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 Organic semiconductors represent a class of carbon-based compounds with a 

tremendous potential to exhibit novel physical properties, and to be used in new and 

important applications. They display different properties compared to their inorganic 

counterparts, and present many advantages such as unlimited potential to be 
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synthesized in new molecular structures, and capability of being processed 

inexpensively. 

Metallophthalocyanines (MPc) belong to the small-molecule group of organic 

semiconductors, and represent a model system for the whole class of flat, organic 

molecules. This dissertation presents a study of the structure and the electrical and 

magnetic properties of thin phthalocyanine films and phthalocyanine-based devices.  

Chapter one gives an introduction to the general properties of organic 

semiconductors and the wide range of their physical properties. In particular, the 

metallophtalocyanines are introduced as being a model system for the small-molecule 

group of organic semiconductors. 

Metallophthalocyanines are very well suited to be grown in thin films using 

organic molecular beam deposition (OMBD) techniques. Chapter two discusses the 

fabrication of thin phthalocyanine films and devices using OMBD, and the study of 

their structural properties using a wide range of experimental methods. The molecular 

shape anisotropy, combined with the interplay between intermolecular and the 

molecule-substrate interactions, determine different thin film structures that can be 

controlled by the fabrication conditions.  

The structure of phthalocyanine thin films determines their electrical transport 

properties. Chapter three investigates the electrical transport properties of hybrid 

metal-organic sandwich devices. These properties are controlled not only by the 

organic film, but also by the metal-organic interfaces. It was found that the low-

voltage regime is linear, i.e. Ohmic, for a wide range of temperatures and organic 

layer thicknesses. The conductance increases exponentially with the temperature and 
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decreases exponentially with the thickness. This behavior was explained with a model 

that incorporates tunneling between localized states with thermally-induced overlap. 

Chapter 4 studies the magnetic properties of MPcs. They are controlled by the 

central metal ion, and the type of molecular stacking in thin films, and were studied 

using DC magnetometry and magneto-optical techniques. Experimental data suggest 

the existence of two different magnetic regimes as a function of temperature.   
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Chapter I 

Introduction 

I.1 General properties of organic semiconductors 

Organic semiconductors are carbon based compounds that are studied mainly 

for their electronic and optical properties. They are composed of discrete molecules 

whose atoms interact through strong, covalent bonds. In contrast, in an organic crystal, 

the molecules are held together by weak, van der Waals forces, resulting in low 

melting points and electronic conductivities [1]. Because of the weak bonding between 

molecules, the properties of the molecule are retained in the crystal to a large extent.  

In terms of their building blocks, organic semiconductors can be categorized in 

 

 

 

 

 

 

 

FIGURE  1. Different types of organic materials in order of increasing complexity. 
Monomeric materials (left) are made up of molecules. Polymers (center), are 
composed of chains of monomeric units. More complex, biological molecules (right) 
are composed of proteins and strands of DNA. Reprinted by permission from 
Macmillan Publishers Ltd: Nature 428, 911, copyright 2004. 
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three groups: small-molecule organics, polymers, and biological organics [2].  As 

Fig.1 shows, small-molecule or monomer-based organics have a well defined 

molecular weight and the simplest structure. Polymers are composed of long chains of 

molecules, consisting of an indeterminate number of repeating monomers. Most work 

on organic semiconductors has been done on monomers and polymers, and they are in 

the most advanced state of development for applications as electronic and 

optoelectronic materials [2]. More complex, biological molecules such as proteins or 

strands of DNA have been increasingly studied for potential applications in molecular 

electronics. In particular, DNA’s electronic and self-assembly properties have been 

extensively investigated in recent years [3].  

 The most important group of organic semiconductors is the conjugated 

organics group. A conjugated system occurs in an organic compound when atoms 

covalently bond with alternating single and double bonds (e.g., C=C-C=C-C), and 

influence each other to produce a region of electronic delocalization. In this region 

electrons do not belong to a single bond or atom, but rather to a group of atoms. The 

conjugated system results in a general delocalization of the electrons across all of the 

adjacent parallel aligned p-orbitals of the atoms, which increases stability and thereby 

lowers the overall energy of the molecule [1].  

   Organic semiconductors exhibit a wide range of properties such as 

photoconductivity, electroluminescence, fluorescence and phosphorescence, metallic 

conductivity, photovoltaic effects, magnetism and superconductivity, and that is why 

they represent a very important group of materials from a basic science and 

application point of view. The main advantages over inorganic semiconductors are 
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determined by the ability of processing these materials easily and inexpensively, and 

integrating them with a wide variety of cheap materials such as glass and plastic [4]. 

These advantages give them the potential to be used in many applications such as 

large-area displays, solid-state lighting, radio frequency identification tags, solar cells, 

sensors or computing.  

 Small-molecule based organic semiconductors have been intensively studied 

and integrated in a wide range of devices. They are better suited for fundamental 

studies compared to the polymers, because they form highly ordered crystalline and 

polycrystalline structures [5]. A large variety of molecules with different structures 

and properties have been synthesized [6]. Pentacene, (C22H14), is a molecular 

semiconductor that has been grown in highly ordered thin films, and is currently 

investigated as a main candidate for organic thin film transistors [7-9]. Perylene, 

(C20H12), is a polycyclic aromatic hydrocarbon which displays blue fluorescence and it 

is used as a blue-emitting dopant material in organic light emitting diodes (OLED), 

either pure or substituted [10]. Perylene can be also used as an organic 

photoconductor. 3, 4, 9, 10-perylenetetracarboxylic dianhydride (C24H8O6) is a 

pigment that is used in the development of organic semiconductor devices, and 

produced by the colorant industry for commercial applications [11]. Phthalocyanines 

are organic dyes that are widely used as active materials in sensors [12], photovoltaic 

cells [13], and OLEDs [14].  

One of the most common methods to fabricate thin films of small-molecule 

organics is vacuum thermal evaporation [15]. It has the advantage of very precise 

control of deposition conditions such as the film thickness, the interfaces between 
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different layers, the deposition rate, and the impurity level. To avoid some 

shortcomings of thermal deposition (waste of source material, difficulty maintaining a 

constant deposition rate), an alternative method called organic vapor phase deposition 

(OVPD) has been developed [16]. It differs from the regular thermal deposition in that 

evaporation occurs in the presence of an inert carrier gas, such as nitrogen or argon, 

heated at the sublimation temperature of the organic material. On the other hand, 

polymers can be processed in thin film form using solution processing methods such 

as ink-jet printing [17].   

 

I.2 Metallophthalocyanines (MPc)-model system for the small-
molecule group of organic semiconductors 
 

Metallophthalocyanines have been studied for many decades and many of their 

properties are well understood [18]. They serve as a model system for the whole class 

of small, flat organic molecules, are usually p-type semiconductors, and have been the 

subject of much research due to their unique structural, electrical and optical 

properties [6].  

The first metal complex, copper phthalocyanine, was prepared in 1927 [19]. 

Extensive chemical [20, 21] and structural studies [22, 23] were followed by the first 

studies of electrical conductance [24-26]. Figure 2 shows the phthalocyanine molecule 

with chemical formula M–N8C32H16, where the most common elements used as the 

metal ion M are Cu, Co, Zn, Fe, Ni, Mn and Pb. Phthalocyanines are highly stable 

molecules with a pronounced shape anisotropy, that is reflected in the way they grow. 

Bulk crystals of MPc grow in high aspect ratio needles, which is a macroscopic 
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expression of their highly anisotropic molecular structure. Molecule-molecule 

interactions are greatest when the plate-like molecules are face-to-face rather than 

side-to-side. This affinity leads to stacking, with the metal atoms forming one- 

dimensional chains, favoring highly anisotropic optical, electrical, and magnetic 

properties [27]. The most common crystalline arrangement for MPcs is monoclinic 

[6], with a herringbone packing of the molecules.  

 

 

 

 

 

 

 

 

 

 

 

The weak Van der Waals intermolecular forces favor many polymorphs with 

different packing arrangements but similar lattice energy.  Figure 3 shows the α and β 

phases, which differ in the tilt angle of the molecule with respect to the b-axis, and are 

the two most common ones [28, 29]. Thin film deposition with the substrate 

maintained at room temperature yields the metastable α phase, which can be 

transformed into the β phase by heating [30].   

FIGURE 2. Metallophthalocyanine molecule. The most common 
metal ions (M) used in MPcs are Cu, Co, Zn, Fe, Ni, Mn and Pb. 
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The properties of metallophthalocyanines can be tailored in many ways. 

Chemical modifications produce changes in the molecular structure. By changing the 

metal ion, the electronic structure of the molecule changes. Phthalocyanines 

containing transition metals like Co, Fe, Mn, and Cr have open d-shells with more 

complex electronic structures compared to the closed-shell MPcs like MgPc or ZnPc 

[31]. By replacing the peripheral hydrogen ligands with fluorine, the semiconducting 

character can be changed from p-type to n-type [32]. The electrical conductivity of 

phthalocyanines can be increased by orders of magnitude when doping them with 

iodine [33]. Iodine acts as an electron acceptor that creates holes, by either oxidizing 

the aromatic rings in NiPc and CuPc, or the metal ion in CoPc. The molecular shape 

anisotropy can also be used to further tailor the properties of phthalocyanines. When 

deposited as thin films on solid substrates, phthalocyanines grow in different 

orientations that are determined by the interplay between the intermolecular and the 

molecule–substrate interactions. If the intermolecular interactions are stronger than the 

molecule–substrate interaction (observed on insulating substrates) the molecules grow 

FIGURE 3. The most common phases of phthalocyanine: (a) α phase; 
the metal ions form one dimensional chains along the b axis; (b) β phase; 
the tilt angle of the molecule is bigger compared to the α phase. 

b a 

20 Å 

b a 

24 Å  

(a) (b) 
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vertically, whereas in the opposite case (as for metallic substrates) they grow parallel 

to the substrate [34].  
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Chapter II 

Fabrication and structure of metallophthalocyanine thin 
films and devices 

 
II.1 Introduction 

 Organic materials are composed of molecules or chains of molecules, bonded 

by weak van der Waals forces, which decrease with 1/R6 where R is the intermolecular 

distance. Organic crystals are therefore soft and fragile, making it difficult to 

incorporate them in devices. It is also difficult to attach contacts and wires while 

maintaining a good interface to these crystals [1]. To overcome these problems, the 

obvious choice is to grow these materials in thin films.  

It is essential to control and characterize the structure of the films, because it 

has a strong influence on their physical properties. Thin organic films grow differently 

than inorganic films. The molecules have a pronounced shape anisotropy, which leads 

to different molecular orientations determined by the deposition conditions, and the 

interactions between the molecules and the substrate. 

The growth of MPc thin films was pioneered by Ashida et al. [2], who 

deposited thin films of Pt-, Cu-, Co-, Fe-, Ni- and H2Pc on cleaved surfaces of 

muscovite in vacuum. When the deposition was done at 150-200°C, the films were 

composed of crystallites whose orientation depended on the growth temperature, while 

the molecules stood up almost perpendicular on the substrates. When deposited as thin 

films on solid substrates, phthalocyanines grow in different orientations that are 

determined by the interplay between the intermolecular and the molecule–substrate 
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interactions. In the case of alkali-halides substrates, the molecule-substrate interaction 

is determined by electrostatic forces between the metal ion and the anion in the 

substrate, leading to a parallel adsorption geometry [3]. A different situation was 

found when phthalocyanine films were grown on inert substrates such as silicon oxide 

or sapphire. In this case, the molecular orientation is determined by the intermolecular 

forces which dominate the molecule-substrate interactions, so that the molecules grow 

almost perpendicular to the substrate. Moreover, the crystallites are randomly oriented 

in the plane of the substrate [4]. In order to align the crystallites, stepped sapphire 

substrates were used. The steps served as templates for the crystallite growth by 

favoring only one azimuthal orientation [5]. A different situation is observed for 

metallic substrates. The first study of phthalocyanine films grown on metal substrates 

was done by Buchholz and Somorjai [6]. It was found that for CuPc, FePc and H2Pc 

films grown on copper, the molecules adopted a flat geometry, where the molecular 

surface aligns parallel with the substrate. The bonding to the substrate was primarily 

determined by the ligands, while the presence of different metal ions in the molecule 

changed the molecule-substrate interaction for different metal surfaces. Angle-

dependent Near Edge X-ray Absorption Fine Structure (NEXAFS) measurements of 

CuPc films on single-crystalline gold showed that the molecules grow parallel to the 

substrate [7]. The parallel orientation is determined by the stronger interaction 

between the molecules and the substrate compared to the intermolecular interaction. It 

has been suggested that in this case the molecular π-system interacts with the d-

electrons in the substrate to form strong π-bonds [1]. The only metal for which a 
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perpendicular orientation has been observed was chromium, and the possible cause 

was believed to be the oxidation of the metal surface [8]. 

 

II.2 Organic molecular beam deposition (OMBD) for thin film and 
device fabrication 
 

One of the most important advances in the fabrication of organic films has 

been the use of ultra-high vacuum (UHV) techniques, allowing monolayer control of 

the growth process for high purity films with well defined structures [9]. OMBD 

enables precise control of the growth parameters such as the deposition rate, substrate 

temperature, pressure, and film thickness.  

The first step of the fabrication process is the purification of the organic 

material. Purification of the organic powder, before loading it into the vacuum system, 

is crucial in order to eliminate contaminants from entering the deposition chamber, 

and to insure low impurity concentrations in the films. To purify the phthalocyanine 

powder, gradient sublimation was used as shown in Fig. 1 [10]. The source material, 
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FIGURE 1. Gradient sublimation set-up used for the purification of MPc powder. 
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purchased from Sigma Aldrich, was loaded in a glass sleeve and placed in the middle 

of a quartz tube. Empty glass sleeves are placed at each end of the quartz tube. The 

middle part of the quartz tube is inserted in a furnace and heated to 400°C in cycles of 

24 hours. The phthalocyanine sublimates from the source material and condenses on 

the colder sleeves. Volatile impurities are evacuated, while nonvolatile impurities 

condense in hot areas of the quartz tube. Most of the purification residue remains in 

the middle sleeve. The quartz wool prevents contamination of the pump from the 

source material. The whole set-up is pumped down to 10-6 torr. The cycle is repeated 

with the purified material until there is no residue left in the middle sleeve. Usually, up 

to four cycles are needed to completely eliminate the residue in the source material.    

The OMBD system used in this work consists of a UHV chamber with a base 

pressure of 10-10 torr, capable of depositing metallic and organic films. The purified 

organic powder is loaded in a quartz crucible and heated in a Knudsen cell until it 

sublimes at temperatures between 300-450°C. In order to prevent the molecules from 

condensing at the open end of the crucible, a second heater keeps it hot. The 

corresponding design of such a Knudsen cell is called a hot-lip design. The evaporant 

is collimated by a series of orifices, and forms a narrow molecular beam that 

propagates through the chamber and condenses on the substrate, forming a thin 

organic film. The deposition rate is controlled by the heater temperature. At very low 

rates, the adsorption of contaminants is increased, so that higher rates in the range of 

0.3–0.4 Å/sec were used. The deposition rate was determined with quartz crystal 

thickness monitors (QCM), calibrated with X-ray measurements. In order to grow a 

uniform film the substrate is continuously rotated during the deposition. Before each 
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deposition, the Knudsen cell is maintained at temperatures below the sublimation 

point, in order to outgas the source material, and to eliminate impurities and moisture 

that could lead to film defects.  

 

II.3 In-situ fabrication of metal–organic sandwich devices 

In order to use organic materials as active components, they must be 

incorporated in devices that involve metal contacts and different layers of organic 

films, forming a multilayer structure. The simplest type of a transverse device is a thin 

organic film, sandwiched between two metallic contacts. This type of structure is 

widely used in basic studies of conductance across organic films, as well as in the 

fabrication of commercial devices such as organic light emitting diodes.  

The fabrication of such a device starts with the deposition of a bottom 

electrode on an insulating substrate, followed by the organic layer deposition. Finally, 

a top electrode deposited on the organic film completes the structure. This type of 

device has an inherent asymmetry in the structure of the two interfaces between the 

metal and organic layer. Figure 2 shows the differences between the two types of 

interfaces. The first interface is obtained by growing the organic film on metal, while 

for the second interface the metal electrode is grown on top of the organic layer. 

Organic molecules are much larger than metal atoms, so that when depositing the 

organic film on metal, the interfacial region is smooth and thin (Fig. 2(a)). The 

situation becomes more complex when depositing the metal on the organic film (Fig. 

2(b)). The evaporated metal atoms with high energies can diffuse into the organic film, 

damage the surface, or even react with the organic molecules [11]. In order to prevent 
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diffusion, high deposition rates were used for the top electrode. The high rate favors 

the formation of larger, less mobile metal clusters that cannot diffuse into the organic 

layer [12]. Another method for diffusion reduction is keeping the substrate at a low 

temperature during the metal deposition. In one study, the interfaces, grown at -120°C  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

using high deposition rates and imaged with TEM, were very sharp, with almost no 

diffusion of the metal atoms [13]. Other methods for preventing metal diffusion are 

the use of reactive metals which interact strongly with the organic surface, and soft 

FIGURE 2. (a) Organic-on-metal interface. The organic molecules are much 
bigger than the metal atoms, so that the interface is sharp and smooth. (b) Metal-
on-organic interface. The metal atoms (A) have high energy, and can damage the 
interface (B) or diffuse through the molecules (C), creating a broad and rough 
interface. 

(a) 

(b) 
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deposition methods, in which the metal atoms are thermalised by depositing the 

electrodes in a noble gas atmosphere [12]. 

 The sandwich devices studied in this work were deposited in the OMBD 

system shown in Fig. 3. It has the unique capability for in-situ fabrication of the whole  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

device, which is critically important in order to obtain clean interfaces. Using a 

specially designed sample holder (Fig. 4(a)), the substrate can be moved manually 

along two perpendicular directions, while being maintained within 50 µm of a 

mechanical shadow mask (Fig. 4(b)). Grooves of different sizes were machined into the 

shadow mask for the deposition of six pairs of bottom electrodes (region A), organic 

FIGURE  3. OMBD system used for the growth of thin MPc films and in-situ 
sandwich devices.   



  

  

16 

layer (region B) and top electrodes (region C). After depositing the bottom electrodes, 

each of them is moved against the windows in region B, and covered with organic 

layers of different thickness. During the final step, the substrate is moved in region C, 

where the top electrode is grown. 

 

 

  

 

 

 

 

 

 

 

 

 

 

The deposition rates for the bottom electrodes and the organic layers were 0.2 

Å/sec and 0.3 Å/sec respectively, while for the top electrode it was 10 Å/sec. Figure 5 

shows a typical device with palladium electrodes and copper phthalocyanine organic 

layer, grown on a sapphire substrate. To check the effect of the electrodes, several 

samples with palladium and gold electrodes were fabricated and measured. It has been 

shown that these two metals grow differently on carbon, silicon oxide and organic 

FIGURE 4. (a) Sample holder used to fabricate in-situ sandwich devices: 
the substrate is mounted on the metallic cylinder (A) and moved against 
the shadow mask (B); (b) shadow mask with grooves for bottom 
electrodes (A), organic film (B) and top electrodes (C). The arrows 
indicate the direction of substrate motion; (c) actual sample with twelve 
devices; the blue layer is the organic film.  
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substrates. Gold has poor nucleation, in contrast to palladium where nucleation favors 

the formation of clusters that grow and coalesce into a continuous film at smaller 

thickness [12, 14]. Gold also has a greater tendency to diffuse when evaporated on top 

of organic layers [15, 16]. 

 

 

 

 

 

 

 

 

  

 

 

 
II.4 Structure and morphology of MPc films grown on sapphire. The 
effect of substrate temperature 
 
II.4.1 Introduction 

The structure of phthalocyanine thin films is strongly influenced by the growth 

conditions such as the substrate temperature, and the nature of the substrate. When 

oxide surfaces are used as substrates, the intermolecular interactions are greater than 

the molecule-substrate interaction, which results in the molecules growing almost 

vertically on the substrate. It was found that deposition at room temperature results in 

Pd 100 nm  

CuPc  20 nm – 600 nm 

Pd 40 nm 
nm 
Sapphire 

FIGURE 5. Structure of a sandwich device: a thin film of CuPc is 
sandwiched between palladium electrodes. The device is grown on 
a sapphire substrate.  
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the α phase, while post-deposition annealing at temperatures higher than 200°C 

induces a transition to the β phase [17]. Even if the films are highly ordered along the 

direction perpendicular to the substrate, on smooth substrates, such as sapphire, no 

lateral order was found [18]. On the other hand, when using stepped sapphire 

substrates, the step edges act as templates that align the grains in preferred orientations 

[5].  

 In this work, films of iron phthalocyanine (FePc) were studied using X-ray 

diffraction (XRD) and atomic force microscopy (AFM) measurements. Quantitative 

structural information was obtained by refining the XRD spectra with SUPREX. 

SUPREX is a general procedure for quantitative structural refinement of superlattices 

and thin films [19-21]. (SUPREX is a free software package that can be obtained from 

ischuller.ucsd.edu). It is a program based on a nonlinear fitting algorithm, and it 

employs a general kinematic diffraction model that includes both average atomic 

structure and structural disorder, for refining measured X-ray diffraction profiles. 

SUPREX has been successfully used in many thin film systems, including magnetic 

multilayers [22], crystalline/amorphous multilayers [23], and layered high-TC 

superconductors [24]. Because scattered X-ray intensity is measured, the phase 

information is lost, and it is impossible to directly convert the intensities into structural 

parameters of a material. By fitting the measured XRD intensity profiles with 

SUPREX, it is possible to obtain the structure.  

The parameters used in the fitting procedure are the average number of atomic 

layers (N), the film roughness (σ), the lattice spacing (d), the thickness and roughness 

of the interface between two different layers (t, c), the strain, defined as the lattice 
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spacing deviation near the substrate (∆d1) and near the top surface (∆d2), and an 

exponential length scale (α) over which the lattice deviations occur. For each layer, 

material-specific parameters are used, including the in-plane atomic density, Debye-

Waller coefficient, and atomic scattering power. In the case of FePc molecules, it was 

assumed that the scattering is dominated by the iron ion, based on the large difference 

in the atomic number between iron and the other constituents. Under this 

approximation, most material parameters used for the fit were those of iron. The in-

plane atomic density of iron in FePc was determined based on the FePc lattice 

parameters.  

 

II.4.2 Experiment  

Commercial FePc powder, purified three times by gradient sublimation in high 

vacuum, was used to deposit thin films in an OMBD system on sapphire substrates, as 

described in section II.2. The nominal thickness of the films was ten monolayers, and 

it was measured with quantum crystal microbalances (QCM) calibrated with low-

angle XRD measurements. Substrates were held at constant deposition temperatures of 

30, 100, 200, 225, and 250°C, and post deposition in-situ annealing at the same 

temperature was done for 0, 1, 2, 4, and 8 additional hours. XRD coupled θ-2θ 

measurements, with the substrate perpendicular to the momentum transfer direction, 

were performed using a Rigaku RU-200B diffractometer. AFM measurements were 

performed in tapping mode using a Multimode AFM with a Nanoscope IV controller. 

Veeco silicon cantilevers with resonant frequencies of ~ 270 kHz were used. All 

measurements were done under ambient conditions.  
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II.4.3 Results and discussion 

Figure 6 shows the measured XRD profile around the (200) peak (blue circles) 

of a typical FePc thin film, compared to the SUPREX fitting results for two different 

growth models.  

 

                                                         

 
  
 

 

 

 

  

 

 

     

                                                                        

 

 

 

The simplest model involves only one crystalline layer on the top of the 

substrate (black line), and it cannot fit the data. A more complex model that includes 

two crystalline layers, A and B, separated by an interface (red line), gives a much 

better fit.  
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FIGURE 6. SUPREX fitting results (red line) plotted against XRD data 
(blue circles) for the (200) peak in FePc films. A model with two layers 
separated by an interface was used (upper right). A simpler model with 
only one layer (black line) does not fit the data. Reprinted from C. W. 
Miller et al., Phys. Rev B 72, 104113 (2005). Copyright 2005 by the 
American Physical Society. 
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 The oscillations about the central diffraction peak in Fig. 6 are called finite-

size oscillations, and are caused by coherent X-rays scattering from the entire sample. 

Extra information, such as roughness and strain, can be obtained when refining XRD 

data that contain finite-size oscillations. 

Figure 7 summarizes SUPREX refinement results as a function of the substrate 

temperature during deposition.                                            

 

 

 

 

 

 

 

 

 

 

 

The interface thickness (tA-B), number of monolayers of layer A (NA), and the 

molecular spacing in layer A (dA), were all found to be temperature independent. The 

A-B interface was 5 Å thick. Interestingly, layer A was universally one molecular 

layer, with an associated thickness dA ≈ 10 Å. It was found that layer B has NB ≈ 9 
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FIGURE 7. (a) Growth parameters of layer A as a function of substrate 
temperature. The molecular spacing (dA), interface thickness (tA-B), and the 
number of monolayers in layer A (NA) are temperature independent.  
(b) Molecular spacing for layer B; it decreases as the film goes through the 
α→β phase transition when the films are deposited at higher substrate 
temperatures. Reprinted from C. W. Miller et al., Phys. Rev B 72, 104113 
(2005). Copyright 2005 by the American Physical Society. 
 



  

  

22 

monolayers. The molecular spacing in layer B (dB), decreased from 13.25 Å at 100°C 

to 12.90 Å at 250°, as the film goes through the α→β phase transition [25].  

The roughness parameter of the B layer (σB) is plotted as a function of 

temperature, with supporting AFM images in Fig. 8. The roughness parameter is a  

 

 

 

 

 

 

 

 

The roughness parameter is a measure of discrete layer thickness fluctuation,  

 

 

 

measure of discrete layer thickness fluctuations, where by discrete is meant that 

thickness varies by an integer number of molecular planes. By assuming a Gaussian 

distribution of discrete thickness fluctuations around an average value, over the entire 

sample, the roughness is defined as the width of this distribution.  
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FIGURE 8. (a) Roughness of the B layer as a function of temperature from 
SUPREX fits and AFM measurements. (b)-(e) AFM images for films 
deposited at different substrate temperatures: 30, 100, 200, and 250°C; the 
grains are small and round for room temperature growth, but become elongated 
and eventually form crystallites at elevated substrate temperatures. Reprinted 
from C. W. Miller et al., Phys. Rev B 72, 104113 (2005). Copyright 2005 by 
the American Physical Society. 
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When the substrate was kept at room temperature or heated below 100°C, 

films with round and small (50 nm) grains (Fig. 8(b)) were obtained. The AFM-

measured rms roughness values were 1.2 monolayers (15 Å). For substrate 

temperatures of 200°C, extended flat regions with low pinhole densities are observed 

(Fig. 8(d)). At 250°C the film is composed of elongated crystallites with no in-plane 

order (Fig. 8(e)). No systematic or significant change in XRD, SUPREX refinement 

results, and AFM data for samples annealed at the deposition temperature, for any 

time up to 8 hours was observed for any deposition temperature. 

 

II.5 Structural studies of MPc thin films using Near Edge X-ray 
Absorption Fine Structure spectroscopy (NEXAFS) 
 
II.5.1 Introduction 

NEXAFS is an element–specific X–ray absorption spectroscopy (XAS) that is 

used to determine the presence of certain types of bonds in molecules, the bond 

lengths, the orientation of molecules on solid surfaces, and the molecular electronic 

structure [26]. In NEXAFS, photons from a tunable source of X-rays are absorbed by 

inner-core electrons, with the subsequent transition of a core electron into an excited 

state, or emission of a photoelectron. The resulting hole is filled by an electron from a 

different energy level, with the emission of a fluorescent photon or an Auger electron. 

The elemental specificity is derived from the chosen absorption edge, which is 

different for different elements; for instance, the K edge (ionization from the 1s core 

level) is at 288 eV for carbon, 399 eV for nitrogen and 534 eV for oxygen. A steep 

absorption is observed when the photon energy passes through the first allowed 
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transition from the core level to an unoccupied bound state. At higher energies, the 

core electrons are fully ionized, but the position of the ionization energy (edge) is not 

usually observable, due to the many transitions to the excited states that overlap with 

the edge.  

One powerful advantage of NEXAFS is that it can determine the spatial 

orientation of orbitals, and therefore of bonds and molecules, when polarized X-rays 

are used. The intensity of absorption depends on the incidence angle of the electric 

field vector, and the orientation of the final state orbital [26]. It is convenient to label 

the occupied (bonding) molecular orbitals in terms of the π and σ symmetries, and the 

empty (antibonding) orbitals as π* and σ*. The final state π* and σ* orbitals are 

oriented at some angle with respect to the electric field, so that by measuring angle 

dependent NEXAFS, the π* and σ* transitions can be independently resolved [27]. For 

this reason, NEXAFS is widely used in determining the orientation of molecules as 

they grow on solid substrates to form thin films.  

In one study of thin films of substituted phthalocyanines on polycrystalline 

gold, angular dependent NEXAFS measurements showed that films of different 

thickness exhibit different orientations [28]. While in thinner films (1-2 nm) the 

molecules grew parallel with the substrate, for thicker films (10 nm), molecules grew 

vertically on the substrate. Due to the fact that NEXAFS measures only the top few 

nanometers from the film surface, a change in orientation from parallel to 

perpendicular can be inferred when the films are thicker. Similar results were observed 

for CuPc films grown on polycrystalline gold [7]. On the other hand, it was found that 
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for silicon oxide substrates, molecules grow vertically on the substrate for any 

thickness [7].  

NEXAFS is very sensitive to the bonding environment because it measures the 

unoccupied density of states and, therefore, it has also been used to determine the 

electronic properties of phthalocyanines. In the case of CuPc, good agreement was 

found between the experimentally determined electronic structure and the calculated 

density of states [29]. 

 

II.5.2 Experiment 

In this work, the structure of thin films of CuPc, CoPc, FePc and H2Pc was 

studied using XRD and NEXAFS measurements. The films were grown in the OMBD 

system described in section II.2. The (0001) cut sapphire substrates were covered first 

with a gold layer, 40 nm thick, and then annealed at 300°C for three hours. Annealing 

decreases the surface roughness while promoting grain enlargement [30]. The 

phthalocyanine films were deposited on top of the gold layer and were 50 nm thick. 

XRD measurements were done as described in section II.4.2. NEXAFS measurements 

were performed at the Stanford Synchrotron Radiation Laboratory (SSRL) on beam 

line 8.2 [31] and at the Advanced Light Source (ALS) on beam line 8.0 [32], in 

collaboration with Dr. Trevor Willey from Lawrence Livermore National Laboratory. 

The photons have very short mean free paths (~ 1 µm) in the soft X-ray part of the 

spectrum, so that it is impractical to measure NEXAFS in transmission. Indirect 

methods such as total electron yield (TEY), total fluorescence yield (TFY), and Auger 

electron yield (AEY) are used when measuring NEXAFS spectra. In TEY mode, the 
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emitted Auger electrons or photons scatter inelastically, creating free electrons. The 

sample is connected to ground, and the neutralization current that is measured is 

proportional to the absorption. In AEY mode, the Auger electrons are detected with an 

energy analyzer, and the signal intensity is again proportional to the absorption.  While 

the TEY probes sample depths as large as a few nanometers, the AEY is sensitive only 

to the top several angstroms within the surface. The X-ray beam was 99% linearly 

polarized in the plane of the storage ring, and perpendicular to the direction of 

incidence. The electric field was parallel to the substrate plane at normal incidence.  

 

II.5.3 Results and discussion 

 Figure 9 shows an XRD spectrum for FePc thin films grown on sapphire and 

gold substrates. Depending on the substrate type, the main diffraction peak occurs at 

6.9° (sapphire) or at 27.9° (gold).  As a result, the intermolecular distance along the 

direction perpendicular to the substrate is 12.7 Å and 3.2 Å for films grown on 

sapphire and gold respectively, meaning that the molecules grow almost vertically on 

sapphire and parallel to the substrate surface on gold. A similar orientation was found 

for films of CuPc, CoPc and H2Pc grown on sapphire and gold substrates. 

 Figure 10 shows the TEY NEXAFS spectra for a CoPc thin film grown on 

gold at the carbon and nitrogen K edges as a function of the radiation incident angle. 

At low incidence angles, the electric field is nearly perpendicular to the substrate 

surface, and π* transitions are excited. At large incidence angles, the electric field is 

almost parallel to the substrate surface and it excites σ* transitions. This angular 

dependence of the transitions corresponds to the π bonds being almost perpendicular  
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to the substrate surface, and the σ bonds lying in the surface plane. Similar results 

were obtained for FePc, H2Pc and CuPc films grown on gold. A preliminary analysis 

of the peak intensities for the carbon K edge spectra for CuPc shows that within a few 

nanometers of the top surface, the molecules grow at an angle of 25.8º ± 1.7º with 

respect to the substrate surface, while the nitrogen K edge peak intensities give an 

angle of 23.9º±1.9º.   
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FIGURE 9. XRD spectra of FePc films deposited on sapphire (blue) and gold 
(red). Films deposited on sapphire exhibit a diffraction peak at 6.9°, implying 
that the molecules grow almost perpendicular to the substrate. For films grown 
on gold, the diffraction peak occurs at 27.9°, which means that the molecules 
lie almost parallel to the substrate.  
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FIGURE 10. NEXAFS TEY spectra for CoPc films grown on gold as a 
function of the incidence angle: (a) carbon K edge NEXAFS spectra show 
sharp π* transitions at low angles and wide σ* transitions at high angles; (b) 
nitrogen K edge NEXAFS spectra have the same angular dependence.     
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 The metal L-edge spectra of first-row transition metals involve transitions 

from the core 2p3/2 (L3 edge) and 2p1/2 (L2 edge) levels into unoccupied 3d states. 

Analysis of the L3, 2 spectra gives information about the oxidation state, spin state and 

crystal field splitting [33].  

In this study, angle dependent L3, 2 spectra were measured for thin films of 

CuPc, FePc and CoPc. Figure 11 shows the L-edge spectra as a function of the 

incident angle. Different structures are observed as a function of the metal ion. The 

spectra show a strong angular dependence of the peak intensities. Another interesting 

characteristic is the opposite angular dependence of different peak intensities. It has 

been shown that the differences among the MPc metal L edge spectra originate from 

the different electronic configurations of the metal ions [34]. The angular dependence 

provides more information regarding the origin of the peaks. From the spectra it is 

clear that the lower energy states in FePc and CoPc are p-like states while in CuPc 

they are d-like. On the other hand, the high energy states exhibit a d-like angular 

dependence of the peak intensities for all spectra. A clear understanding of the origin 

of the peaks and their angular dependence must wait for a detailed theoretical 

calculation of the spectra.     
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II.6 Conclusions 

Metallophthalocyanines are model systems for the class of small-molecule 

organic compounds, and are very well suited to be deposited in thin films, attributed to 

their thermal and chemical stability. OMBD is one of the best methods to fabricate 

thin MPc films and devices with high purities and better crystalline structure, by 

taking advantage of the molecular shape anisotropy.  
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FIGURE 11. Angle dependent metal L-edge spectra. (a) CuPc; (b) FePc; (c) CoPc. 
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The structure of MPc films is critically dependent on the deposition conditions 

and the nature of the substrate. One of the most important factors that determine the 

film structure is the substrate temperature during film growth. The grain structure 

drastically changes from small round grains at low substrate temperatures to elongated 

crystallites at higher substrate temperatures. Using XRD and AFM measurements and 

quantitatively analyzing the XRD spectra with SUPREX, the structure of FePc thin 

films grown on sapphire was determined. It consists of two different layers separated 

by a thin interface. While the structure of the first layer does not change with 

temperature, the second layer exhibits a phase transition when increasing the substrate 

deposition temperature.  

The substrate also controls the orientation of the molecules on its surface. 

From XRD measurements it was found that molecules grown on sapphire orient 

themselves almost vertically, while those grown on gold lie almost parallel to the 

substrate. A complimentary technique that is very well suited for molecular studies is 

NEXAFS. The advantages of NEXAFS are elemental specificity, sensitivity to only a 

few nanometers from the sample surface, and the ability to determine molecular 

orientation. The carbon and nitrogen K-edge spectra of MPc films grown on gold 

show that the MPc molecules grow at an angle of about 25° with respect to the 

substrate, within a few nanometers from the top film surface. The metal L-edge 

spectra show a strong angular dependence of the peak intensities, providing deeper 

insights into the origin of states responsible for these transitions. 
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Chapter III 

 Charge transport in metal-organic sandwich devices 

III.1 Charge transport in organic semiconductors 

The building blocks of organic semiconductors are molecules which are held 

together by weak, van der Waals forces. This results in narrow electronic bands, small 

electrical conductivities and highly anisotropic charge transport [1]. When molecules 

or chains of molecules come together to form an organic crystal, the highest occupied 

molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) are 

usually localized on each molecule, such that the molecular electronic structure is 

preserved to a large extent in the crystal [2]. In an organic crystal, only the higher 

excited states are delocalized, while the LUMO and HOMO levels are usually 

localized on individual molecules and thus, the validity of the usual band theory is 

limited.  

It has been shown that if the electronic bands are sufficiently narrow and the 

electron-lattice interaction is strong enough, the small-polaron mechanism of charge 

transport will be preponderant [3]. In this case, the charge carriers move by hopping 

between neighboring lattice sites and the interaction with the lattice plays an essential 

role. For typical hopping transport the mobility is thermally activated, while for band 

transport, in contrast, it decreases with rising temperature. Mobility measurements in 

purified naphthalene crystals have shown values of 400 cm2/Vsec at low temperatures 

using the time-of-flight method [4], and the mobility dependence on temperature was 

described using band theory. At higher temperatures it is expected that the transport
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switches to hopping by thermal activation. The first observation of this transition was 

made by Schein et al. [5] in naphthalene single crystals. These authors observed a 

sharp rise in the electron mobility at temperatures below 100 K, while above 100 K 

the mobility was temperature independent. The rise at low temperatures was 

interpreted as the onset of band transport. The constant mobility at higher temperatures 

could not be explained, but it was suggested that hopping transport may be responsible 

for the temperature independence.  

 The first strong evidence for thermally activated hopping had been presented 

by Gutman et al., in both polymeric and monomeric compounds [6]. Thermal 

fluctuations bring into coincidence the levels involved, and the carrier can then hop 

from site to site, by overcoming the barrier between sites. At low temperatures, the 

amplitude of the thermal fluctuations decreases, so that hops over larger distances 

become more important. This is the well known mechanism of variable-range hoping 

[7]. A large number of studies proved that charge hopping between localized states is 

the prevalent transport mechanism in disordered organic materials [8, 9].   

There are several factors that determine the formation of localized states. 

Impurities are always present in these materials, and their interaction with the 

surrounding matrix is weak. If the HOMO/LUMO levels of the impurity molecule are 

in the gap of the host molecule, they will form localized states [10]. Structural defects, 

such as grain boundaries or crystallographic defects also create localized states [11]. 

They can change the polarization environment of the displaced molecule such that its 

HOMO/LUMO levels are shifted to the energy gap. Charge carriers can become self-

trapped on a molecule by the formation of a polaron. The energy of a carrier is 
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lowered by the deformation of the surrounding molecules such that the carrier 

becomes localized [12].   

 

III.2 Metal–organic interfaces 

In both research and applications, organic materials have to be incorporated in 

devices that involve metallic contacts. The simplest type of a transverse device is a 

thin organic film sandwiched between two metallic contacts. It is widely used in basic 

studies of conductance across organic films, as well as in the fabrication of 

commercial devices such as organic light emitting diodes. When organic 

semiconductors are fabricated in thin film form, the metal-organic interfaces play a 

crucial role in the charge transport of these devices by injecting carriers into the film, 

and restricting the charge flow through the contact barriers. The behavior of devices 

involving metal–organic interfaces is therefore always controlled by both the interface 

and the organic film.  

One of the most important aspects of the interfacial electronic structure is the 

alignment between the energy levels in the metal and organic material at the interface. 

In order to discuss the main aspects of the alignment problem, the dipole layers at the 

free surfaces of a metal and an organic crystal must be considered [2]. The electron 

density in a metal does not go to zero abruptly at the surface, but it tails progressively, 

producing a dipole layer at the metal surface [13, 14]. In the case of nonpolar organic 

materials, this type of dipole is expected to be small. When organic molecules are 

deposited on a metallic surface an additional dipole layer forms at the surface. This 

can have various origins such as charge transfer across the interface, chemical 
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FIGURE 1. Energy level alignment at the Au/CuPc interface. The interfacial 
dipole layer shifts the energy levels across the interface by approximately 1.2 
eV. EV represents the vacuum level, and EF the Fermi energy of the gold. All 
energy values represent electron volts. Reprinted with permission from H. 
Peisert et al., J. Appl. Phys. 91, 4872 (2002). Copyright 2002, American 
Institute of Physics. 

reactions at the interface, redistribution and rearrangement of the electronic cloud, or 

molecular polarization induced by electronic image forces [15]. This dipole will 

produce an abrupt shift in the vacuum level potential across the interface.  

Figure 1 shows the dipolar shift in the energy levels for a film of CuPc grown 

on gold [16]. The energy level shift is proportional to the magnitude of the dipole. It 

was concluded that in this case most of the shift is created by the surface dipole in 

films thinner than 2 nm, while band bending is responsible for a small fraction of the 

shift only in films thicker than 2 nm, due to the very low concentration of free charges 

in CuPc.  In general, band bending plays a small role in the energy level alignment at 

the interface in purified, UHV deposited molecular layers [17]. Band bending appears 
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as a consequence of the mismatch between the Fermi levels in the metal and organic 

material. If the free charge concentration in the organic layer is large enough, there 

will be a charge transfer across the interface that will create an electric field. This field 

will bend the energy levels until the two Fermi levels align [18].   

In most metal–organic interfaces where there is no charge transfer from the 

metal to the organic layer, there is a downward shift in the energy levels [19]. It is 

produced by the so-called pillow effect [20]. The large adsorbed molecules repel the 

electronic cloud present at the metal surface, compressing the electron density tails, 

thus lowering the vacuum level across the interface.  

 A more complicated situation results when a metal is deposited on the top of 

an organic layer as discussed in chapter II.3. Evaporated metals tend to react with 

organic compounds [21], and diffuse into the organic layer [22-24], which leads to a 

broader and rougher interfacial region [25]. The metal–on-organic interface may have 

the Fermi level at a different energy compared to the organic-on-metal interface, as 

was found for instance for interfaces of gold and perfluorinated CuPc [26]. The 

difference in the level alignment determines different carrier injection efficiencies of 

the contacts. It was also found that the gold atoms that diffuse into the organic layer 

act as p-type dopants, changing the number of free carriers in the organic layer. All 

these different effects produced by the interfaces have to be considered when the 

charge transport properties of hybrid metal-organic devices are studied.  

 Metal-organic interfaces represent an integral part of devices that have organic 

layers as active parts. The performance of these devices depends crucially on the 

efficiency of charge injection across the interfaces. During the injection process the 
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carriers tunnel from their extended states in the metal to the localized states near the 

HOMO or LUMO of the organic layer [27]. The energy differences between the metal 

Fermi level and the HOMO or LUMO of the organic material determine the barriers 

that the carriers have to overcome during the injection. Ample experimental work 

confirmed that the injection decreases as the height of the barriers increases [28, 29].  

Several methods have been developed to decrease the barriers at the metal-

organic interfaces, such as the use of self-assembled monolayers [30], electrode 

surface treatment [31], and the insertion of different organic layers [32]. The organic 

material also influences the injection efficiency. It has been shown that the injection 

efficiency increases with the charge density near the injecting electrode on the organic 

side [33], and the thickness of the organic layer [34], but is independent of the 

mobility of the organic material [35]. 

 

III.3 Charge transport in metal-organic sandwich devices 

III.3.1 Introduction 

 An important challenge in the study of electrical transport in organic molecules 

is to identify the charge transport mechanisms that determine the temperature and size 

(length or thickness) dependence of the current-voltage (J-V) characteristics. A linear 

J-V characteristic at low voltages followed by nonlinear V dependences at higher 

voltages was claimed in many cases [36-40]. Generally, the current density in the 

linear (“Ohmic”) regime was expected to be given as: /J n qV Lµ= , where J is the 

current density, n is the carrier density, µ is the charge mobility, q is the electron 
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charge, V is the voltage and L is the sample length or thickness, although an explicit 

length or thickness dependence experimental study is usually lacking. Many other 

studies investigate only the high voltage dependence overlooking altogether the low 

voltage regime [41-45]. The temperature dependence of the current in the Ohmic 

regime is usually characterized using Arrhenius plots in which the slopes of the linear 

regions give the activation energies for hopping transport [38, 40, 46]. All these 

studies are generally characterized by a lack of comprehensive experimental 

investigations and a complete theory that can simultaneously and correctly describe 

the voltage, thickness, and temperature dependence of the current.  

In strong contrast, this work presents a detailed study of the low voltage J-V 

characteristics in CuPc and CoPc thin films. Interestingly, over broad thickness and 

temperature ranges, the Ohmic conductance decreases exponentially with the organic 

layer thickness and increases exponentially with temperature. This behavior can be 

described with a single model in which thermal molecular fluctuations change the 

local energies and the overlap between localized states wave functions, such that the 

carriers can tunnel between these states.  

 

III.3.2 Experiment 

 CuPc and CoPc powder, purified three times by gradient sublimation, was used 

to prepare sandwich devices between palladium and gold electrodes in an OMBD 

system, on c-plane, epipolished sapphire substrates, as described in chapter II.3. Using 

a floating shadow mask positioned 50 µm from the substrate, six pairs of bottom 

electrodes were first deposited, covered by different thickness CuPc or CoPc layers, 
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and then a top common electrode completed the devices. The in-situ capability allows 

the growth of devices with clean interfaces. The deposition rates for the bottom 

electrodes and the organic layers were 0.2 Å/sec and 0.3 Å/sec respectively, while for 

the top electrode the deposition rate was 10 Å/sec. A high deposition rate for the top 

electrode suppresses the diffusion of metal atoms into the organic layer, by favoring 

the formation of larger, less mobile metal clusters [47]. 

 The MPc thin film structure is controlled by several factors such as the 

substrate type and temperature [48]. The interplay between the intermolecular and the 

molecule–substrate interactions determines the molecular growth. If the intermolecular 

interactions are stronger than the molecule–substrate interaction, the molecules grow 

vertically, whereas in the opposite case (as for metallic substrates), they grow parallel 

to the substrate [48, 49]. 

To check the effect of the electrodes, several devices with gold and palladium 

electrodes were fabricated. To eliminate as much as possible any systematic errors, 

several “devices” were fabricated under identical evaporation conditions on each 

substrate (“sample”). More than forty samples were fabricated and measured. Devices 

made with gold (Au/MPc/Au) and palladium (Pd/MPc/Pd) electrodes, and using both 

CuPc and CoPc have the same thickness and temperature behavior of the conductance. 

Devices with palladium electrodes are more stable, have less noise and a longer 

lifetime compared to devices with gold electrodes. This may be due to different 

growth mechanisms of the two metals, with palladium favoring the coalescence of a 

continuous film at small thicknesses [47], and gold having a higher tendency to diffuse 

into the organic layer [50]. 
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DC current-voltage curves were measured in dark and in vacuum at 10-4 torr 

using an electrometer. The resistance of the devices is several orders of magnitude 

larger than the total resistance of the wires and electrodes, therefore the errors 

introduced by the two-probe measurement are negligible.  

Phthalocyanines exhibit persistent photoconductivity [51], so that before 

starting the current-voltage measurements, the current determined by a small voltage 

is monitored as a function of time. Figure 2(a) shows the decay of current as a function 

of time when devices of different thicknesses, grown on the same sample, are 

measured in the dark. A small voltage of 5 mV is applied. Figure 2(b) shows the last  

 

 

 

 

 

 

 

 

three hours of the measurement with the current drifting by less than 1% per hour. 

When the devices are cooled down to 15 K the current goes to zero, proving that there 

are no metallic shorts in the devices.  
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FIGURE  2. (a) Current decay as a function of time when devices of different 
thickness are measured in the dark. A small voltage of 5 mV is applied. (b) The 
last three hours of the measurement. The current is stable within less than 1% per 
hour. When the devices are cooled, the current goes down to zero, proving that 
there are no metallic shorts in the devices. 
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III.3.3 Experimental results 

Current-voltage characteristics were measured on devices with the organic 

layer thickness ranging from 21 nm to 597 nm. Figure 3(a) shows for clarity a 

representative set of 300 K data on a logarithmic scale for Pd/CuPc/Pd devices from 

three different samples. 

 

 

 

 

The J-V curves exhibit two distinct regions: linear at low voltage, followed by 

a nonlinear region at higher voltages. At low voltages the transport is Ohmic, as 

determined from the logarithmic slopes of the J-V curves. Figure 3(b) shows the 

distribution of the logarithmic slopes for all measurements. The Lorentzian fit of the 

data is centered at 1.06, has a 0.1 width at half maximum, and it is asymmetrical 

toward values larger than 1. Possibly, the slight asymmetry is due to the finite 

contribution from charge carriers injected from the electrodes, favoring a higher order 

FIGURE 3. (a) Logarithmic plots of current density as function of applied voltage 
at 300 K for Pd/CuPc/Pd devices with different organic layer thickness. Positive 
bias was applied on the bottom electrode. (b) Distribution of the low-voltage 
logarithmic J-V slopes for all measurements. The continuous line is a Lorentzian 
fit of the data. The blue circles include the slope values corresponding to the data 
shown in (a). 
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term in the conductance at higher voltages. Nevertheless, Fig. 3(b) shows that most 

slopes are closely distributed around 1, proving the Ohmic behavior in the low voltage 

regime.  

 In order to investigate the transport mechanism, the thickness and temperature 

dependence of the current was measured. The conductance per unit area, G/A is shown 

in Fig. 4(a) as a function of the thickness at 300 K. The conductance decreases 

exponentially by 5 orders of magnitude from 21 nm to 80 nm, while above 100 nm the 

drop rate is much smaller. To investigate any uncontrolled effects related to sample  

 

 

 

 

 

 

 

fabrication, a fourth sample with devices ranging in thickness between 60 nm and 400 

nm was prepared, shown as red circles in Fig. 4(a). Although the values of the 

conductance for a fixed thickness may differ by as much as an order of magnitude 

FIGURE 4. (a) Conductance per unit area as function of the organic layer 
thickness for Pd/CuPc/Pd devices. Black triangles: devices grown on different 
samples; the decrease is very sharp for thicknesses up to 100 nm but becomes 
much slower for thicknesses larger than 100 nm. Red circles: devices grown on 
the same sample show a similar behavior. (b) Thickness dependence of 
conductance at different temperatures. The straight lines are fits to the data. 
The drop in conductance becomes steeper at lower temperatures.  
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from sample to sample, the behavior is similar: at small thicknesses the drop rate is 

much larger than above 100 nm. Furthermore, below 100 nm, the thickness 

dependence changes with the temperature. As Fig. 4(b) shows, the exponential drop of 

the conductance becomes steeper at lower temperatures. A similar thickness 

dependence is observed in Pd/CoPc/Pd and Au/CoPc/Au devices as shown in Fig. 5. 

The conductance drops exponentially below 100 nm, while above 100 nm the decrease 

is much slower. 

 

 

 

 

 

 

 

 

 

 

 

Figure 6 is a plot of the conductance per unit area as a function of temperature 

for selected, representative devices (for clarity), spanning the entire thickness range 

together with fits to commonly accepted models. In Fig. 6(a) the data is plotted 

assuming a nearest-neighbor hopping model with an activated conductivity [52]. It is 

clear that a single activation energy cannot be obtained for the whole temperature 

FIGURE 5. (a) Thickness dependence of conductance per unit area for 
devices with palladium and gold electrodes and CuPc and CoPc as the 
organic layer. The behavior is similar for all devices. 
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range. In Fig. 6(b) the data is plotted according to the variable-range hopping model 

[53]. Again, the data cannot be fitted with a single straight line across the whole 

temperature range. Therefore, both fits imply the existence of multiple transport 

regimes as a function of temperature within these models. Perhaps the failure of the fit 

to these models is indicative of another possible mechanism being operational.  
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FIGURE 6. (a) Plot of conductance per unit area vs. temperature for selected data 
sets for a nearest-neighbor hopping model with an activated conductivity. No 
single activation energy can be obtained for the whole temperature range. (b) Plot 
of the same data assuming a variable-range hopping model. Data cannot be fitted 
with a single straight line across the whole temperature range. (c) Semi-
logarithmic plot of conductance per unit area vs. temperature. All devices show a 
similar exponential dependence, suggesting a universal behavior for the whole 
temperature range. 
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On the other hand, the semi-logarithmic plot in Fig. 6(c) shows that the 

experimentally measured temperature dependence of the conductance can be described 

with a single exponential dependence for all devices, in the whole temperature range. 

For thicker films, the low voltage region cannot be resolved at lower temperatures, and 

therefore the number of data points decreases with increasing thickness. In the thinnest 

devices, the conductance increases by 6 orders of magnitude from 20 K to 320 K. This 

exponential dependence spans the entire temperature range, regardless of the organic 

layer thickness, and suggests a universal behavior for all devices.   

The experimental results found here are characterized by an Ohmic low 

voltage regime, which depends exponentially on thickness and temperature. Note that 

this behavior is characteristic for wide thickness (20-100 nm) and temperature (20-320 

K) ranges, and is present in samples made with palladium and gold electrodes, for 

both CuPc and CoPc. Therefore, it is reasonable to inquire whether a single theoretical 

model can simultaneously explain all the properties mentioned above. While some of 

these have been encountered occasionally in some systems, none have been claimed 

together or in a broad experimental parameter range.  

The experimental results presented here are based on experimental work over 

more than a two year period, and the consistency of the results over many samples and 

different sample preparations imply that there are no substantial random errors 

present. To avoid systematic errors, randomized sample preparations and changes in 

the range of device parameters on a single sample were also investigated, all giving 

consistent results.  
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III.3.4 Theory and discussion 

Exponential thickness dependences of the conductance have been claimed 

before in a variety of circumstances and materials systems. An exponential 

dependence of the current on the organic layer thickness was observed in self-

assembled monolayers between metallic electrodes [54, 55]. The thickness of those 

devices is of the order of 10 Å, and therefore a coherent tunneling model may apply 

[56]. The devices studied here have thicknesses of at least 210 Å, so a coherent 

tunneling model is very improbable.  

An exponential increase of conductance with temperature was found in 

colloidal CdSe nanorods in the high voltage regime, due to Fowler-Nordheim 

tunneling with a temperature dependent energy gap [57]. However this gives a 

quadratic [58] (i.e. non Ohmic) voltage dependence and therefore does not apply here 

either. The exponential temperature dependence observed in monolayers of eicosanoic 

acid (C20) sandwiched between platinum electrodes was explained using two models 

[59]. The first model was thermionic field emission through a triangular barrier, while 

the second was tunneling through a thermally fluctuating barrier. The thermionic field 

emission is not applicable here because it gives an exponential dependence of the 

current on voltage [60]. The second model implies that thermal fluctuations produce 

fluctuations in the barrier width or height.  

A universal, exponential temperature dependence of conductivity was found by 

Hurd in low conductivity semiconductors [61]. He derived a tunneling model in which 

the barrier width vibrates as a result of thermally-induced fluctuations in the overlap of 

the localized states wave functions. This model was used to fit conductivity data for 
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ten different inorganic semiconductors: In-doped CdS, Cr-doped GaAs, As2Te3, Ti-

doped VO2, TaS2, Ti7O13, SiO2, Fe3O4, V5O9, As30Te48Si12Ge10. The model could fit 

the data up to 7 orders of magnitude in conductivity and a factor of 4 in temperature. 

  Here we propose a model in which the concept of tunneling between localized 

states with thermally induced overlap is used to explain the same behavior for the case 

of organic semiconductors. We generalize Hurd’s model by deriving an expression for 

the conductance of the sample, which includes both the temperature and thickness 

dependence. In the following, we address this model as thermally-assisted sequential 

tunneling (TAST).  

 The model considers sites i = 1, 2…N, where electrons can occupy levels with 

energies Ei. According to the conventional approach the electron can hop to a site Ej 

that is close enough for the overlap of wave functions to be significant, while the 

difference│Ej-Ei│is small. This picture of tunneling in the rigid environment allows 

only the thermal fluctuations of the bath to broaden the energy of electrons. In organic 

materials and at higher temperatures the situation is different: the molecular 

fluctuations are significant, and they change the overlaps and local energies. In this 

fluctuating environment, the energy of the electron on site Ei is time-dependent. For 

any given pair of sites Ei and Ej, the energy difference will depend on the molecular 

configurations, such that for some of those configurations the energies will become 

close. Moreover, the fluctuations produce a time-dependent alignment of groups of 

molecules between the two sites, such that at a particular time a favorable path forms, 

and the carrier can tunnel between them. We expect that substantial fluctuations will 

allow relatively large sets of molecules to form an assisted tunneling path that is quite 
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long (typically we assume the number of molecules in the path to be greater than, or 

on the order of 10 molecules). This is different from direct tunneling in which the 

tunneling length is on the order of 1 Å, considering that the HOMO-LUMO gap in 

these molecules is 1.7 eV [62]. The assisted tunneling considered here, while longer in 

range, remains incoherent in the sense that the electron does not propagate ballistically 

along the molecular backbone, and its phase is lost after each jump.  

To make the TAST model specific, Fig. 7(a) shows a schematic of the 

molecular stacks grown on a palladium electrode as found by our structural studies. 

We assume that the carriers propagate between stacks and between molecules as 

shown by arrows, jumping from one molecule to another. The conductance is 

therefore proportional to the total transmission probability through the stack, which is  
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FIGURE 7. (a) Molecular stacks grown on a palladium electrode. The carriers hop 
from one molecule to another whenever a favorable path forms. (b) Slopes of the 
linear fits from Fig. 4(b) as function of temperature. The straight line is a fit of the 
data. The slope decreases when the temperature increases in agreement with 
equation (4). 
 



  

 

52 

in turn given by the product of the transmission probabilities between individual 

molecules. We assume that the transmission probability from site i to site j is given by  

a step barrier ij

ijt e−Φ≈ , where /ij ij ija mUΦ ∝ ℏ  and aij and Uij are the barrier width 

and height respectively for tunneling between sites i and j. Similarly, we assume that 

the transmission probabilities from the molecules to the Up/Down electrodes are those 

through the corresponding potential barriers: /
/

U D
U Dt e−Φ≈ . The total conductance is 

thus proportional to the total transmission probability ( ) ijU D

ij

G e e
−Φ− Φ +Φ∝ ∏ with sites 

i and j belonging to the assisted path. Φij is assumed linearly dependent on a 

fluctuating Gaussian parameter yij (e. g., the width of the barrier), linearly related to 

the distance between the sites, which might for instance be fluctuating due to a 

vibrational mode: 

                                           
2 /

0 ,  ( ) y T
ij ijy P y eα −Φ ≈ Φ + ∝ .                                          (1)  

 Even though only large fluctuations are responsible for the formation of long-

range tunneling paths, below we model the fluctuations as Gaussian. This is a 

simplifying assumption that allows an analytical calculation of the conductance. A 

more realistic analysis, which includes only large fluctuations would need to be 

developed. Similarly, for the molecule-electrode barriers (Up and Down) it is 

assumed:  

                          
2

/ //
/ 0 / / /,  ( ) U Dy TU D

U D U D U D U Dy P y eα −Φ ≈ Φ + ∝ .                                  (2)  
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With this, the thermally-averaged stack conductance becomes:  

2 2 2 22
0 0

2 2 2 2 2
0 0

/ / ( ) /4/4

,

( / /4 ) ( ) /4 / ( ) ( ) /4

ij ij j j j U D

U D U D

y y T y y TN N TN T
ij j

path j U D

L l T l T L L T T

G e e e dy e e dy e e e

e e e e

α α α αα

α α α α α

∞ ∞
− − − −− Φ − Φ +

=−∞ −∞

− Φ − + − +

∝ ∝

≈ =

∏ ∏∫ ∫
, (3) 

with /N L l≈ the number of sites in the path, l  the thermally-averaged distance 

between two adjacent sites, L the height (thickness) of the entire stack and 

                                           
2

0

0

1

( ) 4

T
A BT

L T l l

αΦ= − ≡ − ,                                           (4)   

a linearly decreasing function of temperature. This is in agreement with the data (Fig. 

7(b)), obtained from the slopes of the linear fits in Fig. 4(b).  

 In equation (3) we assume that the product over different paths will self-

average to produce the number of terms that scales with the thickness of the organic 

layer, as excessive meandering would be less likely. The conductance can be written 

as: ( )AL BL C TG e− + +∝  where 2 2( ) / 4U DC α α= + . Figure 8 shows a fit of the data with 

this functional dependence for the Pd/CuPc/Pd devices. The plots for each thickness 

have been shifted along the y axis for clarity. The data and the corresponding fit 

values for the 21 nm device (Fig. 8(a)) and the 102 nm device (Fig. 8(b)) were not 

changed, while the rest of the data and fit values were multiplied in consecutive order 

by 0.1, 0.01 and so on, starting with the 25 nm device in Fig. 8(a) and with the 193 nm 

device in Fig. 8(b). This model fits the experimental data for all temperatures and for 

thicknesses up to 100 nm. Above 100 nm, the thickness dependence is no longer 

exponential, which implies that some other mechanism becomes important. The 

temperature dependence is controlled by two parameters, B and C. From the fit we 
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obtain B=0.00045 nm-1K-1 and C=0.046 K-1. The B parameter is multiplied by the film 

thickness in the exponent, so that our model implies that for thinner films (thickness 

below 50 nm), the temperature dependence is controlled mainly by the interface, while 

for thicker films (thickness around 100 nm), both the interface and the film contribute 

equally to the exponential temperature dependence.  

 A different explanation for the temperature dependence of the conductance 

was suggested by Fogler et al. [63]. They explained the exponential behavior with a 

FIGURE  8. (a) Fit of the data for the Pd/CuPc/Pd devices using the functional 
dependence derived in equation (3). The model (solid lines) can fit the 
experimental values of the conductance (dots) for all temperatures, and for 
thicknesses up to 100 nm. Data and corresponding fit for each thickness have been 
shifted along the y axis for clarity; the data and fit values corresponding to the 21 
nm device were not changed; all the other data sets and fit values, starting with the 
25 nm device, were multiplied in consecutive order by 0.1, 0.01 and so on. (b) 
Above 100 nm the model no longer fits the data. Data and corresponding fit values 
for the 102 nm device were not changed, while for the thicker devices they were 
shifted along the y axis as described in (a).   
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crossover between activated transport and variable-range hopping for temperatures 

higher than 80 K, while below 80 K it was suggested that the dependence can be 

explained by molecular “shorts" in the sample - sparsely occurring, yet very well 

ordered and highly conducting molecular filaments in the film [64]. 

An interesting feature unexplained within the present model, is the slope 

change of the thickness dependence in Fig. 4(a). This may be a consequence of 

experimental issues, such as the thickness dependence of various device parameters, 

including the film structure, roughness, and interfacial properties. Further studies are 

needed in order to understand this effect.  

 

III.4 Conclusions 

 Organic semiconductors have different electronic properties compared to their 

inorganic counterparts as a result of their structure. The interactions between 

molecules are controlled by weak, Van der Waals forces, and as a result, the properties 

of individual molecules are preserved to a large extent in the organic crystal. The 

conventional band theory that describes the electronic properties of inorganic 

semiconductors has a limited use in the case of organic compounds, and can be 

applied only at low temperatures and for extremely pure crystals. The standard 

accepted description of charge transport is by carrier hopping between localized states 

created by impurities, structural defects and self-localization. 

 In order to be incorporated in devices for basic transport studies or 

applications, organic thin films have to be contacted to metallic electrodes. The metal-

organic interfaces that are formed play a crucial role in the transport properties of 
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these hybrid metal-organic devices. One important aspect of the interfacial electronic 

structure is the energy level alignment at the interface. When organic molecules are 

deposited on a metallic surface a dipole layer forms at the interface and shifts the 

energy levels across it, changing the injection barriers between the metal and organic. 

The situation is more complex when a metal is deposited on an organic layer. The 

metal atoms can react with or diffuse through the organic layer, changing the injection 

barriers or acting as charge donors or acceptors. 

 In this work the charge transport properties of sandwich metal-organic devices 

based on metallophthalocyanines were studied. The low voltage transport in metal-

organic sandwich devices with palladium and gold electrodes and CuPc and CoPc as 

organic layers is linear, i.e. Ohmic, for a wide range of temperatures and organic layer 

thicknesses. The conductance depends exponentially on temperature and thickness. 

The exponential decrease of the conductance with thickness becomes steeper at lower 

temperatures. For thicknesses larger than 100 nm, the conductance decreases at a 

much smaller rate. The exponential thickness dependence cannot be explained with a 

coherent tunneling model because the devices have thicknesses of at least 210 Å. 

 The conventional models, (nearest-neighbor or variable-range hopping), 

commonly used to describe the temperature behavior of the conductivity, suggest the 

existence of multiple transport regimes as a function of temperature. On the other 

hand, the conductance of all devices can be universally described with an exponential 

dependence across the whole temperature range. A similar exponential increase of the 

conductivity has been previously observed for a wide range of low conductivity, 

inorganic semiconductors, and was fitted with a tunneling model based on the thermal 
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variation of localized states wave function overlap [61]. Using the same concept, a 

generalized model is derived here and the conductance of the devices is calculated. By 

assuming that molecular fluctuations produce tunneling paths between localized states 

with fluctuating barrier widths and heights, the exponential dependence of 

conductance on thickness and temperature was obtained. Interestingly, the temperature 

and thickness dependence allows the decoupling of the contributions to the 

conductance from the film and the electrode-film interface. 
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Chapter IV 
 

 Magnetism in metallophthalocyanine thin films 
 
IV.1 Magnetic properties of organic materials 
  
 Organic magnets are carbon based compounds whose magnetic properties are 

determined by the magnetic ions present in their molecules, the molecular ligands, or a 

combination of the two [1]. For purely organic materials, the interactions that 

determine their magnetic properties occur by direct overlap of the molecular orbitals, 

while for organo-metallic compounds, the metal ion orbitals interact with the orbitals 

of the molecular ligands.  

Miller et al. discovered one of the first organo-metallic compounds exhibiting 

ferromagnetism below 4.8 K, with formula [Fe(C5Me5)2]
+(TCNE)-, where Me=CH3 

and TCNE stands for tetracyanoethylene [2]. In these organic magnets the 

dimensionality plays a crucial part in their magnetic properties. A common structural 

feature of organic magnets consists of nearest-neighbor spin coupling along a chain, 

characteristic to the so-called quasi-1D magnets. These types of structures can develop 

long-range ordering at finite temperatures only by interactions between the spin chains 

[3, 4]. 

 The magnetic properties of phthalocyanines have been studied for several 

decades, and it has been shown that they are a function of both the central metal-ion 

and the molecular ligands. In the case of CoPc crystals grown in the β phase, the spin 

state of the Co ion has been found to be 1/2 [5]. In MnPc single crystals, susceptibility 

measurements confirmed that the Mn ion is in the S=3/2 state, and MnPc is a
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ferromagnet at temperatures below 8 K [6]. The ferromagnetic behavior was explained 

by the overlap between the d orbitals of the Mn ion and the π orbitals of the carbon 

rings.  

 The shape anisotropy of phthalocyanine molecules can also be used to control 

the magnetic properties of thin films, which are critically dependent on their structure. 

It has been shown that thin films of MnPc with the molecules oriented parallel to the 

substrate, have different magnetic properties when measured in magnetic fields 

applied parallel or perpendicular to the substrate [7]. Polymorphism in 

phthalocyanines is also responsible for different magnetic properties. As was 

mentioned in chapter I.2, the most common phases, α and β, differ in the tilt angle of 

the molecules with respect to the b-axis. It was found that thin films of CuPc that grow 

in the α phase exhibit antiferromagnetic interactions, while those in the β phase remain 

paramagnetic down to the lowest measurement temperatures [8].  

 

IV.2 Magnetic properties of FePc thin films 

IV.2.1 Introduction  

 The magnetic properties of thin FePc films are determined by the Fe2+ ion and 

the film structure, which in turn is controlled by several factors such as the substrate 

type and temperature [9, 10]. The interplay between the intermolecular and the 

molecule–substrate interactions determines the molecular growth, as shown in chapter 

II.5.3. If the intermolecular interactions are stronger than the molecule–substrate 
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interaction, the molecules grow vertically whereas in the opposite case (as for metallic 

substrates), they grow parallel to the substrate [10, 11].  

Previously, the magnetic properties of α phase FePc in powder form have been 

studied by Evangelisti et al. [12]. The α phase is metastable and can be transformed 

into the stable β phase by heating [13]. The β phase has been reported to behave like a 

paramagnet down to the lowest measured temperatures [14]. In the α phase, 

Evangelisti et al. showed that the iron magnetic moments are ferromagnetically 

coupled along the quasi-1D metal chains, while the weak interchain coupling leads to 

a canted, soft ferromagnet below 10 K. By fitting the inverse, zero-field magnetic a.c. 

susceptibility between 50 K and 300 K with a Curie-Weiss law: /C Tχ θ= − , they 

obtained a spin S = 1, and θ ≈ 40 K, which suggested the existence of ferromagnetic 

correlations in the paramagnetic state.  

In this work, the magnetic properties of FePc thin films grown on insulating 

and metallic substrates were studied using DC magnetometry and magneto-optical 

techniques. The structure of the films was controlled by the substrate nature and 

temperature during deposition. The magnetic properties of the films were influenced 

by the orientation of the quasi-1D metal chains with respect to the magnetic field 

direction. 

 

IV.2.2 Experiment 

 Iron (II) phthalocyanine powder, purified three times by the temperature 

gradient sublimation method, was used to fabricate thin films in an OMBD system as 

described in chapter II.2. Two types of substrates were used for the phthalocyanine 
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deposition to induce different ordering of the molecules. The first type was a c-plane 

sapphire or Si(110) substrate. For the second set, 40 nm of gold was first deposited by 

e-beam evaporation, and then annealed in vacuum at 300°C for one hour to promote 

grain enlargement and reduce the surface roughness [15]. The thickness of FePc was 

varied from 20 nm to 200 nm and recorded with a quartz crystal monitor. During the 

FePc sublimation, the sapphire and gold-coated sapphire substrates were side-by-side 

to ensure the exact same deposition parameters for both substrates. During the 

deposition, the substrate holder with both samples was rotated to improve the film 

uniformity. 

 The structure of the films was characterized with XRD and AFM 

measurements as was described in chapter II.4.2. The magnetization was measured as 

a function of magnetic field and temperature using a superconducting quantum 

interference device (SQUID), and a vibrating sample magnetometer (VSM). The 

magnetic field was applied either parallel or perpendicular to the substrate plane.  

Magnetically-induced circular dicroism (MCD) measurements were done in 

collaboration with Dr. Scott Crooker, at the High Magnetic Field Laboratory within 

the Los Alamos National Laboratory. MCD is the differential absorption of left and 

right circularly polarized light in the presence of a magnetic field. MCD is present at a 

given wavelength only if the molecule has an optical absorption at that wavelength. 

The magnetic circular dicroism signal in the linear regime (linear in the applied 

magnetic field H) is given by [16]: 

   
                                                                                                                                      (1)       
                                   

0
1 0

( )
( )

CA f E
H A B f E

E E kT

 ∆ ∂   ≈ − + +    ∂    



  

 

65 

where the MCD signal, A A A− +∆ = − is the difference in the absorption of the left (lcp) 

and right (rcp) circularly polarized light, E hν= is the photon energy, H is the applied 

magnetic field, ( )f E is the absorption function and A1, B0, and C0 are the first order 

A, B, and C MCD terms.  

            The A term occurs in systems that have degenerate excited levels that are split 

in a magnetic field by the Zeeman effect [17]. Figure 1 shows the origin of the A term 

for the case of an orbitally degenerate level. When a magnetic field is applied, the 

degeneracy is lifted, and the lcp and rcp components excite transitions between the 

ground state and the split levels. The corresponding absorptions are slightly shifted in 

frequency, such that their difference has the shape of a peak derivative curve.  

 

 

 

 

 

 
 
 
 
 
 
 
 

 

The C term arises in systems that have degenerate ground states [17]. As Fig. 2 

shows, the degeneracy is lifted by a magnetic field, so that the transitions induced by 

the lcp and rcp light are allowed. In this case, the level populations are temperature 

FIGURE  1. The origin of the A term for the case of an orbitally degenerate level. 
In the absence of a magnetic field, the left and right circularly polarized 
components give the same absorption line, so that their difference is zero. When a 
magnetic field is applied, the lcp and rcp components excite transitions between 
the ground state and the split levels. The difference in the corresponding 
absorptions gives the MCD signal.  
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dependent. The absorption produced by the rcp transitions is less intense compared to 

the absorption produced by the lcp transitions, due to the difference in the level 

populations. As a result, the C term has the shape of an asymmetric peak derivative.  

 

 

 

 

 

 
 
 
 
 
 
 

B terms arise as a result of field-induced mixing of zero-field states [17]. The 

mixing can involve both ground states and excited states, but the effect is larger for 

closely-spaced excited states that are far from the ground state. B terms have a 

Gaussian absorption shape, positive or negative [18]. 

The experimental set-up used for the MCD measurements is presented in Fig. 

3. A xenon white light source is connected to a spectrometer which produces 

monochromatic radiation. The light is chopped at low frequency (137 Hz) in order to 

detect the total transmission used for normalization of the MCD signal. It is then 

linearly polarized and applied to a photo-elastic modulator (PEM). The linearly 

polarized light that is applied on the PEM can be written as the sum of two circularly  

 

FIGURE  2. The origin of the C term. A degenerate ground state is split by the 
magnetic field, and the resulting levels allow lcp and rcp transitions; because the 
intensity of the transitions is determined by the state population, rcp transitions are 
less intense than lcp ones, such that the shape of the C term is asymmetrical. 
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FIGURE 3. Experimental set-up used for the MCD measurements. 

polarized components that are in phase with each other: 

          0 0 0

1
( )

2
I I I− += +                                                   (2) 

 

 

The PEM acts as a quarter-wave plate, retarding each component by / 4λ± , with a 

time dependent retardation δ, proportional to the modulator driving voltage: 

                                                         0 sin tδ δ ω=                                                         (3) 

The modulator thus produces alternately lcp and rcp light with sine-wave time 

dependence. The modulated circularly polarized light is passed through the sample 

situated in a magnetic field, and the transmitted signal is measured with a photodiode. 

    

IV.2.3 Results and discussion 

 As shown in chapter II.4 and II.5, the structure of the FePc thin films is 

controlled by the substrate temperature and substrate type. The grain size increases 
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when the substrate temperature during deposition increases. The grains can be 

approximated as ellipses, where the major axis corresponds to the length of the one-

dimensional iron chains [19]. Each grain was fit to an ellipse to extract the minor and 

 major axis component [20]. Figure 4 shows the mean grain size as a function of the 

substrate deposition temperature, and it proves that the length of the quasi-1D iron 

chain (major axis of the ellipse) increases with the substrate deposition temperature.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The magnetization of samples deposited at different temperatures was studied 

using VSM magnetometry with the applied magnetic field parallel to the substrate 

FIGURE 4. Mean grain size of FePc thin films deposited at different substrate 
temperatures; all films are 27 nm thick and were grown on sapphire substrates. 
Grains were fitted to ellipses, and mean major and minor axis lengths are 
determined from AFM images. Lines are exponential fits to the data, excluding the 
highest temperature, which corresponds to a different FePc phase. The grains were 
also fitted to circles and the plotted red circles are their diameters. Reprinted with 
permission from T. Gredig et al., J. Mat. Sci, 45, 5032 (2010). 
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surface. Figure 5 shows the magnetization dependence on temperature for samples 

deposited at different substrate temperatures. The applied field of 500 G was parallel 

to the substrate surface and the measurements were taken while warming the samples.   

 

 

 

 

 

 

 

 

 

 

 

 

 

Samples deposited at higher substrate temperatures have larger, elongated grains with 

longer iron chains. As Fig. 5 proves, the longer the iron chains are, the larger the 

magnetic moment becomes.  

In order to study the effect of different molecular orientations on the magnetic 

properties of FePc films, samples on sapphire, silicon, and gold were measured. Figure 

6 shows a typical XRD spectrum for FePc thin films grown on sapphire and gold. 

FePc grown on sapphire exhibits a strong (200) diffraction peak at 6.9° that 

FIGURE 5. Magnetic moment of FePc films as a function of temperature, 
measured as the samples were warmed in a constant magnetic field of 500 G. 
The samples were prepared at different substrate temperatures ranging from 25 
to 260°C. Inset: The magnetic moment measured at 5 K is larger for samples 
deposited at higher substrate temperature. Reprinted with permission from T. 
Gredig et al., J. Mat. Sci, 45, 5032 (2010). 
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corresponds to a molecular spacing of 12.7 Å along the direction perpendicular to the 

substrate. This indicates that the molecules are almost perpendicular to the substrate, 

and the b-axis is parallel to it. For FePc grown on gold, the main diffraction peak 

appears at 27.9° corresponding to a molecular spacing of 3.2 Å, proving that the 

molecules lie almost parallel to the gold surface, and the b-axis is nearly perpendicular 

to the substrate. These structural differences are reflected in different orientations of 

the quasi-1D iron chains (which are parallel to the b-axis), and strongly influence the 

magnetic properties.  
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FIGURE 6. X-ray diffraction spectrum of two co-deposited 60 nm FePc 
films on two different surfaces. The iron phthalocyanine film on sapphire 
shows prominent (200) and (400) peaks, which are absent from the FePc on 
gold film. However, a prominent 2θ=28º peak indicates that the FePc 
molecules lie almost parallel to the gold surface. 
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Hysteresis loops were measured with a SQUID at several temperatures after 

field-cooling in a 1 T magnetic field, parallel to the substrate surface. At and above 5 

K no coercivity is observed, even though the full saturation value of the magnetization 

is nearly reached. Below 5 K, as Fig. 7 shows, FePc on both gold and sapphire exhibit 

hysteretic behavior, and show a non-zero coercive field indicating long-range  

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 

interactions between iron chains. At the lowest measured temperature of 2 K a 

coercivity of 250 ± 20 Oe is observed for both types of samples, even though the 

saturation and remanent magnetizations are different.  

 Thin FePc films exhibit a strong magneto-optical response at visible 

frequencies which appears to track the sample magnetization. Figure 8 shows the 

-4000 -2000 0 2000 4000

-30

-20

-10

0

10

20

30

 

 

 FePc on sapphire
 FePc on gold

m
ag

ne
tiz

at
io

n 
 (

em
u/

cm
3 )

H (Oe)

T = 2 K

FIGURE 7. SQUID measurements at 2 K show hysteresis for FePc samples 
grown on sapphire and gold. The coercivities for both samples are 250 ± 20 Oe, 
but the saturation and remanent magnetizations are different. 
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MCD signal as a function of wavelength for increasing magnetic fields. Each peak in 

the MCD spectrum corresponds to an absorption band in the FePc absorption 

spectrum, proving that the MCD spectrum is produced by the FePc molecule. The 

signal increases fast with the magnitude of the applied magnetic field and saturates at 

higher fields.  

 

  

 

 

 

 

 

 

 

 

In order to study the magnetic properties of FePc thin films, the MCD signal 

was plotted as a function of the applied field at different temperatures. Figure 9 shows 

the MCD dependence on the magnetic field for FePc/sapphire samples. Below 5 K the 

hysteresis loops suggest the presence of long-range order. The coercive and saturation 

fields increase as the temperature decreases proving that the long-range interactions  

FIGURE  8. MCD of FePc films as a function of the wavelength: (a) FePc 
grown on sapphire exhibits strong MCD response. Each peak in the MCD 
spectrum corresponds to one of the absorption bands of FePc. The signal 
increases fast with the magnetic field and saturates at larger magnetic fields. 
(b) MCD spectra of FePc films grown on gold. The signal is about four times 
larger compared to FePc/sapphire samples. When the field is reversed, the 
MCD signal changes sign. 
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FIGURE  9. MCD signal as a function of the magnetic field for 
FePc/sapphire films: (a) below 5 K the MCD exhibits hysteresis, 
suggesting the presence of long-range magnetic ordering. As the 
temperature is decreased the saturation field increases. (b) At 
temperatures above 5 K the hysteresis disappears, and the saturation field 
increases with the temperature.  
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FIGURE  10. MCD signal as a function of the magnetic field for 
FePc/Au films: (a) below 4 K the MCD exhibits hysteresis suggesting the 
presence of long-range magnetic ordering. The MCD saturates much 
faster compared to the FePc/sapphire films. (b) At temperatures above 4 
K the hysteresis disappears, and the saturation field increases with the 
temperature. 
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become stronger at lower temperatures. Above 5 K the hysteresis disappears and the 

saturation field increases with the temperature. A similar behavior is observed for 

FePc/gold samples as Fig. 10 shows. The MCD signal saturates much faster compared 

to the FePc/sapphire samples and its magnitude is four times larger.  

Figure 11(a) shows a plot of the inverse MCD signal for a FePc/gold sample as 

a function of temperature compared to the inverse susceptibility data reported for FePc 

powder (Fig. 11(b)) [12]. The inverse MCD signal can be fitted with a straight line 

between 60 and 100 K which intercepts the temperature axis at 40.8 K. This value is 

very close to the intercept obtained by linearly fitting the inverse susceptibility of FePc 

powder with a Curie-Weiss law: / ( )C Tχ θ= − [12]. The big value of θ ≈ 40 K, 

suggested that between 5 K and 40 K there are strong ferromagnetic interactions.  

Both the SQUID and MCD measurements suggest the existence of two 

different magnetic regimes as a function of temperature. Below 4-5 K, the presence of 

hysteresis in the magnetization and MCD curves implies long-range, inter-chain 

magnetic ordering, while the absence of the hysteresis above this temperature may be 

determined by short-range, intra-chain interactions between the iron spins.  
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FIGURE  11. (a) Inverse MCD response as a function of temperature for a FePc/Au 
sample. The data can be fitted with a straight line between 60 K and 100 K, similar 
to a Curie-Weiss law / ( )C Tχ θ= − . The straight line intercepts the T axis at 40.8 
K. (b) Inverse susceptibility as a function of temperature for FePc powder [12]. The 
T intercept of the linear fit is at θ = 40 K. The large positive value of θ suggested 
that there are strong ferromagnetic interactions between Fe moments in the 
paramagnetic phase. Reprinted with permission from M. Evangelisti et al., Phys. 
Rev. B 66, 144410 (2002). Copyright 2002 by the American Physical Society. 
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IV.3 Conclusions 

 The magnetic properties of organic compounds are determined by the 

molecular structure and the interactions among molecules in the crystals or thin films. 

In the case of MPcs, the magnetic properties are controlled by the central metal ion 

and the type of molecular stacking in the thin films.  

Among the MPcs with a transition metal ion in the center, FePc exhibits 

interesting magnetic properties. In thin films, these properties can be tuned by 

changing the length of the quasi-1D iron chains by depositing the films at different 

substrate temperature, or by changing the molecular orientation on the substrate, when 

different types of substrates are used.  

The magnetic properties of FePc films, grown on sapphire and gold, have been 

characterized using SQUID, VSM, and MCD measurements. The magnetization in 

thin films of FePc grown on sapphire substrates increases with the substrate 

temperature during deposition. The increased substrate temperature favors the 

formation of elongated grains, with longer iron chains. Temperature dependent 

measurements identified two magnetic phases at low temperatures. Below 5 K, the 

magnetization shows hysteresis as a function of the magnetic field, indicating the 

onset of long-range ferromagnetic interactions between the quasi-1D iron chains. 

Above 5 K and up to 40 K the hysteresis disappears, but the non-linear behavior 

coupled with the fast decay of the magnetization with the temperature indicates the 

persistence of short range, ferromagnetic intra-chain interactions. At higher 

temperatures, the FePc films behave as  normal paramagnets.  
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The structure of these films has a crucial role in their magnetic properties. 

Films grown on gold have larger saturation and remanent magnetizations, and smaller 

saturation fields compared to films grown on sapphire. The MCD signal shows a 

similar behavior. The saturation and remanent MCD signal is larger, and the saturation 

field is smaller in films grown on gold compared to films grown on sapphire. 
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Chapter V 

 Summary and outlook 

 Metallophthalocyanines (MPc) represent a model system for the whole class of 

flat, organic molecules. Their structure and properties can be controlled by different 

means. By replacing the central metal ion or modifying the molecular ligands, the 

electronic structure of the molecule changes. This can lead to improved electrical 

conductance, change in the semiconducting character from p to n-type, or to different 

magnetic and chemical properties. By doping the molecule with electron acceptors 

such as iodine, the electrical conductance changes by several orders of magnitude. 

Many metals in the periodic system can be incorporated in the phthalocyanine ring, 

bringing the number of different MPcs to more than seventy. 

Phthalocyanines show an exceptional thermal and chemical stability. In air, no 

noticeable degradation occurs up to several hundred degrees centigrade, while in 

vacuum most complexes do not decompose below 900°C. This makes MPcs 

compatible with ultra-high vacuum (UHV) evaporation techniques. In particular, 

organic molecular beam deposition (OMBD) is one of the best methods to fabricate 

thin MPc films and devices. Thin, ultra-clean, and well-ordered films can be grown on 

various substrates. Different crystalline structures can be obtained by controlling the 

substrate type and the deposition conditions, and by taking advantage of the molecular 

shape anisotropy.  

In this work it has been shown that the factors that have the greatest influence 

on the thin film crystalline structure are the substrate temperature during deposition,
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and the substrate type. If the films are deposited on sapphire substrates maintained at 

temperatures ranging from room temperature up to 250°C, the size and shape of the 

grains change dramatically. When the substrate is kept at room temperature, the grains 

are round and small, with an average diameter of 50 nm. When the substrate is heated 

at 250°C, the grains become elongated crystallites, with lengths on the order of 

hundreds of nanometers. The change in grain size is accompanied by a change in the 

molecular orientation that marks the transition from α to β phase. The type of substrate 

controls the molecular orientation. On insulating substrates such as sapphire or silicon, 

the molecules grow almost vertically, while on metals they lie almost parallel to the 

substrate surface. The molecular orientation is controlled by the interplay between the 

intermolecular and molecule-substrate interactions. Results from different structural 

techniques such as AFM, XRD, and NEXAFS, were in agreement regarding these 

structural differences.  

The structure of organic semiconductors determines their electronic properties. 

The interactions between molecules are controlled by weak, Van der Waals forces, so 

that the applicability of the band theory is reduced to low temperatures and extremely 

pure crystals. In most cases the transport mechanism is described by carriers hopping 

between localized states created by impurities, structural defects, and self-localization.   

When phthalocyanines are incorporated in devices, metal-organic interfaces 

play a crucial role in the transport properties. When molecules are deposited on a 

metal, a shift in the energy levels across the interface occurs. The situation is more 

complex when a metal is deposited on an organic layer. The metal atoms can react 
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with or diffuse through the organic layer, changing the injection barriers or acting as 

charge donors or acceptors. 

In this work the charge transport properties of sandwich metallophthalocyanine 

devices were studied. The low-voltage regime is linear, i.e. Ohmic, for a wide range of 

temperatures and organic layer thicknesses. The conductance depends exponentially 

on temperature and thickness. The exponential decrease of the conductance is 

observed for thicknesses up to 100 nm and becomes steeper at lower temperatures. 

The exponential increase of conductance with temperature is universal for all devices. 

Assuming that molecular fluctuations produce tunneling paths between localized states 

with fluctuating barrier widths and heights, the observed dependence of conductance 

on thickness and temperature was obtained.  

The magnetic properties of MPcs are controlled by the central metal ion and 

the type of molecular stacking in the crystals or thin films. When the metal ion is a 

transition metal, such as Mn or Fe, thin films exhibit interesting magnetic properties. 

The magnetic properties of thin FePc films grown on sapphire and gold were studied 

using DC magnetometry and magneto-optical techniques. Below 5 K, long-range 

magnetic interactions between the quasi-1D iron chains produce hysteretic 

magnetization curves, while between 5 K and 40 K, the lack of hyteresis and non-

linear behavior of the magnetization curves, suggests short-range magnetism, 

determined by the intrachain interactions. The difference in structure changes the 

magnetic properties. Films grown on gold have higher saturation magnetizations and 

lower saturation fields compared to films grown on sapphire.  
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There are several directions worth investigating, based on the results obtained 

in this work.  

The XRD measurements presented here determined the out-of-plane structure 

of the films. Present capabilities in our laboratory allow in-plane XRD measurements. 

They can expand the structural information on these films, by giving insights into the 

orientation of the grains in the plane of the substrate. The structural studies using 

NEXAFS presented here showed an interesting angular dependence of the metal L2,3 

edges as a function of the radiation incidence angle. By analizing these spectra, 

important information about the electronic structure of the metals in the molecular 

environment can be obtained.  

It has been shown that the metal-organic interface plays a crucial role in the 

transport properties of the metal-organic sandwich devices. The theory developed in 

this work is able to determine the values of the parameters that describe the interface 

contribution to the transport. An important experiment would be to measure the values 

of these parameters as a function of the electrode work function. This would directly 

connect the properties of the electrode to the way the interface controls the transport. 

Another way to study the transport as a function of the interface is to grow electrodes 

with different roughness (by thermal annealing). Both types of experiments are 

complicated by the fact that a change in the interface will change the molecular 

growth and, as a consequence, the structure of the film. 

An easy, but potentially very important experiment would be the study of the 

electrical transport in the presence of light. Phthalocyanines are doped by exposure to 
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light and also manifest persistent photoconductivity. This type of study would extend 

the range of fundamental information describing the transport.   

Organic superlattices have sparked wide interest, based on their interesting 

properties. We initiated a new project designed to study the magnetic properties of 

organic superlattices. The idea is to grow FePc/H2Pc superlattices were iron chains in 

FePc are interrupted by H2Pc layers. Interesting magnetic properties may be obtained 

as a function of the length of the iron chains, and the number of repetition of the 

FePc/H2Pc bilayer.    

   Worldwide, there are ongoing efforts to study organic compounds for new 

properties and applications in spintronics, optoelectronics, and photonics.  

Organic compounds are rarely magnetic but MPcs with transition metals in 

their molecule have interesting magnetic properties. These properties can be applied to 

spintronics: the use of the electron spin rather than its charge. The spin–orbit 

interaction is expected to be weak in organic compounds, because they are based on 

light elements such as carbon, nitrogen and hydrogen. This may lead to long spin-

relaxation times. Spin-relaxation times in the range of milliseconds to one second have 

been demonstrated in devices with ferromagnetic electrodes at temperatures as high as 

100 K [1]. Magnetoresistance effects have also been demonstrated in sandwich 

devices with normal-metal electrodes. In this case the effect is termed organic 

magnetoresistance (OMAR) [2]. The magnitude of the magnetoresistance effect is also 

important. Magnetic tunnel junctions with a change in the magnetoresistance response 

as high as 300% have been demonstrated [3]. 
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One disadvantage of most organic semiconductors is their low intrinsic 

electrical conductivity. This can be changed by doping. It has been demonstrated that 

it is possible to induce metallic conductance in MPcs by doping them with potassium 

[4]. Theoretically, it has also been suggested that electron doped MPcs with non-

transition metals such as zinc or magnesium could exhibit interesting phases such as 

Mott insulator, strongly correlated superconductor or other exotic phases [5]. On the 

other hand, organic compounds such as carbon nanotubes and graphene have high 

electrical conductivities, and the potential to be used in a wide range of applications 

[6]. 

Organic materials have the potential of displaying interesting photonic 

properties and to be used in photonics applications. During the last decades organic 

materials have shown great potential for applications in high-performance 

optoelectronic devices, such as light-emitting diodes, photovoltaic cells, lasers, and 

optical amplifiers. Ultra-fast currents were induced in molecular wires using lasers [7], 

and steady currents were interrupted with laser pulses in molecular junctions [8]. 

Another important application refers to optical switching. By illuminating photo 

chromic molecular switches with visible light, their state was changed from 

electrically conductive to insulating [9]. Organic-based lasers have become very 

attractive based on their high degree of spectral tunability, large stimulated emission 

cross-sections, and simple fabrication [10]. These advantages have been used to build 

sub wavelength optical nanowire lasers using polymers [11]. 

The potential of organic materials to display novel physical properties and to 

be used in new and important applications is virtually unlimited, based on the vast 
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range of molecular structures that have been created or can possibly be created. The 

fields of organic spintronics, optoelectronics and photonics have seen tremendous 

progress during the last decades. While the progress in these exciting areas of research 

and development has been astounding, new and exciting phenomena and applications 

are waiting to be unraveled.     
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