2Pc. 

 

Transmission electron microscopy images obtained on the films after exposure to 
VUV light show a similar behaviour to the one observed in pure phthalocyanine films. The 
film is damaged in certain preferential areas leading to a decrease in the density yielding the 
characteristic brighter contrast in the bright field images shown in Figure 4-21.  

Figure 4-20 



160 | P a g e  
 

The crystal domains shown in the images emphasize that the structure of the film is 
maintained in the mixtures despite the incorporation of low amounts of CoPc in the film. 
However it is important to mention that the amount of lattice fringes that are possible to be 
observed in the images decreases in comparison to the case of the pure films. This 
observation could be related with the degree of degradation given that less order in the 
structure would represent fewer possibilities for the reaction to expand within the film, thus 
slowing down the total reaction time. 

In order to establish the structural damage that the films undergo upon irradiation, 
both concentrations are exposed to the standard conditions of UV irradiation for 60 minutes 
and 120 minutes. Figure 4-21 shows that the first 60 minutes of irradiation yield changes in 
morphology that are similar to those observed in pure phthalocyanine films, where there is a 
decrease in the density of defined areas. As in the case of pure phthalocyanine films, an 
evolving erosion process is found. Some of the original sites of degradation can be 
distinguished in lighter shades of grey and tend to be characteristically rounded. The larger 
features in the imaged area correspond to the continuous expansion of the original erosion 
site or the merging of two neighbouring erosion sites based on the knowledge obtained 
from the pure Pc films. 

The ZnPc-like behaviour is accentuated in the film with low concentration of CoPc in 
Figure 4-21a as it is possible to observe that there are more eroded areas that occupy a large 
area with a less defined shape whereas in the image that corresponds to a higher 
concentration of CoPc in Figure 4-21c there is slightly more definition on the shapes of the 
eroded areas reminiscent of that observed in pure CoPc films. 

The lattice fringes in the film that is composed mostly of ZnPc are still observable 
after 60 minutes of UV as shown in Figure 4-21b and the separation between planes remains 
the same. However the increased amount of CoPc in the second film seems to have affected 
the crystallinity of the film in the long term since it has not been possible to obtain evidence 
of the existence of crystal domains after the first hour of exposure to UV light, see Figure 
4-21d.  
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a)  

 

c)  

 

b) 

 

d)  

 

Figure 4-21 Bright field image of a 100 nm thick mixed films after being exposed to 
UV light for 60 minutes under the standard pressure conditions. a,b) 
Zn0.9Co0.1Pc. c,d) Zn0.8Co0.2Pc. Note: [Images in (d) present slight 
astigmatism evidenced by the elongated shape of the FFT] 
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a)  

 

c)  

 

b)  

 

d) 

  

Figure 4-22 Bright field image of a 100 nm thick mixed films after being exposed to 
UV light for 120 minutes under the standard pressure conditions. a,b) 
Zn0.9Co0.1Pc c,d) Zn0.8Co0.2Pc. Note: [Image en (b) present slight 
astigmatism evidenced by the elongated shape of the FFT] 



163 | P a g e  
 

Further irradiation of the films for 120 minutes yields similar characteristics in terms 
of the degradation fingerprint see Figure 4-22, shape and size of the eroded areas. The 
biggest change is the loss of crystallinity on the films as observed in the FFT in the insets. The 
lack of degradation sites in form of crystallites could explain the relationship between the 
crystallinity of the films and the degradation rate observed in the photo-kinetic curves 
presented in Figure 4-18, where a decline in the rate of erosion of the film as the irradiation 
time increases can be noticed. 
 

4.4 Conclusions 

The comparison of the degradation rate based on the loss of optical absorption on 
the different films and morphologies show that the starting morphology of the 
nanostructure plays an important role in the way the thin films start to degrade. This has 
been shown by exposing an amorphous film obtained from a molecular precursor with a 
similar structure but a lower energy bond between the metallic ion and the organic 
macrocycle compared to phthalocyanines. On these films the total degradation rate is 
reduced which serves as a basis to formulate the conclusion that the change to a smoother 
morphology provides a poor surface for the reactive species to break the film in a semi-
ordered fashion but rather the process is carried out in an stochastic manner.  

The lack of grains on the surface morphology also represents a lack of crystallinity 
which in the case of the phthalocyanine blends resulted in a reduction on the degradation 
rate as judged from the photo-kinetic curves. These two factors combined present evidence 
that reinforces the idea of the preferential degradation on granular morphologies and 
crystalline structures. 

The exposure of new nanostructures such as nanowires to UV light has shown that 
the existence of boundaries also has an impact on the degradation of the phthalocyanine 
nanostructures, given that in both films and nanowires the observed trend is the inward 
degradation of the structure, therefore the existence of grain boundaries enhances the 
probability of degradation of the films.  
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5. Influence of UV light irradiation on 
the elemental composition of metal 
phthalocyanine, porphyrin thin films 

and phthalocyanine nanowires 
 

 

This chapter covers the results obtained from the investigations of the influence that UV irradiation 
at 172 nm has on the elemental composition of phthalocyanine thin films, porphyrins and 
nanowires. Using the standard conditions established in the previous chapter a series of specimens 
are prepared on Ni micro-grids for TEM-EDX analysis. The second part of the chapter deals with 
the quantification of metal oxide formation as a result of UV irradiation studied using SIMS depth 
profiling.  

 
 

 

One of the main objectives of this research is to find the mechanisms that govern the 
degradation of the organic thin films that are obtained by vacuum evaporation. These films 
have been studied qualitatively in order to explain the way the film breaks upon exposure to 
the reactive environment caused by the influence of the UV light applied. The other main 
part of this investigation consists in the study of the effect that this treatment has on the film 
in terms of the chemical composition of the films. The expected result of the irradiation of 
the phthalocyanine organic films is the formation of metal oxides on the substrate’s surface. 
Due to the variety of metallic centres found in the phthalocyanine molecules it would be 
possible to obtain metal oxides with varying electrical properties using one single method. 

In order to investigate the composition of the phthalocyanine films after being 
exposed to UV light, a set of samples have been deposited onto Ni micro-grids for energy 
dispersive X-rays (EDX) analysis in the transmission electron microscope (TEM). At the 
moment of deposition the films have a nominal thickness of 100 nm and are later exposed to 
UV light using the standard conditions described in Chapter 3 with a partial pressure of O of 
40% at a total pressure of 3 mbar. 
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5.1 Energy dispersive X‐rays analysis 

With the setup available in the microscope being used in this work (JEOL 2010) it is 
possible to collect the data for analysis in different ways. The first method, known as 
analyser, involves parallel illumination in the TEM mode, where the electron beam is spread 
over the area of interest and the data collection occurs in parallel from it. The spectrum can 
also be collected from a point in the specimen by narrowing the illumination to a 
concentrated spot. These techniques are useful to identify materials in particular areas of 
interest.  

EDX analysis can also be used to re-construct a spatial distribution of the elements 
present in the specimen, thus it is possible to map the position of the materials that form the 
films before and after UV irradiation. This method involves the use of a scanning TEM (STEM) 
mode in which a focused beam is moved across the area of interest in a raster scan. The 
information from each pixel in the raster contains X-ray data for all possible elements in that 
given point. This technique is useful in samples where there is minimal knowledge of their 
composition. Another advantage of this technique is the ability to acquire information from 
elemental line profiles or linescans or individual points in the map. 

 

5.1.1 Determination of spot‐size and resolution limitations 

The generation of X-rays from the specimen depends directly on the interaction with 
the electron beam with the material, the electron dose and probe size. If the size of the beam 
is reduced to a fine spot by adjusting the brightness and spot size condensers, the 
interaction volume is greatly reduced. This sometimes is desirable to obtain information from 
small areas or interfaces in measurements like line or map scans, however by reducing the 
probe size the total electron dose is also reduced which consequently reduces the X-ray 
generation.    
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In order to perform map and linescans analyses in STEM mode, it is necessary to first 
determine the resolution of the instrument with respect with the size of the electron beam.  
In practice the electron column is condensed to a minimum diameter and can be further 
minimized by changing the condenser size commonly known as spot size. Different spot 
sizes have different interaction with the interest area on the specimen since the size and 
quantity of electrons will differ from one another.  

Bigger spot sizes produce maximum X-ray generation which in turn produces the 
optimal conditions to obtain data quantification. However, a side effect when working with 
organic materials is the faster deterioration of the specimen thus reducing the quality of the 
data for long collection times. Moreover, a big spot size effectively represents a bigger pixel 
or data point when the raster mode is employed. This fact is particularly relevant when 
analysis of thin layers or interfaces is desired. For these reasons it is necessary to find an 
intermediate beam condition where there is an overlap between data acquisition and spatial 
resolution. 

To establish the optimum spot size for quantification the calibration of the technique 
has been performed in a MnPc film with nominal thickness of 100 nm. The data is collected 
for 60 seconds from each spot size value and it is processed for matrix effects to obtain the 
weight%. 

Figure 5-1 shows the bright field TEM image of a C film after being exposed to some 
of the different spot sizes. The objective is to measure the size of the damaged area to 
approximate the size of the beam on the sample when it is focused. The results shown start 
with spot size 2 with a diameter of 112 nm, followed by spot size 3 with a diameter of 73.5 
nm, spot size 4 with a diameter of 47 nm and finally spot size 5 with a diameter of 30 nm. 
These values can be used as a reference for future measurements such as line scans where 
the probe size has a direct impact on the resolution of the data collection.    
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Bright field TEM image showing the electron beam damage caused by the 
focused probe at different spot sizes. Associated values indicate diameters. 

 

The results of each measurement are plotted in Figure 5-2. The signal from the 
phthalocyanine film can be assessed by the ability to measure the constituents of the organic 
molecule, C, N and the metallic centre. The expected values should follow the Pc molecule 
stoichiometry (C32N8M). The chart shows that most spot sizes will be able to detect all the 
elements, however spot size 5 fails to detect enough counts for the metal and N. 
Furthermore, spot size 5 collects a higher amount of signal from materials that are not 
naturally on the specimen such as Si. The increase of C signal in this spot size could be 
related to C contamination from the beam. 

From these results it is clear that even though the smallest probe size (spot size 5) 
would be potentially the most suitable to measure elemental changes in thin film layers with 
high resolution, it is not suitable to generate enough signal, and therefore it is discarded. The 
following 4 spot sizes show a very consistent set of values, in all cases succeed in finding the 
metallic centre and the N, however spot size 4 starts to show variation in the N signal with 
lower counts and a bigger standard deviation.  

Figure 5-1 
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Weight% of the elements of interest in a MnPc film for energy dispersive X-
rays analysis using different spot sizes. 

 

Table 4 shows the atomic% concentration ratios obtained for each spot size with 
reference to the ratios that should be observed in the Pc film. To obtain the atomic% a 
simple arithmetic step is followed, by simply dividing the weight% of the element by its 
atomic mass and then dividing the resulting value on each element by the sum of the entire 
column of calculated figures to generate the relative percentage value with respect to the 
other elements in the specimen. The ratios of the elements of interest are obtained to get an 
approximate idea of the accuracy of the quantification with respect to the theoretical values. 
The light elements seem to have the right values. The metal with respect to C and N is 3 
times too small. By scaling the number of counts of the metallic signal times three the 
resulting ratios are nearly equal to the expected values. It is also possible that the C and N 
signals are overestimated, but since they are adopting the Pc stoichiometry is assumed that 
the metal needs to be corrected instead. 

Figure 5-2 
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The table shows that the ratios quantified are very close to the theoretical values 
shown in parentheses, as expected the bigger probe size delivers the most accurate values 
with respect to the stoichiometry of the organic film. The remaining 3 probe sizes show also 
a consistent set of values, therefore it is concluded that is possible to pick any of them to 
have an approximate idea of the real concentrations on the film. Given that the 4th spot size 
showed signs of variation in the N signal, the selected spot size for all further measurements 
is spot size 3. 

 
  C/N  

(4) 
C/Mn 
(32) 

N/Mn 
(8) 

       

Spot size 1 4 96 25 
Spot size 2 4 98 26 
Spot size 3 4 91 24 
Spot size 4 4 91 22 

 

Table 4 EDX atomic% ratio of the principal components of phthalocyanine films as 
a function of spot size. 

 

5.1.2 Zinc phthalocyanine films 

The elemental composition changes in the zinc phthalocyanine film are one of the 
key factors in the study of the mechanisms of degradation. This is mainly because it gives 
valuable information about the changes that the film undergoes upon irradiation, from the 
expected transformation from the original organic film to the inorganic oxide, to the degree 
of decomposition of the organic molecules in the Pc film, which allows the quantification of 
the transformation efficiency. 
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A series of ZnPc films are deposited on Ni micro-grids using organic molecular beam 
deposition with a starting thickness of 100 nm. One of the samples is stored for analysis and 
the other two are exposed to UV light using the standard conditions established previously. 
The total pressure in the chamber is set to 3 mbar consisting of a combination of 40% O and 
60% N. The irradiation times are 60 and 90 minutes which correspond to a semi-degraded 
and fully degraded film based in the observations from the absorption spectroscopy studies. 

All the specimens are analysed in the transmission electron microscope using the 
attached energy dispersive X-ray detector. The spectra obtained from each of the films is 
presented in Figure 5-3, the results have been divided into two sections to provide a clearer 
view of the existing elements. 

 The films have been deposited on a Ni micro-grid therefore Ni signals are observed 
in all measurements, however it should not be taken as a standard since some 
measurements have been taken closer to the Ni edge and therefore the signal obtained 
changes from measurement to measurement. This grid has a thin C layer that supports the 
deposited film. In the figure, the spectrum of this C layer appears as a black line and is 
observed in very low quantities, not enough to affect the analysis in a significative way. There 
is also a Si signal constantly measured in the different specimens, the source is not clear but 
it could be assigned to contamination on the specimen given that is not existent in the bare 
grid signal. 

The relative concentrations in atomic% obtained from these elemental analysis scans 
are displayed in Table 5, where the atomic% from Kα X-rays of C, N, and Zn as a function of 
irradiation time is shown. The data collected from 5 different areas in the sample surface is 
averaged and the error is calculated from the standard deviation between measurements.  
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The decrease of C and N concentration reflects the same observed trend in the UV-
Vis spectra presented in chapter 4 and indicates a degradation of the Pc since it is the 
principal source of these materials on the specimen. The ring must degrade so that C 
containing fragments are lost. Zn counts remain statistically stable as the irradiation time 
increases; this indicates that even when the organic ring has been dissociated the metal 
atoms remains and is available to form new compounds. The O concentration shows an 
increase with irradiation time.  However the gradual increase does not correspond to the 
stoichiometric ratio expected for a Zn oxide layer which indicates that O is forming bonds 
with the organic residues in the film during the UV treatment.  

 
  C N O Zn C/Zn 

(32) 
C/N 
(4) 

N/Zn 
(8) 

O/ Zn 
 

0 min 82.9 ± 0.6 13.8 ± 0.9 2.1 ± 0.5 1.1 ± 0.2 73.4 6.0 12.2 2.0 
60 min 81.0 ± 1.7 12.1 ± 2.0 5.4 ± 3.0 1.5 ± 0.6 55.9 6.7 8.4 3.3 
90 min 79.4 ± 0.4  8.4 ± 0.3 9.9 ± 0.3 2.3 ± 0.1 34.5 9.4 3.7 5.0 
 

Table 5 EDX atomic% concentrations and concentration ratios of the principal 
components of phthalocyanine as a function of irradiation time. 

 

In Figure 5-3a the spectra shown correspond to the first 2 keV which is where the 
organic constituents of the film are found. The C peak located at 0.27 keV shows signs of the 
degradation of the organic macrocycle based on the decrease of the number of counts as 
the irradiation time increases. N is the second most abundant element in the composition of 
Pc films and is also measured in a decreasing trend at 0.39 keV confirming that the film loses 
material from the organic ring as expected. These two lines in the spectra however do not 
disappear entirely which suggests that there are remaining organic fragments on the film 
which are not necessarily forming part of the entire molecule, therefore the absorption 
spectra of the films disappears as the irradiation time increases. The intensity increase 
observed at 0.52 keV corresponds to the O emission line, this increase combined with the 
still abundant Zn available in the sample could be related with the formation of ZnO.       
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Figure 5-3b completes the analysed energy range, here the Zn signal from the Kα 
emission line is observed at 8.63 keV and it also shows signs of material loss, however in 
smaller quantities. The trend does not reflect the expected behaviour, this is also observed in 
the Ni counts therefore could be related to an artefact of the measurement. The metallic 
centre in the phthalocyanine molecule is not expected to be lost in the irradiation process; 
instead it is expected to form new bonds with the existing O in the reactive atmosphere to 
form ZnO.  

 

a) 

 

b) 

 

Spectra obtained in the Energy dispersive X-rays analysis on a ZnPc film 
before and after exposure to UV light. a) Spectra in the Engery range 0 to 2 
keV. b) Spectra in the Energy range 7 to 10 keV. 

Figure 5-3 
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The cross section specimen that has been irradiated for 90 minutes is presented in 
Figure 5-4a. The sample preparation has been described in the focused ion beam 
experimental section in chapter 2. The image shows the squared area where the map scans 
using STEM-EDX had been taken. The EDX map scans provide a way to image the elemental 
distribution in a fine structure as can be appreciated in Figure 5-4b. These scans give further 
evidence about the layered distribution of the elements in the films. Unfortunately the 
resolution (73.5 nm) of the measurement results in a limiting factor to resolve between 
layers. However it is possible to observe particular details such as the Zn band and the 
relatively close presence of a similar band of O. This is a good indication that the O available 
in the system during irradiation reacts and mixes with the existing elements. 

The two coating layers are also clearly distinguished in the map scans. The thickness 
of the Cr film is originally 20 nm and the fact that is showing such a broad distribution could 
be due to the resolution of the probe size which is too large to resolve between such thin 
layers. The platinum coating used to protect the film during ion milling is observed at the 
top of the layers. This Pt layer shows a rich C content which can be attributed to 
contamination rather than diffusion from the original film, C is found throughout all the 
layers complicating the analysis of this element in particular. Despite the fact that C signal is 
obtained across the interfaces it is possible to observe a relatively sharp increase of counts 
right at the Si interface and then a short space with lower counts until the region where the 
coating layers start. 

A line scan has been performed on the area marked with a red dotted line in Figure 
5-4a. This offers the advantage of obtaining sharper elemental profiles due to longer 
acquisition times at each position.  In the C map this line is observed across the layers, the 
mark left on the sample is a result of C re-deposition under the electron beam during the 
scan process, given that the electron beam passes over the same area 100 times for the 
collection of the data. 
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The line profile presented in Figure 5-5 shows high counts for the Si substrate which 
is delimited by the first marker since at that point the counts of C reach a steady state 
indicating the presence of ZnPc fragments. The second marker delimits the area where the 
film is found since C is also found in the coating layers; therefore it has been measured 
across the entire profile. The Zn signal follows the same trend as C in the area delimited by 
the two markers and with the highest concentration located near the second marker 
corresponding to the surface of the layer. O is also measured in this delimited area with a 
sharp increase where the highest counts of Zn are. The Cr signal also starts to rise at the 
same point as O suggesting that the coating layer is O rich. The major limitation of these line 
profiles is the measurement resolution, with a probe size of 75 nm pictured in orange for 
reference; it is clear there is an overlap of signals which makes a quantitative measure of the 
films thickness difficult. 
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  a) 

 

b) 

  

 

Figure 5-4 Transmission electron microscopy study of the elemental composition of ZnPc 
after exposure to UV for 90 min. a) Bright field TEM image, the red dashed line 
is where the line scan data is obtained and the yellow box is where the map 
scans are obtained. b) EDX map scans of the different elements in the sample.  

450 nm 
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Figure 5-5 Line scan of a ZnPc cross section after UV irradiation for 90 min showing the 
elemental composition of the remaining film as a function of distance. Film 
components (solid lines), substrate and coatings (dashed lines). 

 

Further studies performed by Prof. David McComb on a FEI Tecnai Osiris, operated at 
200kV show in great detail the composition of the films. This equipment uses a new X-ray 
detection system called Super-X™ which relies in four FEI-designed Silicon Drift Detectors 
(SDDs) surrounding the sample area. This array of detectors are windowless which increases 
the X-ray collection efficiency and light element detection capability [128].  
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The high angle annular dark field (HAADF) image in Figure 5-6a shows the ZnPc film 
after irradiation as a function of the atomic mass, where heavier elements appear brighter in 
the image as described in chapter 3. The scanned area for EDX analysis corresponds to the 
green box on the image. The element map scans shown in Figure 5-6b clarify some of the 
points in the previous discussion. The C map is consistent with the description given before, 
showing a rich layer of C at the silicon interface of nearly 50 nm. N is also a constituent of 
the original Pc ring and found in considerable quantities in the same region suggesting that 
the remaining fragments of the Pc ring are located at the bottom of the layer after 
irradiation. Both C and N are found elsewhere in their respective maps; however their 
presence in the remaining layers is attributed to contamination from sources different from 
the Pc molecule. 

The O and Cr maps constitute two of the most interesting results from this 
investigation. O is found in a distribution and shape that is remarkably similar to the one 
observed in the Cr layer, confirming the observations obtained in the line scans above. 
Although the maximum O signal is clearly over the Cr layer, it is possible to notice a subtle 
concentration increase below the Cr layer. The Zn concentration shown in red shows an even 
distribution except in the area closer to the interface with Cr.  Coincidentally the shallow 
layer of O is located in the same region where the Zn concentration increases. These 
observations are parallel with those obtained in the line scan presented previously where the 
O and Zn rich area overlap as can be observed in the lower right panel where the two images 
have been merged.  
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 a) 

 

b) 

 

Figure 5-6 Elemental composition study of a ZnPc cross section after UV irradiation for 
90 min. a) HAADF image of the cross section showing in a green box the 
mapped area. Film 1 represents the area with high Zn concentration, film 2 
represents the area where the remaining Pc film is found  b) Elemental map 
scans of Cr, Pt, O, Zn, C, and N. 
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Zn clusters are found at the top layer of the film, however are not uniform across the 
interface but rather well defined and separated by distances that can reach up to 10 nm and 
with a thickness of roughly 20 nm. This higher concentration of Zn could be related to a ZnO 
layer, based on the fact that if an oxide is being formed the local density of Zn is expected to 
be higher. This effect is due to the fact that in the ZnO unit cell the density of Zn atoms is 
higher than in the standard ZnPc molecule by a factor of 20:1 as detailed in chapter 3. 
Therefore it is reasonable to think that these areas that present a richer Zn concentration 
could indicate the existence of oxides.  

These observations of the C and N layer added to the Zn clusters found at the surface 
of the film can be correlated with results previously presented in chapter 3 where a part of 
the film has been removed creating a step on the surface, see Figure 3-20a for reference. The 
layer of material found in this measurement is of approximately 60 nm which is in agreement 
with the observations from the TEM cross section and EDX mapping. This evidence shows 
that even when the absorption spectrum following Beer-Lambert’s law predicted the 
complete removal of the film, some of the fragmented phthalocyanine remains on the 
surface but as the structure of the film is degraded the absorption is lowered giving the 
appearance of material loss.  

The presence of the Zn clusters can be also linked to the different evidence extracted 
from the microscopy studies. This evidence could explain the wide range of grain sizes 
observed in the AFM and SEM and also provides further evidence to attribute the contrast 
obtained in the bright field TEM images as mass-thickness contrast. 

Finally, the platinum layer at the top reveals that the chromium coating is only in the 
region observed as clusters, since there is no evidence of Cr signal in the top layer. It also 
shows that there are some cases of segregation between the boundaries of the Cr clusters; 
however this diffusion of Pt does not reach the areas of interest in this study. 
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Relevant information about the surface of the film has also been obtained using 
element map scans on a film that has been grown directly on a Ni micro-grid and UV treated 
for 90 min with UV light under the standard conditions. Figure 5-7 shows the results 
obtained in these scans, a set of elements are chosen and then added to the signal 
generated by Zn to create a combined image which provides useful information about the 
distribution of the elements on the surface.  

The high angular annular dark field image in Figure 5-7a shows the top view of the 
treated film. The image shows that there is a system composed by different elements. 
Concentrations of heavy elements in small islands surrounded by gaps in agreement with 
observations drawn from the AFM and bright field images presented in chapter 3 where it 
has been discussed that the contrast arises from mass-thickness and density. The surface is 
covered by patches of material rather than a uniform film, this agrees with the observations 
of Zn clustering in the map scans obtained from the cross section and shows that not only in 
the slice view there are groups of material agglomerating but they are distributed across the 
entire surface of the film. 

The elemental map scans in Figure 5-7b show areas with higher density of materials 
and other areas with gaps or lack of material,  confirming that the contrast in Figure 5-7a is 
at least in part due to topography. Some areas present a higher concentration of O which are 
separated from each other forming clusters of various sizes, the smallest ones are 10 to 20 
nm in their longest side, whereas larger concentrations like the one observed in the upper 
right corner could exceed the 30 nm.  

Comparing the Zn distribution obtained with the O map shows certain similarities. Zn 
is found across the entire surface as well, presenting a series of lumps that resemble the ones 
found in the O map, but they seem slightly bigger since they are closer together forming a 
mesh like structure. However there are some well-defined areas where the concentration of 
Zn drops considerably looking like a void.  
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a) 

 

b)  

 

 

Figure 5-7 Top view analysis of the elemental composition study of a ZnPc film after UV 
irradiation for 90 min. a) HAADF top view image of the film showing in a 
green box the mapped area. b) Map scans of O, Si, N, Zn and the overlay of O, 
Si and N with Zn. 
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By merging the two images it is possible to identify that both elements share certain 
areas of the surface, in some cases there is a clear overlapping between them such as the 
upper right corner, and in other sectors such as the central part of the map where the Zn 
atoms seem to be surrounding the O rich areas. Interestingly both elements are scarce in 
similar areas, forming the previously mentioned voids. 

Silicon is mapped as well in an attempt to explain the signal obtained in the SIMS 
measurements detailed in the next section. There are numerous cases where Si signal is rich 
across the surface, this is not expected since these films are deposited on Ni-grids and no Si 
is involved in the preparation of the samples. The map shows an uneven distribution of Si 
forming a series of clusters which follow closely O concentration rises. The overlapping of Zn 
and Si maps reveals that these clusters are located in the areas where the metal is scarce, 
filling the voids created by elements like Zn or O. The existence of Si within the film is not 
fully understood but it could be attributed to cross contamination between samples at the 
moment of handling them in the laboratory. 

The N map shows the most uniform distribution on the surface of the film, with the 
exception of localized areas where the concentration drastically drops. It is expected to be 
found across the surface of the film in the form of Pc fragments. The overlay of N and Zn 
shows that they follow each other closely; however Zn is concentrated in smaller islands. 

In summary the elemental analysis of the ZnPc films after exposure to irradiation 
revealed information about the distribution of the materials after the film degrades. C and N 
signals are still present in the remaining layer, possibly in the form of fragments of the Pc 
ring. Zn seems to form small islands at the surface as revealed by the cross section analysis. 
This result confirmed the observations made by bright field imaging in chapter 3. The 
presence of O coincides with these Zn areas; however it does not always overlap, particularly 
in the cross section is clear that the greater O content comes from the Cr layer. The 
overlapping of O with Zn in these denser areas suggests that a very thin ZnO layer might be 
forming at the surface. 
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5.1.3 Cobalt phthalocyanine 

 

In this section the influence of UV light treatment on cobalt phthalocyanine (CoPc) 
films is described and contrasted with the results obtained with zinc phthalocyanine (ZnPc) 
by energy dispersive X-rays (EDX) analysis. This elemental analysis has been performed in the 
electron transmission microscope (TEM) using the electron transparent thin films directly 
deposited on a nickel micro-grid with a nominal thickness of 100 nm at the moment of 
deposition. 

In order to obtain the elemental composition of the CoPc films, all the measurements 
are taken using a spot size 3; this is to preserve the integrity of the sample as much as 
possible, given that these measurements take a considerable amount of time under a fixed 
beam and it is known that the electron beam damages the structure of the films. In terms of 
the energy range, tilting angle and optimization parameters, the same standard conditions 
used for ZnPc analysis are employed in the CoPc films.  

The spectra in Figure 5-8 reflects the raw values as an absolute number of counts 
detected for a certain element by the instrument and are not corrected for matrix effects. 
From this data it is clear that the phthalocyanine molecule is being readily degraded by the 
reactive environment given the decrease in the effective number of counts of the main 
constituents of the CoPc molecule: C and N as shown in Figure 5-8a. 

In the second half of the energy range shown in Figure 5-8b the signal of the Co Kα 
radiation is shown. This peak is the most representative of the presence of Co on the films 
before and after irradiation. From the spectra it is possible to identify small variations in the 
number of counts in the first 60 minutes of exposure to UV light under the standard 
conditions. The increase of irradiation time results in a greater reduction of the total signal.  
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 a) 

 

b) 

 

Figure 5-8 Spectra obtained in the Energy dispersive X-rays analysis on a CoPc film before 
and after exposure to UV light. a) Spectra in the Engery range 0 to 2 keV. b) 
Spectra in the Energy range 7 to 10 keV. 
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In order to quantify the relative changes on each film with respect to the rest of the 
constituent elements, the integral of the Kα peak is used to calculate the atomic% of each 
element. This calculation is taking into account the matrix effects using the Cliff-Lorimer 
approximation yielding the data shown in Table 6. The number of counts of the elements 
found in the phthalocyanine molecule C and N remain relatively unchanged in the first 60 
minutes of irradiation.  

The Co counts are expected to remain unchanged before and after irradiation, since 
the degradation of the organic molecule should not affect the concentration of metallic ions 
on the structure. The data also shows an increase in a very small percentage within the range 
of error of the quantification measurement which agrees with this statement. The small 
variation in Co counts could be assigned to a decrease of counts in other elements such as C, 
which will have an impact on relative Co counts since their absolute value is small. In the case 
of O an increase of counts would be expected if the metal oxide is to be formed. A very 
similar behaviour has been observed in the ZnPc (see Table 5) where O counts increase as 
the rest of the elements remain mostly unchanged.  

Further increase in irradiation time to 90 minutes results in a steep drop of N counts 
which is compensated by an increase in Co and O counts. This behaviour reflects the fact 
that the film upon irradiation losses integrity of the organic ring, in this particular case 
evidenced by the N loss, this would cause the release of the metal ion which would be free 
to form new bonds with other elements in the reactive atmosphere. Since during irradiation 
there is a constant flow of fresh O directed to the films, it is possible to think of O being 
absorbed by the residual elements of the films, particularly Co since metal oxides are 
expected to be formed as a result of the irradiation process. A similar trend is observed in 
the ZnPc irradiated films showing that the irradiation process can be reproduced using 
different metal centres from the phthalocyanine family, which opens the possibility to grow a 
wide range of organic films and process them into metal oxides.   
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  C N O Co C/Co 
(32) 

C/N 
(4) 

N/Co 
(8) 

O/ Co 
 

0 min 83.8 ± 0.3 13.6 ± 0.4 1.4 ± 0.1 1.2 ± 0.1 70.5 6.2 11.4 1.1 
60 min 80.8 ± 0.2  14.2 ± 0.5 3.3 ± 0.4 1.7 ± 0.1 46.6 5.7 8.2 2.0 
90 min 86.2 ± 0.8 0.7 ± 0.3 10.0 ±  0.5 3.1 ± 0.1 27.8 122.8 0.2 3.3 
 

Table 6  EDX atomic% concentrations and concentration ratios of the principal 
components from the K X-rays signal on the CoPc specimen before and 
after UV treatment. 

 

5.1.4 Zinc tetraphenylporphyrin films 

 

Zinc tetraphenylporphyrin (ZnTPP) films have been used in this work to compare the 
effect of UV light on the degradation mechanism of the different nanostructures in the solid 
state. The elemental analysis of these films can also reveal differences in the way the 
constituent elements of the film change as a function of irradiation time. Particular attention 
is paid to the change on the Zn and O signals which are directly compared with the ZnPc 
films after UV treatment. With this it would be possible to assess if the lack of crystallinity on 
the ZnTPP films could affect the expected transformation from the organic film to ZnO, given 
that the residual molecules and atoms would have to rearrange in order to form the oxide 
structure. 
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The calculated atomic% in Table 7 shows the relative concentration of each element 
at a given time and the corresponding ratios of the films constituents, the theoretical value 
of these ratios is presented in parenthesis. The error is calculated using the standard 
deviation of five points analysed in the specimen. The expected trend should be a decrease 
of the organic elements as a function of time as observed in ZnPc. However the sample 
exposed for 90 minutes shows a higher number of counts in all the analysed elements with 
respect to 120 minutes of irradiation. Figure 5-9 shows the EDX spectra of the degraded 
product. Upon irradiation a decrease on the intensity of the C signal is noticed, however the 
expected trend is not met in these specimens since there is an increase in the number of 
counts as the irradiation time is increased. 

Nitrogen, the second most abundant element in the film also follows the same 
unexpected trend. Furthermore the specimen that has been irradiated for 90 minutes shows 
a higher number of O counts compared to the non-irradiated and extended irradiation 
counterparts. These trends could be attributed to a discrepancy in the microscope settings 
during analysis, such as different beam current, which would produce a higher number of X-
rays in the same period of time. 

If the film irradiated for 120 minutes is considered, it can be observed that the 
organic materials decrease with irradiation but are mainly retained throughout the entire 
process, there are slight changes but there isn’t a dramatic change that suggests the 
complete disappearance of the original elements on the film. This suggests that the 
molecular structure is compromised thus the reduction in the electronic absorption spectra 
but fractions of the residual material prevail on the Ni micro-grid’s surface. From this data is 
possible to assert that O is being absorbed by the residual elements of the film either 
residual organics or the metal ion since it is not present in the film originally and it is the 
element that shows a relative increase with respect to the original film. 
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   C N O Zn 
C/Zn C/N N/Zn Zn/O 

(44) (11) (4)  

0 min 91.9 ± 0.6 4.7 ± 0.9 2.6 ± 0.5 0.8 ± 0.2 119.3 19.4 6.2 0.3 
90 min 84.9 ±1.7 3.8 ± 2.0 9.2 ± 3.0 2.1 ± 0.6 39.6 22.4 1.8 0.2 
120 min 89.1 ± 0.4 5.4 ± 0.3 4.1 ± 0.3 1.4 ± 0.1 64.9 16.4 4.0 0.3 

 

Table 7 EDX atomic% concentrations and concentration ratios of the principal 
components of Zn tetraphenylporphyrin as a function of irradiation time.
   

The increase in the Zn Kα signal observed can be attributed to an artefact of the 
measurement due to variations in the conditions of the microscope between sessions, since 
it is not possible to add Zn to the existing film with VUV irradiation.  

Relative to the observations made on the ZnPc and CoPc films the behaviour seems 
to be very similar, with both molecular structures losing some of the organic constituents 
upon irradiation but generally retaining the metallic ion. The absorption of O by the residual 
film also occurs in these films which would be expected in the case of the formation of a 
metal oxide, however it is noted that the relative concentrations of O with respect to Zn are 
lower than in the case of ZnPc. Further comparison of the formation of the metal oxide is 
presented in the surface analysis in the secondary ion mass spectrometry (SIMS) section. 
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 a) 

 

 

b) 

 

Spectra obtained in the Energy dispersive X-rays analysis on Zn 
tetraphenylporphyrin films before and after exposure to UV light. a) Spectra 
in the Engery range 0 to 2 keV. b) Spectra in the Energy range 7 to 10 keV. 

 

  

Figure 5-9 
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5.1.5 Zn‐ and Co Phthalocyanine blends 

Metal phthalocyanine thin films have been obtained from different MPc precursors, 
including the mixture of ZnPc and CoPc as an effort to form diluted magnetic semiconductor 
(DMS) thin films. The concentration of these films has been studied in the electron 
microscope using EDX to provide information about the concentration ratio between the two 
metallic ions and to monitor the changes on the films as a function of irradiation time. 

The quantification of the relative concentration of the different elements on both 
films is shown in Table 8. This data is particularly useful to quantify the relative abundance of 
each of the metal ions in the mixture, which can be used to corroborate the concentration 
ratios on the blends. From this is possible to observe that the ratio of the mixed film with a 
Zn to Co ratio of 90:10 falls slightly short of the expected value with only 6.4 of the 9.0 
expected. However the second blend produced is very accurate to the desired ratio of 4.0. 

In the degraded films the relative number of counts for the metal ions increases, 
which is an indication of removal of other materials from the original film and prevalence of 
the transition metals on the structure. This notion is further reinforced by the slight loss of 
organic material as irradiation time increases. Similarly O counts increase in the films as a 
result of irradiation in agreement with the spectral data. 

  
    C N O Co Zn Zn/Co O/Zn 

Zn0.9Co0.1Pc 
0 min 91.9 ± 3.4 6.7 ± 2.9 0.8 ± 0.3 0.1 ± 0.1 0.6 ± 0.2  6 1 
60 min 84.8 ± 0.7 9.5 ± 0.3 4.1 ± 0.4 0.2 ± 0.1 1.3 ± 0.1 7 3 
120 min 89.7 ± 0.6 4.8 ± 0.6 4.4 ± 0.4 0.1 ± 0.1 1.0 ± 0.1 10 4 

Zn0.8Co0.2Pc 
0 min 85.6 ± 0.7 8.0 ± 1.4 5.0 ± 1.1 0.2 ± 0.1 0.7 ± 0.1 4 8 
60 min 91.4 ± 2.1 5.9 ± 1.6 1.8 ± 0.4 0.2 ± 0.1 0.6 ± 0.1 3 3 
120 min 82.3 ± 0.6 8.5 ± 0.4 7.0 ± 0.6 0.5 ± 0.1 1.8 ± 0.1 4 4 

 

Table 8 EDX atomic% concentrations and concentration ratios of the principal 
components of Zn0.9Co0.1Pc and Zn0.8Co0.2Pc as a function of irradiation time. 
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The spectra obtained from the Zn0.9Co0.1Pc films are presented in Figure 5-10a,b 
where the decrease of carbon counts after exposure to UV  light can be appreciated. A 
similar trend to the one observed in the ZnTPP film appears in this film, with a slight increase 
of counts in the carbon signal after an initial drop, similarly it can be related to variations to 
the beam current in the different TEM sessions.  

The rest of the elements of interest in the scan show little or no change upon 
exposure to UV light. Figure 5-10b shows the peaks of the Kα radiation from the two metallic 
ions on the mixture. Both of these signals remain unchanged after irradiation of the 
specimens which can potentially favour the formation of metallic oxides. This notion is 
reinforced by measuring the O signal which shows an increase in both irradiated films at a 
very similar intensity. 

Similarly the spectra on Figure 5-10c,d shows the effect of UV treatment on the 
Zn0.8Co0.2 films. This set of spectra displays the expected trend of carbon and N loss as a 
function of irradiation time representing a constant degradation of the organic ring. As in 
previous observations this increase can be linked with O absorption which can be from the 
expected metal oxide formation. 

In the higher energy side of the spectra shown in Figure 5-10d, the Kα signal of the 
two metallic ions is found and both display a very similar behaviour to their Zn0.9Co0.1Pc 
counterpart, in the sense of maintaining the number of counts unchanged upon exposure.  
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c) 

 

 

d) 

 

Spectra obtained in the Energy dispersive X-rays analysis on ZnPc and CoPc 
mixed films before and after exposure to UV light. a) Spectra in the Engery 
range 0 to 2 keV Zn0.9Co0.1Pc. b) Spectra in the Energy range 7 to 10 keV 
Zn0.9Co0.1Pc. c) Spectra in the Engery range 0 to 2 keV Zn0.8Co0.2Pc. d) Spectra 
in the Energy range 7 to 10 keV Zn0.8Co0.2Pc. 

 
	

Figure 5-10 
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5.1.6 ZnPc and CoPc nanowires 

The elemental maps in Figure 5-11 show this in great detail as the four elements of 
interest are clearly outlined, further proving the integrity of the constituent materials. All map 
scans are produced at the same magnification and selecting an area of 450 x 450 nm 
containing isolated nanowires such as the ones presented on the bright field images in 
chapter 4. From these map scans it is possible to distinguish the variations in the density of 
the different nanowires which makes quantification difficult.  

In Figure 5-11a,c ZnPc and CoPc nanowires before exposure to UV light are 
presented. The nanowire in both cases is found as a slight increase in the intensity of counts 
in the map and is signalled by the dotted line. Interestingly it is noticed that the nanowire is 
not clearly distinguished in O maps. This situation clearly changes in the maps presented in 
Figure 5-11b,d where the nanowires have been exposed to UV light in the standard 
atmospheric conditions for 60 minutes. In these cases there is a clear increase of O intensity 
in the area signalled as the nanowire in agreement with the data analysed above. 
Furthermore the Zn and Co signals in their respective maps are found in each of the 
irradiated nanowires, which is an important fact in terms of the retention of the metal in 
phthalocyanine nanostructures which brings a step closer the possibility of forming nanowire 
made of metal oxides which could be used in different applications such as photodetectors 
[122], electronic circuits [120] or in the case of growing nanowires from multiple 
phthalocyanine sources to form diluted magnetic semiconductors [129].  
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b) 
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c) 

 

d) 

 

Figure 5-11 Study of the elemental composition of ZnPc and CoPc nanowires before and 
after exposure to UV for 60 min. a) ZnPc nanowires as-deposited. b) ZnPc 
nanowires after irradiation for 60 min. c) CoPc nanowires as-deposited. b) 
CoPc nanowires after irradiation for 60 min. Dashed lines are a guide to the 
eye.  
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The bright field TEM images have shown that the nanowires are not entirely 
degraded when irradiated for 60 minutes under the standard conditions. One of the main 
questions to be answered on these nanostructures is the level of retention of the transition 
metals upon exposure to UV light. Therefore the elemental composition of the nanowires 
produced on the organic vapour phase deposition system has been analysed on the electron 
microscope.  The amount of O absorbed is also of interest in these measurements to 
evaluate the possibility of the transformation of these one dimensional organic 
nanostructures into metal oxides which are regarded as applications [127]. 

The nanowires directly grown onto Ni or Cu micro-grids have been analysed by 
collecting data from an area of 450 x 450 nm from which 100 frames are scanned using the 
standard probe size 3. The quantification of the element composition of the scanned area is 
displayed in Table 9. Given that the nanowires analysed come from different areas on the 
micro-grid before and after UV irradiation, the direct comparison of the values does not give 
a conclusive indication of the trends indicative of changes in the structure of the 
nanostructure.  

Elements such as O which are not present in the as-deposited nanowire can be 
analysed and not surprisingly shows an increase in the relative number of counts in the 
specimen that has been subjected to UV radiation. This indicates that the nanowires behave 
in a similar fashion as their two dimensional counterparts where O is being readily absorbed 
by the residual elements on the nanostructure. Furthermore information regarding the 
transition metal in the treated nanowires is obtained from this table. In both cases it is 
possible to appreciate retention of Zn and Co after exposure to UV light.   
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    C N O M 

C/M C/N N/M O/M 
   (32) (4) (8)  

ZnPc 
0 min   94.2 ± 0.1 2.6 ± 0.1 3.0 ± 0.1 0.2 ± 0.1 471 36 13 15 

60 min   90.0 ± 0.1 3.8 ± 0.1 5.6 ± 0.1 0.6 ± 0.1 150 24 6 9 

CoPc  
0 min   98.3 ± 0.1   0.2 ± 0.1 1.5 ± 0.1 0.1 ± 0.1 983 491 2 15 
60 min   93.8 ± 0.1 0.7 ± 0.1 5.2 ± 0.1 0.3 ± 0.1 313 134 2 17 

 

Table 9 EDX atomic% concentrations and concentration ratios of the principal 
components of ZnPc and CoPc nanowires as a function of irradiation time. 

 

5.2 Secondary Ion Mass Spectrometry 

Time of flight secondary ion mass spectrometry (SIMS) has been used as a tool to 
detect and quantify the metal oxide formed on the surface of the sample and metal dopants 
within the sample after UV treatment of metal phthalocyanines and porphyrin films. The 
technique used is known as dynamic SIMS or depth profiling which is a very destructive 
process where the analysed specimen is being sputtered by a focused ion beam and makes 
possible to measure and quantify entire molecules such that metal oxides like ZnO can be 
sought. Therefore the analysis of the ZnPc and ZnTPP films after being irradiated with UV 
light will provide evidence of the formation of metal oxides and will offer the possibility to 
estimate how much of the original film has been transformed. 
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5.2.1 Zinc Phthalocyanine 

Films of ZnPc 100 nm thick were deposited on silicon using organic molecular beam 
deposition (OMBD) and subsequently irradiated with UV light of wavelength 172 nm for 90 
min, in an O rich atmosphere employing the standard irradiation conditions detailed in 
chapter 3. A 50 nm ZnO film deposited on a Si substrate using pulsed laser deposition5 is 
used in this SIMS study as a reference for the quantification of ZnO+ formation on the 
treated films. 

Figure 5-12 shows the profile obtained from the as-deposited ZnPc as a function of 
depth, which has been obtained by measuring the depth of the formed crater with a Dektak 
profilometer. The sputter rate of bare Si is similarly obtained from a separate substrate 
making possible to differentiate each of them in the depth profiles presented.  

In the first 5 nm the signal from the sample fluctuates, this area is known as the 
transient region and the variations in the number of counts are usually allocated to changes 
in sputter rate and the degree of ionization, but can also occur from a contamination layer 
deposited on the film due to sample handling.  

After the transient region the C+ and Zn+ signals are stable and show the presence of 
the phthalocyanine film. The interface with Si is located after 90 nm, it can be identified by 
the sharp increase of Si and the decrease of C and Zn counts after a small increase observed 
in the interval between 80 and 90 nm, this increase in the number of counts is generated by 
O enhancement occasioned by a thin film of native SiO2 found on top of the substrate.  

The Si signal detected before reaching the interface is not part of the film and has 
been assigned to contamination on top of the film. This notion is reinforced by the 
continuous decrease of the signal as a function of depth. This explanation is consistent with 
the results observed in the TEM specimens analysed using EDX with. The ZnO+ signal shows 
that ZnO concentration in the as-deposited film is negligible and has not been formed in 
significant quantities during the analysis with the O2 beam.  

                                                            
5 Prepared by Joseph Franklin. 
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The depth profile of the reference ZnO thin film in Figure 5-13 has been obtained 
using the same instrumental conditions as in the ZnPc measurement. It reveals information 
about the useful ion yield and instrumental sensitivity of ZnO+ on Si. It shows a uniform 
concentration of Zn+ and ZnO+ throughout the film thickness. In this reference sample the 
only source of Zn+ is ZnO, the proportion between these elements gives information about 
the Zn+ ion yield from ZnO and is measured to be in average 14.  

The interface with Si is found at a depth of approximately 55 nm, after the small 
increase in counts associated with the native SiO2 discussed above. C+ ions are also displayed 
to show that there is no organic component in this film except at the surface, probably due 
to contamination.  

 

 

Secondary ion mass spectrometry depth profile of 100 nm ZnPc as-
deposited on Si. Dashed line indicate substrate boundaries. 

   

Figure 5-12 
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Secondary ion mass spectrometry depth profile of 50 nm ZnO as-
deposited on Si. Dashed line indicate substrate boundaries. 

 

In both depth profiles a small amount of Zn+ counts can be appreciated after 
reaching the interface with Si and gradually decrease as the measurement continues. This 
effect occurs as a consequence of the interaction of the ion beam with the analysed film, 
where some of the material is being pushed inside the silicon lattice by the highly energetic 
ions as the crater is being generated. Therefore a slight change of slope is observed for the 
element in question upon reaching the substrate. This is commonly referred as the mixing 
effect [106]. 

The ZnPc film is irradiated for 90 min under the standard conditions described in 
chapter 3. In Figure 5-14 the depth profile of the irradiated sample is presented. The profile 
shows a decreasing C+ signal indicating the presence of some organic fragments from the 
phthalocyanine precursor left behind on the substrate in the first 40 nm. The Si signal is 
present from the start of the profile, which is expected given the porosity of the irradiated 
films as has been shown in the TEM images and in the phthalocyanine films.  

Figure 5-13 
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The quantification of the ZnO formation on the film can be obtained from the 
information provided by the Zn+ and ZnO+ signals in the profile. After a short transient 
region in the first 5 nm of the measurement, the Zn+ counts reach approximately 30,000 
counts. This is considerably higher than the ~1000 Zn+ counts obtained from the Pc film and 
relatively close to the ~20,000 counts of Zn+ obtained in the ZnO reference which suggests 
that most of these Zn+ counts come from a ZnO film that has been formed on the surface. 
The increase in the number of counts with respect to these two reference profiles can be 
accounted by the fact that the irradiated sample has a rougher surface which is known to 
affect the ion yield [105]. In addition to that, the most possible scenario in this film is to find 
a mixture of ZnO with ZnPc fragments, each of these materials have a different secondary ion 
yield and therefore is possible that affect the total number of counts Zn+ measured. After 
reaching the interface it is possible to see some degree of migration of Zn+ ions inside the 
substrate this could be related with a mixing effect. Gardener et al. [65] studied the 
implantation of metal dopants into Si as a side effect of the UV irradiation of MPc thin films. 
However, for this process to be more efficient passivated Si surfaces are used and the 
starting film thicknesses are of the order of 5 nm.   

Table 10 contains the Stopping and Range of Ions in Matter (SRIM)6 simulation of the 
sputtering yield of examples of some organic fragments of decreasing mass which contain 
Zn+ and that possibly derivate from the dissociation of the organic ring of ZnPc during the 
UV process. It is possible to observe that some of the fragments simulated have a higher 
sputter yield in comparison to ZnPc which would imply that if small fragments are generated 
the signal from them will be higher than that obtained from the untreated ZnPc. Notice that 
ZnO+ has a considerable higher sputtering yield compared with the organic counterparts, 
making clear that sputter yield is inversely proportional to the mass of the organic fragments 
in this analysis. 

 

  

                                                            
6 Simulation performed by Junwei Yang 
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Material  Sputter Yield of Zn+ 

ZnPc 0.016 

ZnO 1.21 

C2H6N2Zn 0.091 

C16H2N2Zn 0.056 

CH5NZn 0.137 
 

Table 10 Calculated sputter yield of ZnPc, ZnO and molecular fragments that could 
be originated from the irradiation procedure. 

 

 
 

 

Secondary ion mass spectrometry depth profile of ZnPc after 90 min of 
exposure to UV at standard pressure conditions. Solid lines represent the 
signal measured in the depth profile. The dashed line indicate substrate 
boundaries. 

 

Figure 5-14 
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ZnO+ has been also found present in the surface of the sample, after the transient 
region the number of count of ZnO are ~1000 which is consistent with the standard 
specimen presented in Figure 5-13. The degree of ZnO formation after UV treatment of the 
ZnPc film can be assessed by comparing the ratio of Zn+:ZnO+ from the reference and the 
treated film. This ratio is calculated for each of the samples analysed using Equation 18, 
Equation 19 and Equation 20.  

 

 Equation 18 

 Equation 19 

 
Equation 20 

Where RZnPc is the ratio between Zn+ and ZnO+ in the ZnPc sample, RRef is the ratio 
between Zn+ and ZnO+ in the reference ZnO film and RUV is the ratio between Zn+ and ZnO+ 

in the irradiated film. In order to know if the composition of the irradiated film corresponds 
to the composition of a ZnO film, both ratios are compared and two scenarios can be 
described:   

a) The ratios of the irradiated sample are identical; this implies that the Zn+ measured 
in the treated ZnPc film is coming purely from a newly formed ZnO+ layer that has 
been formed on the substrate.   
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b) The ratio of the treated sample is higher than the ratio of the ZnO+ reference.  In 
this case there is a possible mixture of two different components in the remaining 
layer, namely ZnO+ and another Zn+ containing species that has a high sputtering 
yield.  The total Zn+ concentration obtained in this sample is therefore a linear 
combination of two components as expressed in Equation 21, where the [Zn+]UV 
refers to the concentration of Zn+ in the treated sample, [Zn+]ZnO is the concentration 
of Zn+ coming from ZnO+ and [Zn+]x  is the concentration of Zn+ coming from an 
unidentified component, presumably phthalocyanine fragments. 

 

 	  Equation 21 

 

Figure 5-15 depicts the experimental values of the two ratios expressed in Equation 
18, Equation 19 and Equation 20. The ZnO+ reference shows a constant value of 
approximately 14, while the treated sample shows more variation with values ranging from 
50 to 20. This suggests that ZnO+ can be found with higher probability on the surface of the 
film roughly in the range between 5nm and 20 nm. 
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Ratio of Zn+:ZnO+ in the treated sample (open circles) and the ZnO+ 
reference (solid squares). The axis on the right is the calculated value of 
x that corresponds to the percentage of Zn that has been generated 
from ZnO. 

 

In order to quantify the amount of Zn+ that is generated by ZnO in the treated 
sample, the ratios of Zn to ZnO detailed above are used and could be expressed as Equation 
22. Solving for x (see Equation 23) it is possible to calculate the conditions when the Zn+ 
measured in the sample comes from ZnO+ or from Zn+-containing fragments of the Pc 
molecule. 

 

 1  Equation 22 

 

 
 Equation 23 

 

 

Figure 5-15 
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The percentage of Zn+ that is generated from ZnO can be plotted as shown in Figure 
5-15 in blue triangles. From this is possible to observe that approximately 85% to 90% of the 
Zn+ measured in the irradiated sample is generated from ZnO, therefore showing that ZnO is 
being formed at the surface of the film in agreement with previous reports [8]. This result is 
also in agreement with the increase in O EDX measurements observed on the TEM 
specimens and with the increase of optical absorption on absorption the lower wavelengths, 
which confirms the formation of oxides from metal phthalocyanine thin films and gives a first 
approximation of the degree of transformation from organic to inorganic films.  
 

5.2.2 Zinc tetraphenylporphyrin 

The formation of a thin ZnO layer shown in the previous section from ZnPc films with 
a starting thickness of 100 nm can be further explored using other organic materials that can 
be deposited as thin films via vapour evaporation. ZnTPP has been analysed in previous 
sections as a way to compare the degradation mechanisms and the elemental composition 
after the films are exposed to UV treatment. In this section the results of the SIMS depth 
profiling of ZnTPP thin films with a starting nominal thickness of 100 nm deposited on Si 
substrates are analysed following the same procedure detailed before. In order to be able to 
compare with the ZnPc results, the same instrumental conditions are used in the ToF-SIMS 
during the data acquisition. 

  The depth profiles presented in Figure 5-16 show the signal obtained from a ZnTPP 
film (100 nm) before in Figure 5-16a and after exposure to UV light for 90 minutes in Figure 
5-16b. The untreated sample shows a very similar profile to the one presented for ZnPc with 
a steady signal of Zn+ after the transient region. The explanation of the lower number of 
counts of Zn+ in this film is due to the change of ion yield from ZnTPP which dissociates less 
easily under the influence of the ion probe. C+ is observed throughout the thickness of the 
film and a steep decrease after reaching the interface with Si which is determined in a similar 
way to the ZnPc case. Near this interface a slight increase in the number of counts is 
observed for both line profiles and is attributed to O enhancement from the native SiO2 layer 
on the surface of the Si substrate.  
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The ZnO+ signal is plotted as reference in this profile, to show that in the original 
ZnTPP film there is no ZnO and that even when O+ the sputtering beam is used on the 
analysis there is no significant formation of ZnO from the fragmentation and recombination 
of ZnTPP with O. Near the interface there is a small increase in ZnO counts however as in the 
previous case this is due to the influence of O from the native SiO2 layer. 

On the depth profile in Figure 5-16b the ZnTPP film has been irradiated with UV light 
for 90 minutes under the standard conditions and only the residual elements are present 
therefore a very thin area of the profile is presented. The Si signal is present from the start of 
the profile, which is expected given the porosity of the irradiated films as has been shown in 
the TEM images and in the phthalocyanine films. The C+ reflects the very thin layer of 
residual ZnTPP or organic fragments left on the substrate’s surface. From the rapid decay of 
this signal after the first 12 nm is a clear indicative of the degradation of the organic ring on 
the film. 

The Zn+ and ZnO+ show a similar behaviour to the one observed in the ZnPc film 
after being subjected to UV irradiation. Both signals follow each other closely which can be 
indication of the formation of metal oxides on the surface. Similar to the ZnPc case the Zn+ 
counts decrease as a function of depth as the profile approaches the Si interface highligted 
by the dashed line. However in the case of ZnTPP irradiated films the Zn+ signal stays in 
relatively high counts for a longer depth when compared with the ZnPc counterpart, this is 
indication of metal implantantion on Si occurring as a consequence of UV irradiation of the 
films as this could be a secondary effect of the irradiation [65].  

The ZnO+ signal has increased above the 100 counts indicating the presence of some 
oxide formation based on the background information about ZnO existence in the original 
film, however this is an order of magnitude lower than the observed signal in the Pc 
counterpart.  
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In order to provide a quantitative measure of the percentage of oxide formed, the 
Zn+:ZnO+ ratio of each sample has been obtained. The reference ratio from the pure ZnO 
film in black squares is the expected value when all the Zn+ measured comes from ZnO 
molecules on the film. In this case the ZnTPP film produces a ratio that is further apart from 
the desired value in the first 6 nm which represents the steady state of the Zn+ and ZnO+ 

depth profiles. Further inside the substrate the signal seems to overlap with the one 
observed from ZnPc and enters an area of low signal to noise ratio in the last 2 nm of the 
analysis. 
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  a) 

 

 

b) 

 

Secondary ion mass spectrometry depth profile of ZnTPP. a) As deposited 
film on Si. b) After 90 min of exposure to UV. Dashed line indicate substrate 
boundaries. 

  

Figure 5-16 
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In order to provide a quantitative measure of the percentage of oxide formed, the 
Zn+:ZnO+ ratio of these signals is obtained and has been plotted next to the ZnPc and ZnO 
reference profiles in Figure 5-17. 

  
 

 

Ratio of Zn+:ZnO+ in the ZnTPP treated sample (open circles) and the ZnO+ 
reference (squares). The axis on the right is the calculated value of x that 
corresponds to the percentage of Zn that has been generated from ZnO. 

 

Equation 23 can be used for the quantification of the data to evaluate the percentage 
of transformation of ZnTPP to ZnO by substituting the ZnPc information by the ZnTPP data 
as shown in Equation 24 where  is the Zn:ZnO ratio in the as-deposited ZnTPP film 
and RUV-TPP is the Zn:ZnO ratio of the irradiated sample. The calculated values of x represent 
the percentage of Zn that has been generated by ZnO in the treated sample and has been 
plotted in Figure 5-17 in blue triangles. 

  

 
 Equation 24 

 

 

Figure 5-17 
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The calculated percentage obtained reveals that approximately in the first 20 nm of 
the film some ZnO has been generated as 80% of the Zn+signal measured comes from ZnO. 
However this quantification approach has many limitations, particularly because it depends 
on the ratio obtained from the as-deposited sample, which in many data points resulted in 
an undetermined value due to the lack of ZnO signal. This is the principal reason why the x% 
oscilates around 25 nm. However, this result shows that the degree of transformation on the 
porphyrin film is minimum and the transformation to a full oxide layer is never completely 
accomplished. A posible explanation for this poor tranformation on ZnTPP films is the lack of 
order on the original nanostructure which can potentially affect the efficiency in which the 
metal ions are rearanged during the irradiation process therefore making it them less 
suceptible to form the necessary bonds of the ZnO structure. 

 

5.3 Conclusions 

From the results outlined in this chapter is possible to draw the following conclusions. 
The elemental analysis on both analytical techniques EDX and SIMS has shown a loss of the 
organic constituents of the irradiated nanostructures, both films and nanowires, which 
agrees with the earlier conclusion reached with the electronic absorption spectra that the 
organic macrocycle is broken during the UV process and desorbs from the substrate’s 
surface.  

The most important consequence of such degradation of the organic ring in these 
nanostructures is the liberation of the transition metal which remains in most cases on the 
substrate. Extended exposure to UV light treatment resulted in a decrease of the transition 
metal counts in the TEM specimens, however one of the expected consequences of the UV 
irradiation is the implantation of these metallic ions into the substrate, this has been shown 
true in the SIMS depth profiles in particular in the ZnTPP films after irradiation. 
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Energy dispersive X-rays proved particularly useful to monitor the changes in O levels 
as a function of irradiation time. From the analysed specimens it has been possible to 
conclude that upon irradiation both films and nanowires absorb O as shown on the various 
map scans. This linked with the retention of the transition metal of the original nanostructure 
has been a first indication of the formation of metal oxides in lieu of the as-deposited 
organic material. Furthermore high resolution elemental map scans have revealed the 
constitution of the thin films after UV exposure showing that high quantities of metal are 
condensed at the surface of the film where coincidentally there is an O rich layer. 

SIMS depth profiling of the irradiated films shows that indeed the highest 
concentration of metal is found at the surface of the remaining films. Moreover it provided a 
quantitative measurement of the existence of metal oxides as a result of UV irradiation. The 
approximation method allowed the quantification of the percentage of transformation from 
the organic film to metal oxide and showed that such oxides are found at the surface of the 
film in agreement with the EDX observations. Finally the comparison between ZnPc and 
ZnTPP in terms of ZnO production showed that the phthalocyanine films yield ZnO more 
efficiently than their porphyrin counterpart, this behaviour could be attributed to the lack of 
crystallinity on the ZnTPP films when deposited on the Si substrate therefore hindering the 
oxide formation. 
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6. Conclusions	and	further	work	
 

The work presented in this thesis describes the procedure followed to form metal 
oxides from molecular thin films and nanostructures. The method presented offers 
advantages of wide diversity of molecular precursors which can be treated as thin films, 
nanowires or as a molecular blend. It also offers a low temperature approach for the 
formation of metal oxides that can be used to obtain different functional oxides.  

 The mechanisms that govern the degradation of organic thin films have been 
explored. The role of the environment has been found to be crucial to increase the 
degradation rate; in particular the presence of O in the reactive atmosphere accelerates the 
degradation process. The mechanism that has been detail explains that O would react with 
the high energy UV photons produced by the excimer lamp to react and form excited 
species that upon interaction with the surface of the nanostructures start a scission process 
that degrades the organic structure.  

The morphology of the starting nanostructure has shown to be the other major factor 
for the degradation to occur. The existence of a granular topography provides more surface 
area where the energetic photons and particularly O can diffuse to start the degradation 
process. Therefore the existence of boundaries in the treated films provides the most 
suitable surface to start the process. 

The degradation mechanism has been explored in more than one nanostructure, 
proving that the method to form oxides can be extended to from films to nanowires. This is 
particularly interesting for applications that take advantage of the low dimensionality or 
nanowires. The use of molecular blends yielded the first results of a new method for the 
formation of doped functional oxides from molecular precursors.  
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The method detailed in this work can be expanded and further investigated. In 
particular the study of the conductivity of the obtained metal oxide, this has been attempted 
during the course of this project. The preliminary results, however, proved that a very careful 
preparation of the analysed samples is required, and particular attention must be paid to the 
structures where the films are deposited and subsequently treated in order to be able to 
obtain conductivity measurements. 

The molecular precursors used in this work are not exhaustive; therefore the 
exploration of alternative precursors will provide further information about the formation of 
metal oxides. The use of metal phthalocyanines can be also expanded by adding a layer on 
top of the molecular film that contains high content of O. This can help to promote a faster 
reaction happening across the entire surface and not only located at the grain boundaries.  

Alternative processing options can also be explored, by changing the geometry of 
the irradiation chamber, bringing closer the treated samples, or increasing the output power 
of the UV source, faster degradation rates and formation of oxides could be obtained, which 
would open the possibility of treating thicker films without the need to extending the 
irradiation time thus making it more cost effective. Patterned oxide layers could be obtained 
using a combination of masks or UV resistant layer on top of the organic film to produce 
small structures with the final goal of being able to use the obtained oxides in devices. 

The SIMS depth profile and the detection of oxides have also left areas of 
improvement. The use of an O beam for the analysis of oxides is not the best practice, and in 
order to be able to determine with a better degree of certainty the results obtained here it 
has been proposed to irradiate a set of samples equivalent to those presented in this work, 
such as 100 nm ZnPc, using the standard atmospheric conditions established here, but 
changing the O used for O18, this way it would be possible to separate the contribution due 
to interaction with the ion beam during measurement. 
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